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We interpret the KARMEN time anomaly as being due to the production(dbaninantlybino) neutralino
with mass 33.9 MeV, which is the lightest supersymmetric particle but decays into 3 leptons through the
violation of R parity. For independent gaugino massésandM, we find regions in theNl;, M,, u, tang)
parameter space where such a light neutralino is consistent with all experiments. Future tests of this hypothesis
are outlined.

PACS numbsdis): 12.60.Jv, 14.80.Ly

[. INTRODUCTION pretation was found to be consistent, within strict limits on
the mixing parameter&ee also Refl.7]), although this may
In 1995, the KARMEN experiment at the Rutherford still be in conflict with astrophysical and cosmological con-
Appleton Laboratory reported an anomaly in the time distri-straints[3].
bution of the charged and neutral current events induced by In Ref.[5] a solution was proposed based on the anoma-
neutrinos froms™ and u* decays at regtl]. This was as- lous muon decay.* —e* +x, wherex is taken to be a sca-
cribed to the production of a new particle, denotedn the lar boson of mass 103.9 MeV. However, this implies too

anomalous pion decay large a value for the energy released in ¥héecay and the
required branching ratio is also constrained by the recent
= ut+x, (1)  bound BRu"— e +x)<5.7x10"* (90% C.L) [8]. Thus

it is necessary to add to the model 2 other scalar bosons into
with a small branching ratio in the range10 '°-10"% de-  which x can cascade decay in order to dilute the en¢y
pending on the lifetime ok. The particle must be neutral This model appears viable but is somewhat artificial.
since it passes through avé m of steel shielding. The time  |n Ref. [4], a supersymmetric solution was considered.
of flight to the detector is 360.25us, implying that the  Thex particle was interpreted as a photitar zino) and the
particle moves non-relativistically with velo<:i113yx=5.2i§j421 anomalous pion decay
x10° ms 1. This requires its mass to be 33.9 MeV and its
kinetic energy to b&@,~5 keV.! The observed energy in the Tt out+y 3
detector is~11-35 MeV, which must therefore come from

the decay ofx. Since 1995 the KARMEN experiment has was assumed to proceed via tReparity violating operator

been upgraded to significantly reduce the cosmic ray baCIﬁZZQng.Z The same operator then enables the photino to
ground. It has recently been reported that the time anomal&ecay radiatively as

persists in the new datf2]. A time-of-flight likelihood
analysis adopting the hypothesis that it is due to a decaying ~
particle as described above has a negative natural log- Y=Yt v 4
likelihood ratio of 9, i.e. less than 1 in 4@hance of being a
statistical fluctuation. The significance is thus sufficientlyvia a one-loop diagram with @ quark andd squark in the
high that we are motivated to reexamine its physical origin.loop. However, the expected peak at 17 MeV has not been
There have already been several proposals to explain theported in the new dati2] on the energy spectrum of the
KARMEN anomaly[3-5]. In Ref.[3], the authors consid- anomalous events, so a 2-body decay fortparticle seems
ered in detail the possibility that is a neutrino and con- disfavored. Therefore this modg!] may not be viable in its
cluded that &SU(2), doublet neutrino was excluded by ex- present form. We present below the necessary extension to
isting data. This was further reinforced by the subsequenproduce a 3-body decay for such a light neutrafino.
improvement[6] in the experimental upper limit on the
branching ratio,

BR(7m" —put +x)<1.2X10°8 (95% C.L), 2) zFor reviews orR-parity violation see Rei{gj. o
Such a decay was also proposed in Réf)] which invoked

possible mixing between neutrinos and gauginos/Higgsinos as the
reason for neutralino instability rather th&mparity violating verti-
ces. However, to explain the KARMEN anomaly then requires the
Higgs mixing termuHH, in the superpotential to be unnaturally
small, =30 MeV. Moreover, this scenario implies a MeV mass

The required mass is within 0.02% of the pion-muon mass dif-v, which is definitively ruled out by cosmological and astrophysical
ference. argumentg§11,12.

versus the minimum value of 2x 108 required in the dou-
blet neutrino interpretation. However, a sterile neutrino inter
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u ut u—'—;—'—)Z? u—-—;—-—,ﬁ TABLE I. Neutralino coupling coefficients for the pion decay.
- . i1
k.. o} di Pure  Pure
0 : + : 0 Coefficient General formula photino  bino
d Xi d —4—‘—4—” d —4—:—.—X1
N, (1
FIG. 1. Tree-level Feynman diagrams for pion decay via the  A¢ eN,;+ gha ——sin2¢9w) e —9'YeL
operatorL,Q,Df . cosfw 2
Ay —eQJN(l—g—N{Z(E—e sinzaw) —eg  —0'Yy
II. MODEL cosfy\2
. . o ~ Sir6yN;
We consider the lightest neutralino in supersymm@tﬁ&/, Ay egN/;— %TZZ'Z eg 9'Ya,

to be the hypotheticalx particle, with mass o0

=33.9 MeV. This will also be the lightest supersymmetric
particle (LSP) in our model. Sinc« is effectively stable on through eithemlzlLeLMEg O Mzilel,ES. Note that this is

collider time scalesthis is quantified beloyy our model will e oniy kinematically accessible tree-level 3-body visible
experimentally look very similar to the minimal supersym- decay for such a light LSP.

metric standard modelMSSM). Now in a grand-unified- In Fig. 2 we show the values of the branching ratio for
theory- (GUT-)inspired MSSM,M, = (5/3)tarf6,,M,, and
assuming this relation requirm;(c;>32.3 GeV from current

CERNe"e™ collider LEP datg13]. Thus in order to obtain
a very light neutralino we must considkt,; and M, to be
independent parameters. A small, implies at least one
light chargino which is excluded by experiment, while a
small M implies that the LSP will be dominantlgino. We
will quantify this below and determine regions in the
(M1,M5,,u,tanB) parameter space consistent with all ex-

12 £2..2
perimental limits. The solutions indeed turn out to be domi- F(WHM}E)Z)\ 212f 2M%Pe.m.

7t —ut+x? and lifetimesr50 which are compatible with

the KARMEN data[1,2]. In order to determine the required
range of the couplings ;;, N1j231 in our model which are
consistent with the solutions in Fig. 2, we must first deter-
mine the pion branching ratio in terms of the supersymmetric
parameters. The partial width as computed from the dia-
grams in Fig. 1 is

nantly bino with a small Higgsino contribution. 8m(mg+my)? | M2 2|v|§ 2M~§
Furthermore we invoke 2 non-zeRsparity violating op- .
erators. The pion decay x(mf,—mi—mio), (7
1
W+—>M+}g (5) wherem, and m, denote the pion and the muon masses,

%04, denote the corresponding scalar fermion masses,

c : m,,my are the first generatioourrent quark masses, and
proceeds through the operaif,;L ,Q,D; and the leading f » is the charged pion decay constant. The constagisy

order Feynman diagrams are shown in Fig. 1. The neutrallnpefer to the neutralino coupling and are given in Table |

is assumed to decay as both for the general case and for the limiting cases of either
B a purebino or photino neutralino. The phase space factor is
xi—e'e,, () given bype = ([m—(m,+m;0)*][mZ—(m,—my)?]) M
(2m_). In the Appendix we give some details of how this

/r / / ///V/ // // result is obtained.
10-8 4 e branching ratio for the anomalous pion decay, assum-
7 The branching ratio for th lous pion decay
ing the decayr™— u* v, to be dominant, is given By
¢}
= -10 — 2 5 2
ﬁ‘f’, 10 BR( 7T*>,u,~)‘(0)_ A,lemqrpc.m. Ae Ay Ag
1= 12 onn2 2
8 2GEm2(my+my)? MS  2M5 2M§
g 1012 _ ,
2 2
g (mw_mﬂ_m}g)
B e S e ®)
10 — (mw_m#)
2 4
_ I . I . | . I L | !
10718 50 102 104 108 108 ~2.6X10°8 A ou) [ 150 Ge
Lifetime 7/us 104 M7
FIG. 2. The solutions to the KARMEN anomaly in terms of the
anomalous pion branching ratio and tReparticle lifetime. The
hatched area denotes the experimental upper b&ind “This corrects the result given earligf].
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TABLE Il. Coefficients for the neutralino decay. . ~T =T | T
10 +
Pure Pure \ o o . ;'
Coefficient General formula photino bino 100 |- ) in
oN, [1 . 1072 a

B — —_ —e Y = ]
1 (el\[’1+ costy|2 Sirf6y g Yel :5 .
’ -4 | |

N , 1 ;

B2 200329\/\/ 0 9" e I "
o 1078 - —— My = 150 GeV =

B NSty e —g'y E e My = 300 GeV /
: 1" cosfy *r 1078 |- T My = 1000 GeV | T

108 106 104 102 10  10°

A1g,a11
<1.2x10°8. 9

FIG. 3. Solutions to the KARMEN anomaly in terms of the
To obtain a numerical estimate, we have assumed iN®q. R-parity violating couplingsh 5,1 ,Q,DS andX s, 4, for different
that the scalar fermions are mass degeneltg; 5=M7,  (assumed degeneratsfermion masses. The hatched lines indicate
and that the neutralino is put#no. In the last line we have upper limits on the couplings from perturbativity. The stars and
quoted the experimental bourtd), shown as a hashed area diamonds(squaresgive the upper limits on the couplings,;; and
in Fig. 2. This bound can be satisfied by a small coupling\,,; (\137), respectively. Solutions above and to the left of the stars
and/or a large sfermion mass. It can also be satisfied by are excluded, as are solutions below and to the right of the squares
fine-tuned cancellation between different diagrams for dis{diamonds.
tinct sfermion masses, but we disregard this possibility. The

last inequality(9) can be translated into an upper bound on M+ 2
ro. _3 f
APIER )\1{213}1> 1.66x10 (m) . (14
\51;<6.8x10° M) 10
211=0-9% 20 7| 155 GeV - (10

Given the perturbative upper bounid<v4m, and the
lower bound on the sfermion mass from LEP R

In the limit whereM7> o, the neutralino decay rate for
>100 GeV, we also have a lower limit on the lifetime of

the operatonj;L 4L ES, j=2,3, is given by{14] . .
Thino™>2.6X 10" % s. Thus there is a solution range of 6 or-
A2 mo 2 2 2 ders of magnitude in lifetime or 3 orders of magnitude in
~0 — 1% [ B1 B5 B3 . L . .
rY—etve )= T coupling. For these lifetimes the LSP is stable on collider
X1 j 3 4 4 4 Lo
30727\ M7 M-, MER physics time scales.
We now have all the ingredients to fix the model param-
B,B, B,B; B,B, eters. In our model, each point along the curves in Fig. 2

corresponds to a specific anomalous pion branching (fio
and a specific neutralino lifetimd 2). If we assume the sca-
lar fermions are mass degenerate, we can translate this into

T 012 012 aa2 aa2 a2 2
MaMsie Mg Mg Mg Mg

2 5
B 3a)‘11'1m}‘1) specific values ok 1, and\ 1, 3, for a fixed sfermion mass.
" 102472c02 6 MY (12) This set of solutions in theR-parity violating parameter
W space is shown in Fig. 3 fdvi;=150 GeV(solid line), M7

=300 GeV (dashed ling and M7=1000 GeV (dot-dashed
are the relevany}ff couplings given in Table Il. In the line). The hatched lines at,\"= 4 denote the perturba-

. . . tive limit. For large scalar fermion masses{ TeV) we
second equation we have again assumed alpocel SP and icklv run out of room for perturbativ lutions. Th |
degenerate scalar fermions. As a numerical estimate for thf[%u c ybu ou gto?h |0ftpef tT} at € solutio SI d SEO l:h
lifetime of thebino LSP withn,0=33.9 MeV we obtain tons above and 10 the left of the stars are exciuded by the

1 inequalities(10), (14).

whereMz, 3 5iL denote the scalar lepton masses, Bad 3

bino . ) ]50 Ge

<4.78x 10 s, (13 VIOLATING COUPLINGS

where the last inequality is obtained by using the bo(®@d The R-parity violating couplings we have introduced vio-
and the set of solutions shown in Fig. 2. The resulting boundate lepton number and are thus constrained by laboratory

on the coupling is
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experiments. The best bounds at the Bvel have been butis still 4 orders of magnitude weaker than the experimen-
summarized afl5] tal upper bound on BR{— evy). Therefore a bound on a
product of couplings which yield the decay— uy via a
M3, one-loop penguin diagram, e X} 1\ 131, must be 2 orders of
N51,<0.05 100 Gev ' magnitude weaker than the corresponding bound on the cou-
plings which giveu—evy; i.e., one would expeck o:\ 131
<O(10 ?) [18]. In our model, the couplings ;A 13, only
contribute to the decay— vy at the 2-loop level and the
bound is thus significantly weaker th&(10 2). (The de-
cay 7— uee is similarly suppressef.This is significantly
2( MER ) weaker than the bound5), so we have no new bounds on
N131<<0.062 -———— | = 7,jnc>0.15 s. (150 the product\j;;\131. Furthermore, since the bourtO) on
100 GeV R e
N\511 IS SO restrictive in our model, we need not worry about
the model dependent bounds from flavor changing neutral
currents[19].

Mg
A< 004% Wge\l) = Thino>0.24 s,

The bound on\j,, is from measurements oR,.=T(m

—ev)/I'(m—uv) [16], and the bound omy,, is from In Refs.[20—23 severe cosmological bounds were de-
charged-current universaliji.6], while the bound o135, 1S jyeq on allR-parity violating couplings from considerations

from a measurement ® =I'(7—evv)/I'(7—uvv) [16].  of GUT-scale lepto- and baryogenesis in the early universe:
The above bound oN},, is weaker than the bound0), and

we do not consider it further. In Fig. 3 the above bounds on

the coupling\ ;,; andX 15, forbid solutions to the right of the N N'<5X10°7
diamonds and squares, respectively. We are thus left with a

range of solutions of about 2 orders of magnituda jp, and Subsequently it was shown that it is sufficient for just one

M1231- This corresponds to 4 orders of magnitude in thejepton flavor to satisfy this boun@1,22. In Fig. 3 we can

pion branching ratio and in the LSP lifetime, respectively. Ingge that for our model both couplings violate the bo(ir@).

the Iast- 2 equations we have tran.sla_ted thg upper bound gty the caseX,y;,M 121 We must therefore demand theit

12,31 into a lower bound on the lifetime using EQ.2), 0 her all electron number violating couplings all tau num-

be compared with the upper bouri@3). Note that these e yiglating couplings satisfy Eq19), while for the case

bounds are independent of the sfermion mass. (Ab11,M137), we must demand thatll electron number vio-
B§S|des bounds on individual couplmgs,. we must als’Qating couplings satisfy Eq19). Alternatively, baryogenesis

consider bounds on the product of the couplinggi\ 15, 0r ¢6d plausibly occur at the electroweak scale, in which case

Aok 131 In the first case, we can get an additional contri-ie bound€19) do not apply.

bution to pion decayrt—ut—e* v, which changes the

prediction forR,, :

(19

f
1 Tev) '

IV. EXPERIMENTAL CONSTRAINTS

2 ON A LIGHT NEUTRALINO

2y 1
MZzA211N 121

5 . (16) We now summarize relevant experimental constraints on
2\2GeM =L Me(My+mg) a light neutralino LSP and show that these are satisfied in
_ _ _ regions of M,M,,u,tanB) parameter space for a domi-
As the corresponding Feynman diagram has a different Str“‘h‘antly bino ;(2 with a small Higgsino contribution. In our

ture from thet-channel squark exchange which gives themodeI,Ml and M, are not related by the supersymmetric

bound onh5;, in Eqg. (15) we get a much stricter bound on grang unified relation and we treat them as separate free
the product of the couplings than on either of the couplings)arameters.

individually. This leads to the following bound at ther2

R,=RM 1-

level: _
A. Bounds from ete"—wvry
~ 2 —
- ML The procese*e” — vy can be measured in electron-
NN 101<4.6X 107 7| = 1 e proces v e ron
2117121 (100 Ge\) (17 positron collisions by detecting the photon and the missing

energy due to the neutrind23]. As the lightest neutralino in
This means that in the case »f,; (as opposed td,3;) the  our model is long lived on the time scale of collider experi-
maximum scalar fermion mass which will solve the ments, the process" e —xYy%y will give the same experi-
KARMEN anomaly in our model is 450 GeV. mental signature.

The couplings\ 51; and\ 13, violate muon and tau lepton  The cross section for this latter process has been calcu-
number, respectively, and can thus lead to the decay lated[24] for the case of a pure photino and can be easily
— wpy. The experimental bound has recently been improve@xtended to the purkino case we are considering here. The
[17], cross section is shown as a function of the center-of-mass

energy in Fig. 4 and is rather low. The expected number of
BR(7— u7y)<1.0x10 % (90% C.L), (18 events for a number of different experiments are given in
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BaBar® The statistical uncertainty still exceeds the signal
rate, so we do not expect any sensitivity to a light neutralino.

At the NLC we expect a substantially higher number of
events. The SM cross section for the same cuts is about 0.35
pb for 3 neutrinog27] corresponding to 1:410° events,
with a small statistical error of 330 events. Thus this can
provide a test of our model.

10_2 llllllllllllll

1073

P

1074
B. Bounds from the invisible decay of thez®

a/pb

10-5 In our model, m;g@Mzo/Z; therefore the decayz®

—x9xY is kinematically accessible, and th& can be con-
sidered to be effectively massless, just like a neutrino. The
My = 150 GeV— LSP decays outside the LEP detectors; thus the prac®ss

300 GeV 3 —x3x3 will contribute to the invisible width of th&°. The
v e My = 1000 GeV] current measurement of the invisit#& width translated into

I |'I'| P P B B the number of ||ght neutrino SpeCieS[%]
50 100 150 200
VS/GeV N, =3.00+0.08, (20)

1076

]

]

:
3

[

10~7

FIG. 4. Cross section for for the production of a puréipo

e ; 07070 0.7y
neutralino with mass 33.9 MeV through e — xJxJy. so we must require thal (Z"— x7x;)<0.08'(Z"—vv),

where the right-hand siddRHS) refers to one neutrino spe-
cies only.

Table Il assuming a scalar fermion mass dfly A pure bino LSP does not couple to thg” at the tree
=150 GeV. We have used the same cuts on the energy anével. The dominant contribution will thus come from the
angle of the photon as in Rdi24]. Higgsino admixtures of the LSIN,3,N4, in the notation of

As can be seen from Table llho limits on this process Ref.[28]. This enters with the fourth power in the decay rate

can be set by LEP, as the expected number of events is mugt? 399 The Higgsino has equal strength coupling to the
less than 1. The recent results from OPA25] give 138 70 compared to a neutrino, thus yielding the constraint
observed event§with a statistical error of=11.9) against

the standard model expectation of 14t1.1 events from [Ng 2+ [Ny ?<0.5~(0.08 ¥4 (21)
e"e —vvy. There is also an expected non-physics back-

ground of 2.3-1.1 events. Thus there is no evidence for any\ye shall see below that it is straightforward to find regions

excess. ; i o
- ] o ) which satisfy this in ;,M,,u,tanB) parameter space.
With the higher luminosities expected at tBefactories e

KEK-B and BaBar, a few events may be expected. The stan-

dard model(SM) cross section at this energy is 2.3 b, cor-

responding to 236 15 events at KEK-B and 708 events at It is important to establish whether it is indeed possible to
have a neutralino LSP withnxg=33.9 MeV within the

MSSM. To this end we have scanned the MSSM parameter

. . ~ 0 —
TABLE Ill. Cross sections for the productlon Qfﬁ:l_y ate'e space M;,M,,u,tang) with independentM,, M,, for a
colliders for (an assumed commpsfermion masgM;=150 GeV neutralino in the mass range

and general expectations of the integrated luminosity.

C. Solutions in MSSM parameter space

33.89 Me\<m, 0<33.91 MeV. (22
Integrated !
luminosity Cross Number of
Experiment  (pb™1) Energy section(fb) events This leads to the neutralino iso-mass curves shown in Fig. 5,
taking ©=300 GeV and 2 representative values of fan
LEP 6.65 130 5.87 0.04 We have not been able to find any solutions witkc0. In
5.96 136 6.14 0.04  order to obtain such a light neutralino some fine-tuning is
9.89 161 7.11 0.07  required in the MSSM parameters, of about a few parts in
10.28 172 7.44 0.08  10° for tanB=1 and a few parts in £Ofor tanB=8 [29].
54.5 183 7.72 042 The fine-tuning is reduced for larght, andu and smalM ;
75 200 8.05 0.60 because a light neutralino can then be generated by the see-
KEK-B 1x10° 105 6.74 10?2 6.7
BaBar 3x 10 105 6.7410? 2.0
NLC 3X10° 500 6.19 1857 SThis corresponds to one year of running based on the luminosi-

ties given in Ref[26].
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400 TTrT :! | T T 1T | TTTT | I:: TTT | TTU 1T
- ftang = 8 ftang = 1-
300 i : —
> |
&
SN =00 tang = 1
= - Jtang = 8
100 —
0 L1 11 | L1 1 | L1 11 11 |
0 2 4 6 8 10
M, /GeV

FIG. 5. Solutions in ¥1,,M,,u,tanB) parameter space giving
amXc1>=33.9 MeV neutralino fore=300 GeV and 2 representative
values of tarB. The width of the lines is 0.01 MeV. Below the
hatched lines the chargino mass is less than 150 GeV. The dott
lines have Apgysy<10~*% and the solid lines have\ pgysy<5
X104,

saw mechanism; it is reduced for large values ofA3dbe-
cause in the limi{3= /2 there is a zero mass eigenvalue for
M,~0 [29].

PHYSICAL REVIEW 1 095009

the box or vertex correctiong32]. This full calculation is
however beyond the scope of our analysis and is not at-
tempted here.

There is one exception however and that is the ratio of the
charged to neutral current neutrino—electron-muon scattering
events — thep parameter. This is defined gt=0 and the
expansion is thus trivial. In the following we limit ourselves
to a calculation of the contribution to the parameter from
the full set of charginos and neutralinos. The radiative cor-
rection to thep parameterAp, is given by thew andZ self
energies with zero momentum fldw:

_Tyw(0)  T154(0)
M MZ

Ap (23

The dominant SM contributions thp arise from thgheavy
top quark and the Higgs boson. Assuming the mass of the
latter to beM =M, and subtracting the SM contributions
we are left with the experimental limit on new physics at the
20 level of [26]

—3.7X10 3<Appe,<1.1x 103, (24)

We have calculated the contributionAg, which we denote
Apsusy, from all charginos and neutralinos for given param-

e‘éjter points M,,M,,u,tanB). We find full agreement with

the results given in Ref.33]. We then determiné\ pgysy
along the solution curves given in Fig. 5. The dotted lines
indicate solutions for which pgsy<<10™*, while the solid
lines indicate solutions for which pg,sy<<5X 10 4. Thus
there is no conflict at least with the experimental constraint
on thep parameter.

We have checked that the Higgsino contribution always

satisfies the boun(®1). In order to avoid an observable light
chargino we requiremxlr>150 GeV, which eliminates the

region below the hatched lines in Fig. 5 for the specified
values of tarB.
The LSP is indeed dominantlgino along the solution

curves in Fig. 5. The second lightest neutralig8, is domi-
nantly wino for M,<<300 GeV, while for larger values it is
mainly Higgsino. ForM,=110 GeV, mRo= 100 GeV, and

for M,=235 GeV, m;(gz 200 GeV.

D. Bounds from oblique electroweak radiative corrections

Any new physics which couples to the SM can give con-

E. Cosmological and astrophysical constraints

Massive particles are expected to come into thermal equi-
librium in the early universe and their relic abundance is
essentially the equilibrium value at “freeze-out” when their
self-annihilation rate drops below the Hubble expansion rate.
For the neutralino under consideration, the self-annihilation
cross section isgfwave suppressed34], so the surviving
abundance is rather high:

- - 2
ol 23| <1 2x10°2 Gel 4 m )
A A 339 Mev/ | 150 Ge

(25

tributions to the electroweak precision observables via radiafhis energy density will be subsequently released when the
tive corrections. The effect of the new physics on vacuumeutralinos decay and this has the potential to disrupt stan-
polarization diagrams, the so-called oblique radiative correcedard cosmology, in particular primordial nucleosynthesis

tions, is usually parametrized using either BeT, andU
parameters of Ref30] or thee;, €,, ande; parameters of

Ref.[31]. The calculation of these parameters is based on ara

[11]. Specifically, since the neutralinos will be non-

relativistic during nucleosynthesis, the Hubble expansion
te will be speeded up, while the electromagnetic energy

expansion irqleﬁew, whereq? is the momentum scale of generated through the subsequent decays will dilute the

the gauge boson propagator, typicaNdé or smaller, and
M2, is the scale of the new physics, assumed to be wel

aboveM%. If however there are newght particles in the

nucleon-to-photon ratio, resulting in an increased helium-4
I

spectrum, as in the present case, these approximations aréSee for example the third paper in RE30] for a derivation of
typically insufficient and one must in general also calculatethis resuilt.
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abundanc¢35]. The decay electrons will also Compton scat- Ne Mo iax

ter the thermal background photons to energies high enough m;; = c¢_Zikb 2“" (mER)abmf , (26)

to directly alter the abundance of e.g. deuterium through Kab 1672 : k
photodissociatioi36]. The observationally inferred primor-

dial abundances thus enable stringent bounds to be placed amereN, is a color factor, andr(ﬁR)atJ is the left-right mix-

the relic abundance of the decaying particle as a function dihg term in the sfermion sector. The question then arises
its lifetime. For the above abundan(@5), the decay lifetime  whether our model can account also for the SuperKamio-
is required to be less than a few thousand seconds in ord@ande data suggesting oscillation of atmosphegjdnto v,

that the primordial D/H ratio is not reduced below its con-[41]. The results indicate that the neutrinos mix almost maxi-

servative lower limit of 10°, and further required to be less mally and that they are nearly mass degenerai@?
than a few hundred seconds in order that the primorttig ~103-10"2 eV2. If neutrino masses are hierarchical. then

mass fraction not exceed its conservative upper limit of 25%,6 atural interpretation is that one of the neutrifipee-

[35]. Thus the cosmological lifetime bound is essentially the )
same as the one derived earlier, EB), from experimental sumably thev;) has a mass ab(0.1) eV (although the pos

considerations sibility of a close mass degeneracy for a heavigrv, pair
Very light ﬁeutralinos can also be produced throughiS not echuerj Now the sfermipn Ieft_—right mixing is not
nucleon bremsstrahlung ard e~ annihilation in superno- well deter_mmed, .however, within a given framt_awork, €.g.
Supergravity-inspired models, approximate relations such as
are now restricted to be abowe, [26], the neutralinos can- (M{r)aa™Ms, M7 arise. Thus\z;,, the coupling responsible
not be trapped in the supernova core by scatterings on nucl& our model for the pion decaying to the neutralino, gener-
or electrons, and so will escape freely. The energy losates a mass
through this process can be comparable to the neutrino lumi- )
nosity, and so may result in significant shortening of the - Nopq N -1
burst. The neutralino luminosity can be decreased by increas- m,,~1.5<10"" eV 10-4) 150 Ge '
ing the sfermion mass but it has been shown that consistency
with observations of SN 1987A is not possible for any sfer- hich is too small to be of phenomenological interest. The

mion mass less tha@(1) TeV [37]. This constraint is : ; ;
; A R couplingsA 11, 3.1 responsible for neutralino decay also gen-
evaded if the neutralino is unstable dueRparity violation, erate rather small masses:

as in the present case. However, there are then further con-

(27)

straints on the energy released in the decays. Given the ex- N 2 1

perimental upper boundl3) as well as the cosmological m o ~10°6 ey| ~12t1s1 my \) 28)
ifati M, TT 2 :

upper bound on the lifetime, the decays would have occurred 0 150 Ge

within the progenitor star. Moreover, the lower boufidb)

on the lifetime implies that the neutralinos cannot have deThus the absolute scale of the masses seems too low to ex-
cayed within the supernova core. The electromagnetic erplain the data on atmospheric neutrinos. However, if other
ergy released in the decays would have been thermalize®-parity violating couplings are also present, it may well be
leading to distortions of the light curve. However, the neu-possible to generate a neutrino mass pattern consistent with
tralinos under consideration here have a mass which is of thghe observations, both of atmospheric and solar neutrinos
same order as the core temperafur®], so one must recon- [42].

sider their production rate in order to quantify this potentially

important constraint. VI. EUTURE TESTS
V. OTHER IMPLICATIONS FOR R-PARITY VIOLATING Experimentally, our model largely looks like the MSSM
PHENOMENOLOGY with non-universal gaugino masses and with a very light

LSP. Thus most future tests of the MSSM also apply to our

model, e.g. chargino pair production. A specific test would
In 1997, the DESYep collider HERA collaborations re- be to identify a very light LSP for example via neutralino

ported an anomaly in their hig? data[38] whose most pair productiof43]. At ane*e™ collider one can study the

likely explanation was in terms dR-parity violation [39]. process

However, this required a signiﬁcah'[i,QiDjC operator. While

this is not excluded by our model it is a completely distinct et +e —xo+xd, (29

possibility. Together the two operators might contribute to

the decayu—ey. However, this does not lead to a signifi- where}g subsequently decays visiblg4]. In Fig. 6 we

cant new bound since the bound on the couplkig; iS  show the cross section evaluated along our MSSM solution

A. HERA high-Q? anomaly

already so stricf18]. curves for both LEP2 ((s=200 GeV) and the NLC (s
=500 GeV). This should be directly observable, provided it
B. Neutrino masses is kinematically accessible, i.em;(g< Js.
The trilinear R-parity violating couplings we have intro- Experimentally the main difference betweRsparity vio-
duced also generate Majorana masses for neutrinos throudgtion with a long-lived neutralino LSP and the MSSM is the
one-loop self-energy diagranp40]: possibility of resonant sparticle production. The value of
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\51,=10"*is too small for the observation of resonant slep-sensitivity to reproduce this result. In particular although the
ton production at hadron collidefg5]. However, values of LSND experiment also studies pions and muons decaying at
Ni231> 103 should allow a test for resonant second orrest, it lacks the distinctive time structure of the beam in the
third generation sneutrino production @te™ colliders for ~KARMEN experiment necessary to isolate the anomaly.
masses up te- /s [46]. One can also test for the first gen- Since KARMEN-2 acquires only)(10) anomaly events per
eration via the mechanism described in RéfZ]. year of running, it is clear that a definitive resolution of the
A further upgrade of the KARMEN detector may allow a Problem will have to await an upgraded detector with track-
better resolution of the decay of theparticle, in particular iNg capability.
the angular distribution of the decay products. For reference Phenomenological models for the anomaly as due to the
we show in Fig. 7 the differential decay rate of the LSP inproduction and decay of a new particle are very tightly con-
our model as a function of the angle between the two finaptrained. The only viable proposals at present are a singlet
state electrons. neutrino decaying through its large mixing with the[3,7]
or a neutralino decaying through violation Bf parity [4]
VII. CONCLUSIONS which we have extended and investigated in detail. An im-
portant lesson from our investigation is that contrary to
The KARMEN time anomaly is particularly intriguing be- popular belief a neutralino lighter than even the piomas
cause, contrary to several other reported (3~4jfects in  excluded by present accelerator data unless a GUT relation
the literature, its significance has not diminished with im-between gaugino masses is assumed. Whether the KARMEN
proved statistics, nor has it been explained away as a systeranomaly is indeed the first evidence for such a particle is a
atic effect. In fact the anomaly persists in the KARMEN-2 matter for future experiments to decide.
data, which has a much reduced backgro{iall with the Note addedWhile this manuscript was under review, the
same characteristics as in the KARMEN-1 dgita It would  E815(NuTeV) experiment at Fermilab reported a search for
appear that there is no independent experiment which has tke33.9 MeV neutral particle produced in pion decay decaying
to a partially electomagnetic state suctede v or yv [48].
No evidence was found for such a particle but the lifetimes
4 probed (107°-102 s) are much smaller than the lower
limits (15) on the neutralino lifetime in our model so there
are no implications. We note however that the exclusion of
such short lifetimes is relevant in the context of the con-
straints from SN 1987a on the decaying particle hypothesis
[3,4]. These constraints have been investigated further in two
1 other recent reportg49], which conclude that our model is
] excluded by the observations of SN 1987a. We reserve judg-
] ment on this issue for the reasons mentioned earlier.
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APPENDIX: CALCULATION OF THE PION DECAY RATE Contracting this with the pion 4-momentum and using the
Dirac equation for the up and down quarks yields

i2f ,m2e P
(md+ mu)

The rate of the pion decay— u+xJ can be calculated
using chiral perturbation theory. To do this we need an ef-
fective Lagrangian for the 4-fermion interactiand, ;(2 and

n* with the sfermion degrees of freedom integrated out _
(analogous to using the Fermi Lagrangian in the SM calcuWheremy, m, are thus the current quark masses. The ampli-

(Oluysd|m )=+ : (A4)

lation). This gives tude for the decayb) is then,
’ 2
A A, Ayl — - — Aof-mz [(Ae Ay Ag
=2\l ————— P Prd), A=—m —— | ————-—
L 211( M,% ZMS 2M~§ (1PRrxo)(UPRd) (Mg+m,) M/% ZME 2M§

(A1)

X[U,(p1)Proy(P2)1(27)*8(po—P1—P2). (A5)
where we have also Fierz-reordered the Lagran¢aaud ne-
glected some tensor-tensor interaction terms which canndfthis gives the decay rate quoted in Ef). The additional
contribute to the pion decay ratd’he matrix element of the contribution to the decay rate ™ —e"* v, given in Sec. IlI
axial-vector current between the pion and the vacuum is can be calculated in the same way.
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