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Neutron Beta Decay Correlations

o —

@ Along with the neutron lifetime, neutron beta decay correlations provide
input into standard model — V,,q and CKM unitarity (quark mixing)

® Sensitively tests the standard model! Is there additional physics?

® Different correlations provide multiple checks with different systematics

@ Correlations are all related to a single parameter in the SM: \ = %C
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Neutron Beta Decay Correlations

o —

Neutron decay rate: [ = 1/7, o< | V,|2G2(1 + 3|\[?)

CKM Matrix (strength of the flavor-changing weak interaction):

d/ Vud Vus Vub d
s’ = Ved Ves Vb S
o4 Vie Vis W b
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Free neutron beta decay rate

dw 2
— ~p.EsEy— E
JE.d0.dq, - PeFelFo— Ee)
Pe - Py Me Pe Pv
1 b— A= +B
+aEE + Ee+< Gn) - <Ee+ E,,>+
where in SM:
1= AP Ao A2+ Re()\)
1 43|)2 N 1+ 3|A]2
A2 — Re()) Ga ,
=2t TV A = — (with 7, = CKM
14 3[\]2 Gv (with 7 )
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Free neutron beta decay rate

dw 2
e N~ = peEe(EO - Ee)
dEe S22, Un-polarized
Pe - B Pe Pv
1 b— A— + B -
Ha g e Ee+< Fn) - < £+ E,,>+ ]
where in SM:
1= AP Ao A2+ Re()\)
1+ 302 1+ 3|A]2
[A[? — Re()) A,
o "/ A = — (with 7, = CKM
11 3[)\]2 G, Wit 7 )
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Free neutron beta decay rate

dw 2
— ~p.E.(E — E
OE,dQ.d%), Pe e( 0 e) .
Un- polarlzed
Pe - B Pe Pv
1 — A—+ B
+aEE +bEe+< Fn) - <Ee+ E,,>+ ]
where in SM:
1= AP Ao A2+ Re()\)
1+ 302 N 1+ 3|A]2
[A[? — Re())

Ga
A= (with 7, = CKM V)

=2
14+ 3|72 Gy

Neutron decay rate: I = 1/7, o | V,4[?|gv[2GE(1 + 3|\[?)
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Free neutron beta decay rate

aw 2
—————— ~ pE(Ey — Ee)
dE.d2.d2, Un- polarized
pe pl/ pe pV
’ e A= B
+aEE +bEe+< > <Ee+ E,,>+ :|
where in SM:
DR, DR+
IR B R R;
[A® = Re(A)

Ga
A= (with 7, = CKM V)

=2
14+ 3|72 Gy

Neutron decay rate: I = 1/7, o | V,4[?|gv[2GE(1 + 3|\[?)

@ Measurements of a, A, B contain different systematics, independent
determinations of A
@ Fierz interf. term b adds sensitivity to non-SM processes! (b = 0 in SM)
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Status of A and V4 in n decay: CKM Unitarity?

@ Data + new theoretical radiative
corrections generate some
tension with CKM Unitarity

0.975

@ New physics at the TeV level?
AN/X=3x10"*and7,=0.3s
for neutrons to competitively test>09

CKM Y === CKM unitarity
VVVVVVVVVVVVV = 0" 0" Transitions
a 0.965p+" i A (A) PERKEOIII+UCNA
. - A (a) a
o Nab will measure — ~ 10~ [« e N e
a - e e Tpeam
and Ab ~ 3 x 103 L R

0
0'9?.29 -128 -1.27 -1.26
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Status of A and V4 in n decay: CKM Unitarity?

EKU

Data + new theoretical radiative
corrections generate some
tension with CKM Unitarity

0.975

New physics at the TeV level?
AN/X=3x10"*and7,=0.3s
for neutrons to competitively test>09

vo\\‘\\\\‘\\\\‘\\\\

CKM """"" ] C’KN’\ unitari‘|y
a 0.965 — (A] (2) ;?gzg(gi+UCNA
Nab will measure — ~ 1073 e
a . = Tyeam
and Ab ~ 3 x 103 N AN B
'—?.29 -1.28 -1.27 -1.26
A:gA/gv
Independent measurements of A are necessary in order to entangle

from the neutron lifetime, 1/7, o< | V,4|?|gv|?G2(1 + 3|\|?)

Nab+pNab = several independent ~ 0.03% determinations of A
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Nab: How do we determine “a’?
‘ — . O
p eev
O,

the angular decay rate w o< 1 + afcos O,

n
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Nab: How do we determine “a’?

@ —_ oF
p . 0

ev

n
O v,

the angular decay rate w o< 1 + afcos O,

@ Conservation of momentum in n beta decay results in:

Po + Pe + P, =0, p§:p§+2pepycosﬁey+p§.

@ Neglecting proton recoil energy, Es + E,, = Ey, we can see
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Nab: How do we determine “a’?

@ —_ oF
p . 0

ev

n
O v,

the angular decay rate w o< 1 + afcos O,

@ Conservation of momentum in n beta decay results in:

Po + Pe + P, =0, p§:p§+2pepycosﬁey+p§.

@ Neglecting proton recoil energy, Es + E,, = Ey, we can see

oo 1 p; — (2EZ + E§ — 2E0E,)
2 Eo(Ey — Eo)

cos 0, is uniquely determined by measuring E. and py. ‘
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Neutron beta decay phase space: determination of a

— —r— ;
1.5 | proton phase space

‘ \ Yield (arb. units)

E

e

PR 1
0.4 0.6 0.8
E. (MeV)

For a given Ee, cos g, is a function of pg only.
Multiple measurements of a for each E; slice

Courtesy Dinko Pocanic
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Neutron beta decay phase space: determination of a
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Nab spectrometer and measurement

@ In order to extract p, practically within
Nab, we use a long spectrometer that
measures {, to determine p,

@ Detect electrons directly, in
upper or lower Si detector — E,

@ Detect protons, after acceleration, in
upper Si detectors — {, determine pp
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Nab spectrometer and measurement

@ In order to extract p, practically within
Nab, we use a long spectrometer that
measures {, to determine p,

@ Detect electrons directly, in
upper or lower Si detector — E,

@ Detect protons, after acceleration, in
upper Si detectors — {, determine pp

A complex magneto-electrostatic apparatus is

required to guide particles (nearly) adiabatically
to detectors.
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Nab spectrometer and measurement

@ In order to extract p, practically within
Nab, we use a long spectrometer that
measures {, to determine p,

Detector-

@ Detect electrons directly, in
upper or lower Si detector — E; Flux

Return

@ Detect protons, after acceleration, in B
upper Si detectors — {, determine pp

TOF Region

Main Electrode Magnetic
Filter

Neutrons,

A complex magneto-electrostatic apparatus is
required to guide particles (nearly) adiabatically e eiectroce
to detectors. P

FET

Preamps-

200 300 400 500 600
z (cm)

100

-100

Aaron Jezghani

David Mathews
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Nab spectrometer and measurement: Si detectors

G10

@ 15cm diameter, full thickness: 2 mm o
@ 127 pixels, dead layer <100 nm HV break

@ Energy resolution a few keV, 10 keV
proton threshold

Electrode

Amplifier
FET assembly
assembly
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Nab spectrometer and measurement: Si detectors

@ 15cm diameter, full thickness: 2 mm

@ 127 pixels, dead layer <100 nm

@ Energy resolution a few keV, 10 keV

proton thresh

old

G10

Ceramic

Electrode HV break

shell

Amplifier
FET assembly

assembly

Initial protons and radioactive source data at University of Manitoba

Electronic

BC 17p+

noise

10° X

Counts [a.u.]
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protons

-150C
-12¢

-132¢
144 C

Proton energy
deposition spectrum

100 125 150 175 200
ADC Channel

Counts

10°

Preliminary Agreement with Simulated '°’Cd Decay

Unmodified GEANT4 Simulation

G4 Simulation w/ 2.5keV Spread

sl
100 1

20
Energy [keV]

Jin Ha Choi, Leendert Hayen, Nick Macsi, David Mathews, Leah Broussard, others!
See D. Mathews’ and L. Christie’s talk next!
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How do we collect low energy protons? Max energy 800 eV

. - Segmented
A strong magnetlc filter accepts — Si detoctor
protons with a narrow upward y \
o———o
cone cos(fomn) > 07 _ U, (upper HY)
z /TOF region
P~ «— || (field r,B,)

agrjetic Field ~4m flightpath skipped

magnetic filter
region (field B,)

Adiabatic
conversion

Profon Trajectory

decay volume
" (field 74y B,)

N

sin(6p5) < VB eam
~1m flightpath skipped

Segmeritgd - ‘ = U,.. (lower HV)
Si detedtor
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How do we collect low energy protons? Max energy 800 eV
- Segmented

A strong magnetlc filter accepts — Si detoctor
protons with a narrow upward y \
o—o

cone cos(o,min) > 0.7 U,, (upper HV)
P M (0} —
z ; /TOF region
- \ 1| (field ry'B,)
agrjetic Field ~4m flightpath skipped

magnetic filter
region (field B,)

Adiabatic
conversion

\
\

Proton Trajectory

decay volume
" (field 74y B,)

N

sin(f,5) x VB

=
>

~1m flightpath skipped

Segmeritgd - ‘ = U,.. (lower HV)
Si detedtor
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How do we collect low energy protons? Max energy 800 eV

A strong magnetic filter accepts
protons with a narrow upward

cone cos(fo,min) > 0.7
pl "4

|
|
i
P~
agrjetic Field

Adiabatic
conversion

Proton Trajectory

o sin(f,5) VB

= longitudinalize p early,
followed by a long drift path!

EKU J. Fry

-
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| 71—

\
; 1 (fieldr,B,)
t

path skipped

Segmented
Si detector
———eo

U, (upper HV)
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—@

TOF region

9)

magnetic filter
region (field B,)

decay volume

~ (field 7y, B,)

~1m flightpath skipped

a“ "
Si dete@r :
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How do we relate proton momentum p; to time of flight #,?

@ Proton time of flight in B field:

m
ty=L—" but..
Pp
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How do we relate proton momentum p; to time of flight #,?

@ Proton time of flight in B field:

m
ty=L—" but..
Pp

L depends on point at birth and the

direction of momentum and field!

Boo - B
PpoB

@ For an adiabatically expanding field,

cos pg =

decay pt.

/ dz

Epo

Geant4 simulation:

y

Magnetic Filter—

Electron

EKU J. Fry The Nab Experiment: Nab Spectrometer

Detector

Proton

Decay
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Nab systematic uncertainties

Experimental parameter

(Aa/a)syst

ratio rs = Bror/Bo 22x107*
ratio rspv = Bov/Bo 1.8 x 107*
Ltor, length of TOF region fit parameter
U inhomogeneity: in decay / filter region 5x 107"
in TOF region 22x10°*
Neutron Beam: position 1.7 x107*
width 25x107*
Doppler effect small
unwanted beam polarization 1x107*
Adiabaticity of proton motion 1x107*
Detector effects: E. calibration 2x107*
shape of E; response 4.4 x10*
Proton trigger efficiency 3.4 x107*
TOF shift (At) 3x107*
TOF in acceleration region  rejectrodes (Prelim) 3x107*
electron TOF analytic correction small
Accidental coincidences/Background small
Residual gas P < 2 x 107 (prelim) 3.8x107*
Sum 1.2x 1072
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Nab Spectrometer Magnet

DAQ Fiber ® (kV)

HV Cage
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Superconducting >
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o :.: |= DAQ Fiber
= ﬁ Bl
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Magnet has been characterized

@ Stability and Hysteresis

@ A mode to operate the field has
been established

@ Modest requirement of <1x1073
relative change in the magnetic
field over time
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Magnet has been characterized
B, vs z, Main and UDet energized

e Am F
bee -

0.5 e

o'

@ Mo« 0

-40

rela

field over time
EKU J. Fry
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Magnet has

ACTIVELY SHIELDED NAB SPECTROMETER
THE LARGEST CRYOGEN-FREE SYSTEM IN THE WORLD

© Used to make precision neutron decay measurements and test
the weak interaction in the Standard Model of particle physics.

@ The results will provide important inputs for astrophysical
processes.

© Key will be of the el i i

parameter, and the Fierz interference term in neutron beta decay.

Key Features:
© Detector is housed in a cryogen-free magnet
system 7.5 m long and o1.4 m.

© Magnet cold mass > 1 tonne, cooled by
four Gifford McMahon cryocoolers.

@ Stability anc

@ A mode toc
been establ

@ Modest req
relative cha

field over tir
EKU Fry www.cryoqenic.co.uk 15/ 22
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Electrode Installation

DAQ Fiber o (kV)
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Electrode Installation
Beg

~

m view

Uniform electrostatic potential is
needed to reconstruct p, from ;!
knowledge of potential difference
between the decay volume and filter to
10 mV — fulfilled!

exv |, PRELIMINARY
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Detector Installation

HV box and upper detector mount installed installed
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Beamline Installation

spin flipper . . .
P PP radioactive source

insertion system

get lost tube
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Nab Summary

@ Nab offers an independent
measurement of A = g4/gy with
competitive precision

@ Commissioning underway,
systematic studies and production
next

@ See ML.00002 (D. Mathews),
ML.00003 (L, Christie), ML.00004
(M. Gervais) next!
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