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Supersymmetric solution to the KARMEN time anomaly
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We interpret the KARMEN time anomaly as being due to the production of a~dominantlybino! 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 massesM1 andM2 we find regions in the (M1 , M2 , m, tanb)
parameter space where such a light neutralino is consistent with all experiments. Future tests of this hypothesis
are outlined.

PACS number~s!: 12.60.Jv, 14.80.Ly
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I. INTRODUCTION

In 1995, the KARMEN experiment at the Rutherfo
Appleton Laboratory reported an anomaly in the time dis
bution of the charged and neutral current events induced
neutrinos fromp1 andm1 decays at rest@1#. This was as-
cribed to the production of a new particle, denotedx, in the
anomalous pion decay

p1→m11x, ~1!

with a small branching ratio in the range;10216–1028 de-
pending on the lifetime ofx. The particle must be neutra
since it passes through over 7 m of steel shielding. The time
of flight to the detector is 3.660.25ms, implying that the
particle moves non-relativistically with velocityvx55.221.4

12.2

3106 m s21. This requires its mass to be 33.9 MeV and
kinetic energy to beTx'5 keV.1 The observed energy in th
detector is;11–35 MeV, which must therefore come fro
the decay ofx. Since 1995 the KARMEN experiment ha
been upgraded to significantly reduce the cosmic ray ba
ground. It has recently been reported that the time anom
persists in the new data@2#. A time-of-flight likelihood
analysis adopting the hypothesis that it is due to a deca
particle as described above has a negative natural
likelihood ratio of 9, i.e. less than 1 in 104 chance of being a
statistical fluctuation. The significance is thus sufficien
high that we are motivated to reexamine its physical orig

There have already been several proposals to explain
KARMEN anomaly @3–5#. In Ref. @3#, the authors consid
ered in detail the possibility thatx is a neutrino and con
cluded that aSU(2)L doublet neutrino was excluded by e
isting data. This was further reinforced by the subsequ
improvement @6# in the experimental upper limit on th
branching ratio,

BR~p1→m11x!,1.231028 ~95% C.L.!, ~2!

versus the minimum value of;231028 required in the dou-
blet neutrino interpretation. However, a sterile neutrino int

1The required mass is within 0.02% of the pion-muon mass
ference.
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pretation was found to be consistent, within strict limits
the mixing parameters~see also Ref.@7#!, although this may
still be in conflict with astrophysical and cosmological co
straints@3#.

In Ref. @5# a solution was proposed based on the anom
lous muon decaym1→e11x, wherex is taken to be a sca
lar boson of mass 103.9 MeV. However, this implies t
large a value for the energy released in thex decay and the
required branching ratio is also constrained by the rec
bound BR(m1→ e11x),5.731024 ~90% C.L.! @8#. Thus
it is necessary to add to the model 2 other scalar bosons
which x can cascade decay in order to dilute the energy@5#.
This model appears viable but is somewhat artificial.

In Ref. @4#, a supersymmetric solution was considere
The x particle was interpreted as a photino~or zino! and the
anomalous pion decay

p1→m11g̃ ~3!

was assumed to proceed via theR-parity violating operator
L2Q1D1

c .2 The same operator then enables the photino
decay radiatively as

g̃→g1nm ~4!

via a one-loop diagram with ad quark andd̃ squark in the
loop. However, the expected peak at 17 MeV has not b
reported in the new data@2# on the energy spectrum of th
anomalous events, so a 2-body decay for thex particle seems
disfavored. Therefore this model@4# may not be viable in its
present form. We present below the necessary extensio
produce a 3-body decay for such a light neutralino.3

-

2For reviews onR-parity violation see Ref.@9#.
3Such a decay was also proposed in Ref.@10# which invoked

possible mixing between neutrinos and gauginos/Higgsinos as
reason for neutralino instability rather thanR-parity violating verti-
ces. However, to explain the KARMEN anomaly then requires
Higgs mixing termmH1H2 in the superpotential to be unnatural
small, m<30 MeV. Moreover, this scenario implies a MeV ma
nt which is definitively ruled out by cosmological and astrophysic
arguments@11,12#.
©2000 The American Physical Society09-1
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II. MODEL

We consider the lightest neutralino in supersymmetry,x̃1
0,

to be the hypothetical x particle, with mass mx̃
1
0

533.9 MeV. This will also be the lightest supersymmet
particle ~LSP! in our model. Sincex is effectively stable on
collider time scales~this is quantified below!, our model will
experimentally look very similar to the minimal supersym
metric standard model~MSSM!. Now in a grand-unified-
theory- ~GUT-!inspired MSSM,M15(5/3)tan2uWM2, and
assuming this relation requiresmx̃

1
0.32.3 GeV from current

CERNe1e2 collider LEP data@13#. Thus in order to obtain
a very light neutralino we must considerM1 and M2 to be
independent parameters. A smallM2 implies at least one
light chargino which is excluded by experiment, while
small M1 implies that the LSP will be dominantlybino. We
will quantify this below and determine regions in th
(M1 ,M2 ,m,tanb) parameter space consistent with all e
perimental limits. The solutions indeed turn out to be dom
nantly bino with a small Higgsino contribution.

Furthermore we invoke 2 non-zeroR-parity violating op-
erators. The pion decay

p1→m1x̃1
0 ~5!

proceeds through the operatorl2118 L2Q1D1
c and the leading

order Feynman diagrams are shown in Fig. 1. The neutra
is assumed to decay as

x̃1
0→e1e2nm,t ~6!

FIG. 2. The solutions to the KARMEN anomaly in terms of th
anomalous pion branching ratio and thex-particle lifetime. The
hatched area denotes the experimental upper bound~2!.

FIG. 1. Tree-level Feynman diagrams for pion decay via
operatorL2Q1D1

c .
09500
-

o

through eitherl121LeLmEe
c or l131LeLtEe

c . Note that this is
the only kinematically accessible tree-level 3-body visib
decay for such a light LSP.

In Fig. 2 we show the values of the branching ratio f
p1→m11x̃1

0 and lifetimestx̃
1
0 which are compatible with

the KARMEN data@1,2#. In order to determine the require
range of the couplingsl2118 , l1$2,3%1 in our model which are
consistent with the solutions in Fig. 2, we must first det
mine the pion branching ratio in terms of the supersymme
parameters. The partial width as computed from the d
grams in Fig. 1 is

G~p→mx̃1
0!5

l8211
2 f p

2 mp
2 pc.m.

8p~md1mu!2 S Ae

M m̃
2 2

Au

2Mũ
2 2

Ad

2Md̃
2D 2

3~mp
2 2mm

2 2mx̃
1
0

2
!, ~7!

where mp and mm denote the pion and the muon mass
M m̃,ũ,d̃ , denote the corresponding scalar fermion mass
mu ,md are the first generationcurrent quark masses, and
f p is the charged pion decay constant. The constantsAe,u,d
refer to the neutralino coupling and are given in Table
both for the general case and for the limiting cases of eit
a purebino or photino neutralino. The phase space facto
given by pc.m.5(@mp

22(mm1mx̃
1
0)2#@mp

22(mm2mx̃
1
0)2#)1/2/

(2mp). In the Appendix we give some details of how th
result is obtained.

The branching ratio for the anomalous pion decay, ass
ing the decayp1→m1nm to be dominant, is given by4

BR~p→mx̃1
0!5

l8211
2 mp

5 pc.m.

2GF
2mm

2 ~md1mu!2 S Ae

M m̃
2 2

Au

2Mũ
2 2

Ad

2Md̃
2D 2

3

~mp
2 2mm

2 2mx̃
1
0

2
!

~mp
2 2mm

2 !2
~8!

'2.631028S l8211

1024D 2S 150 GeV

M f̃
D 4

4This corrects the result given earlier@4#.

TABLE I. Neutralino coupling coefficients for the pion decay.

Coefficient General formula
Pure

photino
Pure
bino

Ae eNl18 1
gNl28

cosu W
S 1

2
2sin2uWD e 2g8YeL

Au 2eeuNl18 2
gNl28

cosuW
S 1

2
2eusin2uWD 2eeu 2g8YuL

Ad eedNl18 2
gedsin2uWNl28

cosuW

eed g8YdR

e

9-2
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SUPERSYMMETRIC SOLUTION TO THE KARMEN TIME . . . PHYSICAL REVIEW D 61 095009
,1.231028. ~9!

To obtain a numerical estimate, we have assumed in Eq~9!
that the scalar fermions are mass degenerate,M m̃,ũ,d̃5M f̃ ,
and that the neutralino is purebino. In the last line we have
quoted the experimental bound~2!, shown as a hashed are
in Fig. 2. This bound can be satisfied by a small coupl
and/or a large sfermion mass. It can also be satisfied b
fine-tuned cancellation between different diagrams for d
tinct sfermion masses, but we disregard this possibility. T
last inequality~9! can be translated into an upper bound
l2118 :

l2118 ,6.831025S M f̃

150 GeVD
2

. ~10!

In the limit whereM f̃@mx̃
1
0, the neutralino decay rate fo

the operatorl1 j 1L1L jE1
c , j 52,3, is given by@14#

G~x̃1
0→e1n̄ je

2!5

l1 j 1
2 mx̃

1
0

5

3072p3 S B1
2

MẽL
4 1

B2
2

M ñ jL
4 1

B3
2

MẽR

4

2
B1B2

MẽL
2

M ñ jL
2 2

B1B3

MẽL
2

MẽR

2 2
B2B3

M ñ jL
2

MẽR

2 D
5

3al1 j 1
2 mx̃

1
0

5

1024p2cos2uWM f̃
4 , ~11!

whereMẽL, ẽR ,ñ jL denote the scalar lepton masses, andB1,2,3

are the relevantx̃1
0f f̃ couplings given in Table II. In the

second equation we have again assumed a purebino LSP and
degenerate scalar fermions. As a numerical estimate for
lifetime of thebino LSP withmx̃

1
0533.9 MeV we obtain

tbino513.2 sS 0.01

l1$2,3%1
D 2S M f̃

150 GeVD
4

~12!

,4.783102 s, ~13!

where the last inequality is obtained by using the bound~2!
and the set of solutions shown in Fig. 2. The resulting bou
on the coupling is

TABLE II. Coefficients for the neutralino decay.

Coefficient General formula
Pure

photino
Pure
bino

B1 2SeNl18 1
gNl28

cosuW
F1

2
2sin2uWG D 2e g8YeL

B2
gNl28

2 cosuW

0 g8YeL

B3 SeNl18 2
gNl28 sin2uW

cosuW
D e 2g8YeR
09500
g
a
-
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l1$2,3%1.1.6631023S M f̃

150 GeVD
2

. ~14!

Given the perturbative upper bound,l i jk,A4p, and the
lower bound on the sfermion mass from LEP 2,M f̃

.100 GeV, we also have a lower limit on the lifetime o
tbino.2.631024 s. Thus there is a solution range of 6 o
ders of magnitude in lifetime or 3 orders of magnitude
coupling. For these lifetimes the LSP is stable on collid
physics time scales.

We now have all the ingredients to fix the model para
eters. In our model, each point along the curves in Fig
corresponds to a specific anomalous pion branching ratio~9!
and a specific neutralino lifetime~12!. If we assume the sca
lar fermions are mass degenerate, we can translate this
specific values ofl2118 andl1$2,3%1 for a fixed sfermion mass
This set of solutions in theR-parity violating parameter
space is shown in Fig. 3 forM f̃5150 GeV~solid line!, M f̃

5300 GeV ~dashed line!, and M f̃51000 GeV ~dot-dashed
line!. The hatched lines atl,l85A4p denote the perturba
tive limit. For large scalar fermion masses (.1 TeV) we
quickly run out of room for perturbative solutions. The sol
tions above and to the left of the stars are excluded by
inequalities~10!, ~14!.

III. CONSTRAINTS ON THE R-PARITY
VIOLATING COUPLINGS

The R-parity violating couplings we have introduced vio
late lepton number and are thus constrained by labora

FIG. 3. Solutions to the KARMEN anomaly in terms of th
R-parity violating couplingsl2118 L2Q1D1

c andl1$2,3%1, for different
~assumed degenerate! sfermion masses. The hatched lines indica
upper limits on the couplings from perturbativity. The stars a
diamonds~squares! give the upper limits on the couplingsl2118 and
l121 (l131), respectively. Solutions above and to the left of the st
are excluded, as are solutions below and to the right of the squ
~diamonds!.
9-3
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CHOUDHURY, DREINER, RICHARDSON, AND SARKAR PHYSICAL REVIEW D61 095009
experiments. The best bounds at the 2s level have been
summarized as@15#

l2118 ,0.059S Md̃R

100 GeV
D ,

l121,0.049S MẽR

100 GeV
D⇒tbino.0.24 s,

l131,0.062S MẽR

100 GeV
D⇒tbino.0.15 s. ~15!

The bound onl2118 is from measurements ofRp5G(p
→en)/G(p→mn) @16#, and the bound onl121 is from
charged-current universality@16#, while the bound onl131 is
from a measurement ofRt5G(t→enn̄)/G(t→mnn̄) @16#.
The above bound onl2118 is weaker than the bound~10!, and
we do not consider it further. In Fig. 3 the above bounds
the couplingl121 andl131 forbid solutions to the right of the
diamonds and squares, respectively. We are thus left wi
range of solutions of about 2 orders of magnitude inl2118 and
l1$2,3%1. This corresponds to 4 orders of magnitude in t
pion branching ratio and in the LSP lifetime, respectively.
the last 2 equations we have translated the upper boun
l1$2,3%1 into a lower bound on the lifetime using Eq.~12!, to
be compared with the upper bound~13!. Note that these
bounds are independent of the sfermion mass.

Besides bounds on individual couplings, we must a
consider bounds on the product of the couplingsl2118 l121 or
l2118 l131. In the first case, we can get an additional con

bution to pion decayp1→m̃1→e1ne which changes the
prediction forRp :

Rp5Rp
SMF12

mp
2 l2118 l121

2A2GFM m̃L
2

me~mu1md!
G 2

. ~16!

As the corresponding Feynman diagram has a different st
ture from the t-channel squark exchange which gives t
bound onl2118 in Eq. ~15! we get a much stricter bound o
the product of the couplings than on either of the couplin
individually. This leads to the following bound at the 2s
level:

l2118 l121,4.631027S mm̃L

100 GeVD
2

. ~17!

This means that in the case ofl121 ~as opposed tol131) the
maximum scalar fermion mass which will solve th
KARMEN anomaly in our model is 450 GeV.

The couplingsl2118 andl131 violate muon and tau lepton
number, respectively, and can thus lead to the decat
→mg. The experimental bound has recently been impro
@17#,

BR~t→mg!,1.031026 ~90% C.L.!, ~18!
09500
n
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but is still 4 orders of magnitude weaker than the experim
tal upper bound on BR(m→ eg). Therefore a bound on a
product of couplings which yield the decayt→mg via a
one-loop penguin diagram, e.g.l121l131, must be 2 orders of
magnitude weaker than the corresponding bound on the
plings which givem→eg; i.e., one would expectl121l131

,O(1022) @18#. In our model, the couplingsl2118 l131 only
contribute to the decayt→mg at the 2-loop level and the
bound is thus significantly weaker thanO(1022). ~The de-
cay t→mee is similarly suppressed.! This is significantly
weaker than the bound~15!, so we have no new bounds o
the productl2118 l131. Furthermore, since the bound~10! on
l2118 is so restrictive in our model, we need not worry abo
the model dependent bounds from flavor changing neu
currents@19#.

In Refs. @20–22# severe cosmological bounds were d
rived on allR-parity violating couplings from consideration
of GUT-scale lepto- and baryogenesis in the early univer

l,l8,l9,531027S mf̃

1 TeVD . ~19!

Subsequently it was shown that it is sufficient for just o
lepton flavor to satisfy this bound@21,22#. In Fig. 3 we can
see that for our model both couplings violate the bound~19!.
For the case (l2118 ,l121) we must therefore demand thatei-
ther all electron number violating couplingsor all tau num-
ber violating couplings satisfy Eq.~19!, while for the case
(l2118 ,l131), we must demand thatall electron number vio-
lating couplings satisfy Eq.~19!. Alternatively, baryogenesis
could plausibly occur at the electroweak scale, in which c
the bounds~19! do not apply.

IV. EXPERIMENTAL CONSTRAINTS
ON A LIGHT NEUTRALINO

We now summarize relevant experimental constraints
a light neutralino LSP and show that these are satisfied
regions of (M1 ,M2 ,m,tanb) parameter space for a dom
nantly bino x̃1

0 with a small Higgsino contribution. In ou
model, M1 and M2 are not related by the supersymmetri
grand unified relation and we treat them as separate
parameters.

A. Bounds from e¿eÀ\nn̄g

The processe1e2→nn̄g can be measured in electron
positron collisions by detecting the photon and the miss
energy due to the neutrinos@23#. As the lightest neutralino in
our model is long lived on the time scale of collider expe
ments, the processe1e2→x̃1

0x̃1
0g will give the same experi-

mental signature.
The cross section for this latter process has been ca

lated @24# for the case of a pure photino and can be eas
extended to the purebino case we are considering here. T
cross section is shown as a function of the center-of-m
energy in Fig. 4 and is rather low. The expected numbe
events for a number of different experiments are given
9-4
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Table III assuming a scalar fermion mass ofM f̃

5150 GeV. We have used the same cuts on the energy
angle of the photon as in Ref.@24#.

As can be seen from Table III,no limits on this process
can be set by LEP, as the expected number of events is m
less than 1. The recent results from OPAL@25# give 138
observed events~with a statistical error of611.9) against
the standard model expectation of 141.161.1 events from

e1e2→nn̄g. There is also an expected non-physics ba
ground of 2.361.1 events. Thus there is no evidence for a
excess.

With the higher luminosities expected at theB factories
KEK-B and BaBar, a few events may be expected. The s
dard model~SM! cross section at this energy is 2.3 fb, co
responding to 230615 events at KEK-B and 7068 events at

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

neutralino with mass 33.9 MeV throughe1e2→x̃1
0x̃1

0g.

TABLE III. Cross sections for the production ofx̃1
0x̃1

0g at e1e2

colliders for ~an assumed common! sfermion massM f̃5150 GeV
and general expectations of the integrated luminosity.

Experiment

Integrated
luminosity

(pb21) Energy
Cross

section~fb!
Number of

events

LEP 6.65 130 5.87 0.04
5.96 136 6.14 0.04
9.89 161 7.11 0.07

10.28 172 7.44 0.08
54.5 183 7.72 0.42
75 200 8.05 0.60

KEK-B 13105 10.5 6.7431022 6.7
BaBar 33104 10.5 6.7431022 2.0
NLC 33105 500 6.19 1857
09500
nd

ch

-
y

n-

BaBar.5 The statistical uncertainty still exceeds the sign
rate, so we do not expect any sensitivity to a light neutrali

At the NLC we expect a substantially higher number
events. The SM cross section for the same cuts is about
pb for 3 neutrinos@27# corresponding to 1.13105 events,
with a small statistical error of 330 events. Thus this c
provide a test of our model.

B. Bounds from the invisible decay of theZ0

In our model, mx̃
1
0!MZ0/2; therefore the decayZ0

→x̃1
0x̃1

0 is kinematically accessible, and thex̃1
0 can be con-

sidered to be effectively massless, just like a neutrino. T
LSP decays outside the LEP detectors; thus the procesZ0

→x̃1
0x̃1

0 will contribute to the invisible width of theZ0. The
current measurement of the invisibleZ0 width translated into
the number of light neutrino species is@26#

Nn53.0060.08, ~20!

so we must require thatG(Z0→x̃1
0x̃1

0),0.08G(Z0→nn̄),
where the right-hand side~RHS! refers to one neutrino spe
cies only.

A pure bino LSP does not couple to theZ0 at the tree
level. The dominant contribution will thus come from th
Higgsino admixtures of the LSP,N13,N14, in the notation of
Ref. @28#. This enters with the fourth power in the decay ra
Z0→x̃1

0x̃1
0. The Higgsino has equal strength coupling to t

Z0 compared to a neutrino, thus yielding the constraint

AuN13u21uN14u2,0.5'~0.08!1/4. ~21!

We shall see below that it is straightforward to find regio
which satisfy this in (M1 ,M2 ,m,tanb) parameter space.

C. Solutions in MSSM parameter space

It is important to establish whether it is indeed possible
have a neutralino LSP withmx

1
0533.9 MeV within the

MSSM. To this end we have scanned the MSSM param
space (M1 ,M2 ,m,tanb) with independentM1 , M2, for a
neutralino in the mass range

33.89 MeV,mx
1
0,33.91 MeV. ~22!

This leads to the neutralino iso-mass curves shown in Fig
taking m5300 GeV and 2 representative values of tanb.
We have not been able to find any solutions withm,0. In
order to obtain such a light neutralino some fine-tuning
required in the MSSM parameters, of about a few parts
103 for tanb51 and a few parts in 102 for tanb58 @29#.
The fine-tuning is reduced for largerM2 andm and smallM1
because a light neutralino can then be generated by the

5This corresponds to one year of running based on the lumin
ties given in Ref.@26#.
9-5
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CHOUDHURY, DREINER, RICHARDSON, AND SARKAR PHYSICAL REVIEW D61 095009
saw mechanism; it is reduced for large values of tanb be-
cause in the limitb5p/2 there is a zero mass eigenvalue f
M1'0 @29#.

We have checked that the Higgsino contribution alwa
satisfies the bound~21!. In order to avoid an observable ligh
chargino we requiremx

1
6.150 GeV, which eliminates the

region below the hatched lines in Fig. 5 for the specifi
values of tanb.

The LSP is indeed dominantlybino along the solution
curves in Fig. 5. The second lightest neutralino,x̃2

0, is domi-
nantly wino for M2,300 GeV, while for larger values it is
mainly Higgsino. ForM2*110 GeV, mx̃

2
0*100 GeV, and

for M2*235 GeV,mx̃
2
0*200 GeV.

D. Bounds from oblique electroweak radiative corrections

Any new physics which couples to the SM can give co
tributions to the electroweak precision observables via ra
tive corrections. The effect of the new physics on vacu
polarization diagrams, the so-called oblique radiative corr
tions, is usually parametrized using either theS, T, and U
parameters of Ref.@30# or thee1 , e2, ande3 parameters of
Ref. @31#. The calculation of these parameters is based on
expansion inq2/Mnew

2 , whereq2 is the momentum scale o
the gauge boson propagator, typicallyMZ

2 or smaller, and
Mnew

2 is the scale of the new physics, assumed to be w
aboveMZ

2 . If however there are newlight particles in the
spectrum, as in the present case, these approximation
typically insufficient and one must in general also calcul

FIG. 5. Solutions in (M1 ,M2 ,m,tanb) parameter space giving
a mx

1
0533.9 MeV neutralino form5300 GeV and 2 representativ

values of tanb. The width of the lines is 0.01 MeV. Below th
hatched lines the chargino mass is less than 150 GeV. The d
lines haveDrSUSY,1024 and the solid lines haveDrSUSY,5
31024.
09500
s

d

-
a-

c-

n

ll

are
e

the box or vertex corrections@32#. This full calculation is
however beyond the scope of our analysis and is not
tempted here.

There is one exception however and that is the ratio of
charged to neutral current neutrino–electron-muon scatte
events — ther parameter. This is defined atq250 and the
expansion is thus trivial. In the following we limit ourselve
to a calculation of the contribution to ther parameter from
the full set of charginos and neutralinos. The radiative c
rection to ther parameter,Dr, is given by theW andZ self
energies with zero momentum flow:6

Dr5
PWW~0!

MW
2

2
PZZ~0!

MZ
2

. ~23!

The dominant SM contributions toDr arise from the~heavy!
top quark and the Higgs boson. Assuming the mass of
latter to beMH5MZ , and subtracting the SM contribution
we are left with the experimental limit on new physics at t
2s level of @26#

23.731023,Drnew,1.131023. ~24!

We have calculated the contribution toDr, which we denote
DrSUSY, from all charginos and neutralinos for given param
eter points (M1 ,M2 ,m,tanb). We find full agreement with
the results given in Ref.@33#. We then determineDrSUSY
along the solution curves given in Fig. 5. The dotted lin
indicate solutions for whichDrSUSY,1024, while the solid
lines indicate solutions for whichDrSUSY,531024. Thus
there is no conflict at least with the experimental constra
on ther parameter.

E. Cosmological and astrophysical constraints

Massive particles are expected to come into thermal e
librium in the early universe and their relic abundance
essentially the equilibrium value at ‘‘freeze-out’’ when the
self-annihilation rate drops below the Hubble expansion ra
For the neutralino under consideration, the self-annihilat
cross section is (s-wave! suppressed@34#, so the surviving
abundance is rather high:

mx̃
1
0S nx̃

1
0

ng
D'1.231022 GeVS mx̃

1
0

33.9 MeV
D 22S mf̃

150 GeVD
4

.

~25!

This energy density will be subsequently released when
neutralinos decay and this has the potential to disrupt s
dard cosmology, in particular primordial nucleosynthe
@11#. Specifically, since the neutralinos will be non
relativistic during nucleosynthesis, the Hubble expans
rate will be speeded up, while the electromagnetic ene
generated through the subsequent decays will dilute
nucleon-to-photon ratio, resulting in an increased helium

6See for example the third paper in Ref.@30# for a derivation of
this result.
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abundance@35#. The decay electrons will also Compton sca
ter the thermal background photons to energies high eno
to directly alter the abundance of e.g. deuterium throu
photodissociation@36#. The observationally inferred primor
dial abundances thus enable stringent bounds to be place
the relic abundance of the decaying particle as a function
its lifetime. For the above abundance~25!, the decay lifetime
is required to be less than a few thousand seconds in o
that the primordial D/H ratio is not reduced below its co
servative lower limit of 1025, and further required to be les
than a few hundred seconds in order that the primordial4He
mass fraction not exceed its conservative upper limit of 2
@35#. Thus the cosmological lifetime bound is essentially t
same as the one derived earlier, Eq.~13!, from experimental
considerations.

Very light neutralinos can also be produced throu
nucleon bremsstrahlung ande1e2 annihilation in superno-
vas such as SN 1987a. Since the squark or selectron ma
are now restricted to be abovemW @26#, the neutralinos can
not be trapped in the supernova core by scatterings on nu
or electrons, and so will escape freely. The energy
through this process can be comparable to the neutrino lu
nosity, and so may result in significant shortening of then̄e
burst. The neutralino luminosity can be decreased by incr
ing the sfermion mass but it has been shown that consiste
with observations of SN 1987A is not possible for any sf
mion mass less thanO(1) TeV @37#. This constraint is
evaded if the neutralino is unstable due toR-parity violation,
as in the present case. However, there are then further
straints on the energy released in the decays. Given the
perimental upper bound~13! as well as the cosmologica
upper bound on the lifetime, the decays would have occu
within the progenitor star. Moreover, the lower bound~15!
on the lifetime implies that the neutralinos cannot have
cayed within the supernova core. The electromagnetic
ergy released in the decays would have been thermali
leading to distortions of the light curve. However, the ne
tralinos under consideration here have a mass which is o
same order as the core temperature@12#, so one must recon
sider their production rate in order to quantify this potentia
important constraint.

V. OTHER IMPLICATIONS FOR R-PARITY VIOLATING
PHENOMENOLOGY

A. HERA high-Q2 anomaly

In 1997, the DESYep collider HERA collaborations re-
ported an anomaly in their highQ2 data @38# whose most
likely explanation was in terms ofR-parity violation @39#.
However, this required a significantLeQiD j

c operator. While
this is not excluded by our model it is a completely distin
possibility. Together the two operators might contribute
the decaym→eg. However, this does not lead to a signi
cant new bound since the bound on the couplingl2118 is
already so strict@18#.

B. Neutrino masses

The trilinearR-parity violating couplings we have intro
duced also generate Majorana masses for neutrinos thr
one-loop self-energy diagrams@40#:
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Nc

16p2

l ikb8 l jak

mf̃
2 ~mLR

2 !abmf k
, ~26!

whereNc is a color factor, and (mLR
2 )ab is the left-right mix-

ing term in the sfermion sector. The question then ari
whether our model can account also for the SuperKam
kande data suggesting oscillation of atmosphericnm into nt
@41#. The results indicate that the neutrinos mix almost ma
mally and that they are nearly mass degenerate,dm2

;1023–1022 eV2. If neutrino masses are hierarchical, th
the natural interpretation is that one of the neutrinos~pre-
sumably thent) has a mass ofO(0.1) eV~although the pos-
sibility of a close mass degeneracy for a heaviernm –nt pair
is not excluded!. Now the sfermion left-right mixing is not
well determined; however, within a given framework, e
supergravity-inspired models, approximate relations such
(mLR

2 )aa'mf a
mf̃ arise. Thusl2118 , the coupling responsible

in our model for the pion decaying to the neutralino, gen
ates a mass

mmm'1.531027 eVS l2118

1024D 2S mf̃

150 GeVD
21

, ~27!

which is too small to be of phenomenological interest. T
couplingsl1$2,3%1 responsible for neutralino decay also ge
erate rather small masses:

mmm,tt'1026 eVS l121,131

1022 D 2S mf̃

150 GeVD
21

. ~28!

Thus the absolute scale of the masses seems too low to
plain the data on atmospheric neutrinos. However, if ot
R-parity violating couplings are also present, it may well
possible to generate a neutrino mass pattern consistent
the observations, both of atmospheric and solar neutri
@42#.

VI. FUTURE TESTS

Experimentally, our model largely looks like the MSSM
with non-universal gaugino masses and with a very lig
LSP. Thus most future tests of the MSSM also apply to o
model, e.g. chargino pair production. A specific test wou
be to identify a very light LSP for example via neutralin
pair production@43#. At an e1e2 collider one can study the
process

e11e2→x̃2
01x̃1

0 , ~29!

where x̃2
0 subsequently decays visibly@44#. In Fig. 6 we

show the cross section evaluated along our MSSM solu
curves for both LEP2 (As5200 GeV) and the NLC (As
5500 GeV). This should be directly observable, provided
is kinematically accessible, i.e.mx̃

2
0,As.

Experimentally the main difference betweenR-parity vio-
lation with a long-lived neutralino LSP and the MSSM is th
possibility of resonant sparticle production. The value
9-7



d

CHOUDHURY, DREINER, RICHARDSON, AND SARKAR PHYSICAL REVIEW D61 095009
FIG. 6. Cross sections for

e1e2→x̃2
0x̃1

0 for the solutions in
Fig. 5. The solid lines correspon
to 0.1 pb,s,1 pb, the dashed
lines to 10 fb,s,0.1 pb, the dot-
ted lines to 1 fb,s,10 fb, and
the dot-dashed lines tos,1 fb.
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l2118 &1024 is too small for the observation of resonant sle
ton production at hadron colliders@45#. However, values of
l1$2,3%1.1023 should allow a test for resonant second
third generation sneutrino production ate1e2 colliders for
masses up to;As @46#. One can also test for the first gen
eration via the mechanism described in Ref.@47#.

A further upgrade of the KARMEN detector may allow
better resolution of the decay of thex particle, in particular
the angular distribution of the decay products. For refere
we show in Fig. 7 the differential decay rate of the LSP
our model as a function of the angle between the two fi
state electrons.

VII. CONCLUSIONS

The KARMEN time anomaly is particularly intriguing be
cause, contrary to several other reported (3 –4)s effects in
the literature, its significance has not diminished with i
proved statistics, nor has it been explained away as a sys
atic effect. In fact the anomaly persists in the KARMEN
data, which has a much reduced background@2#, with the
same characteristics as in the KARMEN-1 data@1#. It would
appear that there is no independent experiment which ha

FIG. 7. Decay rate of the LSP versus the angle between the
state electrons.
09500
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r

e
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he

sensitivity to reproduce this result. In particular although t
LSND experiment also studies pions and muons decayin
rest, it lacks the distinctive time structure of the beam in
KARMEN experiment necessary to isolate the anoma
Since KARMEN-2 acquires onlyO(10) anomaly events pe
year of running, it is clear that a definitive resolution of th
problem will have to await an upgraded detector with trac
ing capability.

Phenomenological models for the anomaly as due to
production and decay of a new particle are very tightly co
strained. The only viable proposals at present are a sin
neutrino decaying through its large mixing with thent @3,7#
or a neutralino decaying through violation ofR parity @4#
which we have extended and investigated in detail. An i
portant lesson from our investigation is that contrary
popular belief a neutralino lighter than even the pion isnot
excluded by present accelerator data unless a GUT rela
between gaugino masses is assumed. Whether the KARM
anomaly is indeed the first evidence for such a particle i
matter for future experiments to decide.

Note added. While this manuscript was under review, th
E815~NuTeV! experiment at Fermilab reported a search
a 33.9 MeV neutral particle produced in pion decay decay
to a partially electomagnetic state such ase1e2n or gn @48#.
No evidence was found for such a particle but the lifetim
probed (;1029–1023 s! are much smaller than the lowe
limits ~15! on the neutralino lifetime in our model so the
are no implications. We note however that the exclusion
such short lifetimes is relevant in the context of the co
straints from SN 1987a on the decaying particle hypothe
@3,4#. These constraints have been investigated further in
other recent reports@49#, which conclude that our model i
excluded by the observations of SN 1987a. We reserve ju
ment on this issue for the reasons mentioned earlier.

ACKNOWLEDGMENTS

We would like to thank the following colleagues: Bi
Murray for rekindling our interest in this problem, Ju¨rgen
Reichenbacher and Norman Booth for details of t
KARMEN 2 data, Bill Louis for discussions on the LSND
al
9-8



e
o

hi
po

e

ou
cu

n

he

pli-

SUPERSYMMETRIC SOLUTION TO THE KARMEN TIME . . . PHYSICAL REVIEW D 61 095009
experiment, Uli Nierste and Hartmut Wittig for clarifying th
R-parity violating pion matrix element, Andrea Romanin
for his useful remark concerning fine-tuning, and Roger P
lips for encouragement. P.R. acknowledges financial sup
from PPARC~PPA/S/S/1997/02517!.

APPENDIX: CALCULATION OF THE PION DECAY RATE

The rate of the pion decayp→m1x̃1
0 can be calculated

using chiral perturbation theory. To do this we need an
fective Lagrangian for the 4-fermion interactionu, d̄, x̃1

0 and
m1 with the sfermion degrees of freedom integrated
~analogous to using the Fermi Lagrangian in the SM cal
lation!. This gives

L5A2l2118 S Ae

M m̃
2 2

Au

2Mũ
2 2

Ad

2Md̃
2D ~m̄PRx̃0!~ ūPRd!,

~A1!

where we have also Fierz-reordered the Lagrangian~and ne-
glected some tensor-tensor interaction terms which can
contribute to the pion decay rate!. The matrix element of the
axial-vector current between the pion and the vacuum is
.

.

d
s

cs

9-

D

09500
l-
rt

f-

t
-

ot

^0u j m5a~x!upb~p!&52 ipm f pdabe2 ipx, ~A2!

wherea andb are isospin indices. Using Eq.~A2! we obtain

^0uūgmg5dup2&52 iA2pm f pe2 ipx. ~A3!

Contracting this with the pion 4-momentum and using t
Dirac equation for the up and down quarks yields

^0uūg5dup2&51
iA2 f pmp

2 e2 ipx

~md1mu!
, ~A4!

wheremd , mu are thus the current quark masses. The am
tude for the decay~5! is then,

A52
l2118 f pmp

2

~md1mu! S Ae

M m̃
2 2

Au

2Mũ
2 2

Ad

2Md̃
2D

3@ ūm~p1!PRv x̃~p2!#~2p!4d~p02p12p2!. ~A5!

This gives the decay rate quoted in Eq.~9!. The additional
contribution to the decay ratep1→e1ne given in Sec. III
can be calculated in the same way.
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