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Assuming the existence of a heavy Majorana neutral particle arising from a composite model
scenario we discuss the constraints imposed by present experimental limits of half-life neutrinoless
double B decay (0v38) measurements on the coupling of the heavy composite neutrinos to the
gauge bosons. For neutrino masses My = 1 TeV we obtain a rather weak lower bound on the

compositeness scale: A > 0.3 TeV.

PACS number(s): 12.60.Rc, 13.15.+g, 14.80.Mz, 23.40.—s

Heavy neutral Majorana particles with masses in the
TeV region are predicted in various theoretical models,
such as superstring-inspired E¢ grand unification [1] or
left-right symmetric models [2]. In addition the possi-
bility of a fourth generation with a heavy neutral lepton
that could be of Majorana type is not yet ruled out [3,4].

In this paper we discuss the possibility that a heavy
Majorana neutrino might arise from a composite model
of the ordinary fermions [5]. Composite models, which
describe quarks and leptons as bound states of still more
fundamental particles, generally called preons, have been
developed as alternatives to overcome some of the theo-
retical problems of the standard model [6].

Although no completely consistent dynamical compos-
ite theory has been found to date, various models have
been proposed, and one common (inevitable) prediction
of these models is the existence of excited states of the
known quarks and leptons, much in the same way as the
hydrogen atom has a series of higher energy levels above
the ground state. The masses of the excited particles
should not be much lower than the compositeness scale
A, which is expected to be at least of the order of 1
TeV according to experimental constraints. For exam-
ple the search for four-fermion contact interactions gives
A(eell) > 0.9-4.7 TeV depending on the chirality of the
coupling and on the lepton flavor [7,8]. We expect there-
fore the heavy fermion masses to be of the order of a few
hundred GeV. The Collider Detector at Fermilab (CDF)
Collaboration experiment has excluded excited quarks in
the mass range 90-540 GeV from v+ jet and W + jet
final states [9].
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Phenomenological implications of heavy fermions have
been discussed in the literature [10-12] using weak isospin
(Iw) and hypercharge (Y') conservation. Assuming that
such states are grouped in SU(2)x U(1) multiplets, since
light fermions have Iy = 0,1/2 and electroweak gauge
bosons have Iy = 0,1, to lowest order in perturbation
theory, only multiplets with Iy < 3/2 can be excited.
Also, since none of the gauge fields carry hypercharge, a
given excited multiplet can couple only to a light multi-
plet with the same Y.

In addition, conservation of the electromagnetic cur-
rent forces the transition coupling of heavy-to-light
fermions to be of magnetic-moment-type with respect to
any electroweak gauge bosons [10]. In fact, a v, tran-
sition coupling between e and e* mediated by the we
and B* gauge fields would result in an electromagnetic
current of the type j% = te-v*%. which would not be
conserved due to the different masses of excited and or-
dinary fermions (actually it is expected that me. > me).

We will only consider here the excited multiplet with
Iw =1/2,Y = -1,

- (3).

which can couple to the light left multiplet

(@0 o

through the gauge fields W*and B*, with the additional
assumption that N is a neutral Majorana fermion.

In terms of the physical gauge fields W‘j*: =
(1/v/2)(W}LF i W2) the relevant effective interaction can
be expressed as
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Log = ( gf ) {(_N—U‘“’l—:zﬁe) AW + (EauVLiz_'Yi u) oW, +H.c.} + neutral currents , (3)

V2A

where f is a dimensionless coupling constant, A is the
compositeness scale, and 7 are the Pauli SU(2) matrices,
and the rest of the notation is as usual in the standard
model. An extension to quarks and other multiplets with
a detailed discussion of the spectroscopy of the excited
particles can be found in Ref. [13].

Regarding the experimental mass limits on the heavy
Majorana neutrinos from pair production, Z — NN,
we have My > 34.6 GeV at 95% C.L., which has been
deduced from the Z line shape measurements [14], and
which is independent of the decay modes. More strin-
gent limits =~ 90 GeV come from single excited neutrino
production, Z — Nv, through the transition magnetic
coupling, but these do depend on assumptions regarding
the branching ratio of the decay channel chosen [8,14,15].

In practical calculations of production cross sections
and decay rates of excited states, it has been customary
[12,16,17] to assume that the dimensionless coupling f in
Eq. (3) is of order unity. However if we assume that the
excited neutrino is of Majorana type, we have to verify
that this choice is compatible with present experimental
limits on neutrinoless double 3 decay (0v303):

A(Z) > A(Z+2)+e +e (4)

a nuclear decay [20] that has attracted much attention
both from particle and nuclear physicists because of its
potential to expose lepton number violation. More gener-
ally, it is expected to give interesting insight into certain
gauge theory parameters such as leptonic charged mix-
ing matrix, neutrino masses, etc. The process in Eq. (4),
which can only proceed via the exchange of a massive Ma-
jorana neutrino, has been experimentally searched for in
a number of nuclear systems [18] and has also been ex-
tensively studied from the theoretical side [19-21].
We will consider here the decay

6Ge — %Se + 2, (5)
for which we have from the Heidelberg-Moscow B8 ex-
periment the recent limit [22] (T}, is the half-life = In2
x lifetime)

Ty/2 ("®Ge — ™Se +2e7) > 5.1 x 10** yr  90% C.L.
(6)

Sy = (coste)? (<L) (£) L [ jagdtyesee— 1 (1 - Prya(p)oum(d + )
#i = (cosfc) Wi zd ye 72 12)U(P1)0ux vs %2

A) 2] (2m)t

In the following we estimate the constraint imposed
by the above measurement on the coupling (f/A) of the
heavy composite neutrino, as given by Eq. (3). The fact
that neutrinoless double 3 decay measurements might
constrain composite models was also discussed in Ref. [5]
but within the framework of a particular model and re-
ferring to a heavy Majorana neutrino with the usual v,
coupling. Models in which 0v33 decay proceeds via the
exchange of a heavy sterile Majorana neutrino (mass in
the GeV scale or higher) have also been recently consid-
ered [23].

The transition amplitude of 0v38 decay is calculated
according to the interaction Lagrangian

Lint = {%z/_:e(m)oﬂ,,(l + v5) ¥ (2) W () (z)

9
22

+ cos OCJ[:(w)W“(_)(z) + H.c.} , (D

where ¢ is the Cabibbo angle (cosfc = 0.974 ) and J};
is the hadronic weak charged current,

Th@) = 3 Gu(k)8(x —rx) |
k
Julk) = N mu(fv — fars)r- (DN (), (8)

and where ry, is the coordinate of the kth nucleon, N' =

(:’Zﬁ ) , and 7_(k) = (1/2)[r1(k) —ir2(k)] is the step down

operator for the isotopic spin [7(k) is the matrix describ-
ing the isotopic spin of the kth nucleon]. We emphasize
that in Eq. (7) we have a 0,,, type of coupling as opposed
to the v, coupling so far encountered in all 0v33 decay
calculations.

For simplicity, we carry out our analysis assuming
that there are no additional contributions to Ov33 decay
from light Majorana neutrinos, right handed currents, or
other heavy Majorana neutrinos originating from another
source.

The transition amplitude is then

¥+ My

— M}:, (1 +'\/5)UVPU(p2)

X [F(Z +2,61)F(Z + 2,€2)) 12 gipr-zeipay £, ((k — p1)2) fa((k + p2)?) (k — p1)> (k + p2)”

(flIn (=) JK (Y)[5)
((k — p1)? — M ]((k + p2)® — M’

X

(9)
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where (1 — Pj2)/V/2 is the antisymmetrization operator due to the production of two identical fermions, the functions
F(Z,¢) are the well-known Fermi functions [24] that describe the distortion of the electron’s plane wave due to the
nuclear Coulomb field (e; are the electron’s kinetic energies in units of mec?),

e+1

F(Z,e) =x(Z,€) ————7
( ’6) X( 76) [6(6+2)]1/2 9 (10)

2raZ

x(Z,¢) = x®F(Z) = 1_:% (Rosen-Primakoff approximation) ,
and the nucleon form factor
fa(@®) = ———————}é—“?r—g , (11)
(1+lql?/m%)

with m4 = 0.9 GeV, is introduced to take into account the finite size of the nucleon, which is known to give important
effects for the heavy neutrino case.

As is standard in such calculations, we make the following approximations [19,20].

(i) The hadronic matrix element is evaluated within the closure approximation:

(FITE () T (y)|i) s el Br = BndwogillBn)=Bilvo (£| 7 (x) JE (y)ld) (12)

where (E,) is an average excitation energy of the intermediate states. This allows one to perform the integrations
over ko, o, Yo in Eq. (9).

(ii) Neglect the external momenta p;, p; in the propagators and use the long wavelength approximation e ™*P1* =
e *P2Y 1.

(iii) The average virtual neutrino momentum (|k|) =~ 1/Ro = 40 MeV is much larger than the typical low-lying
excitation energies, so that ko = Ey + E; — (E,) can be neglected relative to k.

(iv) The effect of W and N propagators can be neglected since Mw =~ 80 GeV is much greater than |k| in the
region where the integrand is large, and we are interested in heavy neutrino masses My > Mw .

Using the same notation as in Ref. [20] we arrive at

S;i = (G cos 90)21{_2%2,”5(]30 —E, — Ez)%(l — P12)a(p1)0uiou; (1 + vs)v(p2) [F(Z +2,61)F(Z + 2, 62)] 1/2
<My 3 L (F3* (k) D)) (13)
ki

where I;; is an integral over the virtual neutrino momentum (rx; = re — r1, T = [Tk — T , Tkt = MATKL),

Lo L [ Pk aen, (ki)
YU M) (2m)? 1+ [k2/m3)s
1 my 1 (ri)i(re);
Tar M | 14
ar M2 i { 0ijFa(zr) + w2, Fp(zw) ¢ (14)
with
F ((I)) = -l_e“‘” (:L'2 +12) F ((E) — ie-—z 3 (15)
4 48 » I 5 :

Since I;; is a symmetric tensor, we can make the replacement 0,,;0,; — (1/2){0ui, 0u;} = NuuMij — MivMip + 1 V5€piv;-
Then, using the nonrelativistic limit of the nuclear current,

) _Jfvre(k) ifp=0,
) = {2 o s "

(&% is the spin matrix of the kth nucleon), we arrive, with straightforward algebra, at

1-1 f3

Sﬁ = M_f,;27l’5(E0——E1 —Eg) 5 Mﬁ = (Gpcosoc)24§roA1/3 l(m) 5

(17)

where we have defined
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l = ﬁ(l — Plz)'l—l,(pl)(l + 75)”(?2) [F(Z + 2161)F(Z + 2’ 62)] vz ’
(m) = menn(f|2]7) ,
m. 2 f 2
— fd <
NN = MNmA (A) ’
m2 Ro[(f& . . L Ok " Tk 01 * Tkl
Q= T+(k)7'+(l)— 72 — Ok * 0] [FB(.’EM) —3FA(£L‘H)] — Ok -G'IFA(JJM) + ———2———FB(1¢)¢1) s
mpiMe Py Tkl f3 Thl
(18)

and Ry = r9A'/3 is the nuclear radius (ro = 1.1 fm).

The new result here is the nuclear operator 2 which is substantially different from those so far encountered in Ov33
decays, due to the o,, coupling of the heavy neutrino that we are considering. The decay width is obtained upon
integration over the density of final states of the two-electron system,

d3P1 d3p2

_ 12 _ — 19
dr’ Z lezI 27T5(E0 El E2) (271')3 2E1 (271')3 2E2 ’ ( )

final spins

and the total decay rate I can be cast in the form
_ 4 (fa)*m |nn|? 12

I' = (GFrcosbc) (2m)or2 4273 fou(€0, 2) |Qg:]* (20)
fOV - §0Vf(¥/P 3 (21)
RP = |xRP(Z + 2)[2%(53 + 10€3 + 40€? + 60¢o + 30) , (22)

where Qf; = (f|€]i), €o is the kinetic energy of the two electrons in units of m.c?, and o, is a numerical factor that
corrects for the Rosen-Primakoff approximation [20] used in deriving the analytical expression of f&F. For the decay
considered in Eq. (5), we have [20] &, = 1.7 and €p = 4. The half-life is finally written as

T KOV A2/3
Y27 fou Innl? 1952
(2m)®

(mero)?

(23)

Ko,, = (1112) (GF

cosOcm?2)* mef5

=1.24 x 10'® yr .

Combining Eq. (23) with the experimental limit given for the decay considered in Eq. (5), we obtain a constraint

on the quantity |f|/(A2My)'/2:

KOII A2/3

1/4 1

(2 )\
(A2Mpy)1/2 mpm? 5.1 x 1024 yr X fo,(Z, €0)

Given the heavy neutrino mass My and the composite-
ness scale A, we only need to evaluate the nuclear matrix
element Qy; to know the upper bound on the value of | f|
imposed by neutrinoless double 3 decay.

The evaluation of the nuclear matrix elements was in
the past regarded as the principal source of uncertainty
in OvB0 decay calculations, but the recent high-statistics
measurement [25] of the allowed 2v33 decay, a second-
order weak-interaction 8 decay, has shown that nuclear
physics can provide a very good description of these phe-
nomena, giving high reliability to the constraints imposed
by 0v83 decay on nonstandard model parameters.

Since we simply want to estimate the order of magni-
tude of the constraint in Eq. (24), we will evaluate the
nuclear matrix element only approximatively. First of

Q2 (24)

all the expression of the nuclear operator in Eq. (18) is
simplified by making the replacement [26]

ripd rird 1
klzkl = < k12k1> - 26 . (25)
Tkt Tkt 3

The operator 2 becomes then

2 2
Q~ m":; (maRo) §T+(k)T+(l) (% - gﬁk .&)
XFN(.’IJH) , (26)

where Fiy = (1/z)(Fg — 3F4) = (1/48)e~*(z2 — 3z — 3)
with Fp and F4 given in Eq. (15).
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TABLE 1. Most stringent lower bounds on A with |f| = 1 and upper bounds on |f| with A =1
TeV, for different values of the heavy neutrino mass My, as can be derived from the Ov33 half-life
lower limit in Eq. (6), within the approximation discussed in the text.

Mpy (TeV) 0.6 0.8
A (TeV) > £l =1] 0.38| 0.33
Ifl < [A =1TeV] 2.6 3.0

1.0 1.2 1.4 1.6 1.8 2.0
0.29 0.27 0.25 0.23 0.22 0.21
3.4 3.7 4.0 4.2 4.5 4.7

Since we are interested in deriving the lowest possible
upper bound on |f| given by Eq. (24), let us find the
maximum absolute value of the nuclear matrix element
of the operator 2 in Eq. (26):

2 2
91 < - (maRo) @) { 5% Me] + 10l |
(27)
where Mrp = (f|> 447+ (k)74 ()]i) and Mgr =

(fI Xk T+ (k)74 (1) Gk - 61]3) are, respectively, the matrix
elements of the Fermi and Gamow-Teller operators whose
numerical values for the nuclear system under consider-
ation are [19,20] Mr = 0 and Mgt = —2.56. Inspection
of the radial function Fy (for z > 0) shows that its max-
imum absolute value is attained at z = 0. In Eq. (27) we
have evaluated Fiy at * = 2.28 (r; = 0.5 fm). This value
of r; corresponds to the typical internuclear distance at
which short range nuclear correlations become important
[19], so that the region z < 2.28 does not give contribu-
tions to the matrix element of the nuclear operator. We
thus find

|€25:] < 0.6 x 10°, (28)
which together with Eq. (24) gives
/] < 3.4 TeV™%/2, (29)

A(MN)1/2

However, since we have used an upper bound for the
nuclear matrix element [Eq. (28)], the above should be
taken as the most stringent upper bound one could possi-
bly get for the quantity |f|/(A2Mn)'/? given the half-life
measurement quoted in Eq. (6). An exact evaluation of
the nuclear matrix element will give less stringent con-
straints than those that can be derived from Eq. (29).

With this in mind we can use Eq. (29) to give an order
of magnitude estimate of the lower bound on A as a func-
tion of My (assuming |f| = 1). Alternatively, choosing

a value for A, Eq. (29) gives an “upper bound” on |f| as
a function of My. We can see that the “lower bound”
on the compositeness scale coming from Ov(B3 decays is
rather weak: A > 0.3 TeV at My = 1 TeV. In Table I we
summarize our bounds for sample values of the excited
Majorana neutrino mass.

In particular, we see that the choice |f| = 1 is com-
patible with bounds imposed by experimental limits on
neutrinoless double 3 decay rates. We remark that, as
opposed to the case of bounds coming from the direct
search of excited particles, our constraints on A and |f|
do not depend on any assumptions regarding the branch-
ing ratios for the decays of the heavy particle.

To obtain more stringent bounds, we need to improve
on the measurements of Ov(B3 half-life. However, our
bounds [cf. Eq. (24)] on (|f| or A) depend on the experi-

mental Ty, lower limit only weakly (o Tli/;/ 4) so that to
obtain an order of magnitude more stringent bound we
need to push higher, by a factor of 10%, the lower bound
on T1 /2-

We should bear in mind, however, that the simple ob-
servation of a few Ov(33 decay events, while unmistakably
proving lepton number violation and the existence of Ma-
jorana neutrals, will not be enough to uncover the origi-
nating mechanism (including the one discussed here). In
order to disentangle the various models, single electron
spectra will be needed, which would require high statis-
tics experiments and additional theoretical work.
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