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Neutron beta decay: decay rate

To leading order (ignoring O(A) in matrix elements): set g2 = 0, keep
only term « £(0) = gy =1 and g1(0) = ga

My = =55 cosOc 17" (1 — ay°)up Beu(1 = )W

a = g1(0)/f(0) = ga/gv
Neutron and the electron polarisation vectors

Sp = (Ovﬁn) Se = (ﬁs.keuﬁe ke (ke 17c) )

me me(Ee+me)

Amplitude square:

5
’Mﬁlz — G2c3520(_-tr,yp,(1 . 04’75)(P+ mn)l—l—’Y £ 1/(1 _ a,y5)(Pl + mp)
71 = 7))y = ) (Ke + me) e

Sum over proton spin, antineutrino helicity fixed
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Neutron beta decay: decay rate (contd.)

Leptonic trace

5
(1 = 9% Ky w(L = 7°) (ke + A i V) vk wy ke

- 4{"(u)u7<eu + kyken = k() - ke = i€uansk)kZ }

I}e = ke — MeSe
Ee.5., |Pe,.|, me of order A = m, — mp, trace of order A2
Hadronic trace

try* (1=ay®)(p+ma)(1+7°8, )7 (1—ar®) (p' +mp)
= tr'y”[(l+a2)p—2amn¢n]'y”,¢’—tr757”[(1+042)m,,¢n—2a,¢]'y”,¢’
+(1—a®)mpmptr y#" +(1—a?) mptr v 7" pé 7"
Retain only leading order = set m, = mp = mand p' = p
try# (L — ay®)(p+ ma)(L+°8, )77 (1 — ar®)(p' + mp) —
= 8{(1 + a?)php” — a?m* — am(stp” + spt) + ia2me”°‘/”’6/s,,a/pﬁl}
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Neutron beta decay: decay rate (contd.)

Contracting traces and including all factors
(Mg[2= Segtle 9‘:42{(1+a2)/3“ﬁ”—a2m2n“”—am(5#p”+s,7p“)
+ia?met VP s, pg }

X { k() kep+ Kwyw Kep =M K(w) - ke = I€pavpk(y) ke }

=8G?2 cos? Gc{2(l+a2)P kP - ke—(1=a?)m?k(,) - ke

+2m[(a2—a)sn . /N(ep . k(y)—(az—l—a)sn . k(y)p . l}e]}

Reminder: .
p= (ma 0) Sn = (Oa ﬁn)
l;e = ke — MeSe Se = (ﬂ%vﬁe + ml:e((é:_.kﬁ,;)e))
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Unpolarised neutron, no electron spin measurement

Sum over e spin, average over n spin = s, — 0, l~<(e) — k(e)» x% =2indl
2 2 N o
dlr = 8¢-<o50c15(1 + ) mPEE, — (1 — o®)m?(E.E, — k() - k(e)) }dP
= 8G2 cos? cmE.E,{(1 + 3a?) + (1 — a?)Be cos }d®d

Be: electron velocity, 0: relative angle between e and U, trajectories

Phase space element neglecting proton recoil E, — m, = E,,%jnp =o(A)
Ny . 1 d3ke d3k, d°p (4 ,
d( )(b — 8(27m) Ee E. Tfé( )(P - P = k(y) - k(e))
3 3 . =
- 8(217r)5 S é5(mn —E—E —E) (B2=m}+(k+k)?)

_ 1 dPkedk, 1 OE,\—1 *
8(2m)5 E. E, fp(l"'TE‘:) o(E, — E))

IE, 7
ﬁ:’:—ip(Eu+|ke|c050)<<1 Ev+Ec=mp—mp—(Ep—mp)=A+0(A)

I o gy gl Gt Do(E, + e — )

= s@pmEE, IEeEe\ E2 — m2dQe)dE, E2dQ,)0(E, + Ee — A)
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Unpolarised neutron,no electron spin measurement(contd.)

Angular correlation C(cos#) between e and 7, from dI’

Measured indirectly from proton recoil
C(cos) = £ 4L 1+1+3 ’. Be cos 6
Electron energy distribution
dl' = 8G? cos® c(1 + 30”) gy (47)  dEe Ee \/fmg(A — E.)?
G2costbc (1 4 30°)dE.Eor/EZ — m3(A — E.)
Total decay width [ = [2 dE. 4

€ dE.

r— G2 cos 9C(1+3a2)A5/(me)

I(z) = le dx xvV/x2 — 22(1 — x)?2 = %{ - % 1-z )% + 3z arccosh + 1-22[1-322]}

[ = 047875 0c (1 4 302)A°

me = 0.51 MeV, A =1.20 MeV, z = 0.305 — 7t = 0.47, 1(0) =
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Unpolarised neutron, electron spin measurement

Average over neutron spin = s, — 0, x% =1indl

= 4C%cos0c (1 4 P)mPE kL) — (1 — a®)mA(E L) — K, - ko) }do®

k0 - :
= 4G? cos? GCmEVEe{(l + 3042),2-—2) +(1-« )E_—V . }d¢(3)

Integrating over k, we read off the electron longitudinal polarisation Pe:

@ taking the relative angle between electron and neutrino trajectories as
polar angle, second term in braces drops

@ longitudinal polarisation means 7, = ke
— NO —
- dI'( 5,77_(;) k(e) ﬁe < ke | Ke|
k 9 - = _ - = P = L= - _
P(ke;1e) r(k.)) E. E. e E. Be

1 kel
2 E.

1 T I 1
Pe=trpke - S=%, .1 30~ (25)kefe ) (s el ke - Ssi k) = —
R L



Polarised neutron, no electron spin measurement

Sum over electron spin = s, — 0, x2 in dl’

dr = %{2(1 + a2)p . k(y)p . k(e)—(l—az)mzk(y) . k(e)

+2m[(a® —a)sy - ke)p - kwy— (02 + Q)sp - k)P - ko)l }dP o
= 8G2 cos? OcmE.E,{2(1 + a?)—(1—a?)(1— e cos §)

—2[(0* )i+ £~ (0 + )iy ]}
Integrating over k, or Ee leaves only ke or k,

2(a2 — ), - k,
ar )7 ia—i_ 3;;) 77nEe £ (electron correlation)
e 20?4 a) i,k
1+ §a+ ;_og) nnE,, - (neutrino correlation)

Me(Ee,w) = [ dyo 2
€ J 5% al®
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Summary of free neutron decay

drl in the static approximation (g2 ~ 0), no e spin measurement

G2 cos? f¢

_ 2
dr = 7= 5 (1+30%)
1—a? & a? a2+a.
X{1+1+3 3P n”_2[1+3 2fe ""‘Hmz””'”"]}
dQ. dQ,

y— — Y dE.E.\/E2 — m2(A — E.)?
@ Angular correlation from coefficients of
> 6_; - 1i,: between the momenta of electron and neutrino
> Ee - 7j,: between neutron polarisation and electron momentum
> 7, - 7,. between neutron polarisation and neutrino momentum
@ Axial charge ga from oo = ga/gv =~ ga (since gv = 1)

> || from e-v ang. correlation [from p recoil p”p = E24+ k24 2E, | ke| cos 0]

» sign of « from angular correlation of the electron with the neutron spin
in polarised neutron decay

e From o2, 7,, and G from u decay — |cosfc|
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Summary of free neutron decay (contd.)

Electron energy spectrum given by Fermi function (up to constant factors)

F(X7 VVO):X\/)ﬁ(WQ—X)2 x:é WO:mAe

Mme

Spectrum for free n decay, first approximation for nuclear 5T decays
Including effects from £(0)
F(x, W) — F(x, Wp)(1 £ ex) for BT decays

Hard to detect in n decay (V* dominated by weak charge), become leading
VH# contribution for transitions between different isomultiplets (f(0) = 0)

Example: (12B,12C*,12N),_; — (2C) 1= ( 87, 7, BT)
@ 12C* — 12(C is a magnetic dipole transition governed by f3™
@ since A/ =1 only isovector current contributes to f;™

@ isovector EM current in same isotriplet as charge weak currents governing
BT decays of (2B and 12N) = £, from fy™

o f;™ from 120, 1203

= prediction for ¢, agrees with experiments
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Fermi and Gamow-Teller nuclear transitions

NR limit
(p|V*|n) = gyipy"up == 8" gy Tl un =only u=0
(p|A*[n) = galipy" ’7 Up = ZJ 1 JgAuI;UJu,, =only p=1,23

Beta decay of nucleus N — N/

(N'VOINY = gy (N 3, 70|V = gy (1)
(N'|A [N) = ga (N'| 2, 7D50D Ny = ga (3)

i runs over n in N, that can undergo 8 decay turning in one of the p in N’

74(_') has non-zero matrix elements for ith n in N turning into ith p in N’
antisymmetry of initial and final state is used

e (1) # 0 and (&) = 0: Fermi transitions
e (1) =0 and (¢) # 0: Gamow-Teller transitions

@ both terms are nonzero: mixed transitions
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Fermi and Gamow-Teller nuclear transitions (contd.)

Set
XH = ((N’\VO\N> (N’\Z\\N))

Decay amplitude squared

2 vk
[ M| oc X#X (k(e)uk(V)v + Ky kwyn = Muvk(e) - Ky = i€ponsk, )k(e))

For e-v correlation, only constant term and term o cos e,
Terms depending on the orientation of v and e w.r.t. other directions drop after integration over
overall orientation of final products
|Mﬁ|2|relevant X XOX*OzEeEIJ + Xin*(EeiEVj + Eyizej)
— X - X*(EoEy — ke - k) — i(XOXT* — XIXO)equkX k!
2 =\ )2
= [2(gvI(V)])* — (gv(1))* + (8al()])?] EcEv
+ (XX XIX ™)k ikyj+ X - X¥ke - K,y

-

el
+i(XOX* = XX%) -k, A ke
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Fermi and Gamow-Teller nuclear transitions (contd.)

Sum over final spins, average over the polarisation of initial nucleus =
result must be invariant under rotation of spins

Xix9 — 50X . X

average

)
= [(gv(1))> + (gA<5>)2]EeEv{1 * (gvﬁ :
o< 1 —&PBecost

o Fermi transition: e-v correlation coefficient £ = —1
@ Gamow-Teller transition: e-v correlation coefficient & = %

. 2_
@ compare with free neutron: £ = 3‘22:1 ~ 0.1
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Hyperon decays

/3 decay of ¥* (hyperons = strange baryons)
YT S5 Aetu, YT > Ne v
[u— detve] [d = ve e
my+ = 1.1894 GeV  my- = 1.1974 GeV  mp = 1.1157 GeV
[t = (uus) T~ =(dds) A= (uds)]
AL = my+ — mp =73.7 MeV A_ = mg- — mp =817 MeV
Decay into p forbidden

Strangeness-conserving processes, relevant currents: c_/O’,fu, uO}'d
(NVAEH) = (N ulz*) = Tn (A" + o + fasly ) v
(NALET) = (N *y5ulET) = Tn (17" + i 80" + g3y ) 1 us-

2M:m/\—|—m):+
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Hyperon decays (contd.)

Ay small = set g =0

In the isospin limit:
o fl(o)‘iso =0 (/z =1 7& //\ = 0) SO fl(O) = O(A+ — A_)
@ from current conservation

2 2
= 00 (A o+ (0ol ) s+ = T (A0 o+ (0 oo ) i+

. 2
= =0, if 7"15‘;);00(1)

o f; related to foer in the EM decay ¥° — Ay = some O(1) number
= vector current suppressed w.r.t. axial current as long as g1(0) # 0

@ same matrix elements for ¥ and ¥, adapt result from n 3-decay
= [ o A3 ratio determined by available phase space

M(Er > Aefve) (A4 5~06
NZ- —Ae i) -

A_
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Strangeness-changing leptonic decays of hadrons

Most leptonic decays of strange particles are strangeness-changing
Relevant interactions: (GO¢s) ((Opa14), (30%u) (7¢01ak)

Lightest hadrons with strangeness-changing weak decays: strange octet
mesons — kaons, strange octet baryons + decuplet 2 baryon

Notation for kaon decays
+

+ . + + + . + + -
Ko : K™ = u v, K KT —=p v, nhm
+ . + + 0 + . + + 0.0
K KT —=pu vy, K KT —=p vy, mm
o . 0 + - 0 . 0 + 0_-—
K. : K'—=u vy, m Kia K= p y,mm

K;2, K;3 etc. for K= = u= +...; Ke:g, Kezg etc. for et in final state
Ky K3t lepton type in the final state is summed over

No special notation for hyperon decays

N— pl~ T = nl by
=T S A == 5%
5yt g, Q" =075
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Strangeness-changing leptonic decays of hadrons (contd.)

General form of decay amplitude

Mg = —% sinO@cHa L

v
H* = (f|aOf's|i) or H* = (f|sOfuli)
LY = 6,0 vy, or L =1, Of'v

Selection rules:

@ uOfs and 50{u change strangeness by +1 and —1

~

@ they change electric charge and strangeness by the same amount

~

o /, = % Is = 0, currents belong to isodoublets

= Al =1

Processes violating selection rules not strictly forbidden (can take place

in higher orders of perturbation theory) but very strongly suppressed
Matteo Giordano (ELTE)
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