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Neutron liretime

Beam vs Bottle
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+ Pass cold neutron beams - Ultracold neutrons trapped in a specialised

| :
container

- Trap and count proton from neutron decay
- Count remaining neutrons at set times

. gbeam — 888 () + 2.0s

tn bottle

.70 = 878.4 £ 0.58

|

Source: J. S. Nico et al., “Measurement of the neutron lifetime by counting trapped protons in a cold neutron beam,” Physical review. C, Nuclear physics, vol. 71, no. 5, Art. no. 055502, May 2005, doi: 101103/PhysRevC.71.055502.



Neutron litetime

Beam vs Bottle
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‘ apped in a specialisea

+ Pass cold neutron be
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Source: J. S. Nico et al., “Measurement of the neutron lifetime by counting trapped protons in a cold neutron beam,” Physical review. C, Nuclear physics, vol. 71, no. 5, Art. no. 055502, May 2005, doi: 101103/PhysRevC.71.055502.
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Neutron litetime

[nvisible decay”

. gootle — gbeam » Br(y — p + anything) < 7Peam
. Br(n — p + anything) ~ 99 %
.- Br(n — anything # p) ~ 1 %

. 7(n — inv) > 9.0 X 1()29years (bound neutrons)

. 7(nn — inv) > 1.5 X 10%%years (bound neutrons)

A. Allega et al., “Improved search for invisible modes of nucleon decay in water with the SNO + detector,” Physical review. D, vol. 105, no. 11, Art. no. 112012, June 2022, doi: 101103/PhysRevD.105.112012.



What is paleodetection”

(a) lonization (b) Electrostatic
- particles leave latent damage to PKA © displacement
crystal structure

- Preserved crystal damage over Gyr
timescale

. Infer particle incident energy and
flux from track length (and its
distribution), track counts and
vacancy defects
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E, - Xrelation
Stopping power

Olivine (Mg>,S5i0,)

Energy spectrum of \

the incoming particle stopping power of
the target




Backgrounds Signals

. 23U decay : 8 alpha decays—8 alpha Neutron decay — remnant recoil — track
particles

Neutron decay — remnant at excited state
238 .
» “°U decay—neutrons de-excited —remnant recoil — track

. 238y spontaneous fission—neutrons +
fission fragments

Neutron decay — remnant at excited state

de-excited —secondary particles — track

- Atmospheric neutrinos



n — iny
Primary recoll spectra

(a) primary recoil (Woods-Saxon Seminole)

016
Mg24
Si28
Fe56
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n — iny
Secondary recoll spectra

; (d) secondary recoil: particles + y
10Y =
1 left lobe = the 0.55 of decays that emit
| only photons; 0.27 at exactly O
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n — iny
De-excitation channels per orpital

(c) >0 de-excitation Br, per orbital
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n — iny
Track length distripution

(f) tracks per decay, ion by ion

- Ol6residual 0.415 === d (0.013

101 < = - Mg24 residual 0.249 e 3He 0.009
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With vs. Without de-excitation

—— Fermi momentum
—— spectral function
—— with dexcitation
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nn — Iny
Primary recoll spectra

(a) primary recoil (two neutrons, any occupied pair)

016
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nn — Iy
Which two neutrons decay”?

(a) which two neutrons vanish

0.262
0.270
(1p3p)(1s1p) 0.285
0.167

0.213
0.201

(1p12)(1p3p2)

uniform over pairs
naive pair count
Hagino

our WS

(1s1,) % gains most: it is the

most compact pair, so the two
neutrons overlap at a point

0.00 0.05 0.10 0.15 0.20 0.25 030 0.35
probability the pair is removed




nn — iny

De-excitation channels per orpital
(c) Ol6 de-excitation Br, per pair
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nn — iny
Track length distripution

(f) tracks per decay, ion by ion

- === 016 residual 0.232 === t (0.000

101 = =" Mg24 residual 0.219 e 3He 0.011
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Signal + background

Track length distripution

— Fermi momentum
—— with de-excitation
—— di-nucleon

— T =1e30

-—== T = 1e302

—— backgrounds
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“rojected sensitivity

s = =
o 2 =<
00 (o -

=
-
(9

-
o
N

V)]
—
)
W
o

(V)
)

n
)

V)]

Q
)

o
o

timooo =1.1e+28

-
9
1S

|
S
~

102

1039

Fermi momentum
Spectral function
with de-excitation
dinucleon with de-excitation

103

neutron lifetime (yr)



Projected sensitivity

. 7(n — inv) > 2.3 x 10°years

. 7(nn — inv) > 4.1 x 10°%years

1032 1033
Tp inv (Years)




Theoretical uncertainties

Which two neutrons decay

0O1l6 nn - invisible

(b) O16 nn - Invisible, all tracks
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Theoretical uncertainties

Discrepancies

(c) where the difference lives

- (INifOrm over pairs
m—— Hagino
ms QU WS
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0.5-3 um 0.97 0.96 0.97
10-100 um 0.99 1.11 1.09
0.85 - bins with < 200 events dropped >100 um 1.01 1.11 1.09
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Summary and closing remarks

. Including track from de-excitation greatly enhanced sensitivity
. 7(n — inv) > 2.3 x 10°!years

. (nn — inv) > 4.1 X 10°*years

. Signal tracks are long : don't need to constrain ourselves specific minerals

. Favour high neutron numbers

- Paper coming out soon, stay tuned!



Backup slides



Mineral candidates

e be suitable for imaging

 be 5 ~ 10 km underground for > 500 Myr

* be able to preserve tracks

o . Galena (PbS)
. Olivine (Mg,Fe)2SiO4

- Has been suggested before (e.g. Drukier et Not used before (as far as we know)
ol) .
Not expected to take up much uranium

- Not expected to take up much Uraniu
non-hydrous

« NoNn-hydrous
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Fe in olivine (Mg, Fe), S10,

Fe in Olivine at 0.6 keV
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Atmospheric neutrino backgrounds

Track length distripution

cevns helium3 kaon
heavy ion deuteron proton
residual triton — total
alpha pion
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238 backgrounds

Track length distripution

50 per decade

—— 8 alpha
—— neutrons
—— SF frag
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n — Iy

Hole excitation distripbution

(b) E* spectrum (one hole)
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n — iny
Total recoll spectra

(e) primary (dashed) — final recoil (solid)

m— Mg24 — = primary
s 5128 m— fiNal

.-l'T'
Q
>
v
=
—
o
T
>
v
=,
>
©
O
@
T
-
@
Q

100 200 300 400 500 600
residual momentum |p| [MeV/c]




nn — iny

Hole excitation distripution
(b) E* = ep(a) + ep(b) + Apsir (FO80-weighted)
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nn — iny

Secondary recoll spectra
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(d) secondary recoil (P(y-only) = 0.093 at 0)
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nn — iny

Total recoll spectra
(e) primary (dashed) — final recoil (solid) med 236 —» 248 MeV/c
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nn — iny (s-shell)

Primary recoll spectra

(@) primary recoil (two 1s;, neutrons)
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nn — iny (s-shell)

Hole excitation distribution
(b) E* = 2ep(1s) + Apair (ONe line per parent)

016 41.0 MeV (57.1% of Fo80)
Mg24 53.1 MeV (22.9% of Fo80)
Si28 50.9 MeV (14.3% of Fo80)
Fe56 63.8 MeV (5.7% of Fo80)
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nn — iny (s-shell)

De-excitation channels

(c) Ol6 de-excitation Br, per pair
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(1s1/2)2 w

1.00 - TALYS runs on
the DAUGHTER.
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Fo80 weight.
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nn — iny (s-shell)

Secondary recoll spectra

(d) secondary recoil (P(y-only) = 0.000 at 0)
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nn — iny (s-shell)

Total recoll spectra

(e) primary (dashed) — final recoil (solid) med 174 - 221 MeV/c
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nn — iny (s-shell)

Track length distripution

(f) tracks per decay, ion by ion

= 016 residual 0.571 === t 0.005
= Mg24 residual 0.229 e 3He 0.122
= Si28 residual 0.143 o o 0.392

= Fe56 residual 0.057 — 3l tracks
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COPU

ation propapilities of ho

Table 2. Ppop for 28Si

configuration

(1ds/9) 2
(1ds/9) 2
(1d5/2) 2
(1p1/2) 2
(1ps/) 2
(1p1/2) " (1pgsa)
(1ps/e) 2
(Ip1/2) ~*(Lsyy2) "
(1ps/2) ' (1s1/2) "
(Lsy/2)~2

T
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

E* (MeV)

PU P PSP A P PSP P PSP P KPS P KRS

B pop

0.0479
0.0547
0.0410
0.0250
0.0487
0.0985
0.0487
0.0587
0.113
0.0515
0.0
0.106
0.128
0.0
0.0852
0.0
0.0932
0.0

e states
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nvisip

Single neutron

v
I
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2
2
2
2
0
0
0
0
2

e channe.

r—l
10°0 yr

65 [51] (5300% [44])
62 [51] (2177 [46])
32 [52]

5300 [44]
217 [46]
17 [46]

49 [51] (3500* [44))

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.015005

Isted

r-l
10°0 yr

7 [51] (228* [46]))
57 [52]
3500 [44]
228 [46]
26 [46]
550 [28]
1100 [48]
158 [46]
19 [51]
108 [46]
130 [45]
78 [46]




All iInvisiple channe.

Single neutron

w
|
.

2
2
2
2
0
0
0
0

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.015005

r—l
10°0 yr

65 [51] (5300* [44])
62 [51] (217* [46])
32 [52]

5300 [44]
217 [46]
17 [46]

Isted

49 [51] (3500* [44])
7 [51] (228" [46])
57 [52]
3500 [44]
228 [46]

26 [46]

550 [28]
1100 [48]

158 [46]

19 [51]

108 [46]

130 [45]

78 [46]




All invisible channels listed

Single neutron two-pody decays

r—l
10°0 yr
! 49 [51] (3500* [44])

109 yr
7 [51] (228* [46
65 [51] (5300* [44]) | }5; [52][ D

62 [51] (2177 [46]) 3500 [44]

32 1>2] 228 [46]
26 [46]

550 [28]

1100 [48]

158 [46]

19 [51]

108 [46]

130 [45]

78 [46]

w
|
.

5300 [44]
217 [46]
17 [46]

2
2
2
2
0
0
0
0

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.015005



All invisible channels listed

Single neutron three-pody decays

Channel |A(B - L)| I

TABLE III. Same as Table II, but for neutron decays. 6 yr

Channel |A(B - L)| 1(1):;‘
yr

n—->v+e +et 0,2 257 [46]
nov+e +put 0,2 83 [46]
nov+te +u 0,2 83* [46]
79 [46]
0.58 [83]

r—l
Channel TiEe

n—->v+e +et 257 [46]
n—->v+e +ut 83 [46]

34 [52] (74 [46]))

N
o

n-ov+pu +ut
n—3v 0

SN

n—-v+et+u

n—-ov+u +ut

n— 3v

n—e +nt+a
n—>e +at+4ng

n—e +at+p
n—e +rt4+w
n—e +at+ K°
n—e +pt+a

§)

83* [46]
79 [46]
0.58 [83]
29 [52] (52F [46]))

n—e +nt+n°
n—e +at+n
n—e +nt+p°
ns>e +rtt+w
n—-e +at+K°
n—>e +pt+a°
n—-e +Kt+a°
n—et+a +2°
n—e +n +n
n—et+a +p°
n-oe +r1rt+w
n—et+n +K°
n-et+p +a°
n—et+K +n°
nop +nt+a°
n—->u +zxt+n
n—-u +a°+K°

29 [52] (52~ [46])

52 [46]

18 [82]

34 [52] (74* [46])

L L N L A A

-

-

74 [46]

219 [46]

-

n—p +K*t+a
n-ut 4+ +a°
n->ut+a +n
n—ut 4+ +K°
n->ut+K +1a°
n—->v+2y

n—>e +K"+a°
n—et+n +a
n—->e 4+ +n

n—et+n +p°

74 [46]

-

52 [46]

O OO ONMNNNNOCOOOCOSCONNNMNNNRNN

-

219 [46]
n-o>v+a +at
n->v+p +nt
n->v+K +n*
n—->v+a +pt
n->v+a +K"
n—-v+2a°
n-v+a’+ng
n-v+a’+p° 0,2
n-ov+a+w 0,2
n—v+n’+K° 0,2

-

n—->e +r1r+w

n—et+a +K° 18 [82]

cooooo o9
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-

n—et +p +a°
n—->et+K +4+a°

-

N NN NN NNNNNN
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-

n—=v—+mrn + K"

s

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.015005



All invisible channels listed

Di-neutron decay

Channel -t
1070 yr

4200 [43]
4400 [43]
4400 [43]
4400 [43]

nn—et 4+ e Channel

nn — e" +p nn—nat+p-

nn—> K +xt
nn—> K~ +n"
nn—>n +pt
nn—> K" +n~
nn— K" +n~

nn — 27°

nn— ut +e”
nn— ut +u”
nn— et +1”

nn—>1 +e”

L
N

I BN NN N NN NN NN N NN NN DN

1.4 [83]
4100 [43]

nn — 2v
BB = 2y 404 [115]
nn — y 4+ a°
nn—y+mn
nn—>y+p0
nn—y+aw
nn—>y+n
nn —y+ K°
nn —y+ K*°
nn —y+ D°
nn—y-+¢
nn—>n +nt

nn—>r]+7z°

nn — ¥ + pY
nn— 1’ + o
nn —n + a°
nn —» K° + #°
nn — K*9 4+ 79

I NN NN NN NN NN NN

0.7 [52] (72* [115])

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.015005



