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Historical Tour



Beta Decay has influenced the development of the
Standard Model for over a century

~ 1895: Standard Model is periodic table—~ 100

immutable elements as characterized by Mendeleev
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Becquerel and Curies study radioactivity: «, 3, v
radiation

Natural transmutation of elements—long the goal of
alchemists (even Newton!)



~ 1930 : New standard Model includes radioactivity.
Problem in that in beta decay, such as

SH 3 He 4+ e~

energy is not conserved. (Bohr even suggested that
perhaps energy is conserved only macroscopically).

Problem solved in 1930 when Pauli "invented’ the
neutrino.



~ 1932: Discovery of neutron and positron leads to
new Standard Model—Fermi explains Beta Decay in
terms of current-current interaction

GF £
e —_JIJ'&
H ol

with

J, = py.n + ey,



1956: Reines and Cowan discover Pauli's neutrino

1956: Lee and Yang suggest weak interaction does
not conserve parity.

1957: Wu et al. observe parity violation in beta decay

0o =60 Nj o™ 4+



1958: Feynman and Gell-Mann propose V-A structure

Jyp =yl — 5 lp 4+ eyl — s e

1963 ,/64: Cabibbo proposes universality and Gell-Mann
and Zweig invent the quark model

J,. = cos Bdvy, (1 — v5)u + sin 85y, (1 — v5)u
+evu(1l — v e + pryp(1 — v5 ),



1967: Weinberg and Salam unify the weak and
electromagnetic interactions.

Discovery of charm (1974) and bottom (1977) leads
to present structure of weak current

J,=1(d 5 b)y,(1 —5) c

+(€ i T)vul —5) | vu



~ 2015: Use beta decay to seek possible deviations
from Standard Model (BSM)



Note general nucleon matrix elements are
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Generalize for arbitrary (allowed) spin nuclei to
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with
a— fi, C— G
b— fo, d— g2
e fs, h—gs.

In addition, there exist terms f, g, 2, 73, which have no

J =1 — J =1 analog, since they involve AJ =2, 3.

If neglect recoll, then can analyze in terms of only a, c
with
a= Mp=<f|| Y 7|i >
i

C = gfﬂlﬂ»’IGT =g < fH ZT;:E?HZ =
k



How to describe BSM effects? First done in 1957
by Jackson, Treiman, and Wyld

Hess = pne(Cs + Cgys) Ve

+pyiney, (Cy + CUYs) Ve
1

+2_‘fn "neo,, (Cr + Crys)ve

+pyHysney (Ca + Clhys)ve
+pysne(Cp + Cpys)ve + h.c.



Here standard model values are

and
. y 1 y 1 .| (;(E”
v=Cy = —Ca= —Icffa = %Vud

where }’E‘;” Is the Fermi constant and A ~ —1.27 1s

the ratio of axial and polar vector couplings in neutron
beta decay.



Modern view is to write BSM effects via
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Here o3 is electromagnetic correction, and ¢, ¢;
represent BSM couplings, with canonical size

f-;-. f-r! o T‘EKJ‘LEQ\J

where v = (2v/2G U]) 7 ~ 170 GeV and Aggyg IS scale

of the physics. If Apsn ~ 1 TeV, then natural size is
e; ~ 1077, but this must be settled experimentally.



Relation between two representaions is
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where constants ¢; represent the renormalizations

which occur when transforming between quark and
nucleon representations.



General neutron-proton matrix elements can be written
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and can be evaluated experimentally in the case
of gv.ga, namely gy (0) = 1,g4(0) ~ 1.27, and
lattice in case of gs(0), gr(0), which has determined
gs = 0.8 0.4 and g+ = 1.05 £ 0.35.



It neglect vrecoil effects, which 1s good
approximation since typically O(q/m ) ~ 1%, there
exist only leading Fermi and Gamow-Teller forms
a =gvMp and ¢ = gaMgr, and many experiments
are analyzed using only these two quantities. General
expression describing differential decay rate for allowed

beta decay:
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and leading-order results for the various correlation
functions given by Jackson, Treiman, and Wyld.



Practical matter:

 A(E)
N 1 +bp < né;:}

A" (Ee)

where bp, defined by

Cbp = +2Re [|MF|E{CSC; L CLOY)
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Is Fierz interference parameter.



Now look at experiment: Start with 07 — 0" analog
decays, for which

Mp=I_=+(T-T3)(T+T5+1)=V?2

Mar =10

Test via measure

. K
Ft = jt%(l +0g)(1+ dns — 0¢) = Gi"ﬁf
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3
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Nucleus Fqo(KeV) Ft(sec)
T0C 885.87(11) 3076.7(4.6)
110 1809.24(23) 3071.5(3.3)

26mAl  3210.66(06) 3072.4(1.4)
MCl 4469.64(23)  3070.2(2.1)
™MK 5022.40(11) 3072.5(2.4)
12Sc  5404.28(30) 3072.4(2.7)
16y 6030.49(16) 3073.3(2.7)
OMn  6612.45(07) 3070.9(2.8)
“1Co 7222 .37(28) 3069.9(3.2)




Since Fermi coupling GG known from muon decay,
allows the extraction of the CKM matrix element V), 4.

Yields
Viud = 0.97425(22

which, together with
Vs = 0.2256(9)
from AS = 1 kaon decays, yields

|T”r(’1.-.r_'i|E + “”r{u.::"E + |V‘LE.I[?|E — IUUUUS(E}E})



and thereby
Re(er+ e —€,) < 5x 107

Consistency also puts limit on Fierz term, yielding limit
on Fierz term

~1 x107% < gqReeg < 3.2 x 1073



Analysis depends on understanding of Coulomb.
Can be avoided by using neutron but need two

measurements since Gamow — Teller is not known.
Defining
Using

K

frnmnlog2(1 + )1+ 3X°) = o
G Vi

and

A — A2

A(0) = 29735

with measured values



Quantity

Value

< Tn &P DG

885.7(0.8)
888.4(3.2)sec
886.3(3.4 )sec
878.5(0.8 )sec
889.2(4.8 )sec
882.6(2.7 )sec
887.6(3.0 )sec

891(9 )sec
-0.1173(13)
-0.1189(7)
-0.1160(15)
-0.1135(14)
-0.1146(19)




find

A=1.2701(25) and V,,;=0.9746(19)

In good agreement with Fermi decay number. To test
Standard Model, need additional number.



To test Standard Model use correlations. Easiest is
electron-neutrino correlation a.,.

f,'l'.g o %_ﬂﬁ
(e = -
a? 4 ¢2

Then for Fermi decay

P (PFTK) = 0.9981(45) TRIUMF
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T hen
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(CV_EC{ E. }) * ([.?p_LTC{EE -
L o M. SM,F _exp ,F
- EC < E -} +° L pﬂf‘!a"

find limits on scalar cﬂuplings.
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For Gamow-Teller decays

Leys [EHP] _HERHS[SD] Gak Hldgﬂ

Using
C'r M ’ Cr 1 Me ’
(Gﬂ_l_ ¢ < ke ) ! (Gﬂ_l_ C{EE )
= 2 < T 52 g(SMaGT e uGT)



together with longitudinal polarization measurements
on Fermi and Gamow-Teller decays

10, 19C . Pr/Pgr = 0.9996(37)

Eﬁ'mﬂf, HH.F . PFfPf;T = 1[}[}3{18]

for which

;:aE. 2Re(C'sCq — C1-CY)

_Fl —
Y E(CVEHCLRE +CsP+ [CP] (1 + b < 2= >)

for Fermi decay and

pF SRe(CLCE — C5C",)

FPor = e
E [|Cal?* + |CL* + |Cr|*> + |CF|?] (1 + bp < F= =)

for Gamow- Teller find limits shown.
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Another tack is to look for possible deviations from
simple V' — A. Assume a heavy My, with

e = My, [Miy, << 1

and include mixng

Wi = Wiecos(4+Wasin(, Wgir=-—Wisin(+Wscos(
Writing basic interaction as

L= EI W RV = AD+ WMV + A + hee]



effective low-energy weak Hamiltonian is

(7, . -
Heps = jff [V;V "t HAAA:A #
_?:I'AF(V;;I_A_# + A:V_”ﬂ
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ANm3 4+ m3
NAA = 2

- Nmd 4 ms
AMmi — m3)
VA= S35
my + msy
and
\ 1 + tan ¢
1 —tan(

Useful to define x, y via

14+ nva A +va

T =
1 —nya Naa —THva




then for ratio of longitudinal polarization ratio for Fermi
and Gamow-Teller decays find

20x 107 <yt —a2® < 1.7Tx 1077
from results from *Q YC and
08 x 102 <y’ — 2t <1.0x107?

in case of 2" Al %P results.



From Michel parameters In muon decay, p parameter
gives
(2 —y) <3 x107"

while £ parameter yields

? 4yt <28 x 1077



Finally, in case of " Ne decay,

AIHHE 2 2 + Jﬁfﬁl‘.fi — HEEE - \/Iﬁ‘i‘ryﬂ.ﬂ
" 3 a4 et 4 x2a 4+ ycc?

(fe)0"—0" - a® + ¢+ 2fat 4 i’
ftNe 2(1 4 x2)a?
Using CVC value a = 1 and Gamow-Teller term ¢ =
—1.5995(45) obtained from YNe lifetime, Standard

Model prediction for the beta-spin correlation is

SMANe — _(3.97+0.14) x 102




Comparing with experimental number

EEPA:J'HE = —(3.91 £0.14) x

have

102

—0.45y% 4 0.52zy + 0.01z° = (—0.6 -

Limits are as shown.
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Future Beta Decay Efforts

1) ey 1N °He decay at UW and GANIL
1) Ngp at SNS
i) aBBA at SNS
v) UCNDb at LANSCE

v) 3°Ar at ISOLDE



v) 2°Ar at ISOLDE
vi) aSPECT at NIST
vii) aCORN at NIST

viii) ®Li at ANL
ix) 37Ar at TRIUMF

x) etc.



