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The probability distribution of electronic excitations of HeTollowing the 8 decay of the T
molecule has been calculated for the first time in the beyond sudden impulse approximation, removing
the uncertainty related to the reliability of this approximation in connection with the neutrino mass
experiments. Final state interactions are introduced to infinite order with respect to the decaying
nucleus, and to first order with respect to all other particles, within the relativistic framework. The
presented distribution features, in addition, corrections due to the nuclear motion, resonant structure and
long tail (up to 800 eV) in the ionization continuum of HeT  [S0031-9007(96)01723-1]

PACS numbers: 31.15.—p, 14.60.Pq, 23.40.Bw

Six decades have elapsed since the time when W. Paully; = (®¢|W;|®;) + (DU (E — Hy) "W ;) + ---
suggested the existence of a hypothetical particle, the 70 7O @)
neutrino. Although the hypothesis has materialized, the fi It
particle itself has not—in the sense that its mass is stilwhere we have left out the second order term in weak
not determined. The experimental studies ®fdecay interaction W; (because of the smallness of the weak
from molecular tritum have narrowed the upper boundcoupling constang) and higher order Born terms®; is
for the mass of the electronic neutrino, which has beeithe channel eigenfunction describing the free motion of the
recently set to 4.3 eV [1]. However, the shadow of doubtnitial molecule () and the neutrinog; is the channel
has been cast on the interpretation of recent experimentsigenfunction in the final channel describing the molecular
whichunisonoreveal an unphysical trend towards negativesystem HeT and the ejected electron, aig describes

values of the square of the neutrino masg: < 0 [1- the final channel (Coulombic) interaction given by
3]. The interpretation is very sensitive to the chemical Zue  Zpe? o2 o2
effects disturbing the pure nuclegrdecay spectrum, and Up=—-——"F""———+ —+ —, (3)

of major importance is the precise determination of the TBA "6B Tp1 Tp2

probability density for excitation of HeT [4]. So far, With Zg = Z, = 1. In the spirit of the two-potential
this probability density has been available in the so-calledormalism [6] we have excluded fror/, (part of) the
sudden impulse approximation (SIA), which neglects thécoulombic interaction between tigeelectron and the de-
interaction of thed electron with the remaining molecule, ¢aying nucleus labeled. This particular choice of the
except for the decaying nucleus. In this Letter, we preserifteraction operator facilitates handling of the divergencies
the first calculation which goes beyond SIA for the case oftPPearing in théruncatedperturbation expansion of the
molecular tritium. Our treatment includes the bound state§ansition amplitude (2) [7]. _
but emphasizes the excitations to the molecular continuum, The transition probability considered here|&y;|* =
as there are indications that this part of the spectrum ik’fﬁ) + T}li)lz = |T§2)|2 + 2R6(T§2)T}1,<) ) as the term
of par[ti5c]:ular importance regarding the “negative mass’|7")|? is partly canceled [8] by the interference terms
issue [5]. L ; @70

The process under consideration is fhelecay of one involving the second order ampI,ItUdﬁ)Rf(_Tf" Tf" ) A_
of the nuclei of molecular tritium (here assumed to be inTore complete treatment including ;'|” is presented in
the ground state) according to Ref. [9]. The Q|fferen't|al decay rate to the r_nolecular state

f can be obtained using the standard relation

T, = HeT" + ¢ + 7, (1 wii = Qa/I) | Ty(ps. p)PS(Er — ED),  (4)

where the resulting daughter ion HeTcan be left in hich that th bability of the d into th
any of its rovibrational and electronic states, includingW Ich means that the probability of the decay Info the
molecular channel with an electron energy wittlp +

the continua. Invoking charge-parity-time symmetries E ided th trino h A ithin +
we concentrate on the transition matrix element for the?£s (provided the neutrino has a momentum wi pin .
collision problem with only two bodies in each channel: 4P and all quantum numbers defining the molecular final

T, + v — HeT" + ¢. Using the Born expansion, the Staté/f are specified) is
transition matrix element is dwys = wpdEgdpyc *pgEgdQp, (5)
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whereE = pjc? + m2c* is the total relativistic energy numbers and other characteristics of the final state. In our
of the B electron. The indiceg andi stand for the triple case this entails the summation over quantum numbers
guantum numberg = {n,J,v} andi = {0,0,0} charac- J, andwv, integration over the momentum of the neutrino
terizing the electronic, rotational, and vibrational quantump,,, integration over thelirections()z of the g electron,
numbers of the final and initial states, respectively. (Simi-and summation over the spingr) of these particles.
larly, j' = {n',J’,v'} will in the following characterize Generalizing the developments of Ref. [8] to the molecular
the mtermedlate states.) case allows us to write the energy-differential decay rate
To obtain the rate relevant for the experiment, the aboveas [9]
expression has to be summed over the unobserved quar|1tum

dw(Epg) 1
L~ 23 T PIT T EpgEslle — Eip' ) = mict) e — BTG ~ By )
B
X O(e — Epy )* - 4]2[|rf,|2 + 2RETHTH 1= > Nu(o)l (6)
where
*1,iKereal,, T
sz (K) = (P HeT e ETea ynio) (7)
a dQ dq 4me? ©
ey - 3 [ o T oo M@K + ), (®)
J' {n/‘]/ /} q q
with
| Ep+ Ep  pp-ad
an’(pﬂs q) =~ “HerT / . < ! - / > (9)
E..' +Eg—Ep+ie\ 2Eg 2EpEp
and
+ 2 : B +
Mfi((]) _ <¢,E%T |Z o iaTe _ Z er—zq rcx|¢§eT,>. (10)
k=1 K=A

In the above equaﬂons%oo ©0&d, :/r,fﬁ?f buxos | equal to the product of the leptonic wave functions
are the initial (%) and final (HeT) molecular states within evaluated at the origin of the weak interaction, i.e., at
the Born-Oppenheimer approximation, being products of g = r4, = 0.

the electronic wave functiongy, ¢,, and the correspond-  To simplify presentation, we can outfactor from Eq. (6)
ing rovibrational wave functiongl, ;. q = Pg — pg the probability7,, for target excitation to the electronic state
is the momentum transfer between the intermediate and, and structure it as

final states of the3 electron. K = —(pg + p,) is the

nuclear recoil,rc4 is the vector connecting the decay- I, = ZHT |2 + 2Re(Tf, sz )]
ing nuclei with the molecular mass center, ahg is the i
charge of nucleusK. Finally, K + q = —(ps + p,) is = 19(E,) + 1'V(E,.Ep). (11)

the (virtual) nuclear momentum recoil corresponding to the

creation of theB electron in the intermediate state with Performing the summation over the rovibrational states
momenturrp’ﬂ and energ;E};. belonging to the electronic final staige and using the

INEQ. (6),Epw = [4[Ea(R) — En(R)]1£5(R)2dR is closure relation, the zeroth order contribution becomes

an average energy difference between statasdn’, while “ 0
€ = Emax — EBaWIth Emax = Tmax + mec2 andT . be- I(O)(En) = Z |T (K)|2 f |t£z())(R)|2|‘fO|2 dr, (12)
ing the maximum kinetic energy of thg electron for Jv
= (0. The factor(zﬂ)s arises from the normalization which can be further approxmated by the purely electronic

of the plane waves, whereas the fac?%é stems from overlap matrix elementno (Retr) = {Dn(Retr) | @o(Rest))

the Bethe integration over thg-electron coordlnaterﬁ evaluated at the effectivR.;; = fo R|&o|*dR [10]. We

in Us-dependent matrix elements, resulting in ehedre have chosen to evaluate the electronic matrix elements at

andZ x e '9Te terms of Eq. (10). The free wave channelthe effective distance.s optimized as to get the best

functions were approximated by plane waves while permatch to the rovibrationally broadened bound state exci-

forming the Bethe integration. tation probabilities of Ref. [11]. In this approximation,
The leptonic matrix element!*P with respect to the the total zeroth order transition probability still adds to

weak interactiorW; reduces to the so-called Fermi factor, 100%, while being independent of the recoil momentum.
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We have shown [9] that after summation ovemw; J/, v’ also the first order correction reduces to lendependent
electronic matrix element

dQ) dq 4me? "
10, ) = 2Re [ 2 [ S ETEN F a0y (6] 00
q n

B
X ‘(qsnl Z eiiq.rml¢n’> - 5nn’<§8()| Z er*iQ'rAxlérg()) <¢n’ | §00>- (13)
k=1 K=A

We are therefore able to concentrate on the effects| dkrference termZ[RdTgr(?)»T%))] is considered, because the
final state interactions, contained in electronic transitionsfollowing (47) integration over the unresolved direction
The effects of the recoil and the rovibrational broadening()z of the 8 electron implies that all other contributions
can then be studied separately by methods presented disappear independently of the exact nature (or symmetry)
Ref. [11]. of the involved wave functions. Thus, for experiments not

While integrating over the virtual momentum transjer  resolving the direction of thg electron, and when only
only Iargest terms with respect to the Sommerfeld paramethe interference term is considered, the relevant excitations
ternp = —p— are retained (down t@y?), and we keep of HeT" are restricted to states &f symmetry [9].
onlythelL = Ocomponent of the partial wave expansion of ~ After integration overq and (g, and after taking

e'9T, The latter restriction is correct as long as only the in-the nonrelativistic limit, the first order correction (13)
becomes [9]

1) x o[ o 1 rmEmT .
105, £5) = 2ReY. (@l ooy (bul o0 (@l 3| —n( 52— + — it |16
n k=1

2rAk 2

4 4 pp

1
+ 5nn/<§80|ZB|:Tl2 E} + ZA|:_ n + o E_} |§8o>}» (14)

where we have omitted imaginary components of tlhestarting at the excited states of HET. To handle this
nuclear contribution, since they do not contributet}f is  situation, we use the complex coordinate based method
a real function. Let us concentrate first on the nuclea(CCM) applied by us previously to the sudden impulse
contribution. It survives only whem’ = n and turns contribution (12) in Ref. [12]. To calculate the first order
out to contain the contribution from the decaying nucleuscorrection [Eq. (14)], we follow the development outlined
(of order ) and the (previously unavailable for,)T in Ref. [13]. For excitations above the ionization thresh-
contribution from the spectator nucleus (of orag), both  old of HeT" the discrete index of, is changed t&. The

proportional to the sudden amplitude electronic contribution can be structured as
8 1 pg 1
10 Eg) = (24> [n 3 5} Ii (E.Eg) = 2Re§f (0| $a)(SalDIbw) (b | 0)
1 _ 0
+ 0 Zu(Ehl= 1) K o0l {10 + )
1 w0 Iho + C.C.
(15) == Imi 0 a0 7 e (16)
T E—E, + i€’

The first term [whereZ, = 1 because of the splitting of
U, adopted in Eq. (3)] recovers the loss of zeroth ordehere D(E,., Eg) stands for the operator whose defini-
probablllty caused by evaluation of the Fermi factor fortion is apparent from Eq. (14) arr&” is given bytfllg =
Z, = linstead ofZ, = 2. 2{@0 | n){DulDIdn) {Du | Qo). The imaginary com-
In the electronic contribution, the sum over intermedi-ponent of Eq. (16) is evaluated by means of the CCM,
ate states runs over the multiply degenerated continuum @pplied here for the first time to interference terms of a
ionized states of He™, with different continuum branche§ scattering amplitude

V) (bw | 00) + (0 | ) (b |D*(67) 1) (bl
E-E! '

(1)

|
Z<€Do b ><¢

| (E,Eg) = a7

n,n’
where E¢ are the complex eigenvalues of the dilated molecular Hamiltonian for'HeThe calculation has been
performed in prolate spheroidal coordinates, in the clamped nuclei approximation at the nuclear seRgratiscussed
above, generalizing the numerical apparatus presented in Ref. [12] and doubling the basis sets. The calculation of the

matrix elements with respect to the operafbfcontainingr, ,3 and Ir(r) terms] has been reduced to two-dimensional
integrations which are performed numerically.
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T T = T T ] TABLE I. The three momentS$(n) (n = 0,1,2) in [eV]™" of
”l,’:, % ~ the first order corrected probability distribution compared to the
X 2! ] corresponding values obtained within the sudden approximation
5. (given in brackets).

> o9 1
.ol % ] Bound states  44.8 to 164.2 eV  164.2 to 800 eV
'E - §“'> S(0) 0.8565 (0.8565) 0.1382 (0.1382) 0.0027 (0.0027)
>t 2w . . S(1) 8.5083 (8.5098) 9.5388 (9.5405) 0.7070 (0.7068)
3 27 = 2 25 ] S(2) 262.83 (262.88) 696.72 (696.89) 225.11 (224.91)
'§ [ Log | Energy / eV |

“t L/U The final spectrum is presented in Fig. 1, and is also

. , L available in tabular form. To give the feel for the negli-

60 80 100 120 140 160 180 gible size of the first order correction, in Table | we com-
Energy / eV pare the first three moments of the sudden amplitude with
FIG. 1. The final distribution of the probability density in their first order corrected (and renormalized) counterparts.
eV~! [renormalized tol°(E)] as a function of the excitaton ~ The particular advantage of the present approach is
energyE of HeT*, starting from the ionization threshold (i.e., above the ionization threshold of HéTand thus our
at about 45 eV below the end point). In the insert, the firstnew distribution is especially recommendable, if the mass
order correction’(} (E) (lower curve) is compared to the zeroth exiracting fitting procedure extends far away from the end
order probability density®(E) (upper curve), the logarithmic point of the 8 spectrum. To assess the accuracy of our
scale of energy covers 45 to 800 eV. . .
method, we have performed a calculation for the atomic
case [9] reproducing the analytically available (sudden
impulse) result with a relative accuracy better than 0.002%
in the range up to 800 eV.
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