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Neutron 3 decay observables

n—->p+e+v, Pendpointenergy 782 keV

Many observables (20+, Dubbers&Schmidt, Rev. Mod.
Phys. 83 (2011), p. 1111-):
Neutron Spin * Mean lifetime 7,
* A O_-)n | ﬁe

B - Bo,-
b * Caoy,- Dy
_\ : * Do_)-n'(ﬁex )
- ap,-
 Twofold correlations involving electron spin
Proton Pp,Up * Threefold correlations (D, L, R, V)
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Differential decay rate:
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Neutron 3 decay at the quark level

n-p+e+7v, [3endpointenergy782keV

t P _
A udu Ve B
e_ vl’t Ve
o
e
W-
uﬂd Muon decay
"
q* < my,: 4-fermion interaction I/ — A interaction

G | . 1
Quark level: M; = Tgvud [uyﬂ(l — ys)d][ey“(l — Ve )V, ]
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CKM Matrix

Quark level: M, = %Vud [uyu(l — ys)d] ley* (1 — ys)v,]

dw Vud VuS Vub d
Sw | = Vcd Vcs Vcb S
by, Via Vis Vin/ \b

Weak CKM mixing Mass
states matrix eigenstates

Unitarity: |V, 4|% + |Vis|? + [Vyp|? = 1



Nucleon level: form factors

=1 by CVC ~ —1

o N

My = =Vaa [P gy + gavs) + %%q*’)n] [ey* (1 — y5)v,]

Weak magnetism:
determined from
electromagnetic
properties (anomalous
magnetic moments)

Other terms are forbidden in the SM or can be neglected at low energies.

. : _9g
—> Essentially a single parameter, g4 or A = g—A, accounts for nucleon structure.
| %4



Neutron decay master formula

5099.3(4)s
7, (14 3g%)(1 + R()

|Vud|2 —

V..q: quark mixing parameter in CKM matrix
7,,. neutron lifetime

g 4. axial charge of the neutron

RC: radiative corrections



Beta decay radiative corrections

Neutron decay: Superallowed nuclear decay:

5099.3(4)s 2984.432(3) s
7,(1 +392)(1 + RC) Ft(1+ AY)

|Vud|2 = |Vud|2 —

The box diagram A, contributes only ~3% but dominates

the uncertainty.
The integral | d*Q requires control over low (non-

perturbative) and high (perturbative) momenta

Marciano and Sirlin, PRL 96, 032002 (2006)
« RC=0.03886(38), Ak= 0.02361(38)
Seng et al., PRL 121, 241804 (2018)

RC for n decay

* RC=0.03992(22), Af= 0-02467(22) 2006 Marciano & Sirlin { F——e——
Czarnecki, Marciano, Sirlin, PRD 100, 073008 (2019)
» Update/extension of 2006 Marciano and Sirlin 2018 Seng et al. F—e—
e RC=0.03947(32), A= 0.02426(32)
2019 Czarnecki et al. —e—

Work in progress: LQCD 0.0385 0.0390 0.0395 0.0400
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V., from experiments can test self-consistency of the Standard Model

CKM mixing matrix

dw Vud Vus Vub d 2 2 2

Sw |=|Vea Ves Ven | |s Ackm = WVyual® + Vsl + [V = =1

by Via Vis V/ \b

Weak Mass

states eigenstates
| el el | Wl ] o
PDG 2020 0.97370(14) 0.2243(8) 3.82(24)X 1073 —15.8(4.5)

[from nuclear decay X104
measurements]

* (Using Seng et al. rad. Corrections) V,; from nuclear decay shows 3.5-0
tension with the Standard Model!

* Neutron decay measurement is clean and the systematics are independent.
5099.3(4)s

7,(1 +3g9%)(1 + RC)

|Vud|2 —



B decay beyond the standard model

* SM assumptions (pure V-A between quarks and leptons) can be relaxed

* Recent global fit for BSM parameters in beta decay: Falkowski, Gonzalez-Alonso, Naviliat-Cuncic,
JHEPO4 (2021) 126

* Fitincludes data from Vo
neutron and nuclear decay £ D —ULQ (L+er) evuvr -uv*(1 —5)d + €peyuvr- uy* (1 —s)d

(lifetimes, correlations) _ _ o )
’ +egeyuvr - uyYH (1 4+ v5)d + €reyuvg - uyH (1 + vs5)d
* Sensitive to BSM particle lR Yuvr - Uy (1 +s) REYVR - uYH (1 + 75)

_ — w | _
masses in the range 1 GeV— + €T 0L - uot (1 —v5)d + 16T €OVR - uot (1 + vs)d
100 TeV

+egevy -ud + €sé(l +ys)vg - ud
—epevy -uysd — €pevg - ﬂ'y5d] + h.c.

Quark level

Nucleon level
Lice—vang = —P7"n (Cf & + Cyévuvr) — By*vsn (Chevvr — Ciévvr)
_ _ _ 1 _ _ o
—pn (C’;eyL + Cyg GVR) o §p0’“’n (C’;eUWVL + Cr eJWVR>

+pysn (CFEVL - CI;éVR) + h.c.



B decay beyond the standard model

* SM assumptions (pure V-A between quarks and leptons) can be relaxed

* Recent global fit for BSM parameters in beta decay: Falkowski, Gonzalez-Alonso, Naviliat-Cuncic,
JHEPO4 (2021) 126

* Fitincludes data from

Vud _ _ o _
neutron and nuclear decay £ D —U% (L +er) eyuvr - uv*(1 —v5)d + Ereymrr—arl=2as)d
(lifetimes, correlations) _ _ - _
", . +ereyuvr V(1 +75)d + EgeTrr—ayti—+as)d
* Sensitive to BSM particle 1 Tu V(L +%) 1“
masses in the range 1 GeV— + €T ETu VL uot (1 —vs5)d + Zﬁ“ e VR e s)d
100 Tev tegévy - ud + Egetttrsivp—ad
* Result of subsets of fits for
scalar and tensor terms, —€epévy - uysd — ‘EP'E""R_W] + h.c.
assuming no right-handed Quark level
neutrinos |
0.04 -
PelPer Nucleon level
0.02+ 1 _u + e _ u S o
- Lree—Yang = —PY'n (CVG'YMVL +%Veﬁ7ruﬂ-) — Py s (CA EVuVL —W)

Ct/Ch

0.00

A —pn (C;EVL +€S;€-VR-> — %ﬁa’“’n (C’;éa,wuL +€:%Eoﬂ—,,b'p>
+pysn (Chéve —CFémn) +hic.
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N |
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B decay beyond the standard model

* SM assumptions (pure V-A between quarks and leptons) can be relaxed

* Recent global fit for BSM parameters in beta decay: Falkowski, Gonzalez-Alonso, Naviliat-Cuncic,
JHEPO4 (2021) 126

* Fitincludes data from Vo
u — — ~ - _
neutron and nuclear decay £ 2 —— 5 (L +er) eyuvr - uv*(1 —v5)d + Ereymrr—arl=2as)d

(lifetimes, correlations) _ B o )
" : +epeyuvr - uyH (1 4+ v5)d + EpeTorr—ayid—os)d
* Sensitive to BSM particle ] T (1 +75) TRVR %Y Vs

_ _ 1 _
masses in the range 1 GeV— + €T ETu VL uot’ (1 —ys)d + 1T SOV R a0 e e X
100 TeV tegévy - ud + Tetttysyrp—ad
* Global fit for ¢, &, compared
to LHC fits, assuming no —epevy - uysd — ‘EP'E”R_W] + h.c.
right-handed neutrinos Quark level
0.004 |
fdecays | Nucleon level

0.002

' Licevang = —p7*n (Cenvi + Gdamn) — py*ysn (Chévwr — E56vmn)
| _pn (CgéuL +€S;EW) - %ﬁa’“’n (C’;éa,wuL +€:,——,EUWVR9
+pysn (Chéve —CFémn) +hic.

0.000

-0.002

(-eee LHC13 (pporete”) |

-0.004 \==- LHC13 (ppev) |

-0.004 -0.002 0.000 0.002 0.004 11
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Neutron beta decay experiments to determine V

5099.3(4)s
(1+ 3951+ R0)

ACKM = |Vud|2 + |Vus|2 + |Vub|2 -1

|Vud|2 —

* Correlation measurements to determine g,
* A aq,B

Pe On
Imzﬂjﬁ 00000001 = >

e Neutron lifetime

* Beam
e Bottle

12



Neutron decay beta-asymmetry (A) experiments: PERKEO Il

PRL 122, 242501 (2019)

Final physics result with uncertainty (2019):

94 _ 0.17% (2019) > 294 ~4x10~*
A ga

Upstream Detector

Velocity
Selector

V\

Central Solenoid

13



UCN Beta Asymmetry Experiment at Los Alamos

calibration .
Hall probe oo rce Superconducting
array insertion
Beta Detectors:

Spectrometer (SCS
DLC-coated copper P ( )

1 T central field
decay volume
scintillator & MWPC

\ \ | B SE—
4 L ——
B U W -

i

spin-flipper

Polarizer-AFP magnet
. . UCN detector
Thin foil

Polarimetry shutter

N
Final physics result with uncertainty

. — Switcher
Iron Foil
UCN detector \
dA/A =0.6% (2018) UCN flow
~UCN flow during beta decay

New project “UCNA+” to upgrade UCNA, during polarimetry measurement
optimize for the higher-output LANL UCN

source: targeting dA/A = 0.2%

UCN detector ‘



Weak axial charge of the nucleon (g,) from neutron decay
correlations

WEIGHTED AVERAGE
-1.2754+0.0013 (Error scaled by 2.7)
’
_1-16 AN RRRRRRRR {\ PDG2021
2
-1.18 T — BECK 20 SPEC )7(75
L oo MAERKISCH 19 SPEC 3.5
1> : T DRAus 17 seee o | e M '
: | o DARIL 7 SEC ore recent experiments
é: L2 — E%':si“é%.“ §§ ?ﬁiﬁ . based on A4 correlation
# 122 _ _ T pERoAM.. &7 ONIR 7T measurement are coming
S . : (Colnfidence Level<0:.3(£)361)1) 1nt0 agreement.
;5 _1 24 - { -1.29 -1/.28 127 126 125 -1.24 ° Upcoming Nab and
¢ A=ga % .
q& i ﬂ } } { } i : ] UCNA+ experiments are
20 _1.26f { i I b1 . targeting similar precision
50 : Fiiggggs,. ., - as PERKEO III.
-1.28 - * Future PERC facility will
s i ] target the next level of
1970 1980 1990 2000 2010 2020 precision.
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Two™ techniques are used to measure T,

*Plus VCN storage ring by Paul et al.; also, other novel ideas...

Neutron decay product

Cold Thin neutron counter (for p, e, or both)
© detector [ /) neutron beam
Neutron N ey = Ny AL T, -
Beam \
le L N|

e xl/v.
Traversal time Ar=L/v,

“

t'. Number
Observed
Ultracold ><
Neutron .
(UCN) Fill
Bottle
Time

Could also detect decay products...
16




Neutron decay product
Thin neutron counter (for p, e, or both)

>

detector [ _ neutron beam
N decay = N beam At / Tn .

\

e ocl/v K >
Traversal time Ar=L/v,

\
(N

le L N

Beam 7, Experiments

Measure decay products from well-characterized
neutron beam

Key features:
* 1/vcancels out between neutron detector and time spent in fiducial volume:

allows use of broadband beam.
e Need to know absolute detector efficiencies:
* For neutron detector with known v,

 For decay product (e or p, or both)
17



NIST Beam Experiment “BL-1"

Original result (2005): T, = (886.3 £ 1.2[stat] £ 3.2[syst]) s
Updated (2013): t,=(887.7 £ 1.2[stat] + 1.9[syst]) s

alpha. triton

detector
.
it B=46T proton
TN detect01
® QO
T e P gt neutron beam
s mirror trap electrodes door open
* p (+800 V) (ground)

e Counts protons from beta-decays in flight
e Absolute neutron flux must be measured very accurately
e Absolute proton detection efficiency must be known very accurately

 The n counter absolute efficiency calibration was later improved, reducing

systematic uncertainty in the original (2005) result.

18



Counts

Proton detection

= 1 T T 1
1 ¢« I II : 111 ;
1 1 1 1
1 1 1 1
1000 = 1 1 1 '
= 1 1 1 1
— 1 1 1 1
4 *door open : e
1 erampon : * mirror down
100 — i l 1 1 |
= 1 1 1 1
- 1 1 1 1
- 1 1 1 )
= 1 1 1
—y 1 1 1 1
1 1 1 1
10 1 1 ' 1
1 J
L
[

1 ﬂll Mil

Time (us)
B=46T e proton
: e detector
: “‘\‘“d\;u / %
neutron beam
A £ A
mirror trap electrodes door open
(+800 V) (ground)

* mirror up
* ramp off
* close door

e

Measured 7, (s)

Protons are accelerated into a
~99%-efficient detector.
Corrections must be applied for:
 Dead layer
* Backscattering
Corrections were determined by
combination of the following:
* Dead layer measurement using
radioactive sources
* Taking data with thin coatings
added to enhance
backscattering
* Monte Carlo calculations
e Extrapolation to zero loss

Illll[llllllllllllllllllll

910 — =
905 - —
900 - -
895 — 3
890 -
885 -:§ —
E ¢ Individual Data Runs =
880 — ® Extrapolated Neutron Lifetime ol
a (statistical uncertainty only) -
7] —— Linear Fit o
875 — Ba
l L ' L I LI L ] L ' LI ] ]
0 5 10 15 20 25x10°

Backscattering Fraction 19



Number

Bottle 7, Experiments

Measure total disappearance rate of neutrons

Key features:

e Ultracold neutron storage

* Can either detect surviving neutrons after different holding periods, or
detect the change in rate of decay products as neutrons decay away.

20



Ultracold neutrons

Neutrons with kinetic energy < = 350
neV (velocity up to = 5 m/s)

Total external reflection from common
materials (e.g., stainless steel Vp =180
neV, *8Ni Vr =350 neV) — can be stored in

a material bottle.
Gravitational confinement to a few
meters height (V;r-4, = mg = 100
neV/m)

- Can change KE by guiding to different height
Magnetic potential similar to KE with a

—

few Tesla field (V44 = tin + B = 60
neV/T)
- Total reflection from laboratory-scale fields
- 100% spin selection filter

One inconvenience: hard to get a high density
of neutrons into an actual experiment.

Ultracold neutrons (UCN) are convenient for
measurements of neutron properties.

Vmag

Trajectory of UC
“Low-field seekgr”
spin state

21



All material bottles “leak” UCN to some extent.

Neutrons remaining after time At: N(At) — Noe —At /7

-1 __ -1 -1
T \ All other mechanisms,
Beta e.g. gas upscattering
decay
Total loss rate due to
interactions with the walls
-1 - -1 -1 —1 -1
Ty =Ty +Tc +Tg T 74
Upscattering ‘ Escape of Gaps, etc.
Capture gyasibound
UCN
Wall interaction loss contribution for process i:

171 = y(v)u;(v), where y = wall collision rate.



Vary y(v) to enable extrapolation to Tyt = 0

:1(v) = TB + 1, (V) =171 + u(w)v/1

* Energy spectrum evolves over storage time \

* Different approaches have been used to vary wall Mean free path

collision rate, typically by changing bottle surface- between wall collisions

to-volume ratio .
Kurchatov group experiment

“MAMBO 1”
@UM VESD/
2
NEUTRON J =
VALVES —
8 FOMBLIN
— [ PUMP
0(/$ T Thermal n
o | ' Cuns detectors to
A . -
! bofels detect wall UCN guide for f|II|.ng
vew | \ @ upscattering !oottle and emptying
into UCN detector 23



Vambo w——p

e Fomblin-coated bottle of variable size

NEUTRON

|-

FOMBLIN
I PUMP

882.5 + 2.1 5 (2012)

* Corrections applied to original result for energy VALVES —
spectral evolution did not include surface waves in
liquid-Fomblin coating %

e Steyerl et al. calculated this effect for Mambo 1 O
(extended previous calculations by others): AL FOIL

20— DETECTOR ™|
5] Steyerl et al., PRC 85, 065503 (2012)
1.6 1
] 887.6 + 3 5(1989)
1.4

g: 1.2-

| 3.

;,:_ 1.0-‘

] The effect becomes important
067 for UCN energies near the

0.4 Fomblin Fermi potential

0.2 1
O‘O~'I'l'l'lI‘I'I'I'I'l'l

00 01 02 03 04 05 06 07 08 09 10 11
ki/ch
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Gravitrap |

Serebrov et al., Phys. Lett. B605, 72 (2005).
Serebrov et al., PHYSICAL REVIEW C 78, 035505 (2008)
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Gravitrap |

Serebrov et al., Phys. Lett. B605, 72 (2005).
Serebrov et al., PHYSICAL REVIEW C 78, 035505 (2008)

T orage () Btorage. )
1.160x10° | .
1.155x10° | 1865
1.150x10° | 4870
1.145x10° | a7
1.140x107 o
1.135x10° | eee

world average t =885.7(8)s
1480x10% b 1885
01 23 456 7 8 910

FIG. 12. Result of extrapolation to the neutron lifetime when
combined energy and size extrapolations are used. The open circles
represent the results of measurements for a quasispherical trap, and 26
the full circles the results of measurements for a cylindrical trap.



Gravitrap I

Fig.1. Gravitational spectrometer with service platforms

1,200x10° T——T——T——T——T——T——1
1,190x10'3-3
1,180x10'3-3
1,170x10'3-3
1,160x10'3-3

1,150x10°

1,140x10”

Content from A. Serebrov, PPNS2018 v, s 27



1/ Istorage

1 20010°
119010° 1
1 18010°

A

M, 1 (s7)

storaj

storage (S)

1.16046000° 1
1.155x10° }

X

860

865

870

875

880

885

1.15Q46001° -
1.145x10°
1.140,%0903 —
1135x10°F T T T 1T 11 )
3(' I dworld adlerade  6885.7(8)s
TABORAO® Roaassssneiss: st oo i -
------ lIIY’SlllIIl
0 1 2 3 45 6 7 8 9 10

Effective Wall Collision Rate

1 Gravitrap I
T, = 8815+ 0.7+ 0.65

Gravitrap |
T, = 8785+ 0.7+ 0.35s
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Size of Systematic Corrections for Losses

900

Tn(S)

1

'
)

U]

Dubbers & Schmidt (2011)

% Ty cold neutrons m—beam
» 7, trapped ultracold neutrons
C Tetome - trapped ultracold n's

1985 1990 1995 2000 2005 2010

-1
1"1:5'-1"35"? {5 ] TEIEI-FIQEI {5)
,|A. Serebrov (2008) 1 BE0
160x710 "\1aterial bottle
155x107 F“Gravitrap” — 869
.150x10™ la70
.145x10™" -
-14&:{‘1&-:} ...................................................................
1350107+ 1880
\ world average tn—EEE.?[E}s
| §

01 2 3 4 5 €€ 7 8 9 10

Large systematic corrections
must be very well understood!
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Magnetic bottles are designed to eliminate wall losses

Gravity confines from above, magnetic
fields from below and laterally. ,
Field from permanent magnet Halbach array

|||||||||||||||||||||

-
o
—

(&)}

0

Distance from surfac

UCNt Example: | /\/\/\/\/\/\/\/\:
* u°*B for neutron =60 neV/Tesla o/\/‘\[‘\ /‘\Q/A\ MA\Q
* Gravitational potential =100 neV/m™ " .5 o5 o 20 40
* 50 cm drop (from rest) = closest Position along surface (mm)

approach to surface about 2 mm 30
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View of the Halbach Array and Lowered UCN Detector

UCN Detector | WY 108/7nS:Ag Strips Taped to
(19B/ZnS:Ag) |

the Array for a Test

_“i




UCN<t Overview

* UCN trap with very low intrinsic
losses

. Magneto-gravitational trap

. Superposed holding field to
eliminate B-field zeros (no
depolarization losses)

. Fast removal of quasi-bound
UCNs possible through trap
asymmetry and field ripple

Based on original concept: P.L.
Walstrom, J.D. Bowman, S.I.
Penttila, C. Morris, A. Saunders,
NIMA 599 (2009) 82-92

* High statistics are achievable

W \ MR
NHIRRK
naik

NRKK

Large volume
In situ UCN detector
High overall efficiency

Also: Less sensitive to
phase-space evolution
than draining




LANL’s UCN Source Feeds Multiple Experiments

2016 UCN Source Upgrade: 5x improved output

Upgraded UCN Source

7

A

‘ ¢ : S
New nEDM experiment ! TSN~

2 =i
(e

f

>

UCNA - UCNA+
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LANL UCN Experlmental Hall




Counts

Measurement Cycle

1.
2.
3.

10000

1000

100

10

Load the trap
Close the trap door

Remove quasi-bound UCNs (lower

UCN absorber

Trap door

absorber, wait, raise absorber) UCN mmmp
Hold UCNs in the trap for time t A shutter\
Count the surviving UCN population N
Fill UCN monitor
% L § Clean ~ Count2 -
AR 330348 ‘ ' . .
0 * e lop Using two different
. “ aeeet : :
. s 4l cycles with holding
'0}’?0* - .\“O Count 1 ': times tl and tz,
[ J @ ‘ * ,. —
Sk R = (G~ t)/log(S-
[ oaee 0o o [ «wee 1
0 100 200 300 400 500 w .
Time (s)




Multi-step UCN detection

Example with an insufficiently-cleaned UCN population

(Before we installed the “Giant Cleaner”)

—
<

—
<
N

e
-

e,

Subtract i’l‘ﬁom
’ Total Populatjon

|
w

Fraction of Total Counts [%/s]

10+ s <UL Total Uncleaned y gﬁ#ﬂ”ﬁﬁ
10_5% 1‘1 Ui WHH Ui

Time into Counting [S]

Position 1

P

Position 2

/F
\

Position 3

S

Position 4



Systematic Upper bound

t . t Effect (s) Direction Method of evaluation
uncertainties Depolarization 0.07 + Varied external holding field
N U CN’C 2018 Microphonic heating 0.24 + Detector for heated neutrons
Insufficient cleaning 0.07 + Detector for uncleaned neutrons
Dead time/pileup 0.04 + Known hardware dead time
Phase space evolution 0.10 + Measured neutron arrival time
Residual gas interactions 0.03 t Measured gas cross sections and pressure
Measured background as function of
Background variations <0.01 t detector position
Total 0.28 (uncorrelated sum)
4 :
= ¥
\E ol 1 . &
8 -2f-¢ ¢
—4
Heating Insufficient Cleaning ‘Dafa *
Limit established by long Limit established by short @ — Fit
holding time excess holding time excess f + S Blinded t,, at B,
£ !
k) GOO:
=
- 500
o
-
? 400
=
5 = 300 Fit curve from :
= 200k Steyerl et al. 201§

UCNT 0 1 2 8 4 5 6 T
Holding Field [mT]



UCNT first physics result was released in 2017

0.025
*- [ u
- blinded number
h 0.02
f - 1,=884.2+0.6
----- it .
- yidf=1.1 B
1step 200sclean  “~~__ 0.015 @
__0.05 Sl =
- ® 9step 200s clean ;
e ™ Y o
o ® 9step 300s clean .. 0.01 —
o '.“ g
> ® 3step 50sclean . =
X 3step 50s clean RF _g

oy g,

0.005 -0.005
0 500 1000 1500

Countingtime (s)

After unblinding: 877.7 £ 0.7 (stat) +0.4/-0.2 (sys) s
Science 06 May 2018, DOI: 10.1126/science.aan8895 W



New result from UCNT

T, = 877.75+0.28,; +0.22/-0.16; S
Phys. Rev. Lett. 127, 162501 (Oct. 13, 2021)

2017-2018 Run Campaigns:

1.0E+00

1.0E-01

1.0E-02

Yield (UCN/SP)

1.0E-03

1.0E-04

1.0E-05

| Final systematics table (2017-2018)
Effect Correction Uncertainty
UCN event definition — +0.13
Normalization weighting - +0.06
Depolarization — +0.07
Uncleaned UCN — +0.11
Heated UCN - +0.08
Al block +0.06 +0.05
= Residual gas scattering +0.11 +0.06
é Uncorrelated sum 0.177932 s
2.0 :ﬁ'
- ; - 00 3
-2.0
0 1000 2000 3000 4000 5000 6000

Holding time (s)
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Th (S)

World data on 1, including UCNt2021

895.0
Red points: Not included -

in PDG|average
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World data on 1, including UCNt2021
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Can we test the standard model with neutron decay (yet)?
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Neutron decay master formula:
5099.3(4)s

|Vud|2 — 2
T,(1+3g94)(1 + RC)

Using RC from Seng et al., PRL
121, 241804 (2018).
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What about beam vs. bottle?

There were many publications in 2018 following a suggestion of
a dark matter explanation for the beam vs. bottle discrepancy.
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s there an unknown systematic
effect in the beam experiment?

Charge exchange on residual gas? B=46T dpeltce)tc?:)ll
* Apparently longer lifetime is consistent
with ~1% lost protons. .’,m,,.mwwww e
* Byrne and Worcester, 2019 J. Phys. G: i o A
Nucl. Part. Phys. 46 085001 (_1215:;’{3 RS C}‘:_,j’;;fg;l

* Can test by increasing the proton
trapping time...this is in fact what was
done in subsequent beam experiment
(BL2), but no results have been released.

* Serebrov et al., Phys. Rev. D 103,
074010 (2021)

* Extensive MC studies exploring effects of
residual gas on the beam experiment.

* Showed that it is possible to create ~1%
systematic effect depending on details of
the vacuum and cryogenic conditions.

e BL2 results will be informative

» Original trap w/longer trapping time
(done; no results released yet)

* New, open trap w/better pumping




Could the neutron f-decay branching ratio be <100%?
PHYSICAL REVIEW LETTERS 120, 191801 (2018)

Editors' Suggestion Featured in Physics

Dark Matter Interpretation of the Neutron Decay Anomaly

Bartosz Fornal and Benjamin Grinstein
Department of Physics, University of California, San Diego, 9500 Gilman Drive, La Jolla, California 92093, USA

® (Received 19 January 2018; revised manuscript received 3 March 2018; published 9 May 2018)

There is a long-standing discrepancy between the neutron lifetime measured in beam and bottle
experiments. We propose to explain this anomaly by a dark decay channel for the neutron, involving one or
more dark sector particles in the final state. If any of these particles are stable, they can be the dark matter.
We construct representative particle physics models consistent with all experimental constraints.

DOI: 10.1103/PhysRevLett.120.191801

Simplest signature: photon with
0.782 MeV < E,<1.664 MeV

Also: e+/e- pair with total
E<1.665 MeV
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Search for the y and e*/e” signatures at Los Alamos

Sun, X et al., “Search for dark matter decay
UCN t Trap of the free neutron from the UCNA
experiment: n - x + e+e-,” PHYSICAL
REVIEW C 97, 052501(R) (2018) .

Tang, ZT et al., “Search for the Neutron
Decay n—> X+y where X is a dark matter
particle,” PRL 121, 022505 (2018).
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The simplest decay to (feebly-interacting) DM appears
ruled out by observed heavier neutron star masses.

* McKeen, Nelson, Reddy, Zhou, “Neutron stars exclude light
dark baryons,” Phys. Rev. Lett. 121, 061802 (2018).

* Baym, Beck, Geltenbort, Shelton, “Testing dark decays of
baryons in neutron stars,” Phys. Rev. Lett. 121, 061801
(2018).

* However, there may still be scenarios consistent with
neutron star observations:

* Grinstein, Kouvaris, Nielsen, “Neutron star stability in light of the
neutron decay anomaly,” Phys. Rev. Lett. 123, 091601 (2019):
Appropriate DM-baryon interactions can accommodate neutron
star masses above 2mg,.



Blob coupling

Soft scattering of UCN by dark matter “blobs”?

Rajendran and Ramani, “Composite solution to the neutron lifetime anomaly,” Phys. Rev. D 103,
035014 (2021)

In this scenario, the bottle lifetime measurement results are anomalously low, beam lifetime is
unaffected by this process.

6
1)(10 FrT L 4 T T T T [ 2 T . .
A il e L T 1 *  fi0b: Fraction of dark matter in blobs
50 J Jolob, _ === ] . . .
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Might motivate space-based neutron lifetime measurements, which are total-
disappearance-rate measurements not sensitive to this mechanism.
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The bottle lifetime result is consistent with beta
asymmetry measurements and V.
PHYSICAL REVIEW LETTERS 120, 202002 (2018)

Neutron Lifetime and Axial Coupling Connection

Andrzej Czarnecki
Department of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2E1

William J. Marciano
Department of Physics, Brookhaven National Laboratory, Upton, New York 11973, USA

Alberto Sirlin
Department of Physics, New York University, 726 Broadway, New York, New York 10003, USA

® (Received 22 February 2018; published 16 May 2018)

Experimental studies of neutron decay, n — pev, exhibit two anomalies. The first is a 8.6(2.1) s, roughly
40 difference between the average beam measured neutron lifetime, 75 = 888.0(2.0) s, and the more
precise average trapped ultracold neutron determination, 7,"* = 879.4(6) s. The second is a 5¢ difference
between the pre2002 average axial coupling, g4, as measured in neutron decay asymmetries
&**% = 1.2637(21), and the more recent, post2002, average ¢5°***> = 1.2755(11), where, following
the UCNA Collaboration division, experiments are classified by the date of their most recent result. In this
Letter, we correlate those 7, and g, values using a (slightly) updated relation 7,,(1 + 3¢3) = 5172.0(1.1) s.
Consistency with that relation and better precision suggest 752V"d = 879.4(6) s and gf¥or*d = 1.2755(11)
as preferred values for those parameters. Comparisons of ¢@¥°™ with recent lattice QCD and muonic

hydrogen capture results are made. A general constraint on exotic neutron decay branching ratios,
< 0.27%, 1s discussed and applied to a recently proposed solution to the neutron lifetime puzzle.

DOI: 10.1103/PhysRevLett.120.202002



The bottle lifetime result is consistent with beta asymmetry measurements and V.

PHYSICAL REVIEW LETTERS 120, 202002 (2018)

Neutron Lifetime and Axial Coupling Connection
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Consistency with that relation and better precision suggest 75274 = 879.4(6) s and gf¥or*d = 1.2755(11)
as preferred values for those parameters. Comparisons of ¢@¥°™¢ with recent lattice QCD and muonic

hydrogen capture results are made. A general constraint on exotic neutron decay branching ratios,
< 0.27%, is discussed and applied to a recently proposed solution to the neutron lifetime puzzle.

DOI: 10.1103/PhysRevLett.120.202002
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The bottle lifetime result is consistent with beta asymmetry measurements and V,...but
bottle result is still allowed in a BSM global fit to beta decay measurements.

Falkowski, Gonzalez-Alonso, Naviliat-Cuncic,
JHEPO4 (2021) 126

895

Beam —
Bottle —

890/

(o0

00

8]
w
(2]
=
-
Q

Theutron [sec]

B ’1

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

1995 2000 2005 2010 2015 202
year

Figure 6. Neutron lifetime prediction in a global fit that includes all other measurements listed
in appendix B. Bottle measurements are favored in the SM fit (green band) but not in the BSM
scenario with only left-handed neutrinos (salmon band) (cf. section 4.2).
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Ultimately, it’s an experimental question

New idea: Ultra-Cold Neutron Experiment for Proton
Branching Ratio in Neutron Beta Decay (UCNProBe)

Z.Tang, LANL ) Quickly count neutrons at time t,
e — _ -1 —
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- ©
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t, time ™

* Requires absolute measurements similar to the beam experiment:
 Number of neutrons in the trap
* Number of decay products
* Needs precision <<1% for each quantity
 Now in R&D stage to determine feasibility
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In the meantime, we are planning to upgrade the UCNT experiment
for ~3x improved precision (~0.1 s uncertainty)

Limitation of the present apparatus: low loading efficiency.
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UCNt - UCNT<+ : Elevator Concept for 10X loading increase
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We expect at least 10X more UCN in
the trap with this loading method.
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Summary

* Neutron beta decay experiments are approaching
a level of precision similar to nuclear decay for
tests of the standard model of particle physics.

* With upcoming experiments, we can check the
tension with first-row CKM unitarity when using
V,4 from superallowed beta decay.

* There is reasonable agreement among UCN bottle
lifetime experiments, each using quite different
techniques (material bottles with different
extrapolation strategies, magnetic bottles).

* Beam lifetime experimental result still a puzzle; we
await BL-2 results, or UCNProBe.



