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Bottom-up model for maximal »,-» . mixing
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We construct a model which provides maximal mixing between a pseudo-Rjrac. pair, based on a local
u(l), L, symmetry. Its strengths, weaknesses and phenomenological consequences are examined. The mass
gap necessitated by the pseudo-Dirac structure is most naturally associated with the LSND anomaly. The solar
neutrino problem then requires a light mirror or sterile neutrino. By paying a fine-tuning price to nullify the
mass gap, one can also invokg— v, . for the solar problem. The model predicts a new intermediate range
force mediated by the light gauge bosonlbfl), L Through the mixing ofw, 7 ande, this force couples
to electrons and thus may be searched for in Srecision “gravity” experiments.
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[. INTRODUCTION (ME), and multiring event$NC). The 7° event sample is not
very useful at present because the production cross-section is
Mounting evidence from the SuperKamiokar[de2] ex-  poorly known. A forthcoming measurement of this quantity
periment suggests that muon neutrinos are mixed with neldy the K2K long baseline experiment is eagerly awaited.
trinos of another flavor, with a mixing angle of close##4,  SuperkKamiokande have recently argued that the last three
that is, maximal mixing. In this paper, we adopt the point ofdata sets disfavour the, — v scenarig 2], though this has
view that the angler/4 is a special, unique value that ought Peen disputed in Ref7]. We await with interest a complete
to be explained. In other words, we will attempt to under-account of the Superkamiokande analysis, so that indepen-
stand the origin of this maximally large mixing, as Opposeddent researchers can judge the robustness of their conclusion.
to the view that it is just one possible point in parameterIn any case, the future MINO.S and CI.ERN to Gran Sasso
space which should be assigned no particular significancé(.)ng baseline terrestrial experiments will be able to check

The contrast between this large leptonic mixing angle an%vglitr?r\]/grd(;?gcluswns are drawn on the basis of atmospheric

the small Cabibbo-Kobayashi-Maskawa mixing angles in the ;¢ paper will be devoted to building a theoretical
quark_ sgctor IS .stark, and justifies our. point O.f VIEW. bottom-up style model for maximad,-v, mixing. We do so
_'t IS 'r!tefes“”g thaf[ two-fold .maX|maI_m|X|n_g can be partly to provide a foil for the mirrgr and pseudo-Dirac ap-
fa|rly easily explained if each active neutrino mlxes.WIth aproaches to understanding two-fold maximal mixing. Can
sterile partner. There are two known ways to do this: em-gne ynderstand active-active maximal mixing in as compel-
brace the exact parity or mirror matter mo@i&}, or suppose jing a way as one can active-mirror or active-sterile mixing?
a pseudo-Dirac structurgt]. The former seems especially |5 addition, most other proposals for understanding large
compelling, because the exact parity model is not much mor@ngle v,-v, mixing [8] have invoked grand unification
complicated than the standard mod€M) itself. The  and/or string motivated physidsuch as anomalous ()
pseudo-Dirac structure, while having a degree of elegance isymmetrieg By contrast, we will use a bottom-up approach,
and of itself, suffers when one requires it to emerge from avhereby we try to keep the new physics at as low an energy
complete extension of the SM. Both possibilities, though,scale as possible. Also, we will not attempt to connect the
provide a strong theoretical motivation for light sterile neu-»,-v_mixing angle problem with the rest of the flavanass
trino flavors. Also, the combined solf], atmospheric and and mixing angle hierarchyproblem. We ask the question:
LSND [6] data provide interesting indirect experimental sup-what new physics principles are implied by the discrete hy-
port for the existence of at least one light sterile neutrino. pothesis of maximab ,-v, mixing? Then, given these gen-
One of the most important problems in experimental at-eral principles, how may they be instantiated within a com-
mospheric neutrino physics at present is to discriminate beplete extension of the SM?
tween thev,— vs andv,— v, possibilities. The cleanest at-
mospheric neutrino dat&he fully and partially contained
eventg can be explained equally well by both oscillation
modes. The modes can in principle be distinguished by pro-
cesses sensitive to the matter-effédE) and/or the neutral Our experience with the SM strongly suggests that inter-
current(NC). SuperKamiokande has four data sets of thisnal symmetry principles play a very fundamental role in na-
type: neutrino inducee production(NC), upward through-  ture. In this section, we will deduce some very simple sym-
going muongME), higher energy partially contained events metry principles suggested by maximal,-», mixing.
Strictly speaking, the atmospheric neutrino results do not rig-
orously establish exact maximal mixing. It is a logical pos-
*Email address: n.bell@physics.unimelb.edu.au sibility that the mixing is very large but not maximal. It is
"Email address: r.volkas@physics.unimelb.edu.au reasonable to expect that exact maximal mixing would be

IIl. SYMMETRY PRINCIPLES FOR MAXIMAL
v,-v, MIXING
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correlated with a symmetry principle, because maximalityThis defines a pseudo-Dirac structur&0] for the v ,-v,
arises from a special point in parameter space. For aesthetysten? Alternatively, exact maximal mixing arises if
reasons, and because of the historical precedent regarding the
importance of symmetries, our fundamental supposition here Case 2: 6,=6.. (7)
is that maximal mixing is our target.

We first make a short and apparently digressive commentase 1, with its pseudo-Dirac structure, leads to a nearly
It is interesting to note that the observation of neutrinodegenerate pair of almost maximally mixed eigenstates with
oscillations' and hence the necessary introduction of neu-a mass gapn above zero mass. Case 2 has exact maximal
trino masses into the SM, implies degrees of freedom beyonthixing without the necessity of a mass gap. We will see later
those in theminimal SM. This is true irrespective of whether that this mass gap is most naturally related to the Liquid
the neutrino masses are of Dirac or Majorana type. In &cintillation Neutrino Detecto(LSND) anomaly.
sense, therefore, the discovery of neutrino mass is akin to the The symmetry structures underlying the two cases are
previous discoveries of new particles such as the top quarkiery simple. Consider case 1 first. The relatively large tran-
In another sense, though, it is dissimilar: the new degrees @fition mass term is invariant under anylly symmetry for
freedom implied by neutrino mass within the gauge theoretiavhich v, and v, have opposite charges. The obvious choice
rules of the SM are not uniquely specified, and doectly  for this symmetry is simphJ (1), _, [11], whereL,, is the
pbservec{as ye}. It is certainly true, however, that renormal- |epton number for fam“ya:eﬁmf The Majorana mass
izable models of nonzero neutrino mass necessitate either §8rms preak this symmetry. The hierarchy ,<m guaran-
expansion of the fermion sectofright-handed neutrino tees however, tha (1), -, is an approximate symmetry

?Lailtess, t];iorleltns St%??ﬁg{aig i)r(?a?)rt]s lmeo\fv”tlhses;a\larthsi]cetor correlated with the pseudo-Dirac structure. &s,—0, the
9gs tripiets, ¢ ' 9 symmetry becomes more exact and the mixing angle ap-

e et IoRches compete maimalfgnd the nasses become more
i €9 o ' ' (?egeneral)e The limiting case of vanishing Majorana masses
will find that there is a natural role within our framewaork for

at least one light mirror or sterile neutrino state supplies a four-component massiv_e neutrino which preserves
Consider a general mass matrix involvin aﬁdv : L,-L, but breaks. ,+ L, by two units.(The m and & terms
9 A L both break. ,+L,.) The connection between maximal mix-
5, m\[v, ing and increased symmetry guarantees that the close-to-
[(V#L)C (VTL)C]( a )( a ) (1) maximal mixing angle deduced at tree-level will not be
m spoiled by radiative correctior(sinless some other sector of
the theory breaks the ,-L, symmetry strongly. This is a
well-known property of pseudo-Dirac states.
Is there any independent reason for considering the
U(l)LM,LT symmetry to be in any way fundamental? Inter-
. (2)  estingly, it has been observ§ti2,13] thatU(l),_#_,_T is ac-
tually an anomaly free symmetry of the minimakero neu-

The mixing angle is given by trino mas$ standard model and may therefore be gauged. In
fact the gauge group of the minimal SM may be enlarged to

57’ VoL

wheres, , are Majorana masses fer, ,, while mis a tran-
sition mass. The mass eigenvalues are

‘ VAMZ+(8,— 8,)%+(8,+ 6,)
mt: 2

2m
tan26=—~——. ()] SU(3),®SU((2), ®@U(1)y®U(1)y (8)

M

Very close to maximal mixing arises in the parameter rangevhereXis eitherL ,-L, orL-Lc orLe-L,, . Itis important to
recognize that it is possible to gauge only one of these three

Case 1: 6, ,<m. (4) alternatives, because anomalies involving two differéist
do not cancel given the minimal SM fermion spectrum.
The mass eigenvalues are then Because the pseudo-Dirac structure we want is correlated
with the anomaly-free symmetiy=L ,-L ., we shall choose
M. =m=+ Sut s (5) to gauge it, consistent with the common view that local sym-
- -2 metries are likely to be more fundamental than global sym-

_ metries[14]. Of course we cannot explain why dn,-L ,
with symmetry should be given this status, rather than either of
the two alternatives. We are simply suggesting that the maxi-

9~ 7T+ 8= 9, ©6) mal mixing betweerw, and v, could be associated with a
4 am gaugedL ,-L . which singles outv,, and v, as special.
To be precise, neutrinoscillationshave yet to be seen—only, 2This type of active-active pseudo-Dirac neutrino is of course dis-
disappearance has been rigorously established. See, for examplimct from the active-sterile pseudo-Dirac neutrino states discussed
Ref.[9]. in the Introduction.
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Having identifiedL ,-L, as playing a crucial role, it is mass matrix of the charged fermions. The tripigt which
tempting to speculate about further lines of development. Arhas noU(l),_M_,_T charge, is responsible for thma terms in

obvious path is to identify this quantity with the diagonal gq. (1), while the triplet y,, which carries anU(1),
Mmoo T

generator of a flavor S@) symmetry with the second and char
; I : ; ge of 2, produces th& mass term. We round out the
third lepton families placed in a doublet. We will not pursue{nodel with a third triplety, .

::rlllljseéhfci)ri?ht here, because we want to follow the simplest " " v Higgs-fermion couplings are given by
Let us now turn to case 2. This obviously requires broken

U(1)L# andU(1)_, but the central feature is an unbroken

interchange symmetry, < v, to enforces,=4,. Note +X, 181, x1+H.c. (11)

that, by contrast to the pseudo-Dirac case, there need be no T

hierarchy in the breaking scales fo,+ L, andL ,-L,. The  gpq

interchange symmetry can arise as a remnant of a fundamen-

Yuk_y 7T e e
L£,7=N, Talaxoth Ialaxeth lelewxo

tal U(2) flavor symmetry acting on the second and third fam- gzuk: ol oL 1 TR )\MQTMngleRjL Mol oL B0

ily of leptons. Observe that SB) is not enough, because the . o

transformation matrix within N dourt Nl poTrTH.C., (12
VL 0 1\(v. where thel’s are left-handed leptonic doublets. The Higgs
v 11 olls . © potential is of the form

is an element of (2) but not SU2). V=2

These symmetry principles are simple suggestions for a i
new physics framework that could lie behind maximgtv 1
mixing. We will now take the pseudo-Dirac possibility and n 2.t 4 T A2T )2
build a complete extension of the SM around it. We will not 2 Mix;xi ZAJ (xjxi)
develop case 2 further in this paper.

7o)+ %AMMF}

+a(pido)(dids)

)
+ 2 @ (X))
lll. MODEL FOR A PSEUDO-DIRAC  »,-», SYSTEM S, XX A

A. Basic framework

t T t 2 t
+ A AYEVIEVANE +
We shall now construct a model which realizes the ; Biy(di o) (X X))+ Lroxodot mixadods

pseudo-Dirac structure of case 1. Our mass matrix will have
. + uoxsd2+H.c] (13
the general form of Eq(1), with each of the mass terms 2 CAE AR
arising from the vacuum expectation valu€gEVs) of o —_— .
SU(2), triplet Higgs fields. Note that thé, and &, terms W!th '_.0’1 andj,j’=0,1,2. Denoting the VEVs of the
. . ; . e Higgs fields by
require Higgs field having opposite charges under

U(l)L,fLT' For simplicity we shall assume tha}, is absent (bo)=vo, (Xxo)=Uo,
in order to limit the number of Higgs fields.
We wish for the neutrino masses to be naturally tiny, (p)=v1, {x1)=Uq,
which implies a hierarchy between the VEVs of the Higgs
triplets and the standard Higgs doublet, which may be (x2)=Ua, (14)

achieved by invoking the VEV seesaw mechanism. This is
an appealing scenario whereby the triplets acquire tiny VEV4 May be observed that for lardé,, My, andM,, the VEV
because they have masses much greater than the electrowSS€Saw relations are given by

scale.

2

The Higgs sector we shall consider consists of the follow- U= Haovo

ing fields: M2

-~ 112111 7 -~ 173121 1
o~ ( 0, Xxo—( 0  pavovs
=
¢l~(112111])1 )(1"’(1,3,2,:]), Mi
x2~(1,3.2,2, (10 and

where the numbers label th8U(3).@SU(2) ®U(1)y szf

®U(1),-L, Pproperties. Here¢, denotes the standard U=~z (15)
T 2

model Higgs field. The additional doublep,, is necessary
for the implementation of the VEV seesaw mechanism forand thus we may obtain tiny neutrino masses by making
x1 andy,, and will also give rise to off-diagonal terms in the My, M, andM, suitably large.
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The proliferation of Higgs fields may not be ad hocas m;=|\, Uo|,
it appears at first sight. Observe that the quantum numbers of ¢
the fields are such that

Xo~ b5, M= = Ay, tot 5 Ao Uz
X177 ¢0¢11 and
2 1
X2~ P17, (16) M3=|\, UoT 5\, Up. (20)

hinting, speculatively, that perhaps thés can be reinter- . N .
preted as composite objects. This would then suggest re‘[yplcal values for the combination of Yukawa coupling con-

expressing the model in terms of effective operator Ianguagec‘,tants and the triplet VEV's might be

making the replacements, |7\VMU0|“|7\VEU0|~1 ev,

1 2
Xo— 17 Po. and
IN, Up|~1073—10"2 eV. (21)
- bod T
eV ) . L. .
Xy ot Nearly maximal mixing between,, and v is guaranteed by
the hierarchyu,<u, (provided that the relavant Yukawa
—>i¢2 a7 coupling constants do not have a nullifying hierarchylix-
X2y P ing betweenv, and thev,, , system is controlled by,,erul.

) ] ] Its magnitude will be discussed shortly.
whereM is a large mass scale, which of course is connected The mass matrix for the charged leptons has the form

to the VEV seesaw mechanism.

While the Higgs potentia(13) is undeniably ugly, it is A 0O E e,
also true that as long as the electroweak Higgs particle re- — — — ,
mains undiscovered, we cannot claim to really understand (eﬁ M Tﬁ) D B 0 MR (22
gauge symmetry breaking. One may wistfully speculate that 0 0 C Th

symmetry breaking is actually achieved by a more economi-

cal mechanism that we shall eventually uncover, and all thgvhereA, B, Cxv, andD, Exv;.

Higgs messiness will be re-expressed in more elegant lan- In order to obtain the necessary hierarchy in the fermion
guage. In the meantime though, we are forced to work withmasses, we must assume some hierarchy in the mass maitrix

Higgs fields. _ _ parameterd\, B, C, D, andE. Although the choice is by no
In order to realize the pseudo-Dirac form for thg-v.  means unique the possibility which is most natural and com-
sector, we require the hierarchy pelling is D,E<A<B<C. This is the case where tHeff-

diagonal L ,-L ; violating termsD andE, are much smaller
than the(diagona) L ,-L , conserving termg\, B, andC. In
ghis limit, the charged lepton masses are given by

Ux<<Up, (18)

which may be achieved by appropriately adjusting the value

of the M; . According to our symmetry argument, we would m2=A2+O(D2,E?)
also tend to expeat;<uv,, that is, the VEVs which break € T
L,.L; ought_ to be smaller than theurﬂ—'LT conserving coun- m2 =B2+0(D2,E?),
terparts. This would also help to achieve the hierand®8), w
though it is not essential. Note that we also expect ug. 2 2 =2
We may now write down the neutrino mass matrix, m>=C"+O(D%E%). (23
c c c Recall from the Introduction that our ambitions in this paper
( (ver)” (vu)” (vo1) ) are rather limited: we want to address the, maximal mix-
\ U 0 N U ing problem without simultaneously solving the entire flavor
ve 0 Ver 1 VerL problem. So, we just have to live with imposed hierarchies
X 0 0 MMUO v |, like the above.
A Ay, Uo Ay Uz [oA Vet B. Without LSND

(19 The model building process now presents us with a
where the primes signify that we are not in the basis wherehoice. In this subsection, we will suppose that the LSND
the charged lepton mass matrix is diagonal. To first order immnomaly is not due to neutrino oscillations. Degree of free-
u; andu, the neutrino masses are dom economy then suggests that the solar neutrino problem
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should be solved by.— v, , oscillations. Let us see what neutrino and either of the other two mass eigenstates is natu-
parameter range will allow this. rally

We are immdediately faced with a difficulty. The electron 5 )
neutrino mass-\, Uy is expected to be of the same order of OMggjar-Ug - (25

magnitude as the averags, , mass~)\VMuo. The com-

bined effect of the relatively small solar neutridon? and
the mass gap arising from the pseudo-Dirac structure is to 2 a2 (26)
demand a near degeneracy betwegandv,, . This entails solar at

some fine-tuning. For example, for either the small or large angle Mikheyev-

The mass squared difference corresponding to the atmasmirnov-Wolfenstein (MSW) [15] solutions we need

spheric neutrino anomaly is SmZya~107° eV which requires\, /X, to be fine-tuned
ILT

SMZ 10 UoUy, (24)  to one part in 18 if my5~1 eV. This is regrettable, al-
though perhaps not egregiously bad.
whereas the mass squared difference between the electron The leptonic mixing matrix is given by

Sinceu,<ugy, we have to adjuﬂt)xye/)\vﬂjzl so that

om

1 Y1 Y2
1 € €
U,=Ulu,~[e€e 1 0 REN i(iM) L i—é +0(u?,u?) (27
al ™ v 1:42/
Ce o 1| N WN2N2 VNG V2
EAENESH RN L9
Np o UNR (V2 VNg V2
|
where Ny=1+y2+ 2
AD [m\? E m Np=1+y2+0O( 8
€= _<(_e) , 6,:_<_e' (28) 2 Y1 ( )
B2 \m, C m, ) 5
Ny=1+ y3+0(8%). (30)
T The second set of near equalities in E2p) is related to
5:— —, . _ . ~ .ge 2
4y2n, o thezflneztunlng|)\ye/)\vw| 1, or more specifically, )(VM
- A JUG=N, Ny UgUa.
N N (h = The values ofy; could be such as to provide either a small
_ Ver Ui Ver( Vur ) Uy or large angle solatMSW) solution® For example, with
" V2(\, +X,) Yo J2x, A, u,’ A\, U1=0.04\, uy, we would have the small angle solution
: g with sin6,,,~0.05. Alternatively, consider for example
N A, (A, +Ao) )\Vez—)\,,/”, and)\yeTule.SAVTuz. We then obtain a large
Ver U Trer T, el Us angle solution with siy,~y;=0.4, andy,<1.

a0, ) U 2 N, e

C. With LSND
=N, Nup TN Uy As we have just seen, the pseudo-Dirac mass gap causes
Y3=3 = CENTRE TR some problems with solving the solar neutrino problem. A
()‘v,”_)‘ve) 0 ve T2 more elegant and natural alternative is to exploit the mass

gap, rather than trying to fight it. The, and v, , mass

M T

—A e)\ )\Ver Uy

er U1 ( )\Ve)
YaT T 2 ue '
()\V,m-_)\”e) Up )\VM )\VT U

P

14 14

SWe note that recent SuperKamiokande data disfavor the small-
(29 angle MSW solutior{16]. The statistical significance is, however,
not yet severe enough to make this type of solution completely
and uninteresting.
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eigenvalues are naturally of the same order, with the scale sethere, in general, the kinetic mixing term, will arise di-
by up. Theve-v, . 5m? scale is thus of ordeuS if we do not  rectly in the Lagrangiafl9], though it may also be gener-
fine tune a near degeneracy. ated radiatively 20]. The physical neutral gauge boson states

Indeed, the guideline values of E1) put the ve-v,  are then found by diagonalizing the and Z’ kinetic and
sm? scale in the LSND range. It is certainly noteworthy thatmass term§19]. This alters the coupling of thie, -L ; gauge
the LSND scale is a few orders of magnitude larger than théoson by adding a term proportional to the hypercharge—
solar and atmospheric scales, and it is quite attractive to agrencez’ will couple not only to the leptons but also to the
sociate this higher scale with the mass gegich was con-  quarks, though in a generation independent fashion. We have
structed for another reason to assume thak is small.

The LSND mixing angle must come out of the first  An interesting point to consider, since tAé gauge boson
equalities in Eq(29) (the near equalities do not hold in the is light, is whether there will be any “5th force” effects. In
absence of the previous fine tunjndJsing Eq.(21) as a  other words, an effective violation of the equivalence prin-
guide, we see that, u; should be of order 0.1 eVtopyt  ciple through a tinyZ’' boson mediated repulsion of matter
or v, in the LSND mixing angle range. Since this is inter- [21,22. In fact, for suitable parameters, a signature of the
mediate between the, andu, scales, it fits in nicely with model would be a new intermediate range force of nature.
our fundamentalu,<u,;<u, symmetry breaking pattern, TheZ,Z' mass matrix is

dictated by approximatE'J(l)LM_LT symmetry.
2

The solar neutrino problem then requires the introduction g 2 9 g9’ ,
of a light sterile neutrinag which mixes withv,. The most 8 C0§0W(U0 v1) 8 cosfy, " L
attractive possibility is to have this mixing also being maxi- ; I , (32
mal. This scenario fits all of the data, except for Homestake, 99 2 9° 5
extremely well[3,17]. The proper incorporation of a light 8 costS’WU1 g ‘1

sterile neutrino into the model is really beyond the scope of

this paper. However, it is pretty obvious that the mirror mat-where g’ denotes the gauge coupling constant of the
ter or exact parity ided3] is quite relevant, not only for U(1), , symmetry, and for simplicity, kinetic mixing and
providing a reason for the sterile state to be light, but also tqy,q tin’g/ tTripIet VEVs have been neglected. The light eigen-

explain theve/vs maximal mixing. One could imagine that giate which will be predominately the, will have a mass
the mirror matter solution to the neutrino anomalies summa.

iven b
rized in Ref.[3] is half correct: that the solar oscillations are d y

into mirror partners, but the atmospheric oscillations are 2 2.2
v, < v,. Intriguingly, Ref.[18] has also recently canvassed 2 _9° Vibo . (39
this possibility. Zight 8 v§+vg

IV. OTHER PHENOMENOLOGY Of course, in order for th&’ to be detectable through vio-

Let us now consider constraints on the model. There will!atlon of the equivalence principle its mass must be incred-

, . ibly tiny. For example, if the mass of th&' was larger than
be a new gauge bosafl, corresponding to the)(1), ., say 10°° eV, the corresponding range of the force would be

gauge symmetry. Due to the VEV ab,, there will be @ |gs5 than of order 1 cm. The electron couples to the light
mass mixing term involving th&" and the ordinary gauge  gauge boson, both through mixing between éhe and r,
boson. In order not to significantly modify the properties of 5, mixing ofZ andZ’. The coupling is given by

the standard Z boson, tt# boson must have a mass that is

much smaller. 1 o
The constraints on the model, however, are not terribly =9’ cosbz(e®—€'?)e ZigneL

stringent, since the family lepton number violating processes 2

involve essentially only the neutrinos. We suppress the pro- 1 .

cesses involving the charged leptons simply by making the +59' c0s0z({%—{'?)erZigner

off-diagonal ( ,-L . violating) termsD and E in the mass

matrix suitably small, which will also avoid flavor changing _ g — _

neutral current type processes due to exchangg bbsons. +8iN0z s €Lign(1—4 sinfy—ys)e

Note that this is not an ad hoc requirement, but is in perfect w

accord with our symmetry argument. (34
There is also the issue of kinetic mixing of the neutral

gauge bosons to consider, which arises whenever you havewhere 6 is theZ,Z" mixing angle such that

theory with two localU(1) symmetries. The kinetic part of

the Lagrangian may be written as g’ cosfy v3
sinf,=tanf,=———

: (35
ﬁkinetic__EFqu _lFrp,vF/ _E FUVE! UC2)+U1
T4 Tw g w g T
(31 and
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_D r_—

Note that the strength of the force is diminished bothgby
and the small parameteed, €'2, /2, £'2, and @, /vo)?. If

PHYSICAL REVIEW D 63 013006

a~10182)4 g’ i
vo/ 10710/ -

If we assume for examplg’~10"1% andv,/v,~0.1, the

(40)

one demands consistency with standard big bang Nucleosynange\ will be too short for the force to be detected, while

thesis, then the very rough bougd<10 ' is indicated to

for smaller values ob,/vg it should be observable in the

prevent theZ’' boson being in thermal equilibrium during the proposed experimeri2l]. If we assume smaller values of

relevant epoch of the early universe.

g’, the range of the force increases and would violate current

Tests of the equivalence principle on short distance scalegxperimental constraints.

are the subject of a proposed experimigtti] which aims to
explore the range from about 1dm to 1 cm, for forces of
strength relative to gravity of about 18 upward. See Fig. 1

of Ref.[21]. The predictedZ’ gauge boson may be observ-

able in this experiment, for a certain parameter region.
The Yukawa potential associated with thegauge boson
will be of the form

—r/N

(37

—f2
VYukawa_f r

wherex=1/M Ziant is the range of the force. For the coupling

to electrons given by Eq34) we have

4
: (38)

U1

2 —n'2
felhic~g (Uo

and the strength of the force, relative to gravity, will be
f2
G2’

(39

a

whereu is the atomic mass, an@dy is the Newtonian gravi-

tational constant. The range and strength of the force have

the approximate values

N 10_8(00)(1010
g!

m,

V. CONCLUSION

We have taken a bottom-up approach to constructing a
model with maximal mixing between two standard neutrinos.
The simple U(l)LfLT symmetry naturally provides a

pseudo-Dirac form fow, andv . with close to maximal mix-

ing, with a mass gap. The model can incorporate mixing with
the v, consistent with either a small or large angle MSW
solution of the solar neutrino anomaly. However, a mild fine-
tuning price must be paid to achiedenZ,, < M2 o< If this

price is taken to be too high, then one needs to introduce a
light mirror or sterile neutrino to solve the solar deficit prob-
lem by ve—vg. It is certainly suggestive that the natural
scale for theve-v,, mass squared difference could be in the
LSND range, due to the mass gap required by the pseudo-
Dirac structure. The breaking of thé(l),_M_LT symmetry
occurs at a low scale, and we predict a new intermediate
range force which may be detectable as an apparent violation
of the equivalence principle.
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