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Can lepton flavor violating interactions explain the LSND results?
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If the atmospheric and the solar neutrino problems are both explained by neutrino oscillations, and if there
are only three light neutrinos, then all mass-squared differences between the neutrinos are known. In such a
case, existing terrestrial neutrino oscillation experiments cannot be significantly affected by neutrino oscilla-
tions, but, in principle there could be an anomaly in the neutrino flux due to new neutrino interactions. We
discuss how a non-standard muon deq.aX/HeJr;em would modify the neutrino production processes of
these experiments. Sin&J(2), violation is small for new physics above the weak scale one can use related
flavor-violating charged lepton processes to constrain these decays in a model independent way. We show that
the upper bounds op— 3e, muonium-antimuonium conversion and- u € e rule out any observable effect
for the present experiments due,m*—>e+7€v, for I=e,u, 7, respectively. Applying similar arguments to
flavor-changing semi-leptonic reactions we exclude the possibility that the “oscillation signals” observed at
LSND are due to flavor-changing interactions that conserve total lepton nufSi&56-282199)04409-4

PACS numbgs): 14.60.St, 13.15:g, 14.60.Pq, 95.55.Vj

[. INTRODUCTION ranges. All these experiments observe a solar neutrino flux
that is smaller than expected. The most plausible solution is
There are strong experimental hints that suggest that théeat the neutrinos are massive and there is mixing in the
neutrino sector is more complicated than it is in the standartepton sector. Then neutrino oscillations can explain the defi-
model. In particular, the atmospheric neutrino anomdly  cit of observed neutrinos with respect to the standard solar
and the solar neutrino problef2] can be explained with model. In the case of matter-enhanced neutrino oscillations,
massiveneutrinos. the famous Mikheyev-Smirnov-WolfensteitMSW) effect
The atmospheric neutrino anomaly] is the observation provides an elegant solution to the solar neutrino problem.
that the ratio of muon neutrinos to electron neutrinos that ardhe best fit is obtained for themall angle solutiorwhich is
produced in the atmosphere is about 0.6 of the theoreticaiven by[2]
expectation assuming standard model neutrinos. Recently,
the Su_per-Kami_okande Collaboration_ has publisf@dthe Am2=5.4x10"6 eV2, Sirf26=6.0x10"2,
analysis of their atmospheric neutrino data from a 33.0 1.2
kiloton-year (535-day exposure. The data exhibit a zenith '
angle dependent deficit of muon neutrinos which cannot be
explained with the standard model massless neutrinos. THehered is the vacuum mixing angle in a twactiveneutrino
estimated probability that the observede ratio could be  framework involving thev, and eitherv, or v.. Thelarge
due to statistical fluctuations is less than ¥Gfor the sub- ~ angle solutioncan also explain the datavith a worse fit
GeV data, which is widely considered as the first “proof” With Am*=1.8<107° eV* and sif26=0.76. Finally,

for massive neutrinos. The data are consistent y@ih vacuum oscillationgprovide an alternative solution with the
best-fit solution[2] given by Am?=8.0x10 ! eV? and
5X107% eVP<Am?<6x10 3 eV?, sinf26=0.75 .
It is well known that the standard model contains only
sif20>0.82 (90% C.L), (1.)  three generations of neutrinos and that SLAC Large Detector

5 . ) ) (SLD) and CERNe*e™ collider LEP data exclude the exis-
where Am* is the mass-squared difference afddis the  tence of a fourth light sequential neutrifig]. If, indeed,
vacuum mixing angle for the favored, < v, oscillations.  there are only three light neutrinos, then an important conse-
Note thatv, < v, oscillations are disfavored by the observedquence of the above solution&.1) and (1.2) to the two
zenith angle distribution and by the fact that the up-to-downyifferent neutrino anomalies is that all light neutrino mass-
I’atIO for V’u'|nduced events departS mUCh more from Un|tysquared d|fference$m m mJ are Comp|ete|y deter-
than for thev,-induced events. Moreover the CHOOZ ex- mined. The reason is that with three generations, there are
periment[4] independently rules out, e v, oscillation for only two independent mass differences sinom3,+ Am3,
mixing as large as in Eq1.1) andAm*>10"3eV2, =Am3,. In particular, we learn that for ariyj=1,2,3,

The long standing solar neutrino puzl@® is now con-
firmed by five experiments using three different experimental ) ., )
techniques and thus probing different neutrino energy Amj=10"° eV~ 1.3
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This is below the sensitivity of all existing terrestrial experi- at the time, they are excluded by the latest dathere has
ments[except the above mentioned CHOOZ experinjdit  been another more recent atterips] to explain all experi-
which provides an even stronger bound than B3 for e  mental data except the Homestake measurement with three
— u oscillations and large mixing The conclusion is that if active neutrinos only. However their results have been criti-
both the atmospheric neutrino anomaly and solar neutringized by the authors dflL4].)
problem are explained by neutrino oscillations and there are The aim of this work is to investigate another approach.
only three light neutrinos, then an extended three generatiowe assume that the three light neutrinos are not only mas-
standard model, which allows for small neutrino masses busive but also interact through lepton flavor violating interac-
leaves all interactions as they are in the standard model, préions, which are forbidden in the standard model. This is an
dicts that no anomaly should be observed in any terrestriadttractive possibility, because various extensions of the stan-
neutrino experiment. dard model which predict neutrino masses also give rise to
In contrast to this expectation, the Liquid Scintillation such new interactions. Moreover, exotic interactions that in-
Neutrino Detector(LSND) Collaboration has reported a duce matter-enhanced neutrino oscillations have been suc-
positive signal in two different appearance channels. Theessfully applied to explain the solar neutrino dgté&,16].

and searches for,’'s via inverse beta decay. The observed pTOd“C“‘?” z_;md detect_|on processes for short-baseline neu-

o ... _trino oscillations experiments such as LSND. We analyze the
excess ofve events corresponds to an average wransitiongnsequences of small lepton flavor violating interactions
probability of [6]

under the assumption that all neutrino parameters are fixed to
solve the atmospheric neutrino and the solar neutrino
anomaly.(We do not consider here interactions that violate
total lepton number, which will be studied separatgly].)

We find that such a scenario, where new interactions explain

tions, with Am? and sif 26 in the range indicated in Fig. 3 : :
of Ref.[6]. Taking into account the restrictions from the null E'JSyLSND resulfs), can be ruled out in a model independent

results of other experiments, the preferred values of the neu- We note that the implications of exotic muon decays on

H 2 H ~ —3
trino paramgters arAr; ~2 eV’ anq sirt 2‘9. 2>.<10 an.d the LSND neutrino production have been studied by Herczeg
the lower limit on Am= for the neutrino oscillation solution [18] showing within two explicit models, the left-right sym-
is given by metric model(LRSM) and SUSY withouR parity, that new
AM2>0.3 e\’ 1 interactions are too small to be relevant for LSND. More
m € (.5 recently the authors of Rdf19] have argued in favor of such

The second analys[g] usesw,’s from pion decay in flight a solution(claiming that the DAR result could be explained
(DIF) and searches for,'s via the v, C—e~ X inclusive within LRSMs). However, they overlooked the strongest ex-

reaction. Again, a positive signal has been reported, whiclR€fimental bound coming from muonium-antimuenium con-
could be explained with neutrino oscillations that requireVerston. _ _ _
neutrino parameters similar to those of the DAR result. How- ©OUr paper is organized as follows. In Sec. Il we introduce

ever, the statistical significance of this result is much smallefn€ formalism to describe the flavor violating interactions. In
than the one of the DAR analysis. Sec. lll we present the experimental boundsSI(2), re-

Obviously, the lower boundL.5) on Am? is incompatible lated lepton flavor violating interactions containing only
with the neutrino oscillation solutions to the atmosphericcharged leptons. In Sec. IV we show how these bounds can
neutrino anomaly(1.1) and the solar neutrino problef@.2) ~ be used to derive constraints pn —e™ ver; within specific
in a three generation framework. One possibility is to postu€xtensions of the standard model. We generalize this idea in
late a light “sterile neutrino’[8,9]: a standard model singlet Sec. V and show in a model independent way that the
that mixes with the active neutrinos. Then there would beanomalous muon decay cannot have a detectable effect in
four neutrino masses which give three independent mass digxisting terrestrial neutrino oscillation experiments. In Sec.
ferences, as required to explain the three mentioned resulid we extend our analysis to semi-leptonic reactions and
[10]. Although adding ad hoc this sterile neutrino would beargue that also in this case the boundsSid(2),_ related
phenomenologically satisfactory, it is not well-motivated to processes involving only charged fermions can be used to
have a light SM singlet(For attempts to naturally get a light rule out model independently the possibility that lepton fla-
sterile neutrino see, e.d9].) vor violating interactions which conserve total lepton num-

Due to the unappealing theoretical feature of a light steriléer provide a valid explanation for the LSND results. We
neutrino, it is interesting to look for alternatives that could conclude in Section VII.
explain the LSND anomaly with the known three light neu-
trinos only.' The aqthors of Reff11] have suggested that the Il NEUTRINO OSCILLATIONS AND NEW
atmospheric neutrino anomaly and the LSND result are ex- INTERACTIONS
plained by the same mass-squared difference. In[R&f.a
scenario where both the solar neutrino and the atmospheric We start by reviewing the formalism of oscillation experi-
neutrino anomalies are solved by the safmm? has been ments in the presence of non-standard neutrino interactions
studied. While these explanations were marginally consisteriR0]. To illustrate this “hybrid” situation of having both

P(v,— 1) =(3.1715x0.5x 102, (1.4

This result by itself could be explained by neutrino oscilla-
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non-trivial neutrino properties and new interactions, we as- wr et vy, 2.6
sume two neutrino flavorsCP conservation, that the new es

interactions have the same Dlra}c structure as the standa(g, defineGL' to be the effective coupling of the anomalous
one and that the neutrinos are highly relativistic. In general

) ) : muon decays

in the presence of new physics, the neutrinos that are pro-
duced and detected are not the weak eigenstates. Therefore,
we denote these neutrino states by the super-ingicesld
which stand foproductionanddetection respectively. Con-

sider the LSND setting: Anti-neutrinos are producedby

—e* V8P, and detected byS+p—e’ +n. We define the

relevant mixing angles G”
N

p—even, 27

for I =e,u, 7 respectively. In terms of the couplings in Eq.
(2.5), G| satisfies

2
=(GYDiel?+ F1(gRRIe|2 2.9

sinfpq= (v} v, sinGne=(v,[vd), sin Omp= (V1| V), G
The three processes {8.7) cannot interfere with each other
wherev, andv, are mass eigenstates. Then in the presencbecause they have different final states. Hence the combined

of lepton flavor violating interactions, the probability of find- effective coupling for muon decays that produgeis
ing a positron signal in the beam at distarices [20]

PE,(X) = Sir? 0,4+ SiN 201,4SiN 201, SINPX. (2.2) |GK1|2:E| 1GyI?. 2.9

= Am? —E.~(m2—m2 .
Here x—_Am L/4E and we usedE, EZ. .(ml m3)/2E, In terms of Gy, and for x—0 the appearance probability
whereE is the average energy. In the limit of the Standardbecomes{ZO]

model with massive neutrinosffy=0 and ,,= Omg= 0)
Eqg. (2.2 reduces to the standard vacuum oscillation prob-
ability P

2

GV
N (2.10

e,u:‘GF

P, (X)=sirx sirf 26. 2.3
eu(X) @3 From Egs.(1.4) and(2.10 we learn that, in order to explain

However, the upper bound(1.3 implies that sifx the LSND result, the effective new physics coupling should
<(O(10™%) for LSND. Therefore the oscillation part in Eq. satisfy
(2.2) is only a negligible contribution to the required transi- G
tion probability (1.4) leading to p=|N = (3.1 0.5x 1073, 2.11

LSND_ o :GF
Pe, =Sin6q. (2.9

Thus, at the 90% C.L. we need
We learn that the only significant source for the signal seen

at LSND is a non-vanishing,4# 0, namely, the produced r>1.6x10"3, Gy>4.0x102 Ge.  (2.12
(antineutrinos are not orthogonal to those that are searched

for. We note that from experiments we know that neutrinoln the next section we study the experimental bounds.on
interactions are dominantly those of the standard model.

Therefore, whiled,, and 6,4 may be largef,4 has to be Ill. EXPERIMENTAL CONSTRAINTS

small implying that the above appearance probabiliy)

that arises only from new interactions must be small. The anomalous muon dec&g.7) is tightly connected to

We first consider new physics effects in purely |eptomcother_lepton flavor violating processes. Thg standard model
interactions(New physics effects in semi-leptonic processesn€utrinos formSU(2), doublets together with the charged
are studied in Sec. VI Such effects are only relevant for the |€ft-handed leptons. As we will show in Sec. V any theory
DAR, where they modify the muon decay. The detectionWhich gives rise to the four-Fermi operators that induce the
process is given by the standard model and therefore is seomalous muon decag.5) also necessarily produces the
sitive only to left-handed neutrinos. In that case, the effective> Y(2)L related operators of the form
interaction for the muon decay is given p31,5] | |

4G, scl —
H —f(eL Yl (e Y p) + f(eRIL)(eL MR)-

1= 2 (Y ) e o) (v 7y 10)
72 9L LY Val) VgL Yy ML 3.9
(g8 (en VaL)(V_BL/'LR)]' (2.5 HereG(Gy) are the effective new physics vect(scalay

four-Fermi couplings. Furthermore we define the combined
where the sum over the weak flavor indicess=e,u,7is  coupling
implicit. In the standard model the only non-vanishing coef- | | |
ficient is (9! )e,=1 leading to the standard muon decay IG\I?=[G\I*+]Gg)?, (3.2
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(a) (b)
FIG. 1. Diagrams fofa) u*—e* veve and(b) u— 3e for LRSMs.

for I =e,u,, respectively. In general, there might be otherNote that for new physics interactions that have a different
interaction terms where all the charged fermions are rightbirac structure than those in the standard model there exist
handed. Clearly, such interactions do not relate to those iradditional constraints 06 which come from the bounds on
volving neutrinos. We therefore ignore such terms and asthe Michel parameters]. We find that at 90% C.L.
sume that there is no fine-tuned cancellation between these
terms and those we are considering. Gs<3.3x10? G, (3.9

The operators in Eq3.1) mediate lepton flavor violating-
processes involving only charged leptons. As we shall sewhich is less severe than the bounds in E§s3), (3.4) and
the effective couplingss,/ and G), are always correlated. 3.5. ] o
There is no experimental evidence for any non-vanishing !f SU(2)L breaking effects are negligible the}, equals
Gl , so the upper bounds dB), can be used to derive con- 0 G, up to a factor of at most two from a possible Clebsch-
straints orG,! . Specifically, the most stringent upper bounds Gordan coefficient. If we assume moreover that eitBgror
on G) come from w—3e (for I=e), muonium- Gy are cI_ose to their experlmental limiive will s_how later
antimuonium conversioffor | = ») and 7— uee (for | = 7). that relaxing these as;umptlons does not modify our conclu-
Before we turn to a discussion of the exact relation betweegions then the experimental bound8.3), (3.4 and (3.9

G, and Gy, We present the current experimental bounds onpIy that

the§e threeI lepton flavor violating processes and their impli- GL<6.0x10"% Gp. (3.7
cation onGy.
Using the upper bound BR(—3€)<1.0x10 '* to-  Comparing with Eq(2.12 we find that in theSU(2), sym-
gether with BRu—e v, v,)=1 [5] we obtain metric limit new interactions cannot have a significant con-
tribution to the DAR signal observed at LSND.
GN=G,_3.<1.0x10°° G. 3.3 We shall now argue tha8U(2), breaking effects are in

general small and therefore cannot sufficiently weaken the
The current bound on the muonium-antimuonium conversiorabove bound3.7). The crucial ingredient we used to estab-
effective interaction i$22] lish Eq. (3.7) is SU(2), invariance, i.e., we assumed that
there is anSU(2), rotation which transforms the four fer-
mion operator that gives rise ta* —e* vy to the one
where the neutrinos are replaced by their charged lepton
partners. IfSU(2), is an exact symmetry, then the coeffi-

GE=Gym<3.0x10 3 Gg. (3.4

The upper bound BR{ —u " e” e7)<1.5x10 ° together

with BR(7~—u~ v, v,)=0.174[5] implies that cient of both operators coincideip to a Clebsch-Gordan
. . facton. While this relation is exact only wheS8U(2), is
GR=G, ., ee<2.9x10° Gg. (3.5 unbroken, from electroweak precision data it follows that the

Fou Sun

1k ; Va I ; I
o oy A

6}5 I Ve ez I eﬁ
fee fee
(a) (b)

FIG. 2. Diagrams foxa) M*—»e*ﬁvﬂ and(b) u"e”—u~e* for LRSMs.
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FIG. 3. Diagrams foKa) u*—e*ver, and(b) 7 —u* e~ e for LRSMs.

breaking is small. As we will discuss in much detail, in the We remark that this is a very conservative estimate for the
underlying theory the two related operators are induced bynaximal value ofM%/MZ, which could probably be im-
the exchange of heavy particles, that are members of ongroved by more rigorous arguments. Still, it is sufficient to
SU(2), multiplet. If the intermediate particle is a singlet, or show that the relaxation of the bourid.7) due toSU(2),
if the two processes are mediated by the same member of thgeaking effects could bat mosta factor of four leading to
multiplet, thenGL‘zCCGG'N (Ccg is the Clebsch-Gordan
facton. If not, then the equality is violated and the ratio of Gu<2.4x107? G, r<5.8x10° % (3.1
couplings is given by
Thus, comparing with Eq(2.12 which requiresr>1.6
Gl M2 X102 we learn that the anomalous muon decay$

EE_CCG M35’ B8 o ver; cannot significantly contribute to the LSND DAR
result even for maximabU(2), breaking.
whereM; andM, are the masses of the particles belonging
to theSU(2), multiplet that mediate the processes described
by G}, andG};, respectively. Then, i+ M, this multiplet
will contribute to thep parameter. Thus, we can use the In this section we study the mechanism by which heavy
bound onp—1 from the electroweak precision measure-intermediate particles can induce the new four-Fermi inter-
ments, to determine the maximal ratio in £§.8). actions. To be specific, we shall first introduce the general
The contribution to thep parameter depends on the Lor- idea within two well-known extensions of the standard

entz andSU(2), representation of the multiplet. In general, model and postpone a model-independent discussion until
higher dimensional representations contribute more. Therdhe next section.

IV. SPECIFIC MODELS

fore, it is sufficient to examine the case of a sc&&i(2), First, we consider the minimal left-right symmetric model
doublet, where the maximal mass splitting can occur. FrordLRSM) [24]. The relevant ingredient for our discussion is
the recent data one finds that at 90% (23] the existence of a Higgs tripled, , with the following lep-
ton flavor violating coupling$25]
AM?=|M3-M3|<(77 GeW?. (3.9
The mass of the lightest component of dngn-singlet mul- Hy=i 2 fop(Li CroA Lg)+Hc, (4.1)

tiplet is known to be more tham,/2 from the measurement wp=emT

?grt?/? Z_\ZISdtg el'/he_l[ﬁl;onre,tr;cgeu?ggreitoﬂ?lzszalelzéﬁgcit rr? nseswhereLa denotes lepton doubl€g; is the charge conjugation
2= . y . -

plies thatM ;<90 GeV and we conclude that matrix and
Gy _M; (AN AT s
=—5<4.0. A = _ .
KL €r #z ef
# 5
Mgz pm=me-- Aat g Az - A3t
U, (a) Ve e; (b) e

FIG. 4. Diagrams fora) ,u,+—>e+?eve and(b) u— 3e for SUSY withoutR,, .
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Maz oo A2 = Aaz et Azt

e (a) Vu ez (b) HL

FIG. 5. Diagrams fof@) u*—e*ver, and(b) u*e”—u e’ for SUSY withoutR,.

Af exchange leads to the effective four fermion interaction Ny ~ RO LTI LTk Ty
in Eq. (2.5 with [26,27,18 He,= — - [vlRL A HreL H IR v L= (1=)) ]+ Hee.,
(4.6
L I L o
| N = 2\/§M2(AL*)’ |GN|_ 4\/§M2(AL+)' wherev| andl| denote, respectively, the sneutrino and the

(4.3 (left-handed slepton field of generati(ln, and the charge-
conjugate fields are defined by$=Cu|". In this model

where in this casé=e,r only. On the other handd "  ,*—e*p.p proceeds vial; exchange[29], where |’
exchange leads to the related interaction involving four=7(u) for | =e,u(7), with effective coupling
charged fermions, that we discussed in Sec. lll. The effective

couplings areg26] INg 1N

GVI == . 4.7)
ool %) RCRGVE (
| ee' ul
|Gl = aM2Ar (4.9
42M=(AL On the other hand, the charged lepton processes are mediated
by v,(v,) for |=e,u(7) with

The diagrams that induc@ﬁ' and G'N are shown in Figs. Y vvi) w(7)

1-3, forl =e,u, 7, respectively. Provided that the mixing of INyroh ¥,

A, with other Higgs fields can be neglected, the triplet |GIN|:+- 4.9

masses are related via[26] MZ(A[")+M?(AY) NPIVE O

=2M2(A") implying that M2(A; *)/IM?(A")<2. Then,
using Eqs.(4.3) and (4.4) and the bounds from Eq¢3.3), The different diagrams that indu@,’;' andG'N are shown in

(3.4 and (3.5 we obtain Figs. 4-6, forl =e,u, 7, respectively. We find thaB /G
— N2 27~

Lre< 14X 1074, @5 —I;/IN(,I DIM gvﬂ)' Thezslep;ons masses are related [_aga]

M2(1]) = M2(v,) =m{, —m5(1—sir? 6,)cosB. Since

Thus, even for maximal mass-splitting, within LRS\s" cos B<0, in generaIMz(T(_)>M2(7z,,). Therefore, within
—e* ey does not affect any of the existing terrestrial ex- SUSY withoutR parity a possible mass splitting would only
periments and, in particular, cannot explain the LSND DARStrengthen th&U(2), symmetric bound given by
result.

The second example is a supersymmetric extension of the g, <9% 107°. (4.9
standard model withouR parity [28]. The trilinearL,L E},
couplings between the leptonic chiral superfieldeand E ~ Obviously this is much too small to affect any of the existing
allow lepton flavor violating interactions which are mediatedterrestrial experiments and below the rari@ell) needed to

by sleptons. The relevant couplings are given by explain the LSND result. As we shall see in the next section
) et KR er
ﬁL i;u
LTI R Azn gl Az pr------ A2
7 (a) vr ek (b) TR

FIG. 6. Diagrams fofa) u*—e* ver, and(b) 7~ —u* e~ e~ for SUSY withoutR, .
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TABLE I. Lepton-lepton bilinears. too small. We therefore conclude that scalar particles in gen-
— _ eral cannot mediat¢L+—>e*7ev| at a rate required to ex-
Bilinear Coupling  SU(2), Q Y plain the DAR result of LSND.
LL scalar 13 0-1,-2 -1 The remaining entries in Table | require an intermediate
EL scalar 2 1.0 172 spin-1 boson with vector couplings. ABU(2), singlet
LL vector 13 1,0-1 0 couples to [L')s=»y, v +1_v,l{ . This implies that the
EL vector 2 -1,-2 —3/2  couplings for any interaction mediated by a singlet remain

exactly the same when exchanging the two neutrinos by their

chargedSU(2), partners. Therefore we can directly apply

the two explicit examples we presented here in fact exhaushe pound(3.7) that we derived in Sec. Ill. The other option

all the possible pur_ely leptonic couplings induced by mter-is to have arSU(2), triplet W “that couples th'y 7L just
mediate scalar particles. L

like the standard model vector-bosoM. If we allow for
flavor off-diagonal couplingsg,; the exchange of the

charged component$\( ) induces ev,u.)(e y*v) and
We have seen in the previous section within two explicitthe exchange of the neutral componeit ) gives rise to
models the tight relation between the operators that inducge, v, )(e y*l,). For both operators the effective cou-
wut—e"vey and those where the neutrinos are replaced bylings are proportional tg.,gs, and differ only by the mass
their charged lepton partners. In this section we show in &plitting between th&/' “andz’. Thus we find again that the
model independemvay that in our case it is impossible to | 4 decay,u+ae+7ev| is tightly related to the charged
evade the close relation between these operators. lepton decays or muonium-antimuonium conversion. Finally

The exchange of gheavy boson between two fermion o g) pilinear requires a spin-1 vector doublet with

bilinears induces a four-fermion operator whose effective_ 5,5 | this case a rotation betweérand v, goes along

d the el tareril i To obtain th ¢ SRith the exchange of the two components of this vector dou-
and the elementaritrilinear) couplings. To obtain the most pot 5 the SU(2), symmetry guarantees thap*
general set of such operators for new physics in the leptonic | — dth g h dql h
sector only, let us write all trilinear couplings involving at € VeI @nd the respective charged lepton processes have

least one doubleL (which contains the required neutrino the same couplings up to the mass'—sp'litting between the two
and at most one singléE (which contains a right-handed Members of the vector doublet which is small.

charged leptonand the respective antiparticlg80]. A priori We thus conclude that any purely leptonic process, that
there are only four such bilinears to which the intermediate”®NS€VeS total lepton nqmber, cannot contribute signifi-
particle can couple. They are tabulated in Table | togethefantly to the LSND DAR signal.

with their SU(2), representations and the possible values for

V. MODEL INDEPENDENT ANALYSIS

th_e chargeQ and the hypercharg (W_ithout Ioss_of gener-. VI. SEMI-LEPTONIC INTERACTIONS
ality we suppress the complex conjugated bilinears which
have oppositer,Q). So far we have restricted our analysis to the case of hav-

Due to the conservation of one can only construct op- ing new physics only i ™ —e* ver; showing that its rate

€annot be sufficient to provide,’s at a rate seen at LSND.
bilit hich i di b T AR XNVhile this is a reasonable assumption for LRSMs, where the
possibilities, which we will discuss one by one: An INterme- e mediate particles that induce the new interactions only

diate scalar singlet cannot contribute 40 —e" ver;. The  couple to leptons, in general also new semi-leptonic interac-
reason is that the final state of this muon decay has to contatjpons can play a role.

ane* and a?e. Since theLL bilinear has to form an In fact, for LSND the production reaction for the DIF
SU(2), singlet, it has to be antisymmetric in flavor space.(w"—u*v) and the detection reaction of both the DIF
This implies that one cannot produce @h and av, simul- (vn—pe~) and the DAR ¢ p—ne") are semi-leptonic.

taneously by exchanging a charged scalar sinfNaite that,  All the semi-leptonic four-Fermi operators of relevance to
e.g., ut—et v, v, could be mediated by a scalar singlet, LSND involve au and ad-quark, a charged lepton and only
but that the effective operator responsible for this proces§neneutrino. While the involved quarks necessarily belong
cannot be related by @U(2), rotation to the one where the 0 the first generation and the qhgrged leptons must pe either
neutrinos are replaced by their charged lepton parth&he the muon or t_he electrpn, a priori all the three_negtrmo fla-
two remaining possibilities that involve intermediate scalarvors could be involved in the new physics contribution to the
particles are those that appeared within the two specific modi€Mi-leptonic reactions.

els that we discussed in the previous section, i.e., the triplet The four-Fermi operators that are relevant for the detec-
A, in LRSMs and the doubldt™= (7, ,T’) in SUSY with-  tion reactions are of the formy(e* du) and for the DIF

out R parity. We only used model-specific ingredients to ex-production the relevant operator i f*du). Applying

plain why in these models the mass splitting is alwayssimilar arguments as in our discussion of the purely leptonic
smaller than the maximally allowed. Still, it can be easily new interactions, one can use tB&(2), symmetry to relate
checked that even for maximal splitting the possible effect ishese operators to the ones where the neutrino is replaced by
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its charged lepton partner, namely TABLE II. Quark-quark bilinears.
su2) Bilinear Couplin SU(2 Y
(med) = (I"e'qo) 6.9 ping__ St Q
UQ scalar 2 0-1 —-1/2
— SUZL D¢ scalar 2 1,0 1/2
(mu'du) = (17u*qa), 62 D9 ’
QQ vector 3,1 1,0-1 0
whereq=u,d. uD vector 1 -1 -1
Let us ignore for the momerBU(2), breaking effects vector 1 0 0

and the Dirac structure that we suppressed in E§8) and —
(6.2). (It is more complicated than for the purely leptonic
case and we will discuss how these operators arise and relafe
at the elementary level later gnifhen the upper bounds on
processes which would be induced by the operators that co
tain only charged particles can be used to put stringent co
straints on the semi-leptonic reactions relevant to LSND.
Forl=u in Eq. (6.1 andl=e in Eq. (6.2 the strongest
constraint comes from the bounds on muon conversion on

vector 1 0 0

Iso in this case. We conclude that the constraints arising

rom muon conversion on nuclei and—|7° exclude new
semi- leptonic interactions from significantly affecting either
of the two LSND results.

We turn now to a model independent analysis of the pos-
sible couplings and their relations for the semi-leptonic chan-

nuclei 5] nels using similar arguments as in Sec. V. Our goal is to
o Tioe Ti) show explicitly that it is impossible to evade the tight rela-
4.3x 1012 (6.3  tion between operators related ByJ(2), rotations, which is
o(all w~Ti capture crucial for the arguments presented above to be valid in gen-

. . eral. Consider first the bilinears that consistwb quarks. In
For the effective coupling of the,u(Ly#eL*qL v*q,) operator order to couple to the leptonic bilinears of Table | they must
this implies be SU(3)c singlets. Hence they contain one qu&k D or
U and one anti-quark, wher® is the doublet andd and U
Gn(neqq)<2.1xX107° G, (6.4  areSU(2), singlets. They are summarized in Table II.

Due to the conservation of it follows that from the
which is four orders of magnitude smaller than the CouDI”"gsmglet -singlet bilineargthe last three entries in Table) Il

in Eq. (2.12 needed to produce a signal for LSND. We note
that the above boun@.4) could be somewhat relaxed due to only UU andDD couple to the vector singlet ¢fL of Table
I. However the resulting four fermion operators do not con-

differences in the matrix elemeri$1], different Dirac struc- tribute to the semi-leptonic reactions of interest since they

ture andSU(2), breaking effects which we ignored. Still,
assuming that there are no fine-tuned cancellations, it is saFannOt change the charge of the involved leptons and quarks.

to conclude that the coupling of semi-leptonic reactions The UQ and DQ bilinears couple via a scalU(2),
which violate only thel, andL , lepton family numbers are doublet(with Y= *+1/2) to EL (or its complex conjugaje
much too small to be relevant for LSND. Let us use here the familiar notation from SUSY withéut

If the v is involved then all the three lepton family num- parity for the couplings and the scalar particiesne of our
bers are violated and new interactions are required for botArguments requires supersymmetry and therefore the under-
the production and detection processes. In this case the rdiing theory providing the new couplings is arbitraryrhe

evant experimental bounds dre] coupling)\l’JKLlQJD,i between the chiral superfieltisQ and
o . o . D induces exactly the required coupling between the quark
BR(7—en")<3.7X107°, BR(r—um)<4.0x 10(7 -5) bilinear and the scalar doublet
6.
Normalizing these branching ratios to BR(—= »,) N[ vidsd] —Tidgu{ 1+ H.c. (6.7)

=0.11 and using isospin symmetry we find that the coupling
of the operator £y, La.y*q,), satisfies the constraint The coupling of the scalar doublet to the lepton bilinear pro-
ceeds via the appropriate term in Ed.6). Obviously the
Gn(7109)<8.5x10 ° G, (6.6 presence of the charged scalar doublet merﬁberwhich
mediates the semi-leptonic processes relevant to LSND,
generically requires the presence of its neutral doublet part-

ner 7/'L Then the effective couplings for the operator

for I=e,u. For the DIF,SU(2), relates this coupling to
those describing the productioh={ «) and the detectionl (
—e) process. For the DAR, the production must pé
—e" vy . Using the agreement between the tau lifetime(ULdr) (Ix 1) (1#1”) coincides with the effective couplings
and its purely leptonic decay width, one can conclude thafor the operator @, dr)(I51,) up to the mass splitting be-
BR(u"—e vTV|)<5>< 10 3. Therefore, complications that tweenl'L andv v . However, as we have shown in the begin-
arise from isospin breaking effects, possible different Diracing of this section this operator is severely constrained and
structure andBU(2), breaking effects can be safely ignored thus cannot significantly contribute to semi-leptonic pro-
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TABLE Ill. (@ Quark-leptonL bilinears.(b) Quark-leptonE  singlet quarks, but not both, and are therefore of no rel-

bilinears. evance to the semi-leptonic reactions that could explain
LSND.
@ The QL bilinear could couple either to a scalar singlet or
Bilinear Coupling  SU(2), Q Y triplet of SU(2), . The singlet coupling involves the term

u I, —d_ v, implying that a vertex where the scalar singlet

QL scalar 1,3 2/3~-1/3, —4/3 -1/3 .

BL scalar 2 1/3-2/3 16 couples to the neutrino and tltequark has the same cou-

_ | ) 2/3’ 53 216 pling strength as to the charged lepton partner and the
scalar —2/3, - - —

uL u-quark. Thus the operatoru( I, )(d »:)(I#1") has the

QL vector 1,3 1/3-2/3, =5/3 —2/3 . , .

DL ) s s - same coupling asu_ I )(u_l|) and we can again apply our
vector e - argument using the bounds qn Ti—e Ti and 7—|#°.

uL vector 2 2/3,~1/3 1/6 Similarly, when theQL bilinear forms arSU(2), triplet it is

o ) (b) the Q=1/3 component that is relevant which couples to

Bilinear  Coupling  SU(2), Q Y u l_+d_» . Again, the same arguments as for the singlet

OE scalar 2 —2/3, —5/3 —~7/6 case apply, and the related charged lepton processes put se-

DE scalar 1 _4/3 _43 vere bounds on this case as well.

UE scalar 1 ~1/3 ~1/3 Thus the only remaining candidate is @& bilinear. The

QE vector 2 —1/3 —4/3 _5/6 intermediate I_eptoqua_HK must be a spilj—l boson. It could

DE vector 1 93 _o3 be aSU(2), singlet withQ=Y=2/3 that induces the opera-

U vector 1 _g/3 _g3 tor (v;y,u +1y,do) (u y*v +d y#I[), which obviously

gives the same couplings for tl&U(2), related processes
that we study. An intermediate spin-1 triplet* with Y

cesses that change lepton flavor. So we conclude that an2/3 couples tcﬁyﬂrL. The relevant coupling for our dis-
intermediate scalar doublet cannot contribute significantly ta@ussion is induced by th@=2/3 component o, which

the LSND results. _ _ ___couples via; to the fermions_e, X u y v,
The remaining candidate for a coupling to a leptonic bi- ——

i s theQQ. In thi the int diat el t—d,_y“l,_]. Hence—no surprise—the operator
inear is theQQ. In this case the intermediate particle must —— TREY . .

be either a spin-1 triplet or singlet witf=0. Since the (—ULY"V')(dLVZIIL) has the_ same effective coupling as
singlet is neutral it cannot mediate the charged-current semfdL7,.11)(dLy*1{) and the discusseBiU(2), symmetry also
leptonic processes that we are interested in. For the triplet w&/Orks for this case.

require a vector bosow’” that has both flavor diagonal cou- _ Finally, we have to consider the case when the bilinears
plings to quarks and flavor off-diagonal couplingg: to from Table Ill(@ do not couple to themselves but to those

leptons(like the one we evoked for the self-coupling of the containing a lepton singlet and a quark field. The possible

— bilinears are given in Table (iib).
LL bilinean. Then the exchange of the charged components Comparing the entries for the bilinears in Tabldalland

fin —_ —M TR
(W) induces (. 7,d)(ILy*») and the exchange of the Table Ili(b) we find that there are four possibilitie®E and

! H H ! - i
neutral componentA’) gives rise to G y,q.) (1L y"1 ). For UL via a scalar doublet)E andQL via a scalar singleQE
both operators the effective couplings are proportionaj,to — — — .

and DL via a vector doublet an®E and QL via a vector

and differ only by the mass splitting between WeandZ". inglet. Repeating similar arguments as presented before one

Thus the afg‘ﬂme”t using related processes co'nta.mmg ON¥an show that in all of these cases also the corresponding
charged fermions that we presented in the beginning Workéharge lepton operators are induced

equally well for an intermediate spin-1 boson. We thus conclude that lepton number conserving semi-

Having exhausted the quark-quark bilinears we now tur . : .
to the possibility of having bilinears containing both a Ieptonrlﬁgtigﬁlgrgéizslgs cannot contribute significantly to any of

and a quark that couple to leptoquark¥l]. At least one
bilinear must contain the doubl&t(since we require a neu-
trino) and any of the quark field®, D andU leading to the VII. IMPLICATIONS AND CONCLUSIONS

combinations in Table I{B).

Let us first consider those four-Fermi operators that are Extensions of the standard model in general do not con-
built only from the bilinears of Table I(8). The first three serve individual lepton numbers and therefore provide an
bilinears in Table Il{a) require scalar couplings, while the alternative mechanism for neutrino flavor conversion that
other three can only couple to a spin-1 particle. The consemay show up in neutrino oscillation experiments. We have
vation of angular momentum forbids that bilinears that haveargued that the experimental constraints on such lepton fla-
a different type of couplings couple to each other. Then usvor violating interactions do not allow such an interpretation
ing the conservation of hypercharge one can see that thier any of the LSND results. Our argument relies on the
allowed four-fermion operators only arise from bilinears thatbounds from SU(2), related reactions containing the
couple to themselves. It follows that operators from bilinearscharged partner of the relevant neutrino. We have shown
with a singlet quark always contain either tBeor the U explicitly the relations between the effective coupling of the
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two types of reactions within LRSMs and SUSY withdrt for short baseline experiments and the MSW mechanism are
parity as examples for new physics that affects the anomaiot necessarily related. But generically all types of reactions
lous muon decay. Moreover, we have demonstrated in aould be present. While saturating the current bounds on the
model-independent way that the ratio of these couplings igffective couplings for reactions involving @, is not suffi-
always of order one and that the deviation from unity is onlycient to produce a significant effect for LSNBince they are
due to a generically small mass splitting between the bosonisuppressed both for the productiandthe detectiop this is
members of arsU(2), multiplet and some Clebsch-Gordan not true for solar neutrinos. A detailed analygl$] shows
coefficients. that in this case the region in the parameter space that cor-
It is still interesting to ask whether lepton flavor violation responds to the small mixing angle solution is somewhat
could influence other neutrino experiments and whether theishifted. The shift is basically in the value of the mixing
explanation in terms of neutrino oscillation might be modi- angle, while the required mass-squared difference is almost
fied or even spoiled by the new physics. Recall that both thenaltered by the presence of the new physics. We note that
solar and atmospheric neutrino experiments detect quite also the effect of lepton flavor violating interactions on the
large deviation from the predicted neutrino-flux by a factorresonant neutrino conversion in supernovae has been studied
~1/2 with experimental uncertainties of about 10%. In gen{32,33 with the result that here one can have drastic changes
eral the effects of new physics on the production or detectiono the neutrino survival probability for a large region of pa-
process are much smaller and hence cannot influence thosgmeter space.
experiments drastically via those processes. However, if the We conclude that the presence of lepton flavor violating
MSW effect is the correct solution to the solar neutrino prob-interactions cannot solve the problem of explaining the three
lem, then new physics may influence the resonant conversionbservedA m? scales with three neutrino generations. We did
[15] if reactions of the type not study the possibility that lepton number violation pro-
cesses may be relevant. For example, the depdy

vef = uf, (7.0 —e" vy, may explain the DAR LSND resul[tL8].

wheref=e,u,d andl=u or 7, are present. Note that while
the proces7.1) and the flavor violating semi-leptonic reac-
tions that we discussed always violate the individual lepton
numbersL, and L, by one unit, this is only true for the We thank Haim Goldberg, Yossi Nir, Damien Pierce,
anomalous muon decay” —e* v.v.. The two other decays Tom Rizzo, Tom Weiler and Jim Wells for helpful discus-
producingw,, or v, in the final state violaté . by two units. ~ sions. Y.G. is supported by the U.S. Department of Energy
Hence the new physics processes that are potentially relevannder contract DE-AC03-76SF00515.
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