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Much of the motivation for the present Summer Study comé&srm by coupling this new field to the left-handed electron neu-
from the wish to push precision studies of the Standard Modgho:
to the limits of experimental finesse and interpretative acumen; —Lpirac = mprr Ng +h.c. (2)
and, having thus cleared the roster for the first steps beyond its . T . .
] : \ . which obviously implies the existence of a 4-component Dirac
obvious shortcomings, to find traces déw Phenomenan all

the expected spots. The agenda of this very fruitful study periE%mCle' This term in the Lagrangean conserves lepton num-
. I . . er and flavor. Next, however, take the left-handed electron—
is replete with ingenious ways to explore the weak-coupling as

well as the strong-coupling mechanisms of electroweak Syneutrlno field and couple it to its charge-conjugage and also

metry breaking (EWSB). In this context, it is always amazing';nd a mass term:

to some of us with what levity our community accepts the most
glaring break in an orderly lepton/quark symmetry on the SU

level, declaring the three observed neutrino species to be Magsis term “creates” or “annihilates ” two neutrinos; it defines
|eSS, their right-handed incarnations to be non-existent. a Z-Component Majorana partide’ and violates |epton number

Inthe process, itis equally astounding that we tend to defingiad flavor by two units.
global symmetry, lepton number, on a logical par with the jeal-| et us revert now to the Standard Model: in the three known
ously guarded baryon number, which is not even defined in t§énerations, neutrino masses are small, and within experimental
case of massless neutral leptons: lepton number conservagigdr compatible with zero. The SM therefore accepts= 0,
is therefore a somewhat meaningless concept where neutrii@gs decreeing there cannot be a helicity flip. This implies that
are involved; even the much more strongly supported conceftknown evidence for lepton number conservation (notably the
of leptonflavor, often loosely confused with leptarumberis  fact that reactor-eitied antineutrinos from neutroreday gen-
easily violated by the concept of Majorana neutrinos. erate only positron tracks in downbeam detectors, interpreted

It is quite obvious that our considerations of where we agg the conservation of = —1, shared by antineutrinos and
likely to find experimental signals foBeyond-the Standard- positrons) loses its meaning: helicity conservation alone im-
Modelphenomena such as massive neutrinos, and for their gpes the same selection rule. How then are we going to find out
propriate group-theoretical assignment, should be seen as @hether the neutrino has in fact Dirac or Majorana character?
of the most important tasks of the new generation(s) of expelir other words: how do we define the proper field-theoretical
mentation that our future facilities will have to face up to. description of neutrino mass terms?

In the following, | will argue that the Linear Electron Col- For massive neutrinos, Majorana masses present the more
liders that are being discussed here will have a chance of mgkneral concept: we showed above that it takes a special sym-
ing decisive contributions to the neutrino mass and lepton numetry to establish Dirac mass terfgs long as the light neu-
ber puzzles, if we run them in the electron—electron modegnos are not truly massless, an overall picture of compatibility
more specifically, we see this set of experimentation as uniquehthe elementary fermion masses with higher symmetry multi-
promising, much more so than the classical methods of ferrgfet concepts is usually (and only loosely) illustrated in terms of
ing out neutrino properties from the well-hidden nuclear physigs'see-saw” mechanism, which invokes the existence of a heavy

foxholes that may permit the massiveness and Majorana chaiggutrino masgm ) beyond our present experimental sensitiv-
ter of light neutrinos to be observed via the phenomenon knoywfor a relation

as neutrinoless double betaady, hithertaunobserved. mymy & m; . 4)

1 _
_LMajorana = gmMVLVICQ =+ h.c. (3)

Eq. (4) relates the light and heavy neutrino masses to a typical

l. MAJORANA NEUTRINOS — HOW charged-fermion mass in the same multiplet. In the first gen-
MASSIVE? eration, call the latter mass 1 MeV, and, with, = 1 eV, find

&n'I_'eV for the heavy neutrino mass. A proper treatment, which

Let us recall that mass terms in the Lagrangean always Cextends the argument to zero values for the light neutrino mass
nect right-handed and left-handed fields. Take the only knowh 9 9 '

neutral leptons of the 1st generation (or family) includes a full neutrino mass matrix [1].
P 9 y The question that poses itself today is this: are there clear-cut

(1 experimental signals that tell us about the existence of heavy

VeLaVSR:CVeL~ B N . . .
Majorana neutrinos? The classic channel in which to study

. . o
The_n mtroduce a r_“eW ﬂeld\]ﬁ # VR with its Charge- (and 1A Dirac neutrino can be thought of as a pair of degenerate two-component
parity-) conjugate fieldVi = C'Ngr. We now can write a mass Majorana neutrinos.
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the overall Majorana character has been what is commonly redll. TeV-MASS MAJORANA NEUTRINOS IN

ferred to as “neutrinoless double betacdy” of certain nuclei ELECTRON—-ELECTRON SCATTERING

of charge numbef# and mass numbet, ) )
The experimental breakthrough for the observation of effects

(A, 2) = (A, Z+2)+ 2 . (5) that can only be due to the exchange of very heavy Majorana

It can occur when the appropriate energy levels for neighboriﬂ?UtrinOS may well come with the realization of the next gener-
nuclei of charge numberg, Z + 1 energetically forbid single 210N of electron colliders: the simple fact that LEP2 is most
beta decay. It is obviously a very rare process;’%, and has certainly the highest-energy cirular electron collider that re-
been studied in promising isotopes for a numberl'm(')f years whigins economically feasible, and that therefore future colliders
a great deal of experimental ingenuity [1]. The telling signéﬂt higher CM energy must be linear configurations where two

that sets it apart from double betaahy accompanied by ney-ndependent accelerators point at the interaction region. This
trino emission, is a line spectrum for the total energy of the tfB2Kes it trivial to run these machines in eitheran ™~ orinan
emerging electrons. While several instances of the latter procés§~ Mode. Technically, there is no serious problem in using
have been observed in recent years, there is no evidence to Hitea@me layout for interaction region and detector, either, once
for process (5). It has long been realized that the same leptgfiowances are made for differences in beam-beam interactions
number-violating effect could also be observable in electro@nd Peam disposal after the interaction [5]. Also, luminosity
electron scattering, where like-sigH pairs would saturate thelOsses due to the electrostatl_c repulsion of I|ke_z-5|gn peam_s can
final state [2]. This effect is a natural for high-energy electrdifOPably be made up for by different bunch-train configurations
colliders, where the exchanged Majorana neutrinos could §igne incoming beams [6]. The very obvious advantage of oper-
heavy. But detailed calculations, mostly employing left-righfling in thee™e™ configuration is the possibility, unneeded for
symmetric models, did not lead to promising numbers until vig"umboer of asymmetry measurements but of vital importance
introduced a scenario where two highly polarizecbeams ex- for the suppression of backgrounds in others, that both beams

change one of at least two very massive (on the order of 1 TéXA be hig_hly pola_lrized. Th_is is necessary for the determination
neutrinosV;, to yield two longitudinally polarized ~ bosons of the desired chiral couplings of a number of rare processes.
in the final state [3]: SLC routinely runs at 80% polarization now with no limitation

in luminosity; what is more, polarization can be changed in-
erer = Wiong Wiong. - (6) stantaneously. Although the quantitative understanding of the

P. Minkowski [4] has shown that the occurrence of such ma%t_rgss_ed GaAs-surfa_ce guns ‘hf?“ dell\{er these electrons uponir-
iation by appropriately polarized high-powered lasers is in-

sive neutrino states is natural in the decomposition of SO(lr | . lirmitation belaw 919 [7
multiplets to single-family left-handed fermion 16plets. complete, recent estimates see no limitation below 91% [7], so

How does all this relate to the mass problemin a quantitati%at by the time of an NLC turn-on we may well expect that

way? Let us consider process (5) first: the relevant quantity ((Bj_ltlonatlhedge. ilability of elect lect llisi ith
the matrix element for process (5) is iven the availability of electron—electron collisions wi

80% polarization at center-of-mass energies of 0,5 (1.0, 1.5)
Amp ~ % ’ (7) TeV and with luminosities of 50 (100,100 fby~1), the event

g +my numbers to be expected can be read from the cross section ex-
whereyq is the neutrino momentum, usually taken to be of ord@ression [3]
50 MeV. This makes it clear that for light neutrinos, whetes 1 s
m?, the mass can be neglected in the denominator, whereasahe e~— W~ W ™) = T (W) .
opposite case of heavy neutrinos witfl >> ¢ similarly makes M2[TeV7]
the momentum negligible in the denominator:

he 2>< 4x10°[fb]
4r ’
9
Here, M is the reduced mass of the two (lightest, if more than
m/q for ¢2 > m?, two) heavy neutrinosh, is a measure for the mixing of the
Amp ~ g/m for ¢ < m? . (8) heavy neutrinos with the incoming electrons, and is experimen-
tally bounded by information from rare leptorahys [3]. This
In fact, the present experimental limit on the observation of necross section leads, within those bounds, to interesting counting
trinoless3g decay of °*Ge —"¢Se, for a half-life> 5 x 10?* rates formy = 1 TeV: 0.1 to 30 (2 to 900; 5 to 2,400) events
years, translates into a light-mass upper limit of about 1 eV. Cper year, where the two numbers for each energy cporasto
the experimental number also be used to set a lower limit tre lower and upper limits oh,, respectively. Since the final
heavy Majorana mass exchanges? In the framework of eq. §8tes are rather spectacular — back-to-b&ck pairs — there
we could expect to do just that — but | will below caution yois every assurance that they will stand out above all Standard
from drawing a faulty conclusion along these lines, because tfiedel backgrounds [8]. An important capability of our method
high degree of locality implied by the massive exchange mechsia definitive background check: if an observed signal is due to
nism brings in other, much more restrictive, factors. Let us keppocess (6), a change in incoming electron helicity (which de-
in mind at this point that3,, decay may be due to either lightcouples the electrons from th& —, will necessarily make the
or heavy neutrino exchanges, but not to massless ones. Heignal vanish.
ever, a single measurement will never tell us whether the exGiven the fact that this is a rather unique signal, the observa-
changed mass was large or small. tion of which could do away with two major conundrums of our
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Figure 1: a) Generic graph for neutrinoless double betay; b) details of heavy neutrino exchange in a), shown on the nucleon
level; c) same as b), but on the quark level. Given that the locality scale is seﬁ,hythis is the most relevant graph.

otherwise astonishingly successful Standard Model, its promé®l quark-level factors in the relevant Hamiltonian density op-
should strengthen the case for the electron linear collider in thator — stressing the fact that all of these make the definition of
TeV range considerably: there is no other method known to e claimed “inverse” relationship incongruous.

that will give an equally unequivocal answer — not even at en-

ergies that permit pair production of these heavy neutrinos, or

s-channel production via the charged weak currenpiscatter- () (b)
ing. - ~ o B
e—’vvvv\,WLong EEE— S..S' Wi ong
N N
1. COMPATIBILITY WITH EXISTING M _ . “U o
EVIDENCE FROM NEUTRINOLESS o= “YYW"Wing  ——— Wiong
DOUBLE BETA DECAY 10-96

8219A4

In section |, above, we described dependency ofiihg pro- . )
cess on light and heavy neutrino masses [see eq. (8)], in f@ure 2: The process™e™ — IW~IW~, mediated by heavy
absence of further constraints. It is unfortunate that much fiorana neutrino exchange.
the relevant literature disregards the very special context within
which very heavy exchanges in nuclei have to be examined. As
a consequence, the above-mentioned limits on the observation
of process (5) in thé®Ge —7%Se system have been taken to

imply lower limits on heavy Majorana neutrino masses on the 107 ErTTT T T T T LT T Ty
order of 102 TeV [9]. It is quite obvious, however, that heavy - 0.5Tev. - ! T_e_v—‘f
mass exchanges occur over distances that require calculations 1072 = . -
(or reasonable estimates) of nucleon- and/or quark-level corre- E
lations, as we previously pointed out [10]. In fact, the nuclear 103 L
double beta dcay process shown in Fig. 1a has to be estimated Uéi E o E
in terms of constraints illustrated by the subprocesses contained 1074 :/‘ =7 4
in Figs. 1b and c. TeV mass exchanges imply a localization £ - /3
of order 10~ '%cm; QCD calculations on this scale will influ- 10-5 R 7
ence the quark-level as well as the nucleon-level Hamiltonian E B . 3
densities leading to process (5). Only then will a quantitative 6 :....u i 4 ””3
comparison of limits on the observation 68, with process 10 100 10t 102
(6) become meaningful.

8-96 mp (TeV) 8212A2

In a recent paper, Belangetral.[11] explicitly make the mis-
take of quantitatively disregarding all the constraints imposed
by this strict localization; as a result, they maintain that préigure 3: Exclusion plot from Belanget al, [10]. The dashed
cess (6), illustrated for clarity of comparison in Fig. 2, shouleurves show the sensitivity of reaction (6) for differemte~
be interpreted as the inverse of process (5). If that were B energies: only the region above them is accessible. The
case, the failure of observation of the latter would already estraight line marked3,,, is the (misunderstood) upper limit of
clude all possibilities of observing heaw; exchangeir~e¢~ What can be seen given the existing limits on the observation of
scattering at TeV electron colliders, as they illustrate in Fig. Brocess (5). See the text for its correct interpretation.

P. Minkowski and the author have therefore estimated [12] the
effect of all the neglected correlations stemming from nuclear
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Briefly, the argument runs like this: The color Coulomb intemhich is trying to break up the color singlet nucleons. This
action of the twaf quarks will have to happen such that the tweestoring force is hard to model in detail, but an ansatz
final-state electrons emerge in an overbtate, as a spin sin-
glet (to satisfy the Pauli principle). This imposes a spin singlet Frp = e 3  1/9 (12)
configuration on the interactingyl pair.

We then need a Symmetrica| product of space and color SUWOW the value of the correct Clebsch-Gordan COEfﬁCient, ap-
wave functions, in order to produce an overall antisymmeti@ars conservative; this is particularly true since the relevant
wave function for théd = 0 dd system. This can be realizedinteraction happens at somewhat larger distance, where the full
only by the6 configuration of color SU(3). This implies a sup<olor potential is stronger than what we expect from #hé
pression factor of 2/3. level prevailing at fractional fermi distances.

In more traditional terms, the nucleon—nucleon repulsive vec-
tor interaction could also be modeled by omega meson ex-
change; this would lead to an inhibition factor stronger than our
estimate above. We therefore feel quite safe multiplying the
three explicit factors 2/3Fg ~ 1/3, andF,,,, ~ 1/9 together,
for an overall quark-level inhibition factor of

Fdd:F6FBanN 1/40 (13)

This entire process, including the relevant leptonic factor
0.5 which contains the mixing angles between electron and heavy
1196 rip (fm) 821983 neutrinos, still has to be embedded in the mother-daughter nu-
clear configurations. That means we feel justified to modify
Figure 4: Schematic potential shape for the effective colgie expectations of nuclear wave function overlaps by the above
Coulomb “hard core” that inhibits the free interaction of twguppression factor. This applies to all systems that are can-
d quarks at vanishing relative distances. For details, see textdidates for neutrinoless double betacdy, in particular to the
best-studied such system,

Next, we have to attempt to write the strong Hamiltonian den-
sity for the quark interactions in Fig. 1c. Let’s do this in terms

of a modified hard-core model: Fig. 4 shows how the COI(\)/\;here the present half-life limit is abobit< 102¢ years.

Coulomb potential presents a potential barrier while allowingl_|0W does this impact on the measurability of heavy neutrino
for asymptotic freedom at; , (the relative distance between the b y y

two quarks concernedy 0.1fm. We can do this by writing the exchange in high-energy electron—electron scattering at the lin-

. i : ear colliders we are discussing for the fareable future? We

overall matrix element in lepton—hadron-factorized form, solv- ; : -

. . . : . lllustrate this for two published limits that have seemed to ex-

ing the leptonic part in the conventional way, then using for - . .
) o Lo lude all observability of process (6): Pangisal.[13] quote a

heavy neutrino exchange the local Hamiltonian density with thie . 1 3 T

hadronic part limit (1/my)7 " 2 6.7 x 10° TeV This limit now reduces to

Ge =" See e, (14)

Hy(x) = [ugua™(x)] [dd;(x)] (|TU”N)|§ —0.025 x 6.7 x 103 TeV. (15)
_ 4+ -1 eN
= Ju(2)j"(z) (10)
with j:’(m) =y, 1T+ s & The experimental range for the mixing anglésy is bounded

2 from data on lepton flavor-changing rare decays to values

2 —4 i ; i
We ordered the fields for this density expression, written at tL12e< |Uen|” < 40] x 107 [3], giving effective limits

quark level where oum;;' localization puts the relevant in- 0.67 TeV
. . ' i . e upper L. 5
teraction, such as to stress the incoming and outgoing quérky )z, > for the limit on |Uen|”.
. . 0.033 TeV lower
states. The actual calculation with the color Coulomb poten- (16)

Eal a\r;\;j an ap||3(rop‘r‘:Mate quarkhm((j)mentum ;]S bEISt ?‘F’F’J_"X'ma?% repeat that the numerical suppression factor is certainly
y a WWelzsaecker-thams metho ,s_ettln_gt € re_a“?’e_ X |stanc§,ery conservative, putting process (6) squarely in the observ-
r12 Of the two field operatorss 0. This gives an inhibition (or

X . able range.
barrier penetration) factor Similarly, let us take another look at Fig. 3: even by today’s
Fp = e /3 o 1/3, (11) _standard, electron polz_ar_iz_ations are routinely 80%, thus Iower-
ing the (dashed) sensitivity curves by a factor 2.5. Combine
which is not sensitive to the nuclear environment. this with a raising of the line markeds5,,” by the factor of

The last inhibition factor to be evaluated is due to the “pull0 we estimated above, and it becomes quite obvious that the
the non-involved quarks in the two interacting neutrons, @neentire parameter range discussed for the discovery process for
and oned quark each, exercise on the straying companlonTeV-mass Majorana neutrinos becomes generously accessible.
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