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Introduction e

Importance of Neutron Decay &

Parameters
T,: Big Bang Nucleosynthesis - determines primor'dial helium abundance
- g, determines V.4, test of CKM unitarity \ D
+ g4 axial vector coupling in weak decays / \ 4He
- D: search for new CP violation D‘ /

- a, A, B: precise comparison is sensitive to non-SM physics:

- right handed currents
. scalar and tensor Cabibbo—-Kobayashi—Maskawa matrix

forces |
d Vud Wus Vi d
- CVC violation | ud Vus Vub

S - V V V s
- second class currents . cd Ves Vb
b Vid Vis Vi b
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CKM unitarity (Cabibbo-Kobayashi-Maskawa matrix)

e |Vus| and |Vw| obtained from high-
energy experiments

e |Vud| obtained from:
1. 0" — 0" nuclear beta decay

2. neutron beta decay
3. pion beta decay

As of 2020, the magnitudes of the CKM matrix elements are

Zyla et al. (Particle Data Group) (2020). "Review of Particle Physics: CKM quark-mixing
matrix" Progress of Theoretical and Experimental Physics. 2020 (8): 083CO01.

[ Vad| | Vas|  [Visl | 0.97370 £ 0.00014 0.2245 £ 0.0008 0.00382 + 0.00024
Vedl| |[Ves| |[Va| | = 0.221 £ 0.004 0.987 £ 0.011 0.0410 £ 0.0014
(Ve [Vis| |Vl | 0.0080 = 0.0003 0.0388 & 0.0011 1.013 =+ 0.030

Vaa|* + |Vis|® + [V |* = 0.9985 + 0.0005
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g, and g, (definition) 6
At the quark level the hadronic current is written y/4 = i1
as a mixture of vector and axial-vector parts: J H — u(x ) Y ( 1 V5 )d(x )

Renormalization effects of strong
Interactions give the hadronic current

between nucleons (neutron n and H 3 L AM
proton p) rather complex form ]H p(x)[V A ]H(JC),

Jv
where the vector-current part 74 — gv(qz)y“ + igM(qz)J—qU
2mN

and the axial-vector-current part AP = gA(qz)J/um —I—gp(qz)q“yg
4% SA

(1+ ¢2/M3) (1+q2/M3)"
am(q?) = (p — n)gv(q®) and  gp(q?) = 2mnga(q?)/(q* + m2),
where M,, = 84 MeV and M, ~ 1GeV, my is the pion mass

[tp — 1y = 3.70 is the anomalous magnetic moment of the nucleon.

Here gv(qz) — > ;gA(qz) —



Introduction

IvudI g,

1
Tn OC
"7 (924 3g2)

_2)\2+A
14+ 3)2

A=
9o

decay of polarized neutrons
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B. Markisch et al.,
PRL122, 242501 (2019)

A=galgv = _127641(45)%2&(33)

Ag = —0.11985(17),,(12)
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g, and g, (various studies)
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Electric dipole moment of elementary particles
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Particle Experimental limit (90% C.L.) (e cm) Method employed in latest experiment
J —27 ATl ,
e <1.6 x 10 o €—1.1%x10"22 e-cm (2018) Thallium beam [67]
i <23 x 10— Tilt of precession plane in anomalous magnetic
moment experiment [68]
T (—1.6 <dr <3.9) x 10~ 17 Electric form factor in e e~ — 7t events [69]
n <3.0 x 10726 Ultracold neutrons [70]
p (—3.7%£6.3) x 1023 120 kHz thallium spin resonance [71]
A0 (—3.0 £7.4) x 10~17 Taken from H.Abele, Spin precession in motional electric field [72]
Ve, 1t <2 x 102! Progress in Particle Inferred from magnetic moment limits [73]
Vr <52 x 10~17 and Nuclear Physics Z decay width [74]
199Hg <2.1x 10728 60,1-81 (2008) Mercury atom spin precession [75]
1E-18 - ! : O : ' : !
1E-19 - o i i :
o0 © The neutron spin polarization
_e2r a precession frequency
22 ] TIF —
31 cs%o ® ®TIF hv = 2u,B * 2d,E]
=S 1E-23 3 L e
S O © :
S 1E-24 4 e BO_ ®Hg Storage time of UCN
) - ®Hg .
2 1507 2P0 , o may be important for
E 1E-26 4 | & electron a +° - ©
= © neutron oT - EDM measurements
1E-274 | @ proton Tl “vbF . ti t
] mercur !
€29 | o yenon O systematic errors,
1E-30 - - - - e.g. geometric phase
1960 1980 2000 2020

Year of publication




Energy Scales/Nomenclature

Energy Wavelength Jemperature ‘ Velocity

Fast > 500 keV > 1 x 107 m/s
Epihermal 500 keV - | x 107 m/s-
25 meV 2200 m/s
Thermal 25 meV 0.18 nm 300 K 2200 m/s
Cold 25 meV - 0.05 0.18 nm 300 K - 2200 m/s -
meV -4 0.6 K 100 m/s
nm
Very Cold 50 peV - 4 nm - 0.6 K- 100 m/s -
0.2 eV 64 nm 0.002 K 6 m/s
Ultracold <0.2 pev > 64 nm <2 mK <6 mls




Types of neutron lifetime measurements 11

Technique Challenges
® Neutron Beam
Detect decay products from d Absolute neutron flux
-dN/dt = NA
a beam with a well defined / (10-%)

neutron fluence rate

" @ Material Bottle
Measure change in number
of confined neutrons as a
function of time

The gravitational Understanding neutron
potential of 100 neV/m  energy spectrum

Loss mechanisms (walls)

® Magnetic Bottle
Measure change in number
of confined neutrons as a

function of time neutron magnetic moment

N1/Ny = e A (ti-t2)
Complicated Orbits
Spin Flips

creates a potential 60 neV/T Complicated Orbits
o Magnetic Trap ) .
Count decay products of To date: poor signal

magnetically trapped neutrons |I’1(N /NO) — = At to n0|§e |
as a function of time and Nonuniform magnetic

measure the slope. field => spin flip




Measurement Summary (last 35 years)

Serebrov et al. (2005), | hottle
PRC 78, 035505 (2008) '
experli

1. =878.5+0.7+0.3s ments

°

T, = 881.5 £ 0.7 £ 0.6,

A. Serebrov et al.
Phys. Rev. C 97,
055503 (2018)

F.M.Gonzalez, E.M.
Fries et al., PRL
127, 162501 (2021)
Tn=877.75 +£0.28
(stat) £ 0.2 (sys)

1 1 1 1
1988 1990 B92 94 2000,/5002 2004 2006 z 2015 201% 2021
Magnetic trap

The discrepancy between Th measured using t =8777 Pattieetal
different techniques (neutron lifetime puzzle) Arzuma”OV +0.7 (Statj Science 360,
IS also between magnetic and material traps etal. (2015) +0.4/-0.2(sys) 627 (2018)
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Neutron lifetime measurements using superfluid
helium 4 covering trap walls - the only material

which does not absorb neutrons at all

Unfortunately, the side trap walls
Neutrons bound on the surface are covered by only very thin

/ \Ey gravitational force ~10nm superfluid helium film on
@ @ @ a height h>hy = \/EaHe\/l — siné

where the capillary length of 4He

aHe = \/OHe/gPHe = 0.5 mm

The maximal height of UCN with
E<V,=18.5neV is h,=18cm.

liquid helium

Our proposal: to use surface roughness & electric field to increase the
thickness of superfluid helium 1D triangular

Phys. Rev. C 104, 055501 (2021)
JETP Letters 114(8), 493 (2021)
Phys. Rev. C 108, 025501 (2023)



http://dx.doi.org/10.1103/PhysRevC.104.055501
http://dx.doi.org/10.1134%2FS0021364021200078
http://dx.doi.org/10.1103%2FPhysRevC.108.025501
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History of measurements for last 20 years
895
887.7+3.1
890 4 B ------i
L l
885 -'i _________________ I S -
0
<880 fm— = = — gy = ——I-—}—
& beam \
875 q|879.4+06| | =@ — av_beam F.M.Gonzalez, E.M.
® trap av_storage Fries et al., PRL
A  magnetic 127, 162501 (2021)
870 ; ; Y Y ) ) Y ) T Tn= 877.75 + 0.28
2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 | (stat) + 0.2 (sys)

Year

The discrepancy between 1, measured using different techniques
(neutron lifetime puzzle) is also between magnetic and material traps

In A. P. Serebrov et al., Phys. Rev. D 103, 074010 (2021) a discussion of possible
errors in beam experiments is given, but there is also a difference between
bottle and magnetic-trap measurements, much beyond the claimed errors.
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Neutron lifetime measurements with a large
gravitational trap (Serebrov et al., 2018)

el
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9] \11 1B/ 8. \12 10/
FIG. 2. 1 external vacuum vessel, 2—internal vacuum vessel, 3—platform for service, 4—gear for pumping out internal vessel, S—trap with

insert in low position, 6—neutron guide system, 7—system of coating of trap and insert, 8—detector, 9—mechanism for turning trap, 10—mechanism
for turning insert, 11-turbine shutter, 12—detector shutter, 13—neutron guide shutter.
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Extrapolation interval to get free neutron lifetime
Is still about 20 s (Serebrov et al., 2018)

Lifetime extrapolation and storage times

= 900

. | Cycle 178 : Cycle 179 Cycle 180 : Cycle 181 {
] |
890 - { : { T {
881.7 £ 1.0k 18804+ 1.0
880 - +
863.9 £ 0. 861.4+0.4
860 -
850 -
[]
850.8 £ 0. 844.0+£0.3
¢ lifetime extrapol 4 storage time w/o insert B storage time with insert N
830 T - I " I I' : .
0 10 20 30 40 50 60

Time diagram showing successive measurements of the storage times and the
corresponding extrapolated free neutron lifetime over the period of experiment.
The vertical black solid line separates measurements with and without the
titanium absorber, vertical dashed lines separate the reactor cycles.
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UCN storage time extrapolations have uncertainty L

{Collision frequency v(E)
1as a function of UCN
lenergy E

Extrapolation depends on
energy distribution of UCN

0 T T L L L L L LI

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
E (cm)
Cycle 178+179 T (s)
1.2 834
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where u(T,E) is
the probability that a UCN is lost at each collision,
which depends on UCN energy and wall temperature

u(vy) =

where x = v /vjinm.

Usually one assumes isotropic distribution of
UCN velocity and square wall barrier, giving

2n
u(y) = —(arcsmy — y+/1 — y?2) where
the UCN %/)elomty y=~E/Uy=v/vin

Cycle 180+181 % (5)

. 834

energy Extrapolatje_rt (b) 240
trap 878.8:5.1 842.1

insert 884.1+ 2.8~ — 846

851.6 852

860.3 858

< 352 8 864

870

geometry extrapolation 876

- ______STEEI ______ lempt. BB1.84 1.2 e | R 009

2empt. 880.1+ 1.5 === | § 2og

0 1 2 3 4 5 6 v (s7)

Loss rate of UCN may not be a straight line as a function of collision
rate if the angular distribution of UCN velocity also changes.



18
I UCN storage time extrapolations have uncertainty

The UCN loss rate 7, = u(T,E)v(E), where u(T,E) ~ 10 is the loss
probability at each collision, which depends on UCN energy and wall

temperature and V(E) > 25 is the collision frequency.
2Nx

V1 —x?

Usually, onezassumes Isotropic distribution of UCN velocity at any height:
N :
» w(y) = ?(arcsmy —y /1 — y2) where the total y = VE/Us = v/ujin,

UCN velocity

These assumptions disregard 1) the dependence of angular distribution
of UCN velocity on height (which depends on trap and inset geometry);
2) the roughness of trap walls (which also changes the UCN angular
distribution). 3) the energy distribution of UCN is not known. 4) the rate
of UCN collisions with trap walls depends differently on horizontal and
vertical components of UCN velocity. => the geometrical scaling fails.

For rectangular potential barrier n(v,) = , where x = v | /vu,.

While the real angular distribution of UCN velocity during collisions can
be found using more difficult Monte-Carlo simulations, the uncertainty
(systematic error) due to wall roughness is very difficult for modeling.
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The gravity effect on the absorption rate

In the usual calculation of UCN losses the gravity only changes the UCN density &
velocity absolute value (as a function of height) but not its angular distribution.

I hmax (E)  — [E h]V(E_h,)p(Eﬂh’) ds (h)

The UCN - (E) =
loss _
4" o (B ) av (h)

loss rate

UCN absorption rate 5 N
per bounce averaged i (E}) = _;7 (arcsinv* oAl = vz) { I, Vs
over incidence angle v dnvi/3, ve < 1,

UCN density and normalized P (E’ h) X \/(E - h’) /E h" = m,gh
velocity as a function of height P (h) _ \/(E — mngh) /VO

A. Serebrov et al. Phys. Rev. C 97, 055503 (2018)

It assumes (i) isotropic UCN velocity distribution and (ii) gravity affects
only the absolute value but not the angular distribution of UCN velocity
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Geometry extrapolation

n

Neutron lifetime 7' =7"' - (72‘1 -~ Tl_l) /v (E) /v (E) = 1]

Is calculated using the measured lifetimes ¢, and 1, for two UCN
traps of different size and shape, provided the ratio of the UCN
absorption rates y,/ y, can be estimated.

; Uilu?I (ng': Jo" " AIE = WY (E =) p (E.I) dS (h) _
4 p (B, 0) av ()
2. Oversimplified way: v, (E) _ 52/51
yi(E) V2'Vi
3. Exact calculation using Monte-Carlo or another method without

any approximations. Usual Monte-Carlo calculations are still based
on the assumption of isotropic velocity distribution at any height.

y (E)




Model

Rectangular UCN trap with mirror reflections from
the walls allows analytical calculation of loss rate

21

The number of collisions with the walls during a long time
t ~ 1, > L;/v; can be easily estimated:

Ny =tvy/Lx, Ny =tvy/L,, N, =1g/2v,, (8)

The absorption probability () = 21nV; [Viim
during each collision is given by Hi \Vi) = ——
\/1 - vi /vlim

The total absorption rate ol (v) = Z w; (vi) N;/t.

direction gives UCN loss T

Averaging over neutron
0 J
rate as a function of energy
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Rectangular UCN trap with mirror reflections from
the walls allows analytical calculation of loss rate

1. Oversimplified —1 (E) _ g 1> (E*) (1 +4h*E*)

method neglecting ’s ,
gravity effects Viim  VE,
I, (E.) (arcsin VE. ‘
2 Usualway -1 = 18 12D +4hE, |
vim VE. | DL (E.) J
3. Exact T—l (E) _ 377g 16) (E*) 1 +4h I (E*)
calculation 2Vlim \/E L (E,)
where L (E,) = Ei ’arcsin VE. ~EANT-E.

Bo=hmax (Lx +Ly) /(2L Ly



Energy dependence of UCN loss rate due to
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the absorption by trap bottom and side walls

To/ Tz trap bottom
1 6:- ..... Averaging with gravity R
] e Simple averaging o
1 -4:‘ Exact result '_.-"‘
120 e _
Qs
0.8 e E
0.2 0.4 0.6 0.8 Mo

The absorption rate in a standard method is
larger than in the exact calculation because
the collision rate with trap bottom

Ny =tvy/Ly, Ny =tvy/Ly, N; =tg/2v,
IS smaller for faster neutrons, contrary to

the standard formulas where the collision
rate is always proportional to UCN velocity

Tf 0SS

T1/1; side walls
2.0F aa-- Averaging with gravity
| —— Simple averaging
1.5}

Exact result

The absorption rate in a standard method

gy 2 W AE - E - 1) p(E ) dS
4" p (B, 1) av (h)

IS smaller than in the exact calculation
because the collision rate with side walls
IS proportional to the horizontal UCN
velocity, which does not decrease with
height for a free neutron motion.
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the absorption by trap bottom and side walls

To/Tz trap bottom 1/1; side walls
1 6:- ----- Averaging with gravity K 2.0f -un-- Averaging with gravity
' [ e Simple averaging ‘,-" | ——— Simple averaging
14 Exact result ..-"" 1.5 SECIEIE Exact result
12 e T
1 pmmnsi=== 5
T 0.5}
0.8f et I : E
02 04 06 08 Vo "o

The UCN absorption rate and its dependence on UCN energy differ strongly for trap
bottom and side walls. This means that the UCN absorption rate changes differently if
the trap dimensions are reduced along the vertical z or horizontal x, y axes. This is very
iImportant because it affects the procedure of geometry extrapolation, on which all
current precise ,, measurements are based to account for the difference ~ 2% between
the measured and extracted neutron lifetime. Our calculations show that the result of
this procedure depends strongly on the shapes of large and reduced UCN traps.
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Results for geometrical scaling

To/T
- =..== Averaging with gravity
2.9[ ...... Simple averaging
_ Exact result

20

1.5}

1 0-— o «=hmax (Ly + Ly) /(2L<L,)
- '1-“.'”.‘ IIIIIIIIIIIIIIIIII h

02 04 06 08 10°

Our results can be easily generalized to UCN traps
of the shape of straight cylinder with arbitrary base
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Conclusions

1. Rectangular UCN trap with mirror reflections from
the walls allows analytical calculation of UCN loss rate

2. We calculated the UCN absorption rate by trap walls
using the standard (assuming an isotropic UCN velocity
distribution at any height) and the exact methods.

3. Ourresults show that the geometry scaling and extrapolation
to an infinite trap for extracting 7, ' must be done with a great
care because the change of trap dimensions along the vertical
and horizontal directions affects 7! differently. Hence, the
result of geometry extrapolation depends on the trap shape.

The work is supported by Russian Science Foundation grant #23-22-00312.

Thank you for attention!
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