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Bound-State ~—Decay of Free Neutron

The Bound-State S~ —Decay of Free Neutron

@ Symmetries of Weak Interactions accessible by precise
measurement of correlation of Neutron spin with spin and
momentum of Decay Products

@ Elegant method to measure precisely relative spin
alignments of the daughter products:

@ Bound-State s~—Decay: n — H + v}

@ Angular Distributions of Probabilities of Bound-State Decay
for Experimental Analysis of Contributions of Scalar and
Tensor Weak Interactions

@ References:

@ W. Schott et al., Eur. Phys. J. A 30, 603 (2006)
o T. Faestermann et al., A talk at EXA08 Conference, 15-18
September, SMI Vienna (2008)
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Standard V — A Theory of Weak Interactions

Hamiltonian of V — A Weak Interactions

G - -
Hw (X) = TZV“" [0 ()7 (1=07 ) ()] [the (X)7" (1=7°)thve (X)]
Parameters of Weak Interactions
g2
@ Fermi Constant: G = n\:VZ = 1.1664 x 10~ 11 Mev—2
w

@ CKM Matrix Element: V4 = 0.97419(22)
@ Axial Coupling Constant: ga = 1.2750(9)
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Standard V — A Theory of Weak Interactions

From Continuum -...

Ip(Kp )€™ (Ke)) = al(Ke, oe)ab(Kp, o) |0)

...to Bound-State g~-Decay...
/7 d3k d3k L - o
H")(d) (2m )3 2En(g / - P 5®)(q — ke — kp)
V/2Ee(Ke) 1/ 2Ep(Kp)

mpke_mekp —t— — —t— —
Qb(ns)( Mp + Me )ae(kevﬁe)ap(kpv”p)|o>

with Schrédinger-Hydrogen Wave function P(ns) I
momentum representation, since Hyperfine Splitting and
States ¢ > 1 are negligible
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Standard V — A Theory of Weak Interactions

Amplitude of the Bound-State Neutron Decay
in the Non-Relativistic Approximation for Neutron and
Hydrogen

M(n — HM™) 4 5) =

d3k Me
v e L G
GrVug v/2Mn 261 267, | 553 ¢ns S q)

X {[sopcﬂn] [obxs] — 9alehd on] - [0he xge]}

Since for the Wave function...

/(czi::.l;?, ¢ns< L ) ¢ns(0) Oésme

mp+me n3mw
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Standard V — A Theory of Weak Interactions

...the Amplitude becomes

a3mg

n3

M(n — HS) 4 e) = GEVyd\/2mn 2E4 2E5,
T

x {[sog)son] Jebxs.] — Oalehd enl - [old X;e]}
The probability P s for the population of the  (ns) state

1 : — 1
Ps) = gy Wit ((3) = nzﬂ 3 =1202

P(s) = 83.19%
P(2s) = 10.40%
Poss) = 6.41%
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Standard V — A Theory of Weak Interactions

Bound-State (~—Decay Rate of Free Neutron

1 1 5
Asr :z—mn/iz > IM(n — HE®) 4 ) 2

n=10n,0p,0e
d3q d3kf}e

458 (k. 1 g
X (2m) 0 (ke +0 = P) Gya2E, [2r)P2Es

becomes
2
a3m3 Qﬁ_
Aoy =(1+398) ((3) G [Vua =5 /(mp + me)? + Q7 -

with Q-value

m2 — (Mp + Me)?

=0.782MeV
2mp

Qs =
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Standard V — A Theory of Weak Interactions

Ratio of the Continuum and Bound-State =~ 3~ —Decay Rates

Roje = Ay /)\(?

a®m3Q2_ /(mp +me)? + Q7
Mn f(V)(QﬂC_,Z = 1)
=392 x 10

= 21((3)

with the Fermi Integral  f()(Q,,Z = 1) containing radiative
corrections
(— Talk by Andrei Ivanov: Continuum-State  §~—Decay of
Free Neutron)

s, _ As . TAly

g A 8 880 s
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V — A, Scalar and Tensor Weak Interactions

Hamiltonian of V — A Weak Interactions including  Scalar
and Tensor Contributions

() = 25V {[70(06)7(1 = 9G] [007#(1 = 95}, ()]

+ 05 [Fp (U0 e (X)(1 ~ 7). (0)]
+ 501 [3p(X)o5n(0] [7e ()™ (1 = 1)t (X)]
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V — A, Scalar and Tensor Weak Interactions

Amplitude of the Bound-State Neutron Decay
in the Non-Relativistic Approximation for Neutron and
Hydrogen

MG (n — HMS) 1 5) =

d3k , /- Me -
GeVugv/2mn 2Ex 2E%/W¢nS (k 7eq)

My +Mme
s) [epenl] - [vexs ] — (9a +91) [PpT wn] - [Ped X,
x (L +0s) [ehen] - [obxs,] = (9a + 91) [9h7 ¢l - [0L6 X, ]
Since for the Wavefunction...the Amplitude becomes

admg

3

M(ST)(n — H(ns) + ﬁe) = GFVud Zmn 2EH 2Ei}e n
s

x {(1 +9s) lppen] - [pbxe,] = (Ga +07) [9h7 el - [pbo Xﬁe]}
The population probability P s is clearly not affected
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V — A, Scalar and Tensor Weak Interactions

Bound-State (~—Decay Rate of Free Neutron

ACD = ((1+05)7 +3(ga +07)?) C(3) G Vual?

2
3m3

Q-
o~ Mg m m.)2 Qz Be
% w2 \/( P e) Be mMp

Neglecting Quadratic Termsin  gs and gt

(ST) _

)\ﬂb‘ =(1+ b)/\ﬁg

with the Fierz Term defined for the Continuum s~ —Decay

(— Talk by Andrei Ivanov: Continuum-State g~ —Decay of
the Free Neutron)

b =295 73901 _ 003223
1+ 39g;
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V — A, Scalar and Tensor Weak Interactions

Ratio of the Continuum and Bound-State =~ ~—Decay Rates

RET) = AT ST (1+0)Aq
~ (1+ (1- Ap)b>Rb/C

—3.92x10°°

with Ap = fﬁ)(Qﬁc_,z = 1)/f(7)(Qﬂc_,Z =1)=0.6612
(— Talk by Andrei Ivanov: Continuum-State 3~ —Decay of
the Free Neutron)
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V — A, Scalar and Tensor Weak Interactions

Ratio of the Continuum and Bound-State ~ ~—Decay Rates

Rp/c = 4.20 x 107°

obtained in

@ J. N. Bahcall, Phys. Rev. 124, 495 (1961)

@ P. K. Kabir, Phys. Lett. B 24, 601 (1967)

@ L. L. Nemenoy, Sov. J. Nucl. Phys. 31, 115 (1980)
@ X. Song, J. Phys. G: Nucl. Phys. 13, 1023 (1987)

deviates from our ratio Ry, = 3.92 x 107 by 7%

M. Pitschmann Bound-State 3~ —Decay of Free Neutron



V — A, Scalar and Tensor Weak Interactions

Helicity Amplitudes and Angular Distributions

Antineutrino Spin Wave function for polar angle ¥ between
Neutron quantisation axis and Antineutrino momentum

—e~¥sin
Xie = 9
cos 3

where ¢ is the azimuthal angle
(Helicity of Antineutrino is +1, i.e. spin direction is para llel
to momentum)

Evaluation of

fon,ap,ae,age = (1 + 95) [@E‘Pn] : [‘P(TeXge] - (gA + gT) [C,OE)&SOn] : [SO(Te& Xge]

for all possible spin states is reproduced in Table:
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V — A, Scalar and Tensor Weak Interactions

On Op Oe O fUn,Upvﬂe,Uﬁe
+3 | 43| -3 | +3 (1+9s+9a+9r) cos}
+3 | +3 | +3 | +3 | -(A+9s—ga—gr)e¥sing
1 1 1 1
t3 | 3| 3|3 0
+3 ] -3 | +3 | +3 —2(ga+9r) cOs %
1 +3 | -3 +3 2(ga+9gr)e¥sing
1 1 1 1
-3 -3 | -3 | +3 (1+9s —Qga—9r) cOS Y
3| -3 | +3 | +3 | -(14+09s+0a+gr)e¥sin}
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V — A, Scalar and Tensor Weak Interactions

The helicity amplitudes

M(n - HFMF + lje)Un,Uu >
read in terms of f,, o, 5.0, fOr Nneutron spin up
1+ 39ga +09s + 397 Y

M(n—>Hoo+I79)+%’+%O< CoSs =

/2 2
_ i 0
M(n—>H11+Ve)+%7+%oc(l—gA+gs—gT)e d smz

1- — v
M(n—>H10+17e)+%’+%OC 9o+ 9s 0T o5

NG 2

M(n — Hl_l—l—ﬂe)_i_%’_'_% x 0
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V — A, Scalar and Tensor Weak Interactions

...and

M(n - HFM;: + Zje)a'n,au

interms of 5 ;.05 fOr neutron spin down

- 1+3gA+gs+3gT —igo . 19
M(n — Hoo +7%)_1 41 o 7 e ¥sin g
M(n — Hig +ﬁe)_%7+% x 0
_ 1-9a+9s—01 iy ¥
M(n — Hio + Ve)_%7+% o — NG e”¥sin3
_ Y
M(n — Hi1+7e) 1 1 0c(1-ga+gs—gr)cosy
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V — A, Scalar and Tensor Weak Interactions

Angular Distributions of the Probabilities Réi):

+
Rf(: ) |fi7¢7p7‘7£7+‘2
4 99 = 5
Z |fUn,Up7C7/Z7+|
On,0p,0¢

1 [l

2(1+3g32)(1+b)

Results ( — next frame) agree in the limit gs = gt = 0 with

@ X. Song, J. Phys G: Nucl. Phys. 13 1023 (1987)
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V — A, Scalar and Tensor Weak Interactions

Results for F = 0:

(+) 2
Reo 1 (1+3ga) < gs+3gT>
4 F=0 _ = 1429575913 4 9
TTdQ T 8(L+3g0)L+b) \\ 2 113gs )T EY)
(-) 2
Reo 1 (1+3ga) < gs+3gT>
A4 F=0 _ = 1429557597 (1 cosy
TTdQ T8(1+3g0)(11b) " “1+30a (1 —cosd)

Results for F = 1:

(+) 2
R —
F=1 _ (1-9a) <1+2gS gT) (3 —cos )

1
4 =
"TdQ T 8(1+3g2)(1+b) 1-0a

47

(-) 2
ReZp 1 (1-9a) ( gS_gT>

— 1+2 3+ cosd
dQ 8(1+39§)(1+b) 1-0a ( )
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V — A, Scalar and Tensor Weak Interactions

@ Foron=+39=m
@ and oy =—3,9=0
only Hydrogen in Hyperfine state with F = 1 can be
detected

(no "backward" scattering of F = 0O states due to angular
momentum conservation)

Approximate Numerical Values:

)
_ =0 _ gs + 39t _
Re—o = — 0.9872 (1 vt ) o sz —0.99
é_" Js —Or
Rr_1 = § /d =1 —0.0096(1 +2 o ) (—-omy = 001

g7 =+0.0090
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Summary: arXiv: 0906.0959 [hep-ph]

@ We have calculated the bound-state 5~ —decay rate of the

neutron relative to the continuum-state 5~ —decay rate of
the neutron and the angular distributions of the
probabilities of the bound-state 5~—decay of the polarised
neutron as functions of axial, scalar and tensor coupling
constants.

We have shown that the ratio of the bound-state S~—decay
rate to the continuum-state S~ —decay rate does not
depend practically on the values of the axial, scalar and
tensor coupling constants and equal to Ry, = 3.92 x 106,

We have shown that the angular distributions of the
probabilities of the bound-state 5~ —decay of the polarised
neutron can be very useful for the measurements of the
decays of the neutron into hydrogen in the hyperfine states
with F = 1.
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The results, expounded in this talk, are obtained in

Collaboration with
® Manfried Faber, Atomic Institute of the Austrian
Universities, TU Wien, Vienna, Austria
@ Andrei Ivanov, Atomic Institute of the Austrian Universities,
TU Wien, Vienna, Austria

@ Violetta Ivanova, State Polytechnic University of St.
Petersburg, St. Petersburg, Russia

@ Johann Marton, Stefan Meyer Institute of Austrian
Academy of Sciences, Vienna, Austria

@ Anatoly Serebrov, Petersburg Nuclear Physics Institute of
Russian Academy of Sciences, St. Petersburg, Russia

@ Natalia Troitskaya, State Polytechnic University of St.
Petersburg, St. Petersburg, Russia,

® Maximilian Wellenzohn, Atomic Institute of the Austrian
Universities, TU Wien, Vienna, Austria
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Thank You For Attention
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