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Why Measure the Neutron Lifetime?



Neutron beta decay basics

Proton
H . e” Feynman diagram depicts the quantum
.B ] mechanical amplitude for decay, Hp
" @ Ve
Total decay rate < HZ
Neutron w- p

Neutron — proton + electron + anti-neutrino

Interaction mediated by exchange of W™ particle



Neutron beta decay basics
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Appeal:
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the weak interaction!
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short range Can be very
(S 107 m) precisely
determined!

Switch off the strong ] ]
force binding quarksin WM d quark — u quark + electron + anti-neutrino

the neutron



Neutron beta decay basics
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Appeal:
Permits very precise characterization of .
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short range Can be very
(S 10718 m) precisely
determined!

Fermi constant:
W- exchange“strength”

Switch off the strong ] ]
force binding quarksin WM d quark — u quark + electron + anti-neutrino

the neutron



The Standard Model for B Decay

Three input parameters required:

Fermi constant:
W- exchange“strength”

O
V2 \

(Precisely

jquarks) calculable)
p — [yy_yu%@ + h C.

V-A helicity CKM matrix: flavor mixing in SM
structure v A

Axial matrix element

Vector matrix element specified by CVC



SM parameters: G, V ,, g, — most precise experimental inputs

n decay
(Ft0+-0+ % ’( correlations
GFVud

(pure Fermi decay
independent of g )

Muon Decay



Super-allowed Nuclear Decays

Isobaric analog decays with initial and final spin,parity = 0*

* Parent & product nuclear states almost identical
* Spin selection rules ensure only G, contributes

e Hundreds of measurements lead to incredible
experimental data precision < 104

But nuclear structure corrections very challenging!
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® 8 cases with ft-values measured
to <0.05% precision; 6 more cases
with 0.05-0.3% precision.

® ~220 individual measurements

with compatible precision

J. Hardy and I. Towner, PRC 91, 023501 (2015)
J. Hardy and I. Towner, PRC 102, 045501 (2020)




SM parameters: G, V ,, g, — most precise experimental inputs

n decay
(Ft0+-0+ % ’( correlations
GFVud gA

(pure Fermi decay
independent of g )

2 measurements
required for neutron

( Neutron Decay is the
L definitive source for g,

Lifetime is focus of this talk



Neutron Data Impact

. Lifetime input important (with sub-1% precision) for

LANL theory group
& Callat collaboration

Pushing precision envelope for QCD

Big bang nucleosynthesis (0.1% pred. of “He/H !)
Solar fusion rates
Reactor neutrino anomaly

High precision target for lattice nucleon couplings
possible, e.g. at < 1% level in g,!

ACFI - Amherst 11/03/2018 Nature 558, 91-94 (2018)

First-principles QCD
calculation of the
neutron lifetime

9

+ updates

Art by Bart-W. van Lith



Neutron Data Impact

. Lifetime input important (with sub-1% precision) for
~ Big bang nucleosynthesis (0.1% pred. of “He/H!)
- Solar fusion rates
- Reactor neutrino anomaly

- High precision target for lattice nucleon couplings,
e.g.at<1%leveling,!

« New Physics Constraints
- Input for CKM unitarity test
- Direct test for BSM Axial couplings (combine with lattice)

- Model independent constraints on exotic (S,T) interaction

Variety of models (leptoquarks, MSSM, charged Higgs)



Unitarity Tests

In SM, u quark must couple
to a linear combination of s'| =
either d, s or b quarks! ol | Ve Ve Vel |,

. 2
Vo Vo, Vo | Determine V,

Test CKM unitarity

weak Cabibbo Kobayashi mass
eigenstates’ Maskawa (CKM) matrix  eigenstates

Mixing coefficients are fundamental inputs
To the SM (should be the same for all processes)

Concept introduced for 3 generations of quarks by Kobayashi and Maskawa!

. Obtain precise value of G,?(1 + A =
&) (Ve Ve Vo) [d P v1+&) vz =66

Vit Vi +V, =1

1

Kobayashi, M.; Maskawa, T. (1973), Progress of Theoretical Physics. 49 (2): 652—-657.

Cabibbo, N. (1963), Physical Review Letters. 10 (12): 531-533.

G from u decay

(only possibilities: u couples to either d, s, or b!)


https://en.wikipedia.org/wiki/Progress_of_Theoretical_Physics
https://en.wikipedia.org/wiki/Physical_Review_Letters

Unitarity Tests

. Obtain precise value of G,*(1 + A) 2 21 2
d Vud Vus Vub d ¥ . Vu = G IG
In SM, u quark 11y v v Determine V2 a = 6//G,
must couple to §'|=| Ve Voo Vo) I
either d, s or b! | | Vi Ve Ve 2 2 2 _
” ) Test CKM unitarity V, +V_+V, =1
weak Cabibbo Kobayashi mass

eigenstates Maskawa (CKM) matrix  eigenstates

Sensitive to BSM V,A couplings!

High precision value for V4 required! -- LHC can not provide! SM “backgrounds” too large
(precision limited to ~ %)

Current status: compare measured values of V, with unitarity prediction
(should be consistent!)

?
IV, 2«1 =) |V [2+]|V, ]?>=1



The Cabbibo Anomaly: Unitarity Issues

———— decays involving strange quarks
PDG V.

T — inclusive - . -
T->Kv/t->mv i : .
K- mlv | —e—i
K- uv/m — uv | —e—i
/ neutron
K- uv + : . :

fneutron ' . , «—— V, predicted from unitarity
Superallowed ||

0218 0.220 0.222 0224 0.226 0228
Vis

Should all provide the same value!

[Cirigliano, Diaz-Calderdn, Falkowski, MGA & Rodriguez-Sanchez, 2112.02087]



The Cabbibo Anomaly: Unitarity Issues

\\\\\\\\\\\\\\\\\\\\\\\\\

T — inclusive | o
T->Kv/t->mv i : .
K— mlv |
Ko uw/m - uv |
K- uv + [ °
fneutron : .
Superallowed ||

......................

0.218 0.220 0.222 0.224 0.226 0.228
Vis

«—— use 0% - 07 currently

[Cirigliano, Diaz-Calderdn, Falkowski, MGA & Rodriguez-Sanchez, 2112.02087]

1 operator at a time: [107-3 units]

At least two separate sources of
BSM physics required, with both > 30

el x 10° | esg x 10° | €W x 10° | € x 10° | el x 10° | e x 10
L] 079025 | -0.6(1.2) | 04087) | 05(1.2) | 5.0(2.5) | -18.2(6.2)
R -06225 | -5201.7) | -0.62(25) | -5.2(1.7) | -0.62(25) | -5.2(1.7)
S| 1.40(65) “1.6(3.2) x 0.51(43) | -6(16) | -270(100)
P || 0.00018(17) | -0.00044(36) | -0.015(32) | -0.032(64) | 1.7(2.5) | 10.4(5.5)
T 0.29(82) 0.035(70) X 2(18) 28(10) -55(27)

Lepton “non-universality” a possibility...




Neutron and nuclear

decays

Cabbibo Anomaly!

N\ || €% < 10° | e < 10° €W 103 | € w107 | € < 103 | e x 103
LY -0.79(25) -0.6(1.2) 0.40(87) | 0.5(1.2) | 5.0(2.5) | -18.2(6.2)
R || -0.62(25) -5.2(1.7) -0.62(25) | -5.2(1.7) | -0.62(25) | -5.2(1.7)
& 1.40(65) -1.6(3.2) X -0.51(43) -6(16) | -270(100)
;\ 0.00018(17) | -0.00044(36) | -0.015(32) | -0.032(64) | 1.7(2.5) | 10.4(5.5)
T 0.29(82) 0.035(70) X 2(18) 28(10) -55(27)

Neutron uncertainty targets: lifetime — 0.25 s (current most precise, UCNtau with 0.36 s)
gp~ 0.025% (current most precise, PERKEO Il with 0.044%)

Neutron can probe an important possible source of discrepancy: the
nuclear structure corrections required to interpret 07 — 0% decays!



The Neutron Lifetime Puzzle

(A personal perspective)

Special thanks to D. Salvat, C.-Y Liu, F. Wietfeldt for slides



neutron lifetime result (s)
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Neutron Lifetime Measurements

(quite a history!)

AT T=878.4+0.5s

— (PDG 2022) ® beam method

® UCN bottle method
— ® UCN storage ring
spacecraft

B L] T

- I % = * - x= ET = Io-
I I I I I I I
1950 1960 1970 1980 1990 2000 2010 2020
Year

Challenging:

Neutral Particle

Absorbed by ~ all materials
Relatively long-lived

From: Wietfeldt and Greene, Rev. Mod. Phys. 83, p. 1173 (2011)



Lifetime measurements: two varieties

Beam lifetimes: count neutron beta decay products [

|
Requires precisely known: ‘\ & and/or p
1) decay volume \
i) absolute neutron density . R, =Nyr
iii) decay product detection efficiency { }'
Pre-2013: neutron density was dominant source of Decay products detector

uncertainty

Neutron
beam

\




Lifetime measurements: two varieties

Beam lifetimes: count neutron beta decay products [

Neutron

Requires precisely known:

|
K e and/or p beam

i) decay volume

\

ii) absolute neutron density

iii) decay product detection efficiency {

i e -

Pre-2013: neutron density was dominant source of
uncertainty

UCN storage experiments: count neutrons
which survive after well defined storage time t
N(t, + ts)

Actually measures total loss rate from trap... NG

1 1 1 1 1 1 1
=—+—+—+—+ +—+ ..

Tmea T Tab Theat

Pre-2018: losses due to collisions with material surfaces
was dominant source of uncertainty

Decay products detector

VACUUM VESSEL
r/’
s "i,:f’
-
=
s

NEUTRON
VALVES

FOMBLIN
T PUMP

DETECTOR — [

\




Lifetime measurements: two varieties

Historically, shown reasonable agreement,

| |
K e and/or p

but since 2013:

\

i e -

Cold neutron beams: t = 888.0(2.0) s |

Decay products detector

Differ by 4o

UCN storage experiments in material traps:
1 = 878.4(5) s

Neutron
beam

\




Measurementis of the Neutron Lifetime

T(S)
- Status 2022 ®
895 —
Latest/most -
Sensitive Results -
L Byrne
for all groups i
890

885 | Steyerl-
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875—
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Measurementis of the Neutron Lifetime

T(s)r
895 —

- Byrne

Conclusion:
decay rate from
beam experiment
1% slower!

885 Steyerl-

L Mampe Pichlmaier

[ | [ | Serebro;

880—

crosshatch Serebr

~ WUCN Material Trap erebrov Gonzalez

. YUCN Magnetic Trap zhov
#Cold Neutron Beam

875—

| 1
2020
Year

1990 1995 2000 2005 20

10 2015



More Motivation: Status of the Neutron Lifetime

The Neutron Global Data-set: Status in 2021

H Error Scale S = 1.0 unless noted

0.977 :

\" Serebrov 2005}
ud - UCN: 20213 Dominated by UCN storage expts

0.975 :_UCN'H (proj) = F=e——| == ﬁ
ot e (expanded V¢ error bar)
% e

0.973—
_ P e

0.971=24) : pata after 2013 Most precise beam I.|fet|me (BL1)
©  to 2021 BL2 and BL3 ongoing!
— S=22

0.969—
- Simmanas Theam — Tucn = 96(21) s~1%

b =
—1.2800 —1.2776 —1.2752 —1.2728 —1.2704 -1.2680 “He abundance...

9



Ultracold Neutron Storage Measurements
and the Gravitrap Experiment

(one way to solve the problem of manipulating these neutral particles is to slow them down!)

Special thanks to D. Salvat, C.-Y Liu, F. Wietfeldt for slides



What is an Ultracold Neutron?

For a neutron “wave”, coherent interaction with
many nuclear sites makes an effective potential,
U, for neutrons incident on a material surface

Reflection: E; < U ¢

Ultracold Neutrons (UCN) are neutrons moving
slow enough that the can be reflected for any
angle of incidence, typically E ¢\ < ~340 neV
(about 3 mK)

UCN can be stored for 100’s of seconds
In material and magnetic traps!

10°




Different ways to manipulate UCN

UCN energies so low, they reflect from some material surfaces for any angle of incidence!

* Nuclear force (rl;ax:
350n&eV)

Store them in bottles! @&

 Gravitational force
(100neV/m)

s

C.-Y. Liu

 Magnetic force
High field seeker

+60 neV/T

Low field seeker

Low field seekers

magnetic
quadruple
trap

fad P R Y TR T



neutron lifetime result (s)

Neutron Lifetime Measurements

1400 l I | |
1300 — T Kosvintsev, JETP Lett. 31 B
T 236-40 (1980) ® beam method
® UCN bottle method
1200 — @ UCN storage ring |
® spacecraft
1100 — B

1000 I —

9001 ] IP% . ) =====-i_

800 — —

700 | | I I | | |
1950 1960 1970 1980 1990 2000 2010 2020

Y Year

From: Wietfeldt and Greene, Rev. Mod. Phys. 83, p. 1173 (2011)
Early Beam Measurements



Storage experiments with UCN

As early as 1980: Kosvintsev reported regarding beam
measurements:

“The experimental values of the lifetime of the neutron,
which were obtained by recording the products of its 3
decay, differ in the case of each author by a value
that exceeds the measurement error. In view of
this, the development of new methods of
measuring this value are of interest.”

The use of ultracold neutrons for measurement of the neutron
lifetime,” Yu. Yu. Kosvintsev, Yu. A. Kushnir, V. I. Morozov, and G. 1.
Terekhov,

JETP Lett. 31, 237 (1980).

Scatter due to poorly characterized systematic uncertainty in beam measurements motivated
measurements using very different technique: UCN storage

> But...losses on the walls can produce large corrections!



Extrapolation Procedures

Tmea T Tab Tup Tsf Theat Tqgb

trap losses set scale for corrections

(|
i

o. Y
(73

Strategy: vary A/V to characterize wall
losses! (Kosvintsev inserts...)

—a
R

2
L

©

e

Ie

© o

04 o
® 073

s )

o

70,

®

Iy
o

.....
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Y
[
h
g
£
n

0 ?i//
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i 4 T Mambo 11
12 3 1160107 -
2 1.155%10° | 865
"
K ‘ 1150107 | da70
“ ’ 1.145x10° - 1grs
1.14010° S o
”  135010° L 880 cale to collision rate
2005 GraV1trap  130x10° L | ans with walls: velocity
Most successful, small Groups and different A/V

oD 1 2 3 4 5 B 7 B 9 10
?'!5-.’

corrections needed



The Gravitrap Experiment

Gravitrap experiment

PRl BENTR S Tt r i) A.Serebrov et al. , Phys Lett B 605, (2005) 72-78
A. P. SEREBROV et al. 878.5+08s
2002-2004 (PNPI-JINR-ILL), ILL reactor,
8\ ‘ //ﬂ Grenoble
9 L : 7 - i
\H‘a“\x o o"/
ite! N
10 ° 1
H\ T7 \
\% ‘4%:%% \j
12 3

A,




3
3

Generic Measurement Scheme:
(1) Fill

10°

count rate

10°

! | | ! | ! | ! I ! | -
0 500 1000 1500 2000 2500 3000

time, s

Filling of the trap with UCN:



3
4

Generic Measurement Scheme:;

(1) Fill
(2) Clean — (remove high E
UCN not trapped)

count rate

Monitoring:

F=152)

500

|
1000

1500

time, s

|
2000

|
2500

3000



3
5

Generic Measurement Scheme:
(1) Fill

2) Clean

23; Store for time At1

count rate

[EnN
o
1
1

[EE
(@)
1
|

! | | ! I
0 500 1000 1500 2000 2500 3000

time, s

Holding: EHE



3
6

Generic Measurement Scheme:
(1) Fill
(2) Clean
(3) Store for time At1

(4) Count surviving neutrons (by
tipping trap to sample
successively lower UCN
velocities)

count rate

! | ! ! | | ! I ! |
0 500 1000 1500 2000 2500 3000

/ A 10°3

time, s

Registration of UCN 1: BF1%



Generic Measurement Scheme:
(1) Fill
(2) Clean
(3) Store for time At1

(4) Measure

count rate

0 500

/ . 107
! |

Registration of UCN 2:

1000

1500

time, s

I T
2000

|
2500

|
3000

58



Generic Measurement Scheme:
(1) Fill
(2) Clean
(3) Store for time At1

(4) Measure

count rate

0 500

/ . 107
! |

Registration of UCN 3:

1000

1500

time, s

L I T
2000

|
2500

|
3000

59



Generic Measurement Scheme:
(1) Fill
(2) Clean
(3) Store for time At1

(4) Measure

count rate

0 500 1000 1500 2000 2500 3000

o o T T y T T y T T T J T

time, s

Registration of UCN 4: 50



Generic Measurement Scheme:
(1) Fill
(2) Clean
(3) Store for time At1

(4) Measure
(5) Measure backgrounds

count rate

10" = .

! | !
0 500 1000 1500 2000 2500 3000

time, s

Background: FFE
61



10" - — 400
Generic Measurement Scheme: ‘o :g.‘;‘_ 23] 4.5 1300
(1) Fil 2 | -
; 10
(2) Clean — (remove high E E ol 1100
UCN not trapped) & |
3) Store for time At M .
> 1 < a2 3 1
4) Count surviving neutrons 2 4 300
(5) Measure backgrounds £ :g:: 200
. E 10"} k 100
Repeat for storage time At, 8 1:: r
N(t) = N.e—At/T "5 500 1000 1500 2000 2500 3000
(t) = Nye Time {&)
T= (Atz' At1 )/In(N1/N2) TABLE . Systematic effects and their uncertainties.
. . L. . Systematic effiect Mlapgnitude 5} Unoartanty [5}
Relative measurement! Counting efficiency not important..
Method of calculating 0 __pr D236
Influence of shape of oo 0. 144
function [ E} —
Losses are important UCN spectrum uncertainty 0 0.104
Lln-;:enau nty of trap 0 0.058
Influence of model for losses due to wall bounces — dimensions (1 mm}
Residual pas effect 04 9 0.024
Uncertainty in PFPE critical 0 0.004
energy [20neVy

Only correction due to residual gas —— Tota systematic correction 0.4 0.3
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T (S)
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840
The big difference: 4,
800
780
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720
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Measurements of the Neutron Lifetime

1873

warld average -

=885.7(8)s

B8RO

1 885

b1 2 3 4 5 68 7 8 9 10

- PDG 2017 @ n ¥

= ~

- Serebrov’s experiment by

- far the best material

- storage experiment — low 1§

— temperature fluorinated |

- polymer coating requires e

- only 8s extrapolation... SRy

L 1.150x107 |

- 1145107 |

:_ 1140107

B 1.135x107 |

- 1.130x10° |

B | [ | | | | | | | | | L1 | | [ | | | | | ] ] | | [ | | ‘

1990 1995 2000 2005 2010 2015 2020
Year

-1
nE

Corrections for UCN storage experiments in material traps due to losses are typically large!



Horizonal arrows:
Refinement of existing

What's missing with this picture is how many of these experiments evolved!

T(s)
895

890

885

880

875

> expts

Measurements of the Neutron Lifetime

- The appearance of Serebrov’s extremely precise
B UCN result had immediate impact:
— T
- Several UCN experiments re-evaluated losses
B Byme A third experiment was finally published
N ¢
I 5
B [ | . /
1989 Nico
B | Mampe
" mUCN Material Trap. Serebrov
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Horizonal arrows:
Refinement of existing

What's missing with this picture is how many of these experiments evolved!

T(s)
895

890

885

880

875

> expts

Measurements of the Neutron Lifetime

Byrne

1989

Mampe

— #® Cold Neutron Beam
| HUCN Material Trap

The appearance of Serebrov’s extremely precise
UCN result had immediate impact:

Several UCN experiments re-evaluated losses
A third experiment was finally published

c==1¢

Steyerl

. Serebrov
Nico T _ +
: fﬁrzumanov
@ PichImaier :

Serebrov

1990 1995 2000

2005 2010 2015 2020
Year




T(s)

895
Latest/most

Sensitive Results
for all groups

Measurementis of the Neutron Lifetime

Byrne

885

PDG assigns
scale factor of 1.8

for scatter ‘

(underestimated
Systematic unc...)

880

875

Mampe

crosshatch

Steyerl-

Pichlmaier

Serebro;

 MUCN Material Trap Serebrov Gonzaler
. YUCN Magnetic Trap zhov
| #Cold Neutron Beam

| I A | I A | I S | I I | I A | I I | |
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Beam Measurements

Special thanks to D. Salvat, C.-Y Liu, F. Wietfeldt for slides
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Neutron Lifetime Measurements

_ ® beam method

® UCN bottle method

_ ® UCN storage ring |
® spacecraft

— | [ :E% - . e i -
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First beam measurement
(Robson, Phys. Rev. 83, 349 (1951)

From: Wietfeldt and Greene, Rev. Mod. Phys. 83, p. 1173 (2011)



Measurementis of the Neutron Lifetime

T(8)-
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Lifetime measurements with cold neutron beams

State of the art as of 2005...
Assume (1) mono-energetic neutron beam (with speed v), density p , flux ® =p v

(2) neutron detector cross section proportional to 1/v = oV th/v

- > n thin detector

Neutron
beam

Beam area A

T

e and/or pi

Nd neutrons

Decay products detector

Thin neutron detector e.g. *He



Lifetime measurements with cold neutron beams

State of the art as of 2005...

Assume (1) mono-energetic neutron beam (with speed v), density p , flux® =p v
(2) neutron detector cross section proportional to 1/v = oV th/v

< d > n thin detector

Neutron
beam

)
Beam area A e and/or o

T

N4 neutrons

{ Thin neutron detector e.g. *He
Decay products detector with *He density N, 5, efficiency € and
with efficiengy € length L, &

e NsHeOln ~ 1 — Ny 0L,
True decay rate in detector: , _
R=N/T=p AL /= (D/V)AL f Neutron absorption rate:
R=0AN_Lo=®AN_ Lo v /v

n th th

Same 1/v dependence appears in particle detection rate and neutron rate
(in one case, we need a density, in the other it arises from the cross-section!)



Lifetime measurements with cold neutron beams

Assume (1) mono-energetic neutron beam (v ) with flux @ and density p
(2) neutron detector cross section proportional to 1/v=0 v /v

th th
L
- d | Ln
Neutron beam with Neut «
. , eutron
cross-sectional area A e"and/or p beam
\
Thin neutron detector e.g. *He
Decay products detector  with *He density N,,., efficiency € and
with efficiency ¢, length L,
Measured S4=R4 &4 S =R, &,
The flux and velocity

Use measured rates  S,/€, ~ (P/V)AL, 1

factors drop out!
(makes high precision
measurement possible)!

to solve for t

Sw/en  (DNV)AL OV




Lifetime measurements with cold neutron beams

Assume (1) mono-energetic neutron beam (v ) with flux ® and density p

(2) neutron detector cross section proportional to 1/v = oV th/v

Neutron
beam

Beam area A e-and/or o

T

' 1
Decay products detector
with efficiency ¢,

an(CD/v)ALOI 1 S.&q Ly

s
s T e(@MALOV T —)

n th th

Sd‘(::nl—no-thvth

So...with knowledge of absolute efficiencies, the length of the decay and
neutron detection regions, and the neutron absorption cross-section, you
can determine the neutron beta decay lifetime!



The most precise beam experiment is at the
National Institute of Standards and Technology (NIST)

alpha, triton

detector
9 precision B 46T B brofon
A . — detector
'Y "
ST neutron beam
ﬁ Li i L - n 3
deposit MIrTo1 trap electrodes door open
* (+800 V) (ground)

Cold neutron beam, collimated to 2 mm
A guasi-penning trap electrostatically traps beta-decay protons. When the door
electrodes are set to ground, the protons are guided by a B field to an external

detector (surface barrier Si detector).

Neutron monitor measures the incident neutron flux by counting n+éLi— 3He +a

39
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Vary trap length to
characterize edge effects



NIST Lifetime (pre-BL1)

30 years of experience developing the CN beam lifetime method utilizing the incredible
metrology capability at NIST

1. physical dimensions of trap determined at micron level

2. mass and physical dimensions of Li absorber characterized to parts per 10*
3. proton backscattering determined from experimental data to parts per 10*

Systematic uncertainty of 3.2 s was dominated by neutron counting
efficiency- limited by uncertainty in °Li cross section

T=2886.3(1.2) (3.2)

stat Sys

Nico et al., Phys. Rev. C 71, 055502 (2005)



The Alpha-Gamma device

Andrew Yue, UT Ph.D. thesis (2013), Advisor: Geoff Greene

R,, determined by absolute y counting
from1°B(n,y)’Li reaction

To be calibrated

Alpha-Gamma
device

HPGe detector

Totally absorbing
'0B target foil

o~

-

—-—
PIPS detector )
with aperture
HPGe detector




| Measure the absolute activity of an alpha source
This is only absolute efficiency required

/. Use this source to determine solid angle of alpha detector ——
Use an (n,oy) reaction to transfer the calibration to the

gamma detectors

PIPS detector Diamond-turned
= copper aperture

‘/ Pu source spot




4 Measure neutron rate

Thin foil replaced with thick '°B foil

- all neutrons absorbed

- observed gamma rate and established
gamma efficiency determine incident
neutron rate

No absolute cross section required

886.3 £ 1.2 [stat] = 3.4 [sys] seconds Nico et al 2005
887.7 £ 1.2 [stat] £ 1.9 [sys] seconds Yue et al 2013



Systematic Effects for the NIST Beam Lifetime (BL) Experiments

Source of uncertainty BLO [s]
Neutron flux monitor efficiency e
Absorption of neutrons by °Li 0.8
Neutron beam profile and detector solid angle .1
Neutron beam profile and °Li deposit shape 0.1
Neutron beam halo 1.0
Absorption of neutrons by Si substrate 0.1
Scattering of neutrons by Si substrate 0.5
Trap nonlinearity 0.8
Proton backscatter calculation 0.4
Neutron counting dead time 0.1
Proton counting statistics 1.2
Neutron counting statistics 0.1
Total 3.4

Information provided by N. Fomin

BL1

—0.5
—0.9

— 2.3
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Why the Kerfuffle?

. !}IISTigx?c](Ceriment has been continuously refined for roughly 30 years — not a
one”-o0

* Serebrov’s measurement drove a re-assessment of effectively all storage
experiments (material storage expt at that time) leading to a new consensus
among those experiments

* The magnitude of the discrepancy suggests it is not “just” statistics. There is very
Iike(lj/ a real problem either with the systematic error budget(s) or the standard
model (although the precedent of the “kaon miracle” suggests caution in drawing
conclusions about the SM)

* The value neutron lifetime is important!



The Path Forward (since 2013):

* Explore possible indications of new (BSM) physics

* |s the total neutron decay rate greater than the beta decay rate?
Decay to Dark Particles & UCNProBe

* |s the neutron oscillating to a state which is not observable in the beam expts?
Neutron-mirror neutron (N-N’) oscillations



Decay intO Da rk Pa rtiCIES? Fornal & Grinstein,

Phys. Rev. Lett. 120,
191801 (2018)

UCN t Trap

(A) n— xv «—— 0.782<y< 1.664 MeV
(B)n — yeTe BR ~ 1% to explain issue

(C)n — xo

Gate Valve

« HpGe Detector n

Polarizing solenoi

A buffer volume installed (2018) n
to smooth out the pulse
response for more stable
normalization.




Decay into dark matter? Fornal & Grinstein,

Phys. Rev. Lett. 120,
191801 (2018)

UCN t Trap

B

) ey ~ Tangetal PRL121, 022505 (2018)

B Sl
)n — x o
T~

Sun et al, PRC 97, 052501 (2018)
Saul et al., ArXiv:1911.01766 (2019)

Nuclear decays
Gate Valve

* u
ng etal, PRL UCN

1’ 022505 Background

L !‘ : UCN-Background
POIarIZing SO|en0i i | {2' 18) : B e Capture gammas

—— UCN-Background-Capture

Proposed DM peak

Counts/10s/2.1 keV bin
-

=
—
AT
ol

' /
A buffer volume installed (2018) MM |
to smooth out the pulse L

response for more stable

normalization. 500 e 1200

Energy (keV)




UCNProbe is a new “beam” method
experiment using UCN

Goal is to measure Tg using UCN with a total error of 1-2

seconds with totally different systematic effects compared to
past “beam” experiments.
Requires absolute measurements of two quantities to 0.1%
* Number of neutrons in the trap
* Number of neutrons that decayed (measurement of
charged particles)
The collaboration is completing prototype detector this year
Plans to start commissioning run with UCN in 2025.
4 weeks real time of data taking for 0.14% statistics.
Funded by DOE early career award (2023-2027), previously
funded by LANL LDRD-ER (2019-2022)

UCN

PHYSICS

SINCE 1943

Pb house

‘He

Nal

Short

» Los Alamos
NATIONAL LABORATORY
EST.1943

éﬂEss
&ﬁ
TECY




Two-layer scintillator box allows for further PHY,/\S?CS
reduction in background

Using deuterated polystyrene as both a UCN trap and as the in-situ
detector, Fermi potential measured at 168 neV.

Light collection
* Using 4 PMTs to collect light from scintillator boxes
* Vacuum chamber lined with Teflon for diffusive light reflection (>95%)
e Quter layer of scintillator has a long decay time so that background and
data can be collected separately

Using electrons for charged particle detection. Short
Neutron detection using 3He gas, n + 3He = p + T+ 764 keV.
Detector efficiencies will be determined using gamma tagged source Nf
(134Cs and 219mBj)

102 4

. 1 B .
Extraction of N using N(t) = Nre B(t)

100

T T T T T
0 50 100 150 200 250
Time (s)



Standard Model Extension:
Mirror Matter

* Introduce a new hidden sector SM

copy

* Restore global parity with right-handed
weak interactions

* Mirror composite particles (p’,n’)
* Interaction through gravity

* Normal and Mirror Model mixing
C i [W(D)

3.

BiE

83c¢

Standard Model

Mirror Model

AE(Am,B,B",V '
= (e e
nn

* Am from different Higgs VEV

* |In lab can control fields (5) and
materials (V)

 Look for resonanceat AL =0

Gonzalez CIPANP 9/1/2022

More on this model:
o Berezhiani, Z., and Bento, L., PRL 96 081801 (2006)

67


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.96.081801

n = n’ in the Beam Lifetime

' 1.0 Ve
_ L N,/e, P \
= - . : y
Un Ny /€ 2 0a 4 ,1
2 i i
3 f | 3
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Gonzalez CIPANP 9/1/2022
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Searching forn - n’ at ORNL

* Calculate the probability of n':
* Use GPU codes to parameter sweep and 0
* Exclude regions without enough transmission

* Double solenoid with B,C absorber inside
e Absorber blocks transmission of n
e Doesn’t block n'!

logio(p11)
1071 5 — 0
1.0 !.—\_ o~ Am =289 neV ]
171 /N — g=se03 | .
I A /o V=500 m/s
0.5 1 I A L\ —- Bfield F -2
Pl / \ |/ \ < 1072 4
= . B \ 1
F ; e \
e ) ! 0 \
t 0.6 .n' 16 4 E
m -
% ! o \ - & 1077 7
2 ! < \ F3 i :
8 047 / - \ §
5 / @ \
] - - 2
= \ _a
[} 3 107 4
= 0.2 1 : AY ]
/ AN
. . F1
R N,
__,..-—"'/ { ‘h'"--‘
D.O T 8 — ]
T T T T T ro 10_5 _
—0.3 —0.2 -0.1 0.0 0.1 0.2 0.3 0 100 200 300 400 500 600 700 800
Distance From Magnet Center (m) Am (neV)

Gonzalez CIPANP 9/1/2022
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Doesn — n' Explain
the Neutron Lifetime Discrepancy?

NO!
* No counts observed above background!

e No transmission < 2.5 x 1078
(95% CL)

* Excludes gray parameter space

e Difference between Beam
Lifetime and 7,, (red band)

* Mirror neutrons do NOT explain
the lifetime shift

 Broussard, L.J. et al. Phys. Rev.
Lett. 128, 212503 (2022).

—_——— p= 10—11
UCN Traps

T T
800 1000 1200

Gonzalez CIPANP 9/1/2022



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.212503

Doesn — n' Explain
the Neutron Lifetime Discrepancy?

NO!
* No counts observed above background!

e No transmission < 2.5 x 1078
(95% CL)

* Excludes gray parameter space

e Difference between Beam
Lifetime and 7,, (red band)

* Mirror neutrons do NOT explain
the lifetime shift

 Broussard, L.J. et al. Phys. Rev.
Lett. 128, 212503 (2022).

—_——— p= 10—11
UCN Traps

T T
800 1000 1200

Gonzalez CIPANP 9/1/2022



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.212503

n — n' Collaboration

V. Santoro European Spallation Source
K. Bailey, W.B. Bailey, K. Berry, L. Broussard, L. DeBeer-Schmitt, M. Frost, A. ﬁ —
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M. Kline Ohio State University
L. Varriano University of Chicago

J. Barrow Massachusetts Institute of Technology OAK RIDGE
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Knoxville
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e T. Dennis East Tennessee State University KENTUCKY
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W. M. Snow Indiana University

Stockholm D. Milstead Stockholm University

Un]_verS]_ty We gratefully acknowledge the LDRD program of ORNL, the DOE OS NP, and the NSF
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The Path Forward (since 2013):

* Explore possible indications of new (BSM) physics

* Decay to Dark Particles & UCNProfe
* Neutron-mirror neutron (N-N’) oscillations

* Confirm beam and storage measurement results

* Develop experiments with alternative measurement techniques

* Improve control of the sources of systematic uncertainty on existing
techniques
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Beam Experiments: NIST BL2, BL3 and
the J-PARC lifetime expt



Systematic Effects for the NIST Beam Lifetime (BL) Experiments

2013 BL2 BL3
Source of uncertainty BL1 [s] | projected [s] | projected [s]
Neutron flux monitor efficiency 0.5 0.5 0.2
Absorption of neutrons by °Li 0.9 0.1 Z 1
Neutron beam profile and detector solid angle 0.1 %] < 0.1
Neutron beam profile and °Li deposit shape 0.1 0.1 s
Neutron beam halo 1.0 0.1 o L |
Absorption of neutrons by Si substrate 0.1 0.1 e | |
Scattering of neutrons by Si substrate 0.5 0.1 o 5 |
Trap nonlinearity 0.8 0.2 0.1
Proton backscatter calculation 0.4 0.4 g 5 |
Neutron counting dead time 0.1 0.1 | |
Proton counting statistics 1.2 0.6 <1
Neutron counting statistics 0.1 1A < 0.1
Total 2.3 1 0.3

BL2: on-going data-taking; expect to finish in 2023.

Information provided by N. Fomin
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@ CUF

neutron flux counter

* Increased neutron beam diameter
7 mm — 35 mm

* Uniformity requirements:
AB/B <107 (in proton trap)

* 50x increase in trapping volume

proton trap
P P A B R P B e P ]

main magnet T

80

proton
detector

detector magnet

all dimensions in cm

neutron beam
——




* 50x increase in trapping

volume
* UHYV compatible
materials

* Ultra-low expansion_ g
fused silica '

* High flux combined
with increased volume

— statistics
accumulate quickly
U C

Scheduled to be o




Principle of J-PARC Beam Lifetime experiment

Cold neutrons are injected into a TPC. Eprerlr.r.ule\;I\:c ;?ntad:
. . enji Mishima
The neutron 3-decay and the 3He(n,p)3H reaction are measured simultaneously. J
i : Count events during time of
Principle  (Kossakowski,1989) bunch in the TPC
Neutron bunch
shorter than TPC
P'Y wi(n’p)t Neutron bunch
. ..“;"“‘ e
L T, :lifetime of neutron
1 Sn/En B-decay S@ = €, N— vV :velocity of neutron
Tn — POV g /E TnU € :detection efficiency of electron
0%0 BlEB

g, :detection efficiency of 3He reaction
*He(n,p)*H S, = enNpoL  p :density of 3He
o :cross section of 3He reaction

OU = 00Uy  o,=cross section@v,, v,=2200[m/s]
This method is free from the uncertainties due to external flux

monitor, wall loss, depolarization, etc.
The goal is the experiment is accuracy of 1 sec. 79



Background against beta decay

0.04

oos-Tamen |4 Upstream

o | [—— Subtructed E =)

2 0.03" i

3 0.025
0.02_ - e e Bl B Cut & Simulation
0.01

$ Act. Gas induced

Neutrons produce y rays
in the TPC gas.

0.01
0.005

\.10... 15. .20 .25\.\\3

0 35 40
Time of Flight [ms] _
The time difference between B
neutron produced at the target and arrived at TPC. = = (h£==q
| J mL
TP, | B e 8o
gl = ' L M R f o
::f@] 1%EJL ==1s === |
TPC activation — ‘
Scattering neutrons activate '
_ TPC inner wall.
—1 CO: capture SHe capture
= Upstream
y rays from SFC Cosmic rays SHe +n — t + p + 764 keV
produce electrons in thg TPC Rad|0|sotppes 1204 518 O(1keV) 4+~
via Compton scattering in the shields

Time of Flight Energy and Range cut 80



Systematics

Current statistics: ~ 2s
(need 110 d for 1s)

50 kPa

Systematic uncertainties

due to gas BG

100 kPa
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» Gas induced background events are major source of systematic uncertainties of

our experiment

Low pressure runs can reduce the uncertainty to +1/-7 s

Uncertainty on lifetime: +2/-14 s for 100 kPa

» Other systematics are also under improving

. 81
Using Atoms (FPUA2022)

The 14th International Workshop on Fundamental Physics

2022/Nov./24
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measurement using
satellite data!



UCN Experiments: Magnetically
Trapped UCN

(using magnetic repulsion to eliminate wall losses!)



Different ways to manipulate UCN

UCN energies so low, they reflect from some material surfaces for any angle of incidence!

* Nuclear force (rl;ax:
350n&eV)

Store them in bottles! @&

 Gravitational force
(100neV/m)

C.-Y. Liu

 Magnetic force

High field seeker

+60 neV/T

Old idea: use repulsive
magnetic forces to trap UCN!

Low field seeker Vladimirskii, Zhur. i.
Teoret Fiz., 1960

Low field seekers

magnetic
quadruple
trap



Magnetic Bottles: Many in Progress

to
vacuum
pump

15|

lift

cylinder
absorber
lift bottom ~—_ UCN
to
vacuum
magnets o pump
and poles
outer
_— solenoid
 § shutter
yoke solenoid
—= to
vacuum
pump
detector

V. Ezhov et al., NIMA, 611, 167 (2009)
1, =8783+1.9s

superconducting UON
upper el coil TEIOVeT
ITalbach

cotupole array

2|

inmer stainless

supetoondueting
aree] tube

bins field coil

superomulucting
bottom end coil

mide switcher

sOuroe gatevalye ¥, ¥
UCNs from i
HOMLECEr
botton gatevalve
1

non-speenlar TCN 1 *

reflecting piston TCNs to detectar

T, =(887+39)s

Leung, et al, PRC 94,
045502 (2016)

PENelLOPE

700 |

e e e i

~

R. Picker et al., F
J. Res. NIST 110 (2005) 357

superconducting

tat o7, ~

| Pucy = 103 =104 cm3

(FRM 1)
0.1s in 2-4 days

magnet AFP
Spin-Flip

S -

Oktupole

p-detector
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UCN Lifetime Experiment at the ILL

e Neutrons from the
ILL turbine.
e Trapped with

P

Tn " re srmaqebm? made t;f per- permanent magnetS

manent magnefs

and gravity.
e Surviving neutrons

counted.
increase storage volume from 3.6 | to 15 |
P. Geltenbort (V. Ezhov) Universidat Autonoma, Madrid, 30 November 2007 45
Analysis unpublished V. Ezhov et al., ). Res. NIST 110 (2005) 345

87



V.F. Ezhov et. al. JETP Letters, 2018, Vol. 107, No. 11, pp. 671-675

Magnetic shutter in lower part of trap
permits to collect depolarized UCN during
storage time

Magnetic shutter

uuuuuu

.

o

o

eeeeeeeee

V.F. Ezhov, et al, Technical Physics Letters, Vol. 44,
No. 7, pp. 602-604, 2018.

1 =(878.3+1.6+1.0)s

Trap is filled using elevator in upper part of
trap. There are an absorber inside elevator for
preliminary preparation of UCN spectrum.
Final cleaning proceeds inside the trap throw
magnetic shutter in lower part of trap

1.Fill lift volume 3.Move lift down

2.Close lift volume 4.Open lift and
‘ Taieg

move lift up

lift
cylinder ——

UCN detector

<< v,

Vig

Trap is filled with unpolarized UCN. In this
case half of neutrons are leaking during trap
filling and they will be detected just during
the filling. So before each run real quantity of
UCN in trap is measured.
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The UCNT Experiment

1st measurement

]DO? }ii Terap = 800 £ 19s |

%1 .

. .- ) 4] 560 ;:;():"B [ ] ]5‘00 2000
‘ ' L N Active Cleaner ’
Giant Cleaner “’ . 0 | D. Salvat, PRC 89, 052501 (2014)

Halbach array

79



UCNT<T

W - [ (|
|B| always greater B LT L T
than 1 T at surface! e
W | | :‘f_f,,f’ ";Q“'ﬁ
B T s
Bremz 1T LPEIT 11 - T e 50 cm

(~50 neV)

Low field-seeking states
repelled by large fields

RowB RowA



UCNT7T

RowB RowA

1:1_,-. :
|B| always greater
than 1 T at surface!

B,n=1T 50 cm
JHH (*50 neV)
g7
Y X

Low field-seeking states
repelled by large fields

RowB RowA

UCNT Design Features

1) Magnetic barrier eliminates interaction with materials
2) Very large volume (~400 | UCN storage)
3) Asymmetrical construction to ensure rapid emptying/detection



D. Salvat




The UCNT apparatus

Active Cleaner

Giant Cleaner “’

Detector enters trap from
top, permits studies of
“quasi-bound” neutrons

Halbach array

79



U110

Surviving Population

Pairs of short-long storage times

Measuring Lifetime
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- The UCNT Collaboration
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UCNT Progress: the 2017-2018 Data Set

PHYSICAL REVIEW LETTERS 127, 162501 (2021)

Improved Neutron Lifetime Measurement with UCNz

-
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] The error budget

New Reported Value (s)

Timeas 877.5 £ 0.7 877.58 + 0.28 Uncorrected Value!
UCN Event Definition 0+0.04 0+0.13 Single photon analysis vs.
Coincidence analysis
Normalization Weighting - 0+ 0.06 Previously unable to estimate
Depolarization 0+ 0.07 0+ 0.07
Uncleaned UCN 0+ 0.07 0+ 0.11
Heated UCN 0+0.24 0+ 0.08
Phase Space Evolution 0+ 0.10 - Now included in stat. uncertainty
Al Block - 0.06 + 0.05 Accidentally dropped into trap...
Residual Gas Scattering 0.16 = 0.03 0.11 + 0.06
Sys. Total 0.16'03 0.171932
TOTAL 877.7+0.7103 877.75 + 0.287 )3z

'il} lvat

Losses small compared to statistical unc!
(huge step from material traps)
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The error budget

New Reported Value (s)

Timeas 877.5 £ 0.7 877.58 + 0.28 Uncorrected Value!
UCN Event Definition 0+0.04 0+0.13 Single photon analysis vs.
Coincidence analysis
Normalization Weighting - 0+ 0.06 Previously unable to estimate
Depolarization 0+ 0.07 0+ 0.07
Uncleaned UCN 0+ 0.07 0+ 0.11
Heated UCN 0+0.24 0+ 0.08
Phase Space Evolution 0+ 0.10 - Now included in stat. uncertainty
Al Block - 0.06 + 0.05 Accidentally dropped into trap...
Residual Gas Scattering 0.16 = 0.03 0.11 + 0.06
Sys. Total 0.16104 0.17753%
TOTAL 877.7+0.7103 877.75 + 0.287 )3z
Most precise value for T,, to date!
D. Salvat
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UCNT 2022 and beyond

e LDRD-funded upgrade of UCNt underway: UCNt*

* Longer term: Tau2 (larger trap/ increased UCN production)



ISSN 0021-3640, JETP Letters, 2018, Vol. 107, No. 11, pp. 671—675. © Pleiades Publishing, Inc., 2018.

A neutron elevator: UCNT+ )

Lift |
New Loading Mechanisms to maximize statistics Cylmder/ = || Mo
e Funded by LANL LDRD L1
e Anticipate ~10x counts .,

Permanent

Side View: UCNt+ magnets

Chain-driven plunger and poles

Shroud -
Ra" o solenoi

extension

Yoke = colenoid

Loading position

pump

3[—lc detector

Plunger Halbach Shooting for < 0.15 s sensitivity!
wall Vacuum Array
vessel
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Simulation of a cylindrical trap geometry:
UCN Loading

Plunger Motion |t == 1s

Modeling: thesis R. Musedinovic




Measurementis of the Neutron Lifetime
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Conclusions

Motivation for measurements of 7,, for BSM constraints is strong

The neutron lifetime problem emerged as neutron beam and UCN storage
experiments evolved, driven by key results from A. Serebrov’s group and the
NIST beam experiment. The problem is still with us in 2022.

Since 2013, much has been accomplished, and much is underway
BL3: NIST upgrade with ~ order of magnitude smaller uncertainties
J-PARC beam expt: independent cross check of the NIST 2013 result

UCNT<: already effectively confirmed the 2005, Serebrov experiment!
And many other projects!

Now a 4.60 discrepancy!

The community has not yet identified new physics which can explain this
issue, but the work is being done to provide a robust investigation of the
tension between these two measurements in the next five years!



The only experiment
underway which can
directly cross check the
NIST experiment!

Jparc Beam Experiment

The method of neutron lifetime measurement

Electron-Counting method
Neutron lifetime is obtained from neutron (8 decay and flux (*He capture).

Tn Neutron Lifetime
1 S He / EHe o SHe density (Blind) | Sp 5 c’;';}”;?iri;rfal
TTL T S o *He neutron capture Sy Number of
pO"U B /56 cross section e 3He capture signal
v Neutron velocity € Cut efficiency

n + 3He — p + *H

=572 keV =191 keV

%He capture

n—p+e +71,

< 0.754 keV < 782 keV TPC Gas
“He:CO2:*He =
85 kPa:15 kPa: 100 mPa

B decay

First result : O(10) sec accuracy
= Final goal : 1 sec accuracy
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J-PARC / MILF / BLO5

J-PARC
Materials and Life Science
Experlmental Facility(MLF)

- Hadron Beam Facility
Materials and Llfe Suence

Experimental Facility

Nuclear
Transmutation

3 ( oL 5, l
- / Neutrino to
- ’ Kamiokande
3 GeV Synchrotron 50 GeV Synchrotron
25 Hz, 1MW/ 0.75 M

J-PARC = Japan Proton Accelerator Research Complex

Jomt Project between KEK and JAEA |

Spallation neutron target (designed for IMW) -

Pulsed neutron Beam line BLO5
Neutron optics and physics(NOP)
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Experimental Setup

Drift cage and MW PC SFG

in lead

shield

""""""

WL ] L e

Iron shield [

._,.], L i

) e ﬁ
Vacuum Chamber 1

-

SEdIRY Gas handing
S ey =
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The first result from J-PARC

The published result by using data using 2014-2016 was
T, = 898 +10(stat.)*13 (sys.) = 898118 s

[K. Hirota et al., Prog. Theor. Exp. Phys. 2020, 123C02]

920

885
880

Storage method
Count the living

o TE
a -
§ 915:—
:6_5 910/ In-beam method
= = J-PARC Count the dead
S 905 |
= = ’/ L.b
2 900/
= 895E [
§ Beam method: 888.0 + 2.0 s |
8901 - X,

Storage method: 879.4 £+ 0.6 s

1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 | 1 | | 1 1 1 I 1 | 1 1 | | |

875

1990 1995 2000 2005 2010 2015 2020
Year

N(ty)

|
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U.S. Facilities

By NPT P 7 Spallation Neutron Source Fundamental
TS S s Neutron Physics Beamline (FNPB)

Building ‘1N

-
e enc k
acil

z ~

and Office Complex

. g T
Central Laboratory 2 7 j 4 U C N
- - -".. % 0
v y

8: Nab Upgrade in 2016 successful!

T: UCNT1, UCNProbe (R&D)
0: UCNA, UCNB (R&D)

T: BL2, BL3, rad decay
0: aCORN, emiT (R&D)

os Neutron
Science Center
(LANSCE) Area B Source

Q
National Institute of Standards and Techn0|o;;'
(NIST) Center for Neutron Research (NCNR)



Magnetic Fields of Trap udecotsbaong i 1ArayBaiong i

_For “low-field seeking” polarized neutrons
F =i -(VB)
Permanent Magnet Halbach Array:

4Brem woo (17T — _ ) . ~
T vz Lin=1 4n-3 (1 —€ knd)e kné(sm knn M + coskun Q

Surface Coordinates

1
Guide field coils along axis: [C]}

__ Bo(r+R) 3
Be = fmye 8

D. Salvat
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Neutron

Reference lifetime (s) Uncertainty (s)
Beam Experiments
Robson, 1951 LII0 220
Spivak et al., 1956 1040 130
D’ Angelo, 1959 L1100 160
Sosnovsky et al., 1959 1013 26
Christensen et al, 1972 018 14
Last ef al., 1988 876 21
Spivak, 1988* 891 9
Kossakowskl et al., 1989 878 30
Byme et al., 1996* 889.2 4.8
Nico et al., 2005% 8863 34
Bottle Experiments
Kosvintsev et al., 1980 ]75 05
Kosvintsev, Morozov, 903 13
and Terekhov, 1986
Morozov, 1989 893 20
Mampe et al., 1989* 887.6 3.0
Alfimenkov et al., 1992 {884 33
Mampe et al., 1993* 882.6 27
Arrumanov et al., 2000 8854 0.98
Serebrov et al., 2005* R7R.5 0.76
Pichlmaier et al., 2010% {807 1.8
Magnetic Trap Experiments
Paul et al., 1989* 877 10
Ezhov et al, 2009 8782 1.9

From: Wietfeldt and Greene, Rev. Mod. Phys. 83, p. 1173 (2011)



Another constraint...from underground physics...on decays to DM?

Min et al, ArXiv:1808.10644

Interactions with DM cause nucleons to decay into mesons! Can use nnbar
limits to set scale for mediator at 10" GeV (about 4 orders of magnitude higher
than is consistent with lifetime issues...) — need for very little of this DM to be

around!



The LANSCE UCN Facility in 2017

LANL EDM
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OO

Global fit into a single exponentig| function

(blinded number)

X 0.02
i N 1,=884.24+0.65
----- It -
v2fdf=1.1 B
1step 200s clean  "~-._ 0.015 @
__ 0.05 T
o ® 9step 200s clean 7
m . ! E
o e 9step 300s clean .. 0.01 —
w ey c
= ® 3step50sclean “aa =
3step 50s clean RF % 0.005 z
. 11 l
% ? I ’
0.005 -0.005
0 200 1000 1500

Countingtime (s)

Short Description: works like a charm! UCN storage time greater than a month!



Neutron lifetime measurement at J-PARC BLO5

Neutron beam shapes bunchs

shorter

Th

1 ']
S et
vk i 4 ‘
il el

Count events during time

of bunch in the TPC doped
~100 mPa of 3He.

than TPC. -

190 keV
~350keV &
men — .
& D
572 keV

~400 eV

gas injection system

*He(n,p)*H

Ratio of Neutron beta
decay and Count events
during time of bunch in the

TPC.
1 S3ne

~ poyvg Sg

e goél of this experiment is 1 sec (0.1%) accuracy.

Present statistics is ~2 s.

Present systematics is estimated as < 10 s.
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