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We study the physics of spontaneously broken family symmetries acting on the third generation. Massless
familons (or Majorong f associated with such broken symmetries are motivated especially by cosmological
scenarios with decaying tau neutrinos. We first note that, in marked contrast to the case for the first two
generations, constraints on third generation familon couplings are poor, and are, in fact, non-existent at present
in the hadronic sector. We derive new bounds frBfix- B° mixing, BO— 171", b—svv, and astrophysics.

The resulting constraints on familon decay constants are still much weaker than those for the first and second
generation. We then discuss the promising prospects for significant improvements from searehesffor
B—(m,K)f, andb—(d,s)f with the current CLEO, ARGUS, and CERN LEP data. Finally, we note that
future constraints from CLEO Il and tH2 factories will probe decay constants beyond GeV, well within

regions of parameter space favored by proposed scenarios in neutrino cosmsfsfy6-282(98)03009-4

PACS numbd(s): 14.80.Mz, 13.25.Hw, 13.35.Dx

[. INTRODUCTION Goldstone bosons associated with the spontaneous symmetry
breaking of an Abelian lepton number symmetry are often

For over half a century, one of the major puzzles in parcalled “Majorons.”? The existence of new massless par-
ticle physics has been the question of why quark and leptoficles has many implications in particle physics, astrophysics,
families replicate. Although we have accumulated a wealttfnd cosmology, and, as we will see, may be probed in a wide
of data concerning the masses and mixings of quarks anygriety of experiments. Moreover, the couplings of familons
leptons, we still appear to be far from a true understanding oft low energies are determined by thg non-linear realization
family structure. In the absence of a concrete model to con@f the family symmetry. These couplings are, e.g., of the
sider, it is natural to postulate the existence of some familyorm
symmetry{ 1-3] that plays a role in determining the observed 1 . _
particle spectrum. Once we consider such a family symme- E&Mfaw'Ly“Tﬁ W, 1.0
try, we face a plethora of options. The symmetry maybe
discrete; (2) continuous and local, of3) continuous and \yhere F is the family symmetry breaking scale, i.e., the
global. Within each of these categories, one may choose aM¥milon decay constant? are the familonsT? are the gen-
of a number of symmetry groups, and the overall familygrators of the broken symmetry, and thig are fermion
symmetry may even be a combination of the three possibilifig|gs in terms of which the flavor symmetry is defined. The
ties. strength of the familon coupling is therefore inversely pro-

Of course, any exact family symmetry of the underlying yorional to F and can be constrained for a given family

theory must be spontaneously broken at some energy Scael,?mmetry group in a model-independent manner.

since we know that the quark and lepton masses are very pamiion couplings between the first and second genera-

different from one family to the next. For optidd), Spon-  ions have been studied extensively and will be reviewed
taneously broken discrete symmetries, domain walls are thge|ow. In contrast, however, couplings involving the third
only model-independent predictions, and these cannot bgeneration are largely unexplored, although they may have
studied in particle physics laboratories. In ca®, the  rather rich phenomenological and cosmological implications
masses of the family gauge bosons of spontaneously brok§®] - cyrrent constraints in the lepton sector are relatively
Iocal_contlnuous symmetries can be constrained, e.g., fro%eak, with the best bounds coming from- (e, ) f bounds
K°-K® mixing [5]. [9], and there are at present no corresponding bounds re-
From a phenomenological point of view, however, possi-ported in the hadronic sectgsee, however, Ref10]). At
bility (3) is particularly enticing, as it implies the existence the same time, it is a logical possibility that the familon
of massless Nambu-Goldstone bosons, called “familons,”
from the spontaneously broken family symmetry. This fam-

lly symmetry may be either Abelian or non-Abelian; Nambu- 2Majorons have been extensively studied, and arise in a variety of

models[6], including, for example, supersymmetric theories with
spontaneouR-parity breakind7]. In this paper, we study a number
There is a subtle distinction between global and gauged discretef probes, many of which are applicable to both Abelian and non-
symmetried4]. For this phenomenological analysis, however, theyAbelian symmetries. We use the generic name “familon” to denote
are equivalent. the associated Nambu-Goldstone bosons in either case.
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couples preferentially to the third generation, and models The massless Nambu-Goldstone bosons of the spontane-
have been proposed in which this is the cllsH. It is there-  ously broken flavor symmetry, familof&—3], have interac-

fore interesting to explore the possibilities for improvifagy  tions given by the couplings

setting bounds on familon scales for the third generation,
especially in light of the upcominB physics experiments.

In this paper, we will study what we believe to be the
most sensitive probes of couplings of familons to the third
generation, primarily tor leptons andb quarks. We show Wwheref? are the familon fields, and“® are flavor currents,
that dedicated analyses of existent data from CLEOThe interactions are suppressedmbythe scale at which the
ARGUS, and the CERNe"e™ collider LEP could probe flavor symmetry is spontaneously broken. Note that familons
family symmetry breaking scales up 010’ GeV and may are derivatively coupletiand so do not mediate long-range
be significantly improved at futur@ factories. Simply be- (~r~2) forces. The most general curret® composed of
cause this is largely unexplored physics, there is a high diswo fermion fields takes either the form
covery potential for familons at these facilities. _

Familon couplings to the third generation are also of in- JH8= i y*(gy+ 9ays) TH ¥ (2.2
terest from a cosmological point of view. The mass of the
neutrino is still allowed to be as large as 18.2 MeV experi-O"
mentally [12]. A heavy 7 neutrino has interesting conse- a — a
quences for both big-bang nucleosynthe@8N) [13—16 =iy (9LPL+ OrPRITij ¥, 23
and large scale structure formatiph7—20, as will be dis-
cussed in Sec. VI. Since a heavy neutritl100h? eV,

1
Li=z0,1%94, 2.1

where P g are the projection operatof{1=+ vs), i andj
oare generational indices, aﬁ'd} are the spontaneously bro-

whereh is the expansion rate of the universe in units of 10 ” fthe famil he f q
km/sec/Mpg must decay in order not to overclose the uni- K€N generators of the family symmetry. The fieldsand ;
are fermion mass eigenstates, which we assume here to be

verse, an invisible decay into a lighter neutrino and a mass? . . -
less boson, such as a familéar Majoron), is typically re- also flavor. eigenstatesThe more general case is described
quired.(The three neutrino mode is strongly disfavored andbelqw') Qsmg the form of the c;urrent given in E(.2), the
therefore the familon mode is most preferfdd].) There is amilon interaction may be written as
therefore an interesting interplay between experimental
searches for familons and scenarios requiring hgavy neutri- Ef:EQ#fa%;y#(gv_F 9A75)Tiaj i
nos, and, as we will see, future collider experiments and
analyses may severely constrain a number of such cosmo- P
logically motivated scenarios. =- Efazpi[gv( m; —m;) +ga(mi+my) ys]T5 ;.

This paper is organized as follows. We begin in Sec. Il
with a discussion of familon interactions. In particular, we (2.9
emphasize that the familon interactions of particles in the
same gauge multiplet are expected to be comparable. In Seghere in the last step we have integrated by parts and then
Il we consider constraints on familon interactions that maysubstituted the equations of motion. The second line of Eq.
be inferred from current experimental data, concentrating o2-4) is of course only valid for on-shell fermions such as
familon couplings to the third generation. Current bounds orexternal leptons, whereas in hadronic matrix elements and
third generation couplings from astrophysical considerationgrocesses including off-shell fermions, the derivative cou-
are presented in Sec. IV. We then describe some promisingling of the first line must be used.
prospects for detecting familons B physics at future ex- We see that familons may mediate or be produced in
periments in Sec. V. Finally, we note some of the interestindamily-changing processes. They may also couple to identi-

cosmological implications in Sec. VI and give our conclu- cal fermionsy; = ¢;, but only through axial couplings. What
sions in Sec. VII. processes are mediated by familons depends on the particular

family symmetry group that is broken. For example, for
O(N) groups, the generatoff; are anti-symmetric, and so
Il. FAMILON INTERACTIONS do not generate flavor-diagonal interactions. However, they

The standard model contains 15 particle states in each {0 generate interactions likej; ysi;—fi; ys¢i, where we
the 3 generations. These states are distinguished by thave considered axial vector current interactions as an ex-
SU(3)c X SU(2), X U(1)y gauge interactions, which divide ample. Familons from Q{) groups may therefore mediate
each generation into 5 multiplet®, U, D, L, andE. The neutral meson mixing, which we will consider in Sec. Il B.
gauge interactions therefore break the flavor symmetry grouphe situation is reversed for SNj groups. Here, flavor-
from U(45) to U(3)°. In the standard model, the flavor group diagonal couplings exist. However, if we consider any(3U
U(3)° is broken explicitly to U(1}xU(1), by Yukawa
couplings. However, in extensions of the standard model in
which one hopes to gain some understanding of the patternsthroughout this study, we will assume that no additional light
of fermion masses and mixings, some subgroup of the flavodegrees of freedom are introduced by other new physics.
group may be an exact symmetry of the Lagrangian that is 4f the flavor symmetry is anomalous, familons may also have
broken spontaneously by the vacuum, and it is this possibilnon-derivative, flavor-diagonal couplings. We will not consider
ity we consider here. such couplings here.
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subgroup and form the complex famildn=f'+if2, the oft-  (GUTS), the particleslg, »,e_C5 are expected to have com-

diagonal interactions are given b?%yslpﬁ?*%ysz/ji, parable familon interactions, as are the particles
and we see thaf exchange cannot induce neutral mesonUL.dL,Ur,€rC10. A particularly relevant example for our
mixing. study below is that, in the GUT framework, bounds on

Up to this point, we have ignored possible mass mixingf@milon decays o8 mesons imply bounds on familon de-
effects. In general, if the flavor eigenstaigsare related to  Cays of tau neutrinos in the absence of fine-tuning.

the mass eigenstatesby ~ Flavor mixing effects also induce familon couplings of
fields with different generational indices. In the quark sector,
Y'=U,, (2.5)  for example, substituting the quark doubf@t= (u; ,d/) for

L{ in the discussion above, E(2.8) becomes

whereU , is a 3X3 unitary mixing matrix, the familon in-

teractions are given by O . oo e O . o uea

Li==3d,f24 y*(gy+ Tay!
R YO Oays T where T and T§ are related by the Cabibbo-Kobayashi-

1 Maskawa(CKM) matrix through

= =9, f%y*(gy+ T2 i, 2.6
gouthy (v +9ays) Ty ¥; (2.6) TA VL T3V . 2.10

whereTj=UT°U,. Mass mixings may therefore generate we see that in general, couplings to all generations are in-
flavor-diagonal interactions from flavor off-diagonal interac- duced by flavor mixings. For example, a familon with flavor-

tions, and vice versa. For_ e_xample, in the case of an Abe“aﬂiagonal coupling t&t in the up sector couples not only to
U(1) symmetry, mass mixing effects may generate flavor—

changing interactions. They may also extend non—maximal?b’ but also to, for exampleys anddd. The induced cou-

family symmetries to couplings involving all three genera_plings to first and second generation quarks in this case are

tions; for example, a (2) symmetry between the first and CKM-suppressed, but may still lead to significant bounds

second families, may, after rotation to mass eigenstates, rg\[hen, as is often the case, these induced couplings are much

sult in familon interactions involving the third generation. more_s_tron_gly constralneq. we will conS|der_the constraints
While the phenomenology of familons varies from groupOn mixing-induced coupll_ngs_ frork decays in Sec. lll A

to group, it is important to note that gauge symmetry relate§lnd _from supernova cooling in Sec. IV C. .

the familon interactions of particles in the same gauge mul-, Finally, note in Eq.(2.2) that the S”g”gth of the mtgrac—

tiplet. As an example, let us consider a spontaneously brokel® depends not only oR, but also oriTj; and the couplings

lepton flavor symmetry. The familon interaction is then9v.a- In the following sections, we will present a variety of
given by bounds on combinations of these couplings, and it is impor-

tant that we define our conventions and normalizations. We

gL will always define our interaction as

—d

=1Ly TiL| 2.7

i

1 — L

— (gl 1] ;

where the S(R) lepton doublets.| =(»/ ,I]) are in the fla- Fouf iy (QvtOays) ¥, (2.1
vor eigenstate basis. This interaction therefore generates N N .
familon interactions for both the charged leptons and neutriand similarly forg! andgg; the superscripts of the cou-
nos. In the presence of neutrino masses, the flavor eigeflings will often be omitted when they are obvious from the
states may not correspond to mass eigenstates. The famil§@Ntext. In presenting our bounds, it will be convenient to
interactions in the mass basis are then define
9 Fij=F/g/, (2.12

%(9 faji’yMTa Vj'f‘E

£ u i A f Ny TR, (28

wherel =V,A,L,R. In addition, as many of our bounds are
where T?ZUITaUV, and we have defineN/=UZU| and _to a gopd approximation independent of the chirglity__of the
TA=V'IT2V. T2 and T2 are therefore related by a similarity '”“ﬁr_";“’“o” anq so only dependent on the combinagf
transformation, and in the presence of mass mixing, the cout 9A~» We define
plings of the interactions of ,f2v;y*v; andd,f2l;y*l; are

not necessarily identical. However, in the absence of fine- F._EL (2.13
. . . 1] ij2 ij2" :
tuning, we expect these couplings to be of the same magni- VOu- T+ 04

tude. Bounds on one familon interaction may thus be consid-
ered to imply comparable bounds on the other interactions
linked by gauge symmetry.

Because the familon interactions of particles in the same As described in the previous section, familons may take
gauge multiplet are comparable in the absence of fine-tuningart in flavor-changing processes, and bounds on such pro-
there are many more relations in theories with enlargedesses lead to lower bounds on the familon energy scale. For
gauge groups. For example, for @Jgrand unified theories familons mediating transitions between the first and second

Ill. BOUNDS FROM ACCELERATOR DATA
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generation, such bounds are rather stringent. In contras(r~—e f )<2.6x10 3(95% C.L.). These imply the fol-
similar bounds involving the third generation are muchjowing constraints on the flavor scale:
weaker, with the previously reported constraints limited only

to bounds from rare decays. We are thus motivated to focus F,.>3.2X 10° GeVv (3.6
on the third generation. In Sec. Il A, we begin by reviewing
and contrasting such bounds, and then discuss the implica- F.o>4.4x10° GeV. 3.7

tions of flavor eigenstate mixings. We then go on to derive

new bounds from a variety of processes. In Sec. IIIB we We see that the bounds on flavor scales in the leptonic
consider familon-mediated processes such as neutral mesgfctor are significantly less stringent for third generation
mixing and rare leptonic decays of mesons. Finally, in Seccouplings than for those involving only the first two. The

Il C we consider possible analyses at LEP and extrapolate @iscrepancy is even more pronounced in the hadronic sector,
preliminary ALEPH bound orb—swv to a bound onb where there are as yet no reported bounds on flavor scales
sf. from B decays.

It is also worth noting, however, that strong bounds on a
particular flavor scale, such as the onel@é‘g,, may imply
significant bounds on other flavor scales as well. These

We begin by considering bounds from decays of mesongounds are induced by the flavor-mixing effects discussed in
and leptons to familons. Normalizing the relevant familonSec. Il and are thus model-dependent. As an example let us
scale according to Eq2.11), we find now assume that flavor and mass eigenstates coincide for

up-type quarks. A given familon coupling in the up sector
3.1) requires, by gauge invariance, a corresponding coupling in

the down sector. For example, from E¢®.9) and(2.10 we
see that the coupling#fty“PLc/Fth induces the coupling
ViVead, fsy*PLdl FtLC, which mediates the rare dec&y"
—a*f. Assuming complex familons, the Hermitian conju-
gate coupling gives a similar contributionVi\V,4 to the
decay into the complex conjugate familon. Summing both
decay widths and comparing to the bound k‘afh in Eq.
(3.3, one can derive the mixing induced bound

A. Decays to familons

3
K

1 m 2 »3 2
[(K=mt)= 16— 2 0B F1(0)[%

where B=1—m?/m2. In the limit of exact flavor S(B)

symmetry, the form factor (w*(p’)|sy*d|K*(p))
=F,(q®)(p+p’')* at zero momentum transfer has a fixed
normalization,F,(0)=1. For leptonic decays$;—I.f, the
exact tree-level partial decay width in the limit of masslgss
is given by

1 m FL>22x10° GeV (3.8

L =17 f)= - zz(00+0A% (32 e ' '
Under similar assumptions, we finBj,>6.6x 10° GeV.
where herg8=1-—m?/m?. Note, however, that such bounds do not apply if the mass
] i

The strongest bound on any flavor scale is derived fronfind flavor bases are aligned in the down sef@dt or if the

the constraint on exoti& decay. Using the above expres- COUPlings are purely axial.
sions, the experimental resultB(K"—=*f )<3.0 _ _
X 107%(90% C.L.)[21] leads to the bound B. Familon-mediated processes

In this section we derive new constraints on the scale of
spontaneous flavor symmetry breaking by considering non-
standard familon contributions to neutral meson mixing and
existing bounds on rare leptonic decays suclBs: re.

A familon contribution to neutral meson mixing requires a
real flavor group to be spontaneously broken in the corre-
sponding sector, such that the same real familon scalar field
couples to the quark current and its Hermitian conjugate. For

concreteness, let us consider B& B system; similar for-
Yy
EV >55%x10° GeV. (3.4) mulae hold(at least approximatelyfor other neutral meson
ne systems. Assuming the general coupling structure

For familon interactions of arbitrary chirality, the slightly o o
weaker constraint E%f[dVﬂ(gv"' gays)b—by*(gy+gays)d], (3.9

FLe>3.1x10° GeV (3.5

Fys>3.4x 101 GeV. (3.3

Note that the limit onB(K™— a*f ) bounds only the vec-
torial familon coupling; the axial coupling is unconstrained.
For the leptonic sector, Jodidiet al. report the constraint
B(u"—e'f)<2.6x10 ®(90% C.L.)[22], which they ob-
tain under the assumption of a vector-like familon coupling.
This can be converted into the bound

we find a familon contribution to the mass splitting of

may be obtained from the bounB(u*—e*yf)<1.1 2 o
X 1079(90% C.L.)[23]. () 5 fgogamgo

We now compare these bounds to those available in the AMgo =|mB°_mB°|~§ FZ (310
third generation. The ARGUS Collaboratif®] has bounded
the branching fractions of decays into light bosons and Equation(3.10 may be derived by taking the matrix element
found the limitsB(7~—u~f )<4.6x10 3(95% C.L.) and of the non-local operator
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— 9,9, — TABLE I. Bounds on the flavor scale from contributions to
day”(gv+gAy5)bB—”2— d,y"(gv+09ays)bs neutral meson mixing from familon exchange as given in Eq.
q (3.19) (3.10. Note that these limits do not apply to vector-like couplings,

and that this process requires a real flavor group so that a real
betweenB® and B° states and using the definition of the familon scalar field couples to a current operator and its Hermitian
pseudoscalar decay constant{0|by*ysd(0)|B%(p))

11
21 F2

conjugate, as in Eq3.9).

=ifgop*. The subscriptsy, B, v, and 6 in Eq. (3.11) are AMeyp Bound
color indices. Between two color singlet states, there are two——

contributions. The first one arises fram= 8 andy= 6 with ~ B°—B° 0.5x10%Ais™* [25] Fpa>6.4x 10° Gev
a familon in thes-channel. In this case, the momentum trans-p°-p° <21x10" fis™* [27] Fé,>6.9<10° GeV
fer through the familon propagator ¢2=méo, and after a K°—KO 0.53x 101 571 [25] FA>1.7x10° GeV

vacuum insertion, it is easy to verify that this contribution is
as in Eq.(3.10, but without the factor of 5/6. However,
there is also a-channel contribution fronax= 6 and 8= v, axial vector couplings that parametrize the familon couplings
which may be evaluated by a Fierz transformation and then and mixing angles of a particular model. For example, the
vacuum insertion as before. For a heavy—light system likdorocessB’— r*e” can be mediated by the interaction La-
the B® meson, one may assume the free-quark picture, igrangian

which the momentumotransfer is governed by the energy of

the “static” b quark g°~my~mgo, and, in the numerator, - Pl bd_ bd — re_ e

the derivative acting on thebquark current gives again a factor F 9, f[by*(gy"+9a vs)d+ 7y*(gy +ga ys)€] + H.C.

of my,. Using (0|bysd(0)|B%(p))=~if gomgo and including (3.12

the relative color factor of 1/3, one can estimate the . .
t-channel contribution to be-1/6 times thes-channel con- E:é?omgt ;23 fgﬁiﬁgi\’e?%cgsg‘\ Arr;?)y 2\?e(rj1lf];$r1‘2rr]rt1illcr)]nthc(ac)u-
tribution, which leads to Eq(3.10. P ) :

plings always include third generation flavor eigenstates,
L . » Q 7

D% andK® mesons, the evaluation of thechannel momen- mD\(/I\/ni?hetfrzzcitﬁtgggtilggu;:ﬁgzgSilrglogcsqssgghone (’;thaeiné a

tum transfer is more ambiguous. However, because this con- '

tribution is suppressed relative to teechannel part, we ex- width of
pect the result of Eq(3.10 to be reasonably accurate in

Our result should be fairly reliable for tH&° meson. For

bd2

2 2
these cases as well. We also note that a vector-like familon T(B%—7te )~ i M (gTeZ+ 9792),32
interaction does not contribute to the mass splitting, at least 8 F v A
in the heavy quark approximatiam,~mgo. Although one m
might expect a vector contribution to appear in theghannel ) _e(g\r/eZ_ g;eZ)lg 7 (3.13
contribution after the Fierz rearrangement, one finds that the

term proportional togy contains axial vector and pseudo- a 2 2 ) )
scalar contributions of equal magnitude but opposite sign. Where 3=1-m7/mg,, and we have displayed the leading
The constraint on the flavor scafe results in principle  95—9a piece. In the limit where the lighter lepton is mass-
from the requirement that the combined standard model ankgss, the result is independent of the chirality of the interac-
familon contributions do not exceed the measured valuetion and depends only on the combination of lepton cou-
However, when considering nonstandard contributions, it iplings g\2,+ gi. Expressions for other similar processes are
also uncertain what one should take as the standard modebtained by replacing the coupling constagi{s g, and the
contribution. For example, the reported val{25] for  meson and lepton masses accordingly. Limits on the flavor
|V V| is derived fromB°-B° mixing under the assumption scales from current experimental bounds on rare leptonic de-
that the standard model gives the only contribution. As &ays are given in Table II.
conservative bound, we simply compare the familon contri- o _
butions directly to the corresponding measured values. The TABLE Il. Limits on flavor scales and couplings for some rare

results are summarized in Table . We take the decay corfheson decays. The branching ratio bounds are on the sum of the
stants to befgo~175 MeV andfo~205 MeV from recent two charge states, assuming real familon scalars that mediate both

lattice resultd26], andfco~fy - ~ 160 MeV[25]. Since we decay modes. If familons mediate only one decay mode, the quoted

/ .
use the measured mass splittiipt its erroy, the bounds bounds or are weakened by afgctor of’2 In cz_allculatlng these
0 0 . . - bounds, we neglect small corrections from the lighter lepton mass.
from B* and K" will only improve when the size of the

standard model contribution can be quantified independently.
For theD®, where only the upper bound on the mass split-

Branching ratio

ot ] - upper bound Bound
ting is known, future experiments will improve the bound.

We next consider rare leptonic decays of neutral meson®’—7"e* 5.3X 10 “[28]  (Fh4F ,0)¥>>3.5x10° GeV
mediated by familon exchange. Such decays are possible H°— 7=~ 8.3 10 “[28]  (Fp4F,,)Y*>3.1x10° GeV
the same familon couples to both quarks and leptons. This iB?— x*e* 5.9x 107%[28]  (Fp F,0)*>>2.8x10° GeV
guaranteed in grand unified scenarios, where quarks and lep®— ,*e* 1.9 10°9[29]  (FAF .0V %>1.2x10° GeV
tons are in the same gauge multiplet. In general the releva?_. ;,*e* 3.3x10 Y30] (F/S-\d;:#e)1/2> 3.8x10° GeV

interaction can be written in terms of effective vector and
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The bounds of Tables | and Il are significantly weakersum B(b—sf)+B(b—df). Thus, for Fpe~F4, the
than those presented in Sec. lll A. This is especially true irbound on the flavor scale given in E®.16 improves by a
Table Il, as rare leptonic meson decays are dependent on tii@ctor v2. The bound of Eq(3.16) is enhanced by the fact
flavor scale to the fourth power. However, such processes sétat the SM decay width is greatly suppressed/by, which
bounds on third generation hadronic familon couplings,increases the sensitivity df decays to small exotic decay
which were previously unconstrained. It is also important towidths.
note that the bounds on familon couplings to the first two
generations are also interesting, as they constrain axial cou-
plings, whereas the bound froid decay reviewed in the IV. BOUNDS FROM ASTROPHYSICS

previous section bounds only vector-like couplings. In this section, we discuss constraints on third generation

_ familon couplings from astrophysics. We begin in Sec. IV A
C. Constraints from LEP with constraints on diredtree-leve) couplings. Second and

Currently, there are no reported experimental bounds othird generation particles are absent in almost all astrophysi-

decaysb—(s,d)f. One can, however, infer a constraint cal o_bjects. T_he exception i; supernovae, where all three
from ALEPH's preliminary bound orb—Spy [31]. By neutrino species are thermalized in the core. We therefore

searching f . S gonsider what bounds on familon couplings tmeutrinos
g for events with large missing energy, they place . . .

_ — ., may be obtained by supernova observations. Couplings of
the constraint B(b—sv»)<7.7X10"%(90% C.L.). One  familons to the third generation may also radiatively induce
can rescale this constraint to obtain an upper bound 0ggyplings to first generation particles. Although such in-
B(b—sf). _ duced couplings are suppressed by loop factors, they are so

The analysis fobh—svv relies on theE g distribution  stringently bounded by constraints from supernovae, white
[32], whereE s is defined by dwarfs, and red giants that interesting bounds also result.
These are studied in Sec. IV B. Finally, mixings of flavor
eigenstates may also induce couplings of familons to the first
generation; such effects are discussed in Sec. IV C. It is im-
h ¢ R portant to note that, while the bounds derived in this section
the 2 center-of-momentum energy, ECO"__ (_Msaf_ne are rather strong in certain cases, they are also typically more
~Mpp) /4Epeam WhereMgameand Moy, are the visible in- el dependent than, for example, the accelerator bounds
variant masses in the same and opposite hemispheres, Ig- e previous section. We therefore specify the necessary
spectively, andE,;s is the total visible energy in the hemi- -qnditions for each bound in detail in each case.
sphere.E,,, improves the estimate of the actual missing

energy in the hemisphere by correcting for the fact that the . .
hemisphere with larger invariant mass typically has higher A. Bounds from direct couplings

energy. In 1987, the Kamiokande group and the IMB group inde-
The backgrounds fronb—IvX and c—IvX are sup- pendently detected neutrinos emitted from supernova SN
pressed by rejecting events with identified or »= inthe  1987A. They observed that the neutrino pulse lasted for a
relevant hemisphere. Up to this point, we do not expect sigfeyw seconds. Furthermore, their results indicate that neutri-
nificant differences in efficiencies between the-.svy mode  nos carried off about 8 erg from the supernova. The ob-
and theb—sf mode. They then required 35 G&\E,,ss  served duration time and neutrino flux can be well explained
<45 GeV. The efficiencies for this requirement obviously by the generally accepted theory of core collapse, and the
differ between the two decay modes, since the mbde observations confirmed the idea that most of the released

—svv has two missing neutrinos, resulting in a harief,, ~ €nergy in the cooling process is carried off by neutrinos.
spectrum than that of tHe— s f mode. TheE;csspectrum of ~ Exotic light particles, such as familons, may affect the agree-
both modes may be calculated by convoluting the theoreticanent of theory and observation, since they can also carry off
missing energy distribution in three-bodw(?) and two- a significant energy fraction. The core pf the supernova is hpt
body (sf ) decays with the measurddfragmentation func- (T~30 MeV) and dense, and so neutrinos are thermalized in

tion [33]. We find that the ratio of efficiencies is 0.43 with the core and can be a source of familon emission. If the

little dependence on the details of the fragmentation funcENeray fraction carried away by familons is substantial, the

. B i h &(b — bound b duration time of the neutrino pulse becomes much shorter
tion. By scaling the reporte@(b—svv) upper bound by han the observed value. In order not to affect the standard
this factor, we find

cooling process, the familon luminosiQ; must be smaller
B(b—sf)<1.8x10°2, (315 than the neutrino luminosity, i.e., less th&(iLO53 erg/sec.
This constraint can be satisfied in two different regimes of
Using the expression of Ed3.2) with the substitution of the familon coupling strength. For sufficiently high flavor
Mgo=~ My, for m, this Corresponds to a limit on the flavor scales F, the familon interaction is weak enOUgh that
: familons are rarely produced and the familon lumino§ty
is suppressed. On the other hand, for sufficiently low flavor
Fps>6.1x10" GeV. (3.16 scales, although familons are readily produced, they interact
so strongly that they become thermalized and trapped in the
Note that this analysis does not require an energetic strangmre as well, thus decreasing the familon luminosity. There-
particle, and so the constraint of E8.15 is actually on the fore, there are two parameter regions consistent with obser-

Emiss™ Ebeanit™ Ecor— Evis (3.19

in each hemisphere di-tagged events. Her&,,.,is half of

scale of
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vations, high and lowF, with an excluded region in the If either one of the above luminosities is larger than

middle. ~10 erg/sec, the cooling process of the supernova may be
These types of constraints have been discussed by Chdbminated by familon emission, and the duration time of the

and Santamarig34] in the context of a Majoron model. We neutrino pulse becomes shorter tHal sec). Imposing the

modify their discussions slightly for the familon case. To constraint that the familon luminosities given in E¢4.2)

simplify the analysis, we will ook at two extreme scenarios.gnd (4.3) are smaller than 8 1072 erg/sec, we obtain the

First we consider a diagonal familon coupling #9, as in  fg|lowing constraints:

the case of an Abelian family symmetry, and second we

analyze a purely off-diagonal coupling, as in the case of an

O(2) family symmetry® For a general family symmetry, one m 5
expects familons with both diagonal and off-diagonal cou-,, ff:( ”7) ———| <5.8x10°° (4.4)
plings; a generalization to such cases is straightforward. In” " MeV/\F; ’

this subsection, we also neglect possible mismatches be-
tween the flavor and mass eigenstates, and assume that the
relative angles relating the two are small. Such mismatches (MeV)Z( GeV

will be discussed in Sec. IV C. Finally, we assume that
m,,m, are negligible compared tm, , as suggested from

laboratory constraints as well as the corresponding masses of V= v,f: ( m, )
,

) =0.43, m, =95 keV
m T

L
F
Vr ViVr

the charged leptons.

m FL V) <4.0X 10_4, mVT$95 keV.

1. Familon with diagonal coupling (4.9

Here we consider a purely diagonal familon coupling to ) o -
v., such as in models with a(t) family symmetry acting Familon volume emission is sufficiently small when both
on the third-generation lepton doublet,(7,). The relevant EQs.(4.4) and (4.5 are satisfied.
interaction is given by On the other hand, if familon interactions are strong
enough, familons effectively scatter off the neutrinos in the
_ background and get thermalized and trapped in the super-
EFEQETVW,JVTY“PLVT- (4.1)  nova. Once this happens, a thermal sphere of familons is
formed, just like the thermal neutrino sphere, and familons
. . . can only be emitted from the surface. The familon luminos-
Let us first consider the case where the familon can freely, oqqentially obeys the formula of blackbody emission with
escape the core of the supernova. Based on the mteracthﬁe surface temperature of the familon sphere. The important
given in Eq. (4.1), potentially significant processes of nint is that, once the familon is trapped, the familon lumi-
familon production are the neutrino scatterings,—ff ity decreasesas the familon interaction becomes stron-
andv.—v.f, the latter process being allowed due to back-ger This can be understood in the following way: as the
ground matter effects. The familon luminosities due to thesggmijon interaction becomes stronger, familons can be ther-
processes are given in R¢84]: malized with a lower temperaturéNotice that the scattering
5 rate increases for higher temperatufehe surface tempera-
m,, GeV\*4 ture of the familon sphere then decreases, and hence the
MeV (ﬁ) ' luminosity is suppressed. Therefore, the familon luminosity

Qs(v,v,—ff )~8.8x10% erg/see<<
can be small enough when the scélds sufficiently low.

(4.2 Following Ref.[34] we find that the cooling through familon
f 4 ; emission is sufficiently suppressede., is less than 3
1.6% 10 erglsec MeV|"/ GeV X 10°2 erg/se¢ wheneither oneof the following constraints
' m, | \F,, |’ is satisfied:
m, = 95 keV,
Qf(VT—) fo )%< . mVT 2 GeV 2 fVT—>fVT. mVT Gev 2> .,
1.9x 107 erg/sex AEHE v, | Mev) | T =8.3x10"% (4.6
{ m, <95 keV.
4.3
( ) mv_r GeV
KV r—|=85 m, <1 keV
SThroughout our discussions, we assume that neutrinos are Majo- fr—v.: m, |2 GeV
rana particles. Observations of supernova SN 1987A imply that (_’ — | e~ ™24 keV=50
Dirac neutrinos must be lighter than 3 k¢®6] or heavier than 31 keV FVTVT

MeV [37]. As we will discuss in Sec. VI, most of the interesting 4.7
mass range from a cosmological point of view is therefore ex-

cluded. mVF 1 kev.
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1O4§ T TTTT T TTTTT T TTTTT T TTTIT T H\Hg 3 mVT Gev
c E Qi(v,v,—ff)~2.2x10° erg/sec vev) [0
B ] %
— 10 (4.10
> =
(aD) - m, 4 GeV 2
B B 5 :
\_; 102? . Qi(v,—v,f )~3.0X 10° erg/se(x(MeV) (F" ) .
e E E ~h
& i 4.13)
10 E We require thaall of these familon luminosities are smaller
= 3 than 3x 10°3 erg/sec, and obtain the following constraints:
1 7_\ \IIHH‘ _\ \I\HH‘ _\ IHHH‘ 1 HHIH‘ | HJH; mV GeV 2
10° 10% 10" 1 10 10° v, 1, Vﬂvuﬁff:(M—\T/)(FL—) <8.3x10°°,
mVT (MeV) e L=

(4.12

FIG. 1. Excluded region mFt ». as a function of the neutrino
massm,, , derived from SN1987A. The bounds shown correspond by f Tv,| [ MeV
to the case of diagonal familon coupling. For the off-diagonal case v\ se

the bounds orF: | are very similar: the excluded region is only

Vv,

marginally shifted down by a factor of 1.2, and the little bump from where the lifetime ofv, is given by
v,—v,f is absent.

);3.3>< 105, (413

Ve

3

14

1 m,
Of course, if the familon has strong interactions with other TVTl 167 FL2 . (4.14
light particles (the photon, electron, or neutrpnfamilons V¥
may be trapped by other processes as well. This gives addi-
tional regimes where the earlier constraints of E4s4 and
(4.5 can be evaded.
In Fig. 1, we show the upper and lower bounds on th

diagonal couplingzt ,_as a function of the neutrino mass
m, . The region above the upper line is allowed because fv,—fv,, fr.—fv, ( m, )

familon emission is sufficiently suppressed by the flavor ff—>1/#v#, ff—v. v '\ MeV
scaleF. This line is basically determined by E@.4); the

Increasing the interaction strength further into the ex-
cluded region, familons eventually become trapped and ren-
dered harmless again. This occurs wlagty oneof the fol-

E1owing constraints are satisfied:

GeV
FL

VTV

2
) =1.2x1073,

slight bump is due to Eqg(4.5. As we can see, the lower 4.19
bound onF is at most 1 TeV for the maximum allowed value MeV
of the tau neutrino masgl8.2 MeV), and it becomes less fv,— VT:(T,,T/SGQ( o= )sloe. (4.19
stringent as the mass becomes smaller. The lower boundary vy

is determined by Eq4.6), which supercedes E.7). The

region below this line is also allowed because the familon i
trapped in the core and the contribution to the cooling isV
again sufficiently small.

éAs mentioned before, if the familon has strong interactions
with other light particles, these interactions may lead to ther-
malization of familons as well, resulting in additional al-
lowed regions for low flavor scales.

The resulting excluded region is fairly similar to that of
the diagonal coupling case. The constraint from the decay

Here we discuss SN 1987A constraints on a familonprocess Eq(4.13 is important only for smallerF or
which has only an off-diagonal coupling, such as in the cas
of an Q2) family symmetry. The low-energy Lagrangian of
the model can be written as

2. Familon with off-diagonal coupling

‘?arger masses, values that are outside our range of inter-

est. In addition, the small bump in Fig. 1 now disappears due
to the absence of the,— v_f process. The dominant con-
i . . straints are therefore from Eqgl.12 and(4.15 in the off-
gfzﬁgtfvuaﬂf(yﬁupwﬂ_ v, ¥*Pv,). (48  diagonal case, which differ from the dominant constraints of
Egs. (4.4 and(4.6) in the diagonal coupling case only by a
small constant factor. The boundary of the excluded region is

The inclusion ofv, in the discussion is straightforward. The therefore given by the lines of Fig. 1 shifted downwards by a
familons are produced by,v,—ff via t-channelv, ex-  factor of 1.2 inF.
changey,v,— ff via t-channelv, exchange, or the decays
v.—v,f. Following Ref.[34] again, B. Bounds from loop-induced couplings

In the previous subsection, we considered astrophysical
constraints on tree-level familon couplings . In addi-
tion, however, astrophysical bounds may also be used to con-

(4.9 strain familon couplings to all other particles, as these cou-

GeV
FL

™

m
N 3
Qi(v,v,—ff )=2.2x10° erg/se%(MeV)
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2

Ly i=———s=In A m2(g.—g )(gz—gz)g‘”—l(g of
Z—f (477) S E)Z( x\IL R L R 3 LYL

+gROR)(P°GH" = PHP") | 2,40, f
2N 2, A? B 2 Zigms t (a1
T (4m)7F my nE)Z((QL gr) (9L —0ORr)Z*d,f, (4.19

whereN; is the number of colors of the fermigpn andA is
the effective ultraviolet cutoff of the order of the flavor scale
F. Note thatg{ —gg=d! , and the fermion charg®, drops
out: the Ward—Takahashi identity guarantees that the
) ] . ] Q, sir? @y piece in theZ vertex gives a completely trans-
plings may induce couplings of familons to electrons andyerse vacuum polarization amplitude proportionaipfa*”
nucleons at the loop level. While these induced couplings are- p~p’, which vanishes when contracted with,f. The
suppressed by the usual loop factors, the bounds on familogading contributions to the induced couplings are deter-
couplings to first generation particles are so stringent thagined by the amount of current non-conservation, i.e., the
these constraints may be strong in certain cases. In fact, waasses of the particles in the loop, and the third generation
will see below that the contributions to induced couplings arecouplings therefore give the most important contributibns.
proportional to fermion masses, and so these constraints are The mixing of Eq.(4.19 is logarithmically-enhanced and
particularly relevant for couplings of familons to third gen- so typically gives the leading contribution if present. How-
eration fermions. In this subsection, we will estimate theever, there are cases in which this term is not present or is
induced couplings for various choices of the family symme-highly suppressed. First, it may be that the amount of current
try group and determine what lower bounds on flavor scaleg§on-conservation is itself suppressed by inverse powers of
F result from current astrophysical constraints. For simplic-the flavor scale. For instance, in the singlet Majoron model
ity, we will limit our discussion here to familons with flavor- [38, lepton number conservation in the low-energy theory is

diagonal couplings to the third generation, and ignore posYiclated only by neutrino masses which are of ordér diie
sible rotations relating the flavor and mass eigenstatedC the seesaw mechanism. The neutrino loop contribution to

. . . . 3 .
Extensions of this analysis to more general cases are straighfie Z-Majoron mixing is then F* and highly suppressed.
forward. Second, if the familon coupling is vector-like so thgt

To evaluate the strength of the induced coupling, we Wi||:gRI’ the I(f)gar:thmically-le(rjlh?ncteﬁéterm.ki)sl absent. I;or ex-
begin by considering the low energy effective theory belowdPe: @ rtamion coupied 1o POssIbly generation-

the flavor scald-. In this approach, the theory is specified by dependentbaryon number current has this property. Finally,

the fl trv. that is. the | derivai this mixing is also absent if the familon has only flavor off-
€ flavor symmetry, that 1S, the low energy derivative Cou'diagonal couplings. In all of these cases, the contribution of
plings of the familon, and no further knowledge of the

. o . -~ Eq. (4.19 is absent or suppressed, and the leading contribu-
mechanisms of flavor symmetry breaking is required. Withions 1o z-f mixing come from non-logarithmically-

the assumptions given above, the dominant contribution t@nnanced threshold corrections which may be of order 1/
the induced couplings is from the-f mixing graph shown  sych corrections are sensitive to physics at the flavor sym-
in Fig. 2. Herey is any one of the third generation particles metry breaking scale, and are therefore model-dependent.
directly coupled to the familon, an¢=e, u, ord. (There With these caveats in mind, we now assume that the lead-
are also additional contributions from penguin-li¥¢ dia-  ing contribution given in Eq(4.19 is present, and determine
grams, but these are suppressed by mixing angles,\édg'n bounds on F for various flavor symmetries. The

FIG. 2. TheZ-f mixing diagram.

the case ofy=d.) Let us define thé-y coupling as Icigarithmically-enhanced mixing induces an effective cou-
pling
1 _
Eaqu'y#(gLPL"_gRPR)Xv (4.17) 2Ne mf( A2 .,
‘Ceﬁzmgzlx(gL_gR) m_iln m—)z(aﬂfdw (1,PL
—Q, sir? 6
and theZ- y coupling as Q W ) )
I s M A2
B =1 (47T)2F gz X(gL gR) m_§ n m_i a//mlp lﬁ)’slﬂ,
Z,xY"(9EPL+ ORPR)X, (4.18 (4.20

where QEZQZ(U_ Qy Sin? 6w), gé: —092Q, sir? 6y, and ®Note that the radiatively-induced mixing operator can be written
gz=el(sin &y coséy). The inducedZ-f mixing from the in the manifestly gauge invariant forigH'D ,H—D ,H"H)d"f.
fermion loop is divergent, and the logarithmically-enhancedThis operator may be present at tree level if the familon couples to
contribution is “Higgs number,” but we will not consider this case.
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where in the last step we have integrated by parts and sulzoupling is absent. For such flavor symmetries, the threshold
stituted the equations of motion fay. For example, for a corrections at the flavor scale must be studied separately for
familon coupled totg, N.=3, I,=1/2, andg, —gg=—1.  each model, and the flavor scale can be constrained only
For a familon coupled t®, , the contributions from both after the model-dependent coefficients are known. However,
andb, must be summed. from the numerical estimates above, it is clear that the in-
The effective coupling of Eq4.20 is constrained from duced loop-level bounds can provide interesting constraints
various sources. For the cage=e, a stringent constraint is on flavor-diagonal familon couplings. Such bounds are par-
provided by red giants. Familon-electron couplings lead tdicularly interesting for couplings to the third generation, as
additional sources of red giant cooling, which, if too large,they are enhanced for large fermion masses. Note also that
would destroy the agreement between the observed populaeuplings to the top quark are stringently bounded and are
tion of red giants in globular clusters and stellar evolutionextremely difficult to bound by other means.
theory. Such constraints have been studied extensively in the
Iltgratpre [39,40. The current best upper limit on the cou- C. Bounds from effects induced by flavor-mixing
pling is [40]
In this section, we have so far parametrized and con-
g<2.5x10™" (4.21)  strained possible familon couplings individually by introduc-
_ ing effective flavor scales, neglecting possible mismatches
for Les=—igfeyse.” The strongest bound on the family sym- petween flavor and mass eigenstates. However, as noted in
metry breaking scale is for familon couplings that are domi-Sec. 1, when bounds on a particular familon coupling are
nantly proportional t(mtz, as, for example, when a familon very stringent, such as in the case of bounds on familon
is coupled only tag. Such a case results in the bound couplings to the first generation from supernovae, one can
" also obtain interesting bounds on other familon couplings
Fp>1.2x10° GeV, (4.22  from flavor-mixing effects. In this subsection, we will con-
S sider such bounds in the quark sector. In extensions of the
where we have take=F. Weaker, but still significant giandard model with massive neutrinos, similar arguments
constraints are obtamed_lf the familon coupling is dominated, 4 in the leptonic sector. Additional constraints may also
by m,, as when the familon couples only bz . The bound e gptained if the gauge symmetry is enlarged.
in this case is Let us assume that the flavor and mass eigenstates coin-
R cide in the down sector. A generic familon coupling term for
Fpb>6.1<10° GeV. (423 left-handed down-type quarks is then

Notice that, in the case where the familon couplesgtand 1 o

Q. with the same charge, the bound of E4.23 also holds Li=—d,fdy*P d;, (4.25
for the corresponding flavor scales. However, possibly stron- Fis

ger bounds may also be possible if model-dependent non-

logarithmically enhanced terms proportional tof are  wherel andJ are generational indices. Notice that, in this
present. If the familon contribution to the induced couplingsection, the familorf is a real scalar for the diagonal cou-

is dominantly proportional tan?, we find the constraint plings (I=1J), and a complex scalar for the off-diagonal ones
R (I1#J). (Thus, in the off-diagonal case, there is also a Her-
Fr>2.5x10" GeV. (424 mitian conjugate term in the Lagrangian.

- . . . The up-type coupling required by gauge invariance in
Similar bounds may be obtained from induced famHontermS of down quark mass eigenstates is

couplings to nucleons using constraints from supernova
1987A by rescaling the bounds on axion couplings. These
constraints are somewhat more ambiguous because of th% _ TPy _ 1 3 f e
loss of coherence in axion emission due to nucleon spin fluc-~f~ FL “x! Vil Uiy PVl = 2F5 (Xydufuy,ysut:-),
tuations caused by scattering effects in the supernova core (4.26)
[41]. More realistic estimates were addressed in Refg,
43]. The constraints yield results comparable to the red giant . . L
bound on electron couplings, but with larger error bars. ~ Where x,=—V;V,,. Therefore, a constraint oft;, ob-
Finally, we stress again that these bounds are for specifi@ned from supernova cooling through familon—nucleon
flavor symmetries. For certain examples mentioned above0UPling implies similar constraints on the expressions
the logarithmically-enhanced contribution to the inducedFss (VisVus), Fid/ (VisVud), and so on. Of course, different
contributions to the same effective coupliffy, * may also
have opposite signs, which must be checked in the specific
’For a larger coupling, the familon may be trapped in red giantsrnOdeI unc_Jer mvestlg_atlon. .
’ To derive constraints on the flavor symmetry breaking

and not contribute to their cooling. Still, they can be emitted fromSCaIes e must convert the auark level counlinas to the ef-
the Sun and change its dynamics significantly. For yet larger cou: W u M qu v upiing

plings, familons may be trapped in the Sun as well, but then ’[he)IECt'Ve lucleon-famnon couplings of the formCiy
contribute to the thermal transport. Combination of these con—~igiynfN7ysN. This can be done through a generalized
straints exclude all couplings to electrons larger than this one. Se@oldberger-Treiman relation. With the interaction given in
Ref.[35] for further details. Eq. (4.26), we obtain
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LN L Vol |2 AP
ngN_F:_J XuAu ) (427) be>3>< 104 Ge W m s (429)
where my=0.94 GeV is the nucleon mass, and the coeffi- o
cientsAN) are given by[43 v V,d\ (AP
q g )'{ ] F|55>3X106 Ge\/( | ub|_3)<| us|) “u ’
AP AM—0 80 3.5x10 0.22/10.80
v e e (4.30
L 7 ub ud u
AP=AP=-012. Foa=1x10 Gev( 3.5x 103) ( 0.98) ( o.so) '
Here, we have assumed that the flavor symmetry is anomaly- (4.3
free for SU(3) . If the flavor symmetry is anomalous under
SU(3):, there are anomaly-induced contributions to Eqg.An even stronger constraint is obtained felry
(4.27); see Refs[35,43,44 for discussions of constraints on
axions. Vod | Vud A
The effective couplings of Eq4.27) are constrained by F§d>8><108 Ge us )( ud )(L) (4.32
supernova SN 1987A. In Ref43], the upper bound ogg,, 0.22)1 0.98/10.80

is given as a function of¢,/dspp - FOr simplicity, we adopt

the most conservative constraint gy, This constraint is, however, weaker than the laboratory

- —10 bound.

Orpp=3>10"7 (4.28 Note that the above bounds are obtained under the as-
and use this to estimate bounds on the flavor symmetr)sumption that the mass and flavor eigenstates are identical in
breaking scales. the down sector. If, on the other hand, these eigenstates were

Under the assumption that only one down-type familonassumed to be identical in the up sector, familon coupling to
coupling exists at a time, that is, ignoring possible cancellathe s- andd-quark arises due to the mixing effect, and the
tions between two different contributions, we find bounds orsupernova constraints dffq andF g, could be used instead.
third-generation couplings In particular, an interesting bound is derived E){q:

IViVieA P +VigVigA |
1X 10 2)?X 0.12+(5.7X 10 %)2x 0.46/ -

Fp>7x10° Ge\/( @ 4.33

This bound is about one order of magnitude stronger than the A. Bounds from B decays
bound onFy, since, in this case, the effective familon cou- In all of the experiments mentioned above, one may

pling to the nucleon is dominated by tisequark contribu-  ¢aarch for the exclusive deca@” — (7*,K*)f and B°

tion, and the mt_eractlon is therefore not as highly Cabbibo- | K.f. These exclusive modes have smaller branching frac-
suppressed as in the, case.

of here i hv the famil i . tions than the inclusive modds—(d,s)f, but have clear
. course, there is no reason why the familon coupling ISexperimental signatures due to their simple two-body kine-
diagonalized in one sector. However, as the up and dow

. . : ! Ihatics. The form factor of
sectors cannot be diagonalized in the same basis, one gener-

ally expects similar mixing-induced constraints in all cases. <K_(p,)|§yﬂb(qzzo)|8_(p)>:Fl(o)(p+p,)ﬂ

V. PROSPECTS FOR FUTURE PROBES:B FACTORIES

In this section, we estimate what constraints on familon . . . .
couplings may be obtained from the current CLEO data Se\fvh!ch is necessary to calculate branching fractions, has been
and the upcoming CLEO IIl, BABAR and BELLE experi- €Stimated by Colangelet al. [45] to be F,(0)=0.25
ments. We make no attempt to conduct detailed experimentaf 0-03, based on sum rules. Estimate$gf0) based on the
studies appropriate to each of these experimental settingguark model are 0.34, 0.36, 0.30, or 0.35, depending on
Rather, our intent here is to describe a number of analysehich quark model parameters are assurf#g]. We could
that are likely to significantly improve the present limits on not find other estimates of this particular form factor in the
familon energy scales, and, we believe, merit further studyliterature, but various estimates f&— = transitions give
We will begin with investigations of hadronic couplingsimf comparable but slightly larger values. This is reassuring,
quarks to familons, and then consider decays ofstlepton  since they must agree in the flavor symmetric limit. The
to familons. decay rateB—Kf is given by
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3 suffers from the standard model background | vv. A con-

B

F(B—Kf ):EE29\2/33|F1(0)|2' (520 ventional method for bounding the branching fraction to
familons is to fit the momentum spectrum of the electron
whereB=1-m2/m3. (If the coupling is purely axial, there (muon from tau decay to a linear combination of the stan-
is, of course, no contribution B— Kf; searches for decays dard model spectrum, which drops approximately linearly
to K* f are required to bound such couplingdeglecting the  for large momenta, and a possible contribution from the
mass difference between thequark andB meson, and using familon mode, which is flat. The ARGUS bound quoted in
the naive spectator model for tlB2meson decay, one finds Sec. Ill A was obtained by this method. CLEO has not re-
5 ported a similar analysis. However, in a recent CLEO analy-

I'(B—Kf )%“: (0)[2 gv 53 sis of the Michel parameter im decays[51], the electron

I'(b—sf) ! 99+ 04’ ' momentum distribution of 3353t 7~ —(e* vv) (7" 7%v)

events was presented in uniform 0.25 GeV bins. This distri-

~ The concept of the search for such exclusive decay mod&sy,tion may be fit beautifully by the standard model alone,
is relatively simple. After applying the standard cuts t0 SUp-anq contains about 90 events in the highest momentum bin.

press continuungq and lepton pair events, one looks for For reference, the contribution of a familon decay mode with
events at theY (4S) resonance that have either an isolatedg(;— ef )=3x 103, a branching fraction near the current

Ks, or an isolated charged mesan,K™ together with ARGUS limit, would contribute 28 events in each bin, lead-
large missing energy. In the center-of-momentum frame, th@ng to a significant excess at high momentum.

energy of the mesoP=m~, K=, or K¢ must be in the To see the possible sensitivity given the current CLEO
narrow range data set, we generated 33531 standard modele
/s 2 2 +missing events. The momentum spectrum from our Monte
VS 14+ — ~8l1- Mp Carlo simulation(points with error bans along with the pre-
4 é mé dicted standard model spectrusolid histogram is shown
) ) in Fig. 3a. For comparison, we also plot the spectrum given
<E <E 1+ Mp <8l 1- mp 54 2 hypothetical familon branching fraction 8f r—ef)=3
P™4 m3 mg) " X 103 normalized to the same number of events. In Fig. 3b,

we plot the ratio to the standard model prediction to make
where 8= \/1—4m23/s=0.0645, andmng is the mass of the the familon contribution more visible. Note that the spectrum
meson. One can also require that, after excluding the isolateglith the familon contribution differs considerably in the high
energetic meson whose energy is in the above range, all tteomentum bins. By fitting the Monte Carlo data to the linear
tracks and energy deposits in the calorimeters reconstigict  combination of the standard model and familon modes, we
and have total energy/g/z in the center-of-momentum find that CLEO can obtain an upper bound on the familon
frame. branching fraction of 1.8 10 3(95% C.L.). This would al-

Of the existing analyses, the one most similar to that deready improve the ARGUS bouni®] on 7—ef slightly,
scribed above is a search fB*—|* v, by the CLEO Col- leading to a lower bound df .>7x 10° GeV. Note that in
laboration[47]. The reported upper bounds on the branchingthis analysis, only events with the” 7°v decay of the other
fractions are 1.510 5(e), 2.1x10 °(w), and 2.2 7were used. This requirement was motivated in the original
X107 3(7). The reach for the®f mode is expected to be Study by the desire to study spin correlations between decay-
worse than forev or uv, as the continuum backgrounds are ing 7 pairs, but is not necessary for our purpose. The statis-
larger and the detection efficiencies are worse for mesonéical power of our analysis may therefore be boosted by in-
However, we expect the sensitivity to such meson decays teluding events with additional decay modes of the oth&r
be greater than to ther mode, because the mesons have In this analysis, the systematic effects appear to be under
more-or-less fixed energy, unlike in the case.n/K sepa- control. The momentum dependence of the electron identifi-
ration is probably difficult with the current CLEO data set cation efficiency can be calibrated by using the actual data,
[48], but this analysis may still give us an upper bound onfor instance, by using radiative Bhabha events, and this cali-
B(B—xf )+B(B—Kf ) somewhere at the 10 to 103  bration improves with statistics. In addition, the background
level [49,50. Such a constraint would be competitive with is small in the above CLEO data sample. Indeed, all mea-
the upper bound inferred from the ALEPbi—svv study surements of qlepay parameters are statl_stlcally I|m|_ted and
discussed in Sec. 1l C. we expect a similar situation for the familon analysis. Note

Particle identification will be much better at CLEO [ii, @S0 thatin the above analysis we simply fit to the standard

which will allow 7/K separation, and will be even better at mF’d‘?' contribution, aIIovymg Its normal'|zat.|0n to vary. 'F‘

BABAR and BELLE. The higher luminosity at these ma- principle, one can determine this normalization by measuring

chines will also help, and an upper bound of ¥Gmay be

possible[49]. Such a bound would imply a bound on the

flavor symmetry breaking scale & 4,Fy=2x10° GeV. 8Another interesting possibility is to exploit the spin correlations

between decaying pairs by selecting events withh>0 (see Ref.

[51] for the definition ofw). Such a selection enhances the right-

handedr™ (left-handedr") decaying to leptons, and thereby sup-
We now turn our attention to the lepton sector. The decayresses the electron momentum spectrum at the end point. The sen-

rate for r—If is given in Eq.(3.2. A search forr—If sitivity to familon contributions at this endpoint is then improved.

B. Bounds from = decays
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scribed above, an upper bound ®&(7—If ) at the 2

x 102 level could be derivedHere, we have simply scaled
the CLEO results given above to the OPAL statistics; we
have checked that the momentum distributions are suffi-

3000 »"

-E 2000 ciently similar that such an approximation is vali€ombin-

> ing the four LEP experiments, we expect an upper bound of
- ~10°3.

= L . ,

£ 1000 At the asymmetricB factories, the boosted center-of-
2 - momentum system would somewhat complicate the analysis

of the electron(muon momentum spectrum. We are not
aware of any studies at these colliders. However, given that
the event samples available at these machines will be much
larger than the current CLEO data set, we expect BABAR
and BELLE to place constraints significantly better than the
102 level, and possibly at the 10 level. The study of
familon decays at these machines is extremely promising,
and worthy of further study. It must be mentioned, further-
more, that the futur® factories will be able to improve the
upper bound on the mass of significantly to the level of 3
MeV, or possibly even 1 Me\[54]. As we will see in the
next section, the interplay between bounds on ithenass
and bounds on branching ratios to familons is very interest-
ing from a cosmological point of view.

Finally, we note that the bounds an-If branching ra-
tios are expected to be even better at a tau-charm factory.
1 Ref. [55] has shown that one can reach the levelBgfr
A I R S I —ef )< 10 ° using the standard optics or eveni fQusing a

0 1 2 3 4 5 monochromator. This would raise the lower bound on the
p. [GeV] flavor scale toF .= 1 GeV. The uf mode is more diffi-
cult, and is limited by theu/w separation capability55].
FIG. 3. (8 The e momentum spectrum from decays. The However, a bound better than the FOlevel using a RICH

points with error bars are our Monte Carlo simulation for the stan-detector for particle identification is expectgsb).
dard model only, normalized to the size of the current CLEO event

sample. The solid histogram is the standard model prediction for
r—evv. The dashed histogram is the predicted spectrum with
B(r—ef)=3x10"%, again normalized to the current event Non-standard properties of neutrinos are always interest-
sample.(b) The same aga) but plotted as a ratio to the standard ing in cosmology, and in fact, heavy unstable neutrinos are
model prediction. advocated in certain scenarios to obtain reasonable agree-
ment between theory and observation. The heavy neutrino is
the efficiencies ofr identification in each decay mode typically taken to be the tau neutrino, and we will assume
through methods analogous to the multi-tag methods enthis to be the case in this section. Once a decaying neutrino is
ployed in the measurement Bf, in Z decayg52]. We there-  required, its decay into a lighter neutrino and a massless
fore conclude that a dedicated analysis could well lead to aboson is the most harmless. Visible neutrino decays are usu-
upper bound oB(r—ef ) below the 102 level. ally severely constrained from SN 1987A. As mentioned in
The 7— uf mode is more difficult because the muon Sec. IV, the energy released from SN 1987A was mostly
identification efficiency is less well-calibrated and the statis-carried away in neutrinos, and the visible luminosity of SN
tics is slightly poorer, with 21680 events in the CLEO analy-1987A was much smaller. However, if neutrinos decay into
sis. Again, however, the uncertainties are dominated by stavisible particles, such as photons or electrons, neutrinos
tistical errors’ We therefore expect an upper bound®fr  emitted from SN 1987A that decay before reaching the earth
—uf) only slightly worse than that on thef mode. may increase the apparent visible luminosity of SN 1987A to
Although we are concerned primarily wih factories in  levels much larger than observ¢B6].'° In addition, sce-
this section, we should note that the above analysis may algearios with7 neutrinos decaying into three neutrinos are also
be applied at LEP. For example, in a recent OPAL analysislangerous, since, in the absence of fine-tuning, such models
of 7 polarization[53], a large sample of 25000 e events  also predict large flavor violating decays(such asr— 3e)
was studied. By fitting th@ momentum distribution as de- by SU(2) gauge symmetry13]. In particular, in the cos-
mological models to be described below, the resulting flavor-
violating = decay rates are already excluded by current

1.3

1.2

1.1

1.0

#events/SM

0.9

VI. IMPLICATIONS FOR NEUTRINO COSMOLOGY

%In the Michel parameter analysis, a large systematic uncertainty
arises because the standard model muon decay parameters are not
assumed. For our purposes, however, we may assume the standartfSuch constraints may be evaded in scenarios with sufficiently
model predictions and eliminate these uncertainties. long-lived neutrinog57].
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bounds. This is because, for these three-body decays, the2.6. BBN scenarios with massive neutrinos decaying to
flavor-violating 7 branching fraction is of order familons have been discussed in Rgfs3—16. The most
(m./m, )®r, ! [to be compared withrfi,/m, )37, for the  recent calculation shows that a massive neutrino with

two-body familon decayls and hence is extremely enhanced ~10-20 MeV andr, ~ 10~ 2—1 sec can resolve the conflict
for scenarios with neutrino masses in the currently allowechetween theory and observatifi6].

range. Decaying massive neutrinos are also interesting for large
Therefore, if we adopt a massive unstable neutrino as gcale structure formation. The standard cold dark matter
solution to cosmological problems, massless bosons are gogdDM) scenario, which assumes a flat universe, a scale-
candidates for its decay products. The familon is an examplévariant initial spectrum, and that the universe is mostly
of such a massless bosdin the literature, a particular ex- filled with slowly moving (“cold” ) particles[64], is very
ample of a familon, the Majoron, is often considejed.  attractive in explaining the origin of large scale structure.
neutrinos decay to familons, cosmological scenarios, whicHowever, if the normalization of the power spectrum is fixed
require specific ranges for neutrino masses and lifetimed)y the anisotropy in the temperature of the cosmic back-
then predict rates for familon signals in future experimentsground radiation observed by the Cosmic Background Ex-
or may even be excluded from current familon bounds, asplorer (COBE), the standard CDM scenario predicts too
suming an absence of fine-tuning. In this section, we firstarge density fluctuations at small scales<(100 Mpc). At-
review some of the potentially interesting cosmological scetempts to explain the scale dependence of the density pertur-
narios that require massive neutrinos. Then, assuming th&gtions include proposals of CDM with a small component
the massive tau neutrino decays through-»f, wherel ~ Of hot dark matter or with a cosmological const&é5], or
=e,u, We will discuss how well these scenarios may bescenarios with a tilted initial density quctuatitﬁﬁG].
constrained by current and future collider searches for As pointed outin Refd.18—20, CDM with late decaying
familons. neutrinos also provides a solution to this problem. If the
Among the several cosmological motivations for massiveneutrino lifetime is long enough, neutrinos dominate the en-
neutrinos is the “crisis” in the standard BBN scenario. The €rgy density of the universe at the temperaflirem, . After
standard BBN scenario contains only one free parameter, thiis stage, the mass density of the neutrjmg, scales a3>.
baryon to photon ratiay ; the abundances of the light ele- Neutrinos then decay at timEv(pylep|)’l~7VT. Once
ments are predicted once we f’VXU”t'l'Oa few years ago, the  {hey decay, the energy density of the neutrinos is converted
theoretical prediction withy~3X 10"~ was in good agree- 4 radiation energy density, resulting in an increase of the
ment with observations. Recently, however, it has beenygiation energy density without affecting the background
claimed that the predictions of the standard BBN are disfapngtons. This then delays the time of matter-radiation equal-
vored by observations of the light element abundancefy the matter-dominated era starts later, and, with the
[58,59: normalizing  with the D and*He abundances, the COBE normalization, the density perturbations at small
observed*He abundance is claimed to be smaller than thescales are reduced. Due to the neutrino decay, the energy

standard BBN prediction. There are several argumentgensity of the radiation is increased by the factor
against this viewpoint on the observational side. For eX-—p (TD)/Té~(m2 r )2’3/M2’3 where T, is the tempera-
14 VT 14

. . . |
ample, the apparent discrepancy vanishes if one adopts.a . P .
larger systematic error in the observétHe abundance ture just before the neutrino decay. As we can see, physics

[59,60, or if the recently measured D abundance in high(@PProximately depends on the combinatian, 7, . To ob-

red-shift quasistellar objediQSO absorber systems is re- tain the correct density fluctuation at small scales, this com-
garded as a primordia| Or[é]_ 1 bination must lie in the rangm(,,T/keV)z(rVT/yr)~50—150
On the other hand, if we regard this “crisis” as a genuine[20].

problem with the standard BBN theory, it can be taken as an In these scenarios, the neutrino mass must also lie in a

indication of new physics beyond the standard model. Thergpecific interval. The neutrino must be heavier than about 50

are several attempts to solve this crisis by a modification o&V; otherwise, its mass density is always smaller tf@amat

the standard scenar[62,63,14. Here, we concentrate on a most comparable jathe mass density of the CDM, and the

solution that uses massive unstable neutrinos to reduce tlgenario does not work well. On the other hand, if the neu-

predicted “He abundance. Since théHe abundance de- trino mass is above-1 MeV, the neutrinos decouple from

creases as the energy density at the neutron freeze out tiniee thermal bath after becoming non-relativistic, and their

decreases, théHe abundance becomes smalleMNf, the  number density is reduced. In this case, the constraint given

“effective number of neutrino species” at the neutron freezeabove is not applicable. Furthermore, if the neutrino mass is

out time, is reduced. In the standard BBN|, is 3, but it can in the range~1-10 MeV while the lifetime is longer than

be smaller if heavy neutrinos decay and effectively convert-1 sec, the neutrino mass density may be so large at the

their energy density into lighter particles. For example, in theneutron freeze out time thd&He can be overproduced. Such

presence of the decay mode— v|f, if all the tau neutrinos lifetimes and large neutrino masses are therefore also disfa-

are converted into thermal familons and light neutrinfds,  vored from BBN consideratiorf45]. In this section, we con-
sider the mass range 50 e\n, <10 MeV, with the above

caveats in mind.

Y10ne should note that there is another measurement of D abun- TO summarize, we consider the following two cosmologi-
dances that conflicts with the one preferred by the standard BBNal scenarios:
scenarig 61]. Thus, this issue is still an open question. BBN: m, ~ 10-20 MeV, andrVT~ 10 2—1 sec.
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Structure formation:rf, /keV)*(r, /yr)~50-150, with 10°
50 eV=m, <10 MeV. 0 Z
These scenarios require decays to familens: v,f. As we 10 -
discussed previously, this process is related to the decay ) 10° 13
modes 7—I|f and b—sf though SU(2) and GUT gauge O 6 2
symmetries, respectively. Thus, searches for these decay @ 10 ’§
modes are interesting tests of these scenarios. j 10' 1065 <
Let us start with ther familon decay mode. If the decay 1 B(t alt):los S
mode v.— v, exists, by SU(2) symmetry, the charged
lepton must also have flavor-changing couplings to familons: 1

1 . — .
L=z, 09" vy PLy+gl Ty*P ) +H.c. (6.1) 10° 10* 10°10° 10" 1 10 10°

m, (MeV)

If there is no fine-tuningg{'~g,”"". Notice that, if the right- N
handed leptons also transform under the flavor group, they FIG. 4. Contours of consta®(7—If ) (10°3, 107>, and 107,
also couple to familons, and such interactions may increastom below), z’:lssumir1g:§TV|:FiI , the natural SU(2) gauge rela-
the rarer decay rate. The following argument is thereforetion in the absence of fine-tuning. The regions preferred by the
conservative. From the above Lagrangian, we obtain the deBBN and structure formation scenarios discussed in the text are also
cay rate shown. Note that the parameter region for structure formation with
m, =1 MeV may be unreliable because of limitations in the ap-
. proximations used to derive the preferred region. The lightly shaded
P(r—If )= FFLF (6.2 region is disfavored by BBN.

-

3

and, using Eq(4.14, we find same familon also couples to down-type quarks, the above
cosmological scenarios may also be probed by badecays.
1/ m3(7 |t FIL , 2 Such is the case in §6) GUTs, where the lepton doublet
B(r—If )= _( T) ( ) ( T ') and right-handed down-type quarks are in the same multip-

2\m, | \ 7, Fa let, and so we also have a coupling of the form
» MeV\3/1 se 1 -
=8.1x 10 “X m . LD Eﬁ"ng by*Pgs+H.c., (6.4
Foo )2 and similarly ford. With this Lagrangian, we obtain
X | — 6.3
FL ©3 3(r, \THFLL\ 2
_ | B(b—sf)=5|— ( ) é')
In Fig. 4 contours of constarB(7—If ) are shown in the 2\m, | \ 7 Fbs
H L _
(m, ,7,) plane, assumm@VTVl—_FTI . _ 1 MeV\3/1 se
From Eq.(6.3), we see that, in the absence of fine-tuning, ~7.3x107?%
the BBN scenario with decaying neutrinos predi&§ér m,, Ty,

—If )~10"* to 10 . The current bound8(7 —u f)

<4.6x10°3(95% C.L.) and B(r —e f)<2.6x10 3

(95% C.L) [9] therefore do not constrain this scenario. How-

ever, if the sensitivity of future experiments is improved by

one order of magnitude or more, the predictions of this scewhere we have usedn,=4.5 GeV, and 7,=75=1.6

nario may be tested, and, if the scenario is correct, exotic X 10" 12 sec. Comparing Ed6.5) with Eq. (6.3), we can see

decays may be see(Gee Fig. 4. that the branching ratiB(b—sf ) is enhanced by about two
The scenarios motivated by structure formation are als@rders of magnitude relative 8(7—1f ). This results from

interesting. In this case, E¢6.3) impliesB(7—If )~10"2  an enhancement by a factan{/m,)3, and also the fact that

to 10 8. Comparing this result with the current bound, partthe total decay rate of thie quark isV., suppressed, and so

of the parameter region of this scenario is already excludeds even smaller than that of thelepton, despite its larger

As discussed in Sec. V B, future experiments may reach aass. Contours of constaB{b—sf ) are shown in Fig. 5.

sensitivity forB(7—If ) of 102 or possibly 10%. Thus, if ~ For the cosmologically-motivated scenarios, the ranges of

the CDM scenario were realized, the familon decay mode i$(b—sf) are 102 to 10 ° (BBN), and 1 to 10° (struc-

likely to be found if the neutrino is lighter than ture formation. Because thé decay rates are so enhanced,

~1-10 keV. The region disfavored by BBNL5] is also in each case, the high value in the predicted range is above

shown by a light shading. bounds which can be expected from the current data. Future
Up to now, we have only used SU(2pauge symmetry experiments may reach a sensitivity B{b—sf)~10*

to relate the neutrino-familon interaction to existing and fu-[corresponding t@(B—Kf )~10 ° in Sec. V Al and will

ture constraints om decays. However, if we assume that thethus cover most of the preferred parameter regions.

FL 2
T I) ’ (65)

R
Fbs
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which hold promise for studyin and r decays with great
precision.

Motivated by these considerations, we have presented a
large and eclectic group of bounds which we believe place
the most stringent constraints on third generation familon
couplings. As emphasized in Sec. lll, the experimental and
astrophysical implications of familons vary strongly with the
underlying flavor symmetry and depend on whether the fla-
vor symmetry is real or complex, the familon couplings are
axial or vector-like, and whether they are flavor-diagonal or
non-diagonal. For instance, bounds Kndecay in the pres-

Z
o)
M
>
o]
o
2
S
&8
=
B

o ence of mixing effects may in general impose bounds of
S 4t 403 402 40 2 order 10 GeV on third-generation flavor breaking scales,
10" 10 10" 10 10 1 10 10 . .
MeV) but there are classes of models in Whlph such 'bounds do not
mvT ( apply. It is therefore important to consider a wide variety of

experimental signatures. Different signatures are also related
FIG. 5. As in Fig. 4, but with contours of constai(b~sf)  through some well-motivated theoretical considerations: in
(107, 10°%, and 10, from below, assumingF, , =Fy, @ the absence of fine-tuning, the familon couplings of particles
would be the case in GUTs without fine-tuning. related by gauge symmetry are expected to be similar in
strength. Probes afdecays to familons are therefore indirect
Finally we comment orm, measurements at futul@  probes ofv,. familon couplings, and in S(3) grand unified

factories. As we mentioned earlier, the upper boundmn the\(g/rieg, thesg are b‘?éh relatl)edttagecfays. i labl
. . . . ’ e began by considering bounds from currently available
Y:\I/Ie:)gf Sllgg'f'\';l::\r}tlyrk:r;gg\;en?egrfrlggiroﬁ :ﬁgf%:ﬁi’etgot]:re daccelerator data. Present values for neutral meson mass split-

has a significant overlap with the neutrino mass required irﬁIngS imply bounds on the flavor scale of10° to 10° Gev

. ) . r real familons. Bounds from neutral meson decays to lep-
the above mentioned cosmological scenarios, and hence su A o
mass measurements provide another probe of these SC%_ns_are S|gn|f|cantly weaker, at .the Ievgl of’¥BeV, and .
narios. The BBN scenario with massive unstable neutrino&J4'"® both hadronic anc_i leptonic couplings. More promis-
will be fully tested by the tau neutrino mass measurement irﬁng are bounds from exotib decayiat LEP. _By extrapolat-
future B factories. On the other hand, for the structure for-iNg from current bounds ob—svv, we estimate that an
mation scenario, most of the interesting parameter regioRnalysis of currently available LEP data may provide a sen-

(m, =1 MeV) may be covered by the search bor:sf, and  Sitivity to B(b—sf) at the level of 1.& 103, leading to

7
even if the neutrino mass is abovel MeV, this scenario proé)ae;"cgnflsa\gcl)sroscf?;(\a/sé ogsttf;g c;}rdseiz:glf |lrﬁ el?éations as the
can be checked by the direct measurement of the tau neutring physica P ’ y
mass(though this region is disfavored by BBNTherefore, may lead to anomalously fast cooling of supernovae, red

in this case, measurements of the mass and the branchilgéants’ and white dwarfs. Bounds fro_m direct cogplingsr;o
ratios will ha;ve complementary roles are generally weak. However, couplings of familons to par-

ticles of the third generation may also induce couplings to
electrons and nucleons radiatively or through flavor mixing
VII. CONCLUSIONS effects. Bo.unds on such pouplings are model-dependent, but
may be stringent; in the simple case where a familon couples
If global family symmetries play a role in determining the diagonally tot quarks, a bound of >10° GeV from radia-
patterns of masses and mixings of the quarks and leptonsively induced couplings may be set.
they must be spontaneously broken. Famil@rsMajorons, Finally, having evaluated a host of new bounds, we con-
the massless Goldstone bosons associated with these broksidered the prospects for analyses at furctories. Such
symmetries, allow rare opportunities to probe the physics atolliders are ideal experimental environments for searches
very high mass scales in a multitude of low energy settingsfor rare = and b decay modes and are expected to have
and their discovery will signal a breakthrough in attempts togreatly improved statistics. We find that probes of branching
understand the flavor structure of the standard model. fractions of 103 (10 °) for 7 (b) decays may be possible.
The experimental investigation of familons has in the pasis discussed in Sec. VI, under the assumption that the flavor
focussed on familons coupled to the first two generations. Ascales for these decays are naturally related to the scales for
we reviewed, such investigations have led to stringent lowey_ couplings, such precise probes are sensitive to parameter
bounds on the flavor breaking scafeof ~10° GeV and  regions favored by various BBN and structure formation sce-
~10" GeV in the leptonic and hadronic sectors, respecnarios, where a massive unstable neutrino is motivated by
tively. In contrast, bounds for familons coupling to the third possible discrepancies in cosmological data. In fact, parts of
generation are much less thoroughly studied. In the leptothe parameter regions in such scenarios are already excluded,
sector, constraints from raredecays lead to constraines  and future searches will be able to explore large portions of
=10 GeV; in the hadronic sector, no bounds have beenhe cosmologically-favored parameter space. Given the
previously reported. The lack of study of third generationpresent lack of analyses studying third generation familon
familons is conspicuous, especially in light of their cosmo-couplings, studies at all of these experiments, and particu-
logical relevance and the upcomityfactory experiments, larly the B factories, are strongly encouraged.
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