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Hamiltonian for Beta Decay
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Physics Beyond the Standard Model

= |n the 1960’s, the V-A structure of the weak interaction was
determined by measurements of the beta-neutrino correlation
(ag,) in noble gas nuclei

= Beyond Standard Model: Scalar (S) and Tensor (T) may be
present with small coefficients

W(0s,) =1+ a[g,,% cos 3,

(ICv? = 1CsP) 1Mef? = & (ICaf* = [Crl*) IMar|?
(ICvl* +1CsI*) 1Ml + (1Cal* + |Crl ) [Mer |

apy =

Beta-Neutrino Correlation Coefficient

Fermi decay only sensitiveto V, S
Gamow-Teller decay only sensitive to A, T

Fermi Fraction of Transition
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Limits on BSM Physics from Nuclear Decays

Nuclear physics ‘ et
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- A. Falkowski, M. Gonzélez-Alonso, and O. Naviliat-Cuncic, J. High Energ. Phys. 2021, 126 (2021).
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Limits on Tensor Currents from Mass-8

= 8Li and 8B beta decays are nearly pure Gamow-Teller: sensitive to
exotic Tensor currents
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8Li and 3B Beta Decay Properties

Both beta decay into Be,
which is unbound and breaks
up into two alpha particles

Q values are large, masses
are small leading to MeV
scale decay products

Charged article coincidences
(a-a, a-a-B) can be precisely
measured to reconstruct the
beta-neutrino angular
correlation

Lawrence Livermore National Laboratory
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8Li and 3B Beta Decay Properties

Triple correlation between delayed alphas and beta enhances effective

sensitivity to beta-neutrino angular correlation by 3X for “parallel” betas
I xF(Z,E.)peE. (Ey — E,)*¢
{ (14 6,(E.))
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8Li and 2B Production and Delivery at Argonne
National Laboratory ATLAS Facility

Li +2H = 8Li + p 5Li +3He — 8B + n

beamstop

Beta Decay Paul - 5
Trap (BPT) .--Cll-- -------------- {I_D ------------------- :'

Isotope Separator [y
(APT & 2.5 T magnet) |/

Pictures from Thesis of M.G. Sternberg (UChicago)
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Beta-decay Paul Trap (BPT)

fElectrode /

32x32 Strip _D-S7 ; /
\% .
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g ‘
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= Confine up to ~10° ions at once in ~1 mm?3 volume
for > 200 sec

= Works for any element, accessible half-lives > 50 ms

= Surrounded by four 32x32 Double-sided Silicon
Strip Detectors (DSSDs) to measure energies of
charged decay products (a’s and B’s for éB)

@ Lawrence Livermore National Laboratory N. D. Scielzo et al., Nucl. Instrum. Methods Phys. Res. A 681, 94 (2012) NAVSE o
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W(bs) =1+ as l(* cos(3,)
Decay Simulations | 1 1

Axial Vector: ag, = —=, Tensor: ag, = —

3:

Beta-decay Event Generator: energies and S
momenta of beta-decay products generated (o s 2s i [(2) - 1]
assuming Axial Vector, Tensor + 0B () D

+ 8B, 0% (D)) 2
+ 53(E, 7)*, TJ/JH(L) )ﬁ'k

Includes recoil-order and radiative corrections, ey
ion cloud size o dur ()T @) g B) Lo/ B, 9/

+ gu(E)[p/E, B/E] 3% + en(E)[p/ B, ]
GEANTA4: beta particles propagated through BB R+ o
experimental geometry to account for scattering,  +comnzisamn|z 2.

DSSD detector response Fanten [ < |
+ 86(E, v*, 7y (L) )T® (R) :[D/E, p/E, k]
+ 85(E, v*, 755 (L))T® (3 :[p/E, k, k]

Sortcode: simulated data passed through same e B
sortcode as experimental data, including same e ). “3>
data cuts

B. R. Holstein, Rev. Mod. Phys. 46, 789 (1974)
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Alpha Energy Difference

= Alpha energy difference when beta strikes same detector as an alpha (“parallel”) is
most sensitive to difference between Tensor and Axial Vector simulations

. B strikes the top detector B strikes the bottom detector
Axial Vector: beta and - N shit
neutrino preferentially : \ e s o
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Our Collaboration’s Previous Work on 8Li

= 1963 °He (C. H. Johnson et al., corrected by Gliick): ag,= -0.3308(30)

= 2013 PRL (G. Li et al.): ag,= -0.3307(90)

= 2015 PRL (M. G. Sternberg et al.): ag,= -0.3342(39)
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Improvements for 3Li Run in 2016

= 10x statistics compared to 2015 PRL

New Spectroscopy-grade a sources (FWHM < 20 keV
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TABLE 1. Dominant sources of systematic uncertainty at lo.
Source A|C7/C, 2
Energy calibration Better a sources, more points 0.0007
Bead—ayer-threloress 8-8668
a line shape Accounting for all DSSD effects 0.0009
P scattering Geant is better & we have plastics 0.0010

Backgrounds Longer trap empty measurements =6-66+4

[Recoil and radiative 0.0026]
Nondominant systematics 0.0007
Total 0.0043
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RMS 737.8
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2021 detector characterization experiment
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Improvements from New Recoil-Order Term
Calculations

= Symmetry-Adapted No Core Shell Model (SA-NCSM) calculations
reduced uncertainties on recoil-order terms (b, d, j,, j3) by exploiting
correlation with 8Li ground state quadrupole moment

= Recoil and radiative systematic uncertainty 0.0026 - 0.0015*

. ; S E—— TABLE I. The recoil-order terms from SA-NCSM. Results for
0 - S,  =11m/E00MeV | the 2] j,3/A%cy and d/Ac, are based on the correlation to
~~~~~ s B ; 1000 {\NCOL - 9"‘6'N L5 Q(2;.); all other calculations use NNLO,,,, and have error bars
_500[a e, "I!g-;.f_ . il Lo from variations in AQ by 5 MeV and in model-space sizes up to
5 ‘n;a\ﬁ e —— Ny = 16 (12) for j,3/A%cy (d/Acy and b/Acy).
R v i 1 ——
Y K oy 1 J2/A%co  J3/A%c d/Acy b/Ac
-1500; \\.\Q — y 27 -966 £36 —1546+44 10.0+1.0 6.0+04
®) 27 (new) -10+£10 -80+30 -05+0.5 3.7+04
-2000/ . _ ‘ - 27 (doubletl) 12+£5 -60+15 03+02 3.8+02
20 22 3'0Q(2+) & gfz) L 2; (doublet2) 11+£3 -65+11 02+02 3.8+02

Lawrence Livermore National Laboratory G. H. Sargsyan et al., Phys. Rev. Lett. 128, 202503 (2022) NIYSH 1
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Complication from New Recoil-Order Term
Calculations

= Ab Initio

Rmatrix fit results

SBe = 7 bpt ] .
Excitation - EAE;E; 39716%132 calculations give
Levels ol £ 2% | new, more precise
2+ 16.92 MeV : G1 0.3271+0.0010 .
k- ouser0os | values for recoil-
2+ 16.63 MeV = i, | G4 2.392+0.292
- N Jusx | grder terms to each
11.35 MeV| ®E ) 070 £0015 lated i
i N = nom\__ 5.1650+04 + 5.366¢+03 state popu ated In
2+ ~10Mev | T beta decay but
97777 - .
5 suggest existence of
i "intruder” 2* state;
0 .
s 3.03 MeV 8Be Excitation Energy experimental data
+ O. e . .
2+ State at ~3 MeV (main peak) can be fit well with
0+ 0.0 MeV Doublet 2+ State at ~16 MeV or without

— ~10 MeV “Intruder State” “intruder”

Lawrence Livermore National Laboratory Plot from M. T. Burkey
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Experiment and Theory PRLs on 3Li Results

Published Back-to-Back

= First improvement on uncertainty since 1963 ®°He measurement

apy
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M. T. Burkey et al., PRL 128, 202502 (2022)
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G. H. Sargsyan et al., PRL 128, 202503 (2022)

TABLE 1. 8 recoil-order terms from SA-NCSM. Results for
the 2:‘ J2,3 /A2c0 are from Eq. @; all other calculations use
NNLOypt and have error bars from variations in A2 by 5 MeV
and in model-space sizes up to Npax =16 (12) for jo 3/A%co
(d/Aco and b/Acy).

j2/A260 j3/A2CO d/AC() b/AC()

AEQO(keV)

2} —962 + 56 —1547 + 80 10.0+ 1.0 6.0+ 0.4
2} (new) ~104+10 —80+30 —0.5+0.53.7+0.4
2} (doublet1) 12+5  —60+15 0.3+0.2 3.840.2
2} (doublet2) 11+3  —65+11 02402 3.8+0.2

Lawrence Livermore National Laboratory
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8B Results from 2014 Experiment Accepted for
Publication in PRL

First precision measurements of a mirror-nucleus pair, demonstrates a new

pathway for increasing the precision of exotic current searches
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8B from 2019 Experiment Under Analysis

= Statistical uncertainty improved by over factor of 2 from previous 8B data set, same
systematic improvements as most recent Li run
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Next Steps for Mass-8 Tensor Limits: BPT Mk IV

= New calculation of recoil-order terms for 8B beta decay compete, finalizing analysis of
systematic uncertainties for 2019 data set

= 8Li run with new BPT trap design to lower B scattering by factor of 4 scheduled
completed summer 2022, 35% higher statistics than 2016 8Li experiment

graphite
electrodes

calibration sources
illuminate
entire DSSD

S

Key Features:

- five electrode design
- thin, carbon electrodes
- rod electrodes
supported at ends

Lawrence Livermore National Laboratory Photo and schematic from L. Varriano N A‘ Sff_qg 19
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Next Steps for Mass-8 Tensor Limits: Intruder?

R-Matrix fits provide equally good fits with
and without intruder state

Currently only taking narrow energy region
around 3 MeV peak; intruder existence is
systematic and reduces statistics

ﬂﬂﬂﬂﬂ
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Excitation energy and state dependent
analysis of |C;/ CAo|2 may provide some
hint at existence of this state

Lawrence Livermore National Laboratory
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Solar Neutrino Astrophysics

= Neutrinos produced in reactions in the Sun are initially electron
neutrinos, oscillate between neutrino flavors (electron, muon, and
tau) [governed by mixing angle; enhanced in matter — MSW effect]

0.8 T . .
— ‘) The Royal Swedish Academy of Sciences has decided to award the
07T pp = 2015 NOBEL PRIZE INT PHYSICS
- E_ Be ” _é an)
210.5

o o

w RS
TTTT[TITT[TTTT]

—_——
lllll lllllllll

0.2 —— L Takaakl Kajlta and
Neutrino energy (MeV) Ar thur B MCDonald
“or the discovery of neutrino oscillations, which shows that

Electron Neutrino Survival Probability
Pe

LMA: large mixing angle Nobglprlfegrg

MSW: Mikheyev—Smirnov—Wolfenstein

Lawrence Livermore National Laboratory M. Agostini et al. (Borexino Collaboration), Nature 562, 505 (2018)  JNIAY&S% 21
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8B Solar Neutrinos

= 3B beta decay provides high energy solar neutrinos detected by SNO,
Super-K, Borexino; shape of unoscillated neutrino energy spectrum
important model input
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8Be Final State Distribution (FSD) E.=tu+Eq-91.8keV-Eren

= Unoscillated neutrino energy spectrum calculated from FSD; there are
inconsistent results for spectral maximum from previous experiments
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W. T. Winter et al., Phys. Rev. C 73, 025503 (2006)

M. Bhattacharya et al., Phys. Rev. C 73, 055802 (2006)
O. S. Kirsebom et al., Phys. Rev. C 83, 065802 (2011)
T. Roger et al., Phys. Rev. Lett. 108, 162502 (2012)

Deviation (%)

Ex (MeV)

. . ( "‘l
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BPT Measurement of FSD Ey = Eqq + Eqo - 91.8 keV - Erecor

= First measurement of FSD using trapped ions; no energy loss in implant foil, beta summing

= Standard R-matrix fit with broad 2* at 3 MeV and 2* isospin doublet at 16.6, 16.9 MeV,
background 2* with energy fixed at 37 MeV also included

F (a) | ] . 17.979 MeV  2*
'k /ndf=1.16 B * decay 16.922 MeV 2+ .
: — Exp E 16.626 MeV 2 B
% i — Fit 3
= --- R-matrix 3 B’
5 ] 30Mev  2*
© i 20,
| . -0.092 MeV / 0 MeV 0’
| 23 &R
— _— i L I S S S B _ ‘He+'He ©
= o
7T i S :';;-.."--».;,-izz‘;;'é .5 PETVR 2 .
IR s WA DR A X Ty WP LD bt O SO ) SAEYAC T gAGTVAc |*
% ’ : i"{»‘ ;';'}.‘:.;::.-';s’%.?th ""Z‘,a"'ﬁvﬁ}{"a‘:" ] , Nty | |Z VE-E| T |>: E\-E
g 2 . . . \-...a. fete . L K .... .".‘ o' !-...1 — ;\'(E) = W fl;(Q - E)Pl(E) 5"
S T T T S .. I R “1—[S.>(E)—B( +I'P.>(E)]Z,‘. [_—lT
0 2 4 6 8 10 12 14 16 18 '
E, (MeV)
= Maximum of 2918(8) keV in agreement with Kirsebom/Roger rather than
Winter/Bhattacharya
Lawrence Livermore National Laboratory NVYSE 2
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Neutrino Spectrum Calculation

= Integrate over allowed energies weighted by FSD; F is Fermi function,
R is radiative correction, C is recoil-order correction

o R e N AL B S S B s By e ~ s m B (0 dN

s @ — Presen 110 T~ psE?(Ey — E,)F(—Z,E3)R(E,, Ey)C(E,, E)
) --- Roger - -1 Ly,
g 100~ Winter - }82 E,=Eo— Eﬂ
— 10-3

g 01 —10*
Z | (] 10 > 2950 - + Kirsebom -
= 0 b’ T+ T—+T110° & oa0 - Roger ]
~ 10 [ © — \; - E e Present -
R § 2930 |- =)
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=@ el Une A B. Longfellow et al., Phys. Rev. C 107,
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Summary and Outlook

= Beta decay of 8Li and B can probe physics beyond the Standard
Model and contribute to solar neutrino astrophysics

= Two new 3Li PRLs (experiment and theory): first improvement to
Tensor limit uncertainty since 1963

= First 8B Tensor limit accepted by PRL; new theory calculations for
recoil-order terms for 8B complete; Analysis of uncertainties for
higher-statistics 8B data set to be finalized

= New 2B data set resolves discrepancy between
Winter/Bhattacharya and Kirsebom/Roger results for FSD
maximum, full neutrino spectrum calculation with uncertainties
complete, results just published as PRC Letter

. . \',";A
Lawrence Livermore National Laboratory N A‘S‘Sﬂ 26
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