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Nuclear and nucleon transitions of the H dibaryon
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We consider 3 types of processes pertinent to the phenomenology of an H dibaryon: conversion of twoL ’s
in a doubly strange hypernucleus to an H, decay of the H to two baryons, and—if the H is light enough—
conversion of two nucleons in a nucleus to an H. We compute the spatial wave function overlap using the
Isgur-Karl, Miller-Spencer and Bethe-Goldstone wave functions, and treat the weak interactions phenomeno-
logically. The observation ofL decays from doubly strange hypernuclei puts a constraint on the H wave
function which is plausibly satisfied. Imposing this constraint, we obtain model-independent lower limits on
the H lifetime; if mH,mN1mL , the H lifetime can be of the order of or longer than the age of the Universe.
We discuss limits on a long-lived or stable H, and point out how experiments can improve the constraints.
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I. INTRODUCTION

The most symmetric color-spin representation of
quarks~uuddss! is called the H dibaryon. It is flavor single
with strangeness22, charge 0, and spin-isospin pari
I (JP)50 (01). In 1977 Jaffe calculated its mass@1# to be
about 2150 MeV in the MIT bag model and thus predicted
would be a strong-interaction-stable bound state, since de
to two L particles would not be kinematically allowed. Sinc
then its mass has been estimated in many different mod
with results lying in the range 1–2.3 GeV. On the experim
tal side, there have been many inconclusive or unsucces
attempts to produce and detect it. See@2# for a review.

The purpose of this paper is to study several proces
involving the H which are phenomenologically important
it exists: conversion of twoL ’s in a doubly strange hyper
nucleus to an H, decay of the H to two baryons, and—if
H is light enough—conversion of two nucleons in a nucle
to an H. The amplitudes for these processes depend on
spatial wave function overlap of two baryons and an H.
are particularly interested in the possibility that the H
tightly bound and that it has a mass less thanmN1mL . In
that case, as we shall see, its lifetime can be longer than
age of the Universe.

If the H is tightly bound, it would be expected to b
spatially compact. Hadron sizes vary considerably, fo
number of reasons. The nucleon is significantly larger th
the pion, with charge radiusr N50.87 fm compared tor p

50.67 fm @3#. Lattice and instanton-liquid studies qualit
tively account for this diversity and further predict that t
scalar glueball is even more tightly bound:r G'0.2 fm @4,5#.
If the analogy suggested in Ref.@6# between H,L1405 and
glueball is correct, it would suggestr H'r G&(1/4)r N . The
above size relationships make sense: the nucleon’s large
is due to the low mass of the pion which forms an extend
cloud around it, while the H and glueball do not couple
pions, due to parity and flavor conservation, and thus
small compared to the nucleon. In the absence of an
quenched, high-resolution lattice QCD calculation capable
a reliable determination of the H mass and size, we w
consider all values ofmH and taker H /r N[1/f as a param-
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eter, withf in the range 2–6. For a more detailed discuss
of the motivation and properties of a stable or long-lived
and a review of experimental constraints on such an H,
Ref. @7#.

In this paper we calculate the lifetime for decay of the
to various final states, and we consider two types of exp
mental constraints on the transition of two baryons to an H
a nucleus,ABB→AH8 X. To estimate the rates for these pr
cesses requires calculating the overlap of initial and fi
quark wave functions. We model that overlap using an Isg
Karl harmonic oscillator model for the baryons and H, a
the Bethe-Goldstone and Miller-Spencer wave functions
the nucleus. The results depend onr N /r H and the nuclear
hard core radius.

Experiments observing singleL decays from doubleL
hypernuclei ALL @8,9# indicate that t(ALL→AH8 X)
*10210 s. Our calculations show that adequate suppress
of G(ALL→AH8 X) requiresr H&1/2r N ~or less, depending on
the short distance nuclear wave function!, consistent with
expectations. Thus an H with massmH,2mL can still be
viable in spite of the observation of double-L hypernuclei, as
also found in Ref.@10#.

We calculate the lifetime of the H, in three qualitative
distinct mass ranges, under the assumption that the co
tions to satisfy the constraints from double-L hypernuclei
are met. The ranges aremH,mN1mL , in which H decay is
a doubly weakDS52 process,mN1mL,mH,2mL , in
which the H can decay by a normal weak interaction, a
mH.2mL , in which the H is strong-interaction unstabl
The H lifetime in these ranges is greater than or of or
107 yr, ;10 s, and;10214 s, respectively.

Finally, if mH&2mN , nuclei are unstable andDS522
weak decays convert two nucleons to an H. In this case
stability of nuclei is a more stringent constraint than t
double-L hypernuclear observations, but our results sh
that nuclear stability bounds can also be satisfied if the H
sufficiently compact:r H&1/4r N depending on mass an
nuclear hard core radius. This option is vulnerable to exp
mental exclusion by Super Kamiokande.

This paper is organized as follows. In Sec. II we descr
©2004 The American Physical Society08-1
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in greater detail the two types of experimental constraints
the conversion of baryons to an H in a nucleus. In Sec. III
set up the theoretical apparatus to calculate the wave f
tion overlap between H and two baryons. We determine
weak interaction matrix elements phenomenologically
Sec. IV. Lifetimes for various processes are computed
Secs. V B and VI. The results are reviewed and conclusi
are summarized in Sec. VII.

II. EXPERIMENTAL CONSTRAINTS

A. Double L hyper-nucleus detection

There are five experiments that have reported positive
sults in the search for singleL decays from doubleL hyper-
nuclei. We will describe them briefly. The three early em
sion based experiments@11–13# suffer from ambiguities in
the particle identification, and therefore we do not consi
them further. In the latest emulsion experiment at KEK@9#,
an event has been observed which is interpreted with g
confidence as the sequential decay of6HeLL emitted from a
J2 hyperon nuclear capture at rest. The binding energy
the doubleL system is obtained in this experiment to
BLL51.0160.2 MeV, in significant disagreement with th
results of previous emulsion experiments, findingBLL

;4.5 MeV.
The BNL experiment@8# used the (K2,K1) reaction on a

9Be target to produceS522 nuclei. That experiment de
tected pion pairs coming from the same vertex in the
target. Each pion in a pair indicates one unit of strangen
change from the~presumably! di-L system. Observed peak
in the two pion spectrum have been interpreted as co
sponding to two kinds of decay events. The pion kine
energies in those peaks are~114,133! MeV and ~104,114!
MeV. The first peak can be understood as two independ
singleL decays fromLL nuclei. The energies of the secon
peak do not correspond to known singleL decay energies in
hyper-nuclei of interest. The proposed explanation@8# is that
they are pions from the decay of the doubleL system,
through some specific He resonance. The required reson
has not yet been observed experimentally, but its existenc
considered plausible. This experiment does not suffer fr
low statistics or inherent ambiguities, and one of the m
sured peaks in the two pion spectrum suggests observatio
consecutive weak decays of a doubleL hyper-nucleus. The
binding energy of the doubleL systemBLL could not be
determined in this experiment.

The KEK and BNL experiments are generally accepted
demonstrate quite conclusively, in two different techniqu
the observation ofL decays from doubleL hypernuclei.
ThereforetALL→A

H8 X cannot be much less than'10210 s.

~To give a more precise limit ontALL→A
H8 X requires a de-

tailed analysis by the experimental teams, taking into
count the number of hypernuclei produced, the numbe
observedL decays, the acceptance, and so on.! As will be
seen below, this constraint is readily satisfied if the H
compact: r H&(1/2)r N or less, depending on the nucle
wave function.
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B. Stability of nuclei

There are a number of possible reactions by which t
nucleons can convert to an H in a nucleus if that is kinem
cally allowed (mH&2mN). The initial nucleons are mos
likely to be pn or nn in a relatives wave, because in othe
cases the Coulomb barrier or relative orbital angular mom
tum suppresses the overlap of the nucleons at short dista
that is necessary to produce the H. IfmH&2mN2nmp ,1 the
final state can beHp1 or Hp0 and n21 pions with total
charge 0. FormH*1740 MeV, the most important reaction
are pn→He1ne or the radiative doubly weak reactionnn
→Hg.

The best experiments to place a limit on the stability
nuclei are proton decay experiments. Super Kamioka
~SuperK! can place the most stringent constraint due to
large mass. It is a water Cˇ erenkov detector with a 22.5 kto
fiducial mass, corresponding to 831032 oxygen nuclei. Su-
perK is sensitive to proton decay events in over 40 pro
decay channels@14#. Since the signatures for the transition
two nucleons to the H are substantially different from t
monitored transitions, a specific analysis by SuperK
needed to place a limit. We will discuss the order of mag
tude of the limits which can be anticipated.

Detection is easiest if the H is light enough to be pr
duced with ap1 or p0. The efficiency of SuperK to detec
neutral pions, in the energy range of interest~kinetic energy
;0 –300 MeV), is around 70%. In the case that ap1 is
emitted, it can charge exchange to ap0 within the detector,
or be directly detected as a non-showering muon-like part
with similar efficiency. More difficult is the most interestin
mass rangemH*1740 MeV, for which the dominant chan
nel pn→He1n gives an electron withE;(2mN2mH)/2
&70 MeV. The channelnn→Hg, whose rate is smaller by
a factor of ordera, would give a monochromatic photo
with energy (2mN2mH)&100 MeV.

We can estimate SuperK’s probable sensitivity as follow
The ultimate background comes primarily from atmosphe
neutrino interactions,nN→N8(e,m), nN→N8(e,m)1np
and nN→nN81np, for which the event rate is about 10
per kton yr. Without a strikingly distinct signature, it woul
be difficult to detect a signal rate significantly smaller th
this, which would imply that SuperK might be able t
achieve a sensitivity of ordertANN→A

H8 X*few31029 yr.

Since the H production signature is not more favorable th
the signatures for proton decay, the SuperK limit
tANN→A

H8 X can at best be 0.1tp , where 0.1 is the ratio of

oxygen nuclei to protons in water. A detailed study of t
spectrum of the background is needed to make a more
cise statement. We can get a lower limit on the SuperK li
time limit by noting that the SuperK trigger rate is a fe
hertz @14#, putting an immediate limit tO→H1X*few
31025 yr, assuming the decays trigger SuperK.

1Throughout, we use this shorthand for the more precise ineq
ity mH,mA2mA82mX wheremX is the minimum invariant mass
of the final decay products.
8-2
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SuperK limits will apply to specific decay channels, b
other experiments potentially establish limits on the rate
which nucleons in a nucleus convert to an H which are
dependent of the H production reaction. These experim
place weaker constraints on this rate due to their smaller s
but they are of interest because in principle they measure
stability of nuclei directly. Among those cited in Ref.@3#,
only the experiment by Flerovet al. @15# could in principle
be sensitive to transitions of two nucleons to the H.
searched for decay products from232Th, above the Th natu
ral decay mode background of 4.7 MeVa particles, emitted
at the rateGa50.7310210 yr21. Cuts to remove the sever
background of 4.7 MeVa ’s may or may not remove event
with production of an H. Unfortunately Ref.@15# does not
discuss these cuts or the experimental sensitivity in de
An attempt to correspond with the experimental group,
determine whether their results are applicable to the H,
unsuccessful. If applicable, it would establish that the li
time tTh232→H1X.1021 yr.

Better channel independent limits onN andNN decays in
nuclei have been established recently, as summarized in
@16#. Among them, searches for the radioactive decay of
topes created as a result ofNN decays of a parent nucleu
yield the most stringent constraints. This method was fi
exploited in the DAMA liquid Xe detector@17#. BOREXINO
has recently improved these results@16# using their prototype
detector, the Counting Test Facility with parent nuclei12C,
13C, and16O. The signal in these experiments is the beta a
gamma radiation in a specified energy range associated
deexcitation of a daughter nucleus created by decay of ou
shell nucleons in the parent nucleus. They obtain the lim
tpp.531025 yr and tnn.4.931025 yr. However, H pro-
duction requires overlap of the nucleon wave functions
short distances and is therefore suppressed for outer
nucleons, severely reducing the utility of these limits. Sin
the SuperK limits will probably be much better, we do n
attempt to estimate the degree of suppression at this tim

Another approach could be useful if for some reason
direct SuperK search is foiled. Reference@18# places a limit
on the lifetime of a bound neutron,tn.4.931026 yr, by
searching forg ’s with energyEg519–50 MeV in the Ka-
miokande detector. The idea is that after the decay of a n
tron in oxygen the de-excitation of15O proceeds by emissio
of g ’s in the given energy range. The background is es
cially low for g ’s of these energies, since atmospheric n
trino events produceg ’s above 100 MeV. In our case, som
of the photons in the de-excitation process after convers
of pn to H, would be expected to fall in this energy windo

III. OVERLAP OF H AND TWO BARYONS

We wish to calculate the amplitudes for a variety of pr
cesses, some of which require one or more weak interact
to change strange quarks into light quarks. By working
pole approximation, we factor the problem into an H-baryo
baryon wave function overlap times a weak interaction m
trix element between strange and non-strange baryons, w
will be estimated in the next section. For instance, the ma
element for the transition of two nucleons in a nucleusA to
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an H and nucleusA8, ANN→AH8 X, is calculated in theLL
pole approximation, as the product of matrix elements
two subprocesses: a transition matrix element for format
of the H from theLL system in the nucleus,uMu$LL%→HX ,
times the amplitude for a weak doubly-strangeness-chan
transition,uMuNN→LL . We ignore mass differences betwee
light and strange quarks and thus the spatial wave funct
of all octet baryons are the same. In this section we
concerned with the dynamics of the process and we supp
spin-flavor indices.

A. Isgur-Karl model and generalization to the H

The Isgur-Karl ~IK ! non-relativistic harmonic oscillato
quark model@19–21# was designed to reproduce the mass
of the observed resonances and it has proved to be succe
in calculating baryon decay rates@20#. In the IK model, the
quarks in a baryon are described by the Hamiltonian

H5
1

2m
~p1

21p2
21p3

2!1
1

2
kS i , j

3 ~rW i2rW j !
2, ~1!

where we have neglected constituent quark mass differen
The wave function of baryons can then be written in terms
the relative positions of quarks and the center of mass
tion is factored out. The relative wave function in this mod
is @20,21#

CB~rW1 ,rW2 ,rW3!5NB expF2
aB

2

6
S i , j

3 ~rW i2rW j !
2G , ~2!

where NB is the normalization factor,aB51/A^r B
2&

5A3km, and^r B
2& is the baryon mean charge radius squar

Changing variables to

rW 5
r 1
W2r 2

W

A2
, lW 5

r 1
W1r 2

W22r 3
W

A6
~3!

reduces the wave function to two independent harmonic
cillators. In the ground state

CB~rW ,lW !5S aB

Ap
D 3

expF2
aB

2

2
~r21l2!G . ~4!

One of the deficiencies of the IK model is that the val
of the aB parameter needed to reproduce the mass splitt
of lowest lying 1

2
1 and 3

2
1 baryons,aB50.406 GeV, corre-

sponds to a mean charge radius squared for the proto
A^r N

2 &51/aB50.49 fm. This is distinctly smaller than th
experimental value of 0.87 fm. Our results depend on
choice ofaB and therefore we also report results usingaB
50.221 GeV which reproduces the observed charge ra
at the expense of the mass splittings.

Another concern is the applicability of the non-relativist
IK model in describing quark systems, especially in the c
of the tightly bound H. Withr H /r N51/f , the quark momenta
in the H are' f times higher than in the nucleon, whic
makes the non-relativistic approach more questionable t
in the case of nucleons. Nevertheless we adopt the IK mo
8-3
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because it offers a tractable way of obtaining a quantita
estimate of the effect of the small size of the H on the tr
sition rate, and there is no other alternative available at
time. For comparison, it would be very interesting to hav
Skyrme model calculation of the overlap of an H with tw
baryons.

We fix the wave function for the H particle starting fro
the same Hamiltonian~1!, but generalized to a six quar
system. For the relative motion part this gives

CH5NH expF2
aH

2

6 (
i , j

6

~r i
W2r j

W !2G . ~5!

The space part of the matrix element of interest,^AH8 uALL&,
is given by the integral

E )
i 51

6

d3rW iCL
a ~1,2,3!CL

b ~4,5,6!CH~1,2,3,4,5,6!. ~6!

Therefore it is useful to choose variables for the H wa
function as follows, replacing

rW1 ,rW2 ,rW3 ,rW4 ,rW5 ,rW6→rW a,lW a,rW b,lW b,aW ,RW CM ~7!

whererW a(b) and lW a(b) are defined as in Eq.~3!, with a (b)
referring to coordinates 1,2,3 (4,5,6).~Since we are ignor-
ing the flavor-spin part of the wave function, we can consi
the six quarks as distinguishable and not worry about Fe
statistics at this stage.! We also define the center-of-ma
position and the separation,aW , between initial baryonsa and
b:

RW CM5
RW CM

a 1RW CM
b

2
, aW 5RW CM

a 2RW CM
b . ~8!

Using these variables, the H ground state wave function
comes

CH5S 3

2D 3/4S aH

Ap
D 15/2

expF2
aH

2

2 S raW 2
1laW 2

1rbW 2

1lbW 2S 1
3

2
aW 2D G . ~9!

As for the 3-quark system,aH51/A^r H
2 &.

B. Nuclear wave function

We will use two different wave functions to describe tw
L ’s or nucleons in a nucleus, in order to study the mo
dependence of our results and to elucidate the importanc
different aspects of the nuclear wave function. A commo
used wave function is the Miller-Spencer~MS! wave func-
tion @22#:

cMS512exp2c1a2
~12c2a2!, ~10!

with the canonical parameter choicesc151.1 fm22 and c2
50.68 fm22. It must be emphasized that at the short d
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tances relevant for this calculation, the form and magnitu
of the MS wave function are not constrained experimenta
and rather are chosen to give a good fit to long-dista
physics with a simple functional form. The other wave fun
tion we use is a solution of the Bruecker-Bethe-Goldsto
~BBG! equation describing the interaction of a pair of ferm
ons in an independent pair approximation; see, e.g.,@23#. It is
useful because we can explicitly explore the sensitivity of
result to the unknown short-distance nuclear physics
varying the hard-core radius.

The BBG wave function is obtained as follows. The s
lution of the Schro¨dinger equation for two fermions in th
Fermi sea interacting through a potentialv(xW1 ,xW2) takes the
form

c~1,2!5
1

AV
eiPW RW CMc~aW ! ~11!

whereRW CM andaW are defined as in Eq.~8!. The first factor
contains the center-of-mass motion and the second is
internal wave function of the interacting pair.c(aW ) is a so-
lution of the Bethe-Goldstone equation@Eq. ~36.15! in @23##
which is simply the Schro¨dinger equation for two interacting
fermions in a Fermi gas, where the Pauli principle forbids
appearance of intermediate states that are already occu
by other fermions. Both wave functions are normalized
that the space integral of the modulus squared of the w
function equals one. In the application of this equation
nuclear matter, the interaction of each particle from the p
with all particles in the nucleus through an effective sing
particle potential is included, in the independent pair a
proximation known as Bruecker theory@see Eqs.~41.1! and
~41.5! in @23##.

We are interested ins-wave solutions to the Bethe
Goldstone equation since they are the ones that penetra
small relative distances. Following@23#, an s-wave solution
of the internal wave function is sought in the form

c~a!;
u~a!

a
~12!

which simplifies the Bethe-Goldstone equation to

S d2

dx2
1k2D u~a!5v~a!u~a!2E

0

`

x~a,y!v~y!u~y!dy

~13!

wherev(a) is the single particle potential in the effective
mass approximation, and the kernelx(a,y) is given by

x~a,y!5
1

p FsinkF~a2y!

a2y
2

sinkF~a1y!

a1y G , ~14!

wherekF is the Fermi wave number. For the interaction p
tential between two nucleons in a nucleus we choose a h
core potential for the following reasons. The two partic
potential in a nucleus is poorly known at short distanc
Measurements~the observed deuteron form factors, the su
8-4
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of longitudinal response of light nuclei, etc.! constrain only
two-nucleon potentials and the wave functions they pre
at internucleon distances larger than 0.7 fm@24#. The Bethe-
Goldstone equation can be solved analytically when a h
core potential is used. While the hard-core form is sur
only approximate, it is useful for our purposes becaus
enables us to isolate the sensitivity of the results to the sh
distance behavior of the wave function. We stress again
more ‘‘realistic’’ wave functions, including the MS wav
function, are in fact not experimentally constrained for d
tances below 0.7 fm. Rather, their form at short distanc
chosen for technical convenience or aesthetics.

Using the hard core potential, thes-wave BG wave func-
tion is

CBG~aW !5H NBG

u~a!

a
for a.

c

kF
,

0 for a,
c

kF
,

~15!

NBG5
1

AE
c/kF

R(A)

uu~a!/au24pa2da

, ~16!

wherec/kF is the hard core radius andR(A)51.07A1/3 is the
radius of a nucleus with mass numberA. Expressions foru
can be found in@23#, Eq. ~41.31!. The normalization factor
NBG is fixed by setting the integral ofucBGu2 over the vol-
ume of the nucleus equal to one. The functionu vanishes at
the hard core surface by construction and then rapidly
proaches the unperturbed value, crossing over that valu
the so called ‘‘healing distance.’’ At large relative distanc
and when the size of the normalization volume is large co
pared to the hard core radius,u(a)/a approaches a plan
wave and the normalization factorNBG @Eq. ~16!# reduces to
the value 1/AVbox, as

cBG~a!5NBG

u~a!

a
→ 1

AVbox

eika. ~17!

C. Overlap calculation

The non-relativistic transition matrix element for a tran
tion LL→H inside a nucleus is given by~suppressing spin
and flavor!

T$LL%→H52p id~E!E d3ad3RCM

3 )
i 5a,b

d3r id3l icH* cL
a cL

b cnuce
i (kWH2kWLL)RW CM

~18!

where d(E)5d(EH2ELL), cL
a,b5cL

a,b(rW a,b,lW a,b), and

cnuc5cnuc(aW ) is the relative wave function of the twoL ’s
in the nucleus. The notation$LL% is a reminder that theL ’s
01400
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are in a nucleus. The plane waves of the external parti
contain normalization factors 1/AV and these volume ele
ments cancel with volume factors associated with the fi
and initial phase space when calculating decay rates.
integration over the center of mass position of the syst
gives a 3 dimensional momentum delta function and we c
rewrite the transition matrix element as

T$LL%→H5~2p!4id4~kf2ki !M$LL%→H , ~19!

whereuMu$LL%→H is the integral over the remaining intern
coordinates in Eq.~18!. In the case of pion or lepton emis
sion, plane waves of the emitted particles should be inclu
in the integrand. For brevity we use here the zero momen
transfer,kW50, approximation, which we have checked hol
with good accuracy; this is not surprising since typical m
menta are&0.3 GeV.

Inserting the IK and BBG wave functions and performin
the Gaussian integrals analytically, the overlap of the sp
wave functions becomes

uMuLL→H5
1

A4
S 2 f

11 f 2D 6S 3

2D 3/4S aH

Ap
D 3/2

3NBGE
c/kF

R(A)

d3a
u~a!

a
e2(3/4)aH

2 a2
~20!

where the factor 1/A4 comes from the probability that two
nucleons are in a relatives wave, andf is the previously
introduced ratio of nucleon to H radius:aH5 f aB . Since
NBG has dimensionsV21/2 the spatial overlapM$LL%→H is a
dimensionless quantity, characterized by the ratiof, the
Isgur-Karl oscillator parameteraB , and the value of the hard
core radius. Figure 1 showsuMu$LL%→H

2 calculated for oxy-
gen nuclei, versus the hard-core radius, for a range of va
of f, using the standard value ofaB50.406 GeV for the IK
model @21# and alsoaB50.221 GeV for comparison.

Figure 1 shows that, with the BBG wave function, th
overlap is severely suppressed and that the degree of
pression is very sensitive to the core radius. This confir
that the physics we are investigating depends on the beha
of the nuclear wave function at distances at which it is n
directly constrained experimentally. Figure 2 shows a co
parison of the overlap using the Miller-Spencer and BB
nuclear wave functions, as a function of the size of the
One sees that the spatial overlap is strongly suppressed
both wave functions, although quantitatively the degree
suppression differs. We cannot readily study the sensitivity
the functional form of the baryonic wave functions, as the
is no well-motivated analytic form we could use to do th
calculation other than the IK wave function. However,
comparing the extreme choices of parameteraB in the IK
wave function, also shown in Figs. 1 and 2, we explore
sensitivity of the spatial overlap to the shape of the hadro
wave functions. Fortunately, we will be able to use additio
experimental information to constrain the wave functi
overlap so that our key predictions are insensitive to
overlap uncertainty.
8-5
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FIG. 1. Log10 of uMuLL→H
2

versus hard core radius in fem
tometers, for ratiof 5RN /RH and
two values of the Isgur-Karl oscil-
lator parameter:aB50.406 GeV
~thick lines! and aB50.221 GeV
~thin lines!.
si
wi
an
em
a

te

ich
n.
IV. WEAK INTERACTION MATRIX ELEMENTS

Transition of a two nucleon system to off-shellLL re-
quires two strangeness changing weak reactions. Pos
DS51 sub-processes to consider are a weak transition
emission of a pion or lepton pair and an internal weak tr
sition. These are illustrated in Fig. 3 for a three quark syst
We estimate the amplitude for each of the sub-processes
calculate the overall matrix element for transition to theLL
system as a product of the sub-process amplitudes.

The matrix element for weak pion emission is estima
from theL→Np rate:
01400
ble
th
-
.

nd

d

uMuL→Np
2 5

1

~2p!4

2mL

F2

1

tL→Np
50.8310212 GeV2.

~21!

By crossing symmetry this is equal to the desireduMuN→Lp
2 ,

in the approximation of momentum independence wh
should be valid for the small momenta in this applicatio
Analogously, for lepton pair emission we have

uMuL→Nen
2 5

1

~2p!4

2mL

F3

1

tL→Nen
53310212. ~22!
,

FIG. 2. Log10 of uMuLL→H
2

versus ratio f 5aH /aN , calcu-
lated with BBG wave function
with core radius 0.4 and 0.5 fm
and with the MS wave function.
Thick ~thin! lines are for aB

50.406 GeV (aB50.221 GeV)
in the IK wave function.
8-6
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The matrix element for internal conversion,~uds! → ~udd!,
is proportional to the spatial nucleon wave function wh
two quarks are at the same point:

uMuL→N'^cLud3~rW12rW2!ucN&
GFsinuccosuc

mq
, ~23!

wheremq is the quark mass introduced in order to make
4 point vertex amplitude dimensionless@25#. The expectation
value of the delta function can be calculated in the harmo
oscillator model to be

^cLud3~rW12rW2!ucN&5S aB

A2p
D 3

50.431022 GeV3.

~24!

The delta function term can also be inferred phenomenol
cally in the following way, as suggested in@25#. The Fermi
spin-spin interaction has a contact character depending
sW 1sW 2/mq

2d(rW12rW2), and therefore the delta function matr
element can be determined in terms of electromagnetic
strong hyperfine splitting:

~mS02mS1!2~mn2mp!5a
2p

3mq
2 ^d3~rW12rW2!&, ~25!

mD2mN5aS

8p

3mq
2 ^d3~rW12rW2!&, ~26!

wheremq is the quark mass, taken to bemN/3. Using the first
form to avoid the issue of scale dependence ofaS leads to a
value three times larger than predicted by the method use
Eq. ~24!, namely,

^cLud3~rW12rW2!ucN&51.231022 GeV3. ~27!

We average the expectation values~24! and ~27! and adopt

uMuL→N
2 54.4310215. ~28!

In this way we have roughly estimated all the matrix e
ments for the relevant sub-processes based on w
interaction phenomenology.

FIG. 3. Some relevant weak transitions forNN→HX.
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V. NUCLEAR DECAY RATES

A. Lifetime of doubly strange nuclei

The decay rate of a doubly strange nucleus is

GALL→A
H8 p'K2~2p!4

mq
2

2~2mLL!
F2uMuLL→H

2 , ~29!

whereF2 is the two body final phase space factor, defined
in @3#, and mLL is the invariant mass of theL ’s, '2mL .
The factorK contains the transition element in spin flav
space. It can be estimated by counting the total numbe
flavor-spin states auuddsssystem can occupy, and takin
K2 to be the fraction of those states which have the corr
quantum numbers to form the H. That givesK2;1/1440,
and therefore we writeK25(1440k1440)

21. Combining
these factors we obtain the estimate for the formation time
an H in a doubly strange hypernucleus:

t f orm[tALL→A
H8 p'

3~7!k1440310218 s

uMuLL→H
2

, ~30!

where the phase space factor was evaluated formH
51.8(2) GeV.

Figure 2 showsuMu$LL%→H
2 in the range off and hard-

core radius where its value is in the neighborhood of
experimental limits, for the standard choiceaB
50.406 GeV and comparison valueaB50.221 GeV. In or-
der to suppressG(ALL→AH8 X) sufficiently that someL ’s in
a double-L hypernucleus will decay prior to formation of a
H, we requireuMuLL→H

2 &1028. If the nucleon hard core
potential is used, this is satisfied even for relatively large
e.g.,r H&r N/2.3 (r N/2.1) for a hard-core radius 0.4~0.5! fm
and can also be satisfied with the MS wave function as
be seen in Fig. 2. Thus the observation of singleL decay
products from double-L hypernuclei cannot be taken to ex
clude the existence of an H with mass below 2mL unless it
can be demonstrated that the wave function overlap is la
enough.

B. Nuclear conversion to an H

If the H is actually stable (mH,2mp12me) two nucleons
in a nucleus may convert to an H and cause nuclei to di
tegrate.NN→HX requires two weak reactions. Thus the ra
for the processANN→AH8 pp is approximately

GANN→A
H8 pp'K2

~2p!4

2~2mN!
F3S uMuN→Lp

2 uMuLL→H

~2mL2mH!2 D 2

,

~31!

where the denominator is introduced to correct the dim
sions in a way suggested by theLL pole approximation.
Since other dimensional parameters relevant to this proc
e.g.,mq5mN/3 or LQCD , are comparable to 2mL2mH and
we are aiming only for an order-of-magnitude estimate, a
of them could equally well be used. The lifetime for nucle
disintegration with two pion emission is thus
8-7
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TABLE I. The final particles~in addition toA8 andH! and momenta for nucleon-nucleon transitions to H
in nuclei. For the 3-body final states marked with an asterisk, the momentum given is for the configuration
with H produced at rest.

Mass Final momenta Partial lifetime
mH ~GeV! Final state p ~MeV! 3K2uMuLL→H

2 ~yr!

1.5 p 318 231023

1.5 pp 170* 0.03
1.8 en 48* 70
1.8 g 96 23103
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tANN→A
H8 pp'

40k1440

uMuLL→H
2

yr, ~32!

taking mH51.5 GeV in the phase space factor. For the p
cess with one pion emission and an internal conversion,
rate estimate is

GANN→A
H8 p'K2

~2p!4

2~2mN!
F2~ uMuN→LpuMuN→LuMuLL→H!2

~33!

leading to a lifetime, formH51.5 GeV, of

tANN→A
H8 p'

3k1440

uMuLL→H
2

yr. ~34!

If mH*1740 MeV, pion emission is kinematically forbid
den and the relevant final states aree1n or g; we now cal-
culate these rates. For the transitionANN→AH8 en, the rate is

GANN→A
H8 en

'K2
~2p!4

2~2mN!
F3~ uMuN→LenuMuN→LuMuLL→H!2.

~35!

In this case, the nuclear lifetime is

tANN→A
H8 en'

k1440

uMuLL→H
2

3105 yr, ~36!

taking mH51.8 GeV. ForANN→AH8 g, the rate is approxi-
mately

GANN→A
H8 g'K2~2p!4

aEMmq
2

2~2mN!
F2~ uMuN→L

2 uMuLL→H!2,

~37!

leading to the lifetime estimate

tANN→A
H8 g'

2k1440

uMuLL→H
2

3106 yr, ~38!

for mH51.8 GeV.
01400
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One sees from Fig. 1 that a lifetime bound of*few
31029 yr is not a very stringent constraint on this scenario
mH is large enough that pion final states are not allowed.
example, withk144051 the right-hand side~rhs! of Eq. ~36!
is *few31029 yr, for standardaB , a hard core radius o
0.45 fm, andr H'1/5r N—in the middle of the range ex
pected based on the glueball analogy. IfmH is light enough
to permit pion production, experimental constraints are mu
more powerful. We therefore conclude thatmH&1740 MeV
is disfavored and is likely to be excluded, depending on h
strong limits SuperK can give. Table I summarizes pred
tions for various final states andmH values.

VI. LIFETIME OF AN UNSTABLE H

If 2mN&mH,mN1mL , the H is not stable but it prove
to be very long lived if its wave function is compact enou
to satisfy the constraints from doubly strange hypernuc
discussed in Secs. II A and V A. The limits on nuclear s
bility discussed in the previous section do not apply h
because nuclear disintegration to an H is not kinematic
allowed.

A. Wave function overlap

To calculate the decay rate of the H we start from t
transition matrix element~18!. In contrast to the calculation
of nuclear conversion rates, the outgoing nucleons are
ymptotically plane waves. Nonetheless, at short distan
their repulsive interaction suppresses the relative wave fu
tion at short distances much as in a nucleus. It is instruc
to compute the transition amplitude using two different a
proximations. First, we treat the nucleons as plane wave
the spatial amplitude is

TH→LL52p id~ELL2EH!E )
i 5a,b

d3r id3l id3ad3

3RCMcHcL*
acL*

bei (kWN
a

1kWN
b

2kWH)RW CM. ~39!

The integration overRW CM gives the usual 4Dd function.
Using the Isgur-Karl wave function and performing the r
maining integrations leading touMuH→LL , as in Eq.~19!,
the amplitude is
8-8
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TABLE II. uMuH→LL
2 in GeV23/2 for different values off ~rows! and nuclear wave function~columns!,

using the standard valueaB150.406 GeV and the comparison valueaB250.221 GeV in the IK wave func-
tion of the quarks.

BBG, 0.4 fm BBG, 0.5 fm MS
aB1 aB2 aB1 aB2 aB1 aB2

4 6310214 631028 7310218 431029 131028 831027

3 531029 331025 3310211 731026 231026 931025

2 131024 0.0 131025 0.01 931024 0.03
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uMuH→LL5S 2 f

11 f 2D 6S 3

2D 3/4S aH

Ap
D 3/2

3E
0

`

d3ae2(3/4)aH
2 a22 i [(kWN

a
2kWN

b )/2]aW

5S 8

3p D 3/4S 2 f

11 f 2D 6

aH
23/2e2(kWN

a
2kWN

b )2/12aH
2
.

~40!

The amplitude depends on the size of the H through
factor f 5r N /r H . Note that the normalizationNBG in the
analogous result~20! which comes from the Bethe
Goldstone wave function ofL ’s in a nucleus has been re
placed in this calculation by the plane wave normalizat
factor 1/AV which cancels with the volume factors in th
phase space when calculating transition rates.

Transition rates calculated using Eq.~40! provide an up-
per limit on the true rates, because the calculation negl
the repulsion of two nucleons at small distances. To estim
the effect of the repulsion between nucleons we again use
Bethe-Goldstone solution with the hard core potential. It h
the desired properties of vanishing inside the hard core
dius and rapidly approaching the plane wave solution aw
from the hard core. As noted in Sec. III B,NBG→1/AV, for
a→`. Therefore, we can write the transition amplitude as
Eq. ~20!, with the normalization factor 1/AV canceled with
the phase space volume element:

uMuH→LL5S 2 f

11 f 2D 6S 3

2D 3/4S aH

Ap
D 3/2

3E
0

`

d3a
u~a!

a
e2(3/4)aH

2 a2
. ~41!

This should give a more realistic estimate of decay ra
Table II shows the overlap values for a variety of choices
r H , hard-core radii, andaB . Also included are the result
with the MS wave function.

B. Empirical limit on wave function overlap

As discussed in Sec. V A, the H can be lighter than 2L ’s
without conflicting with hypernuclear experiments if it
sufficiently compact, as suggested by some models. The
straint imposed by the hypernuclear experiments can
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translated into an empirical upper limit on the wave functi
overlap between an H and two baryons. Using Eq.~30! for
the formation timet f orm of an H in a double-L oxygen-16
hypernucleus we have

uMuLL→H
2 5731028

k1440

f f orm
S t f orm

10210 s
D 21

, ~42!

where f f orm5F2(mH)/F2(mH52 GeV) is the departure o
the phase space factor for hypernuclear H formation app
ing in Eq. ~29!, from its value formH52 GeV. By crossing
symmetry the overlap amplitudesuMuH→LL and uMuLL→H
differ only because theL ’s in the former are asymptotically
plane waves while for the latter they are confined to
nucleus; comparing Eqs.~41! and ~20! we obtain

uMuH→LL
2 5

4

NBG
2

uMuLL→H
2 . ~43!

For oxygen-16,NBG
2 /4'(1/53104) GeV3. Using Eqs.~42!

and ~43! will give us an upper limit on the overlap for th
lifetime calculations of the next section.

C. Decay rates and lifetimes

Starting fromuMuH→LL we can calculate the rates for H
decay in various channels, as we did for nuclear convers
in the previous section. The rate ofH→nn decay is

GH→nn'K2
~2p!4mq

5

2mH
F2~mH!~ uMuN→L

2 uMuH→LL!2,

~44!

whereF2 is the phase space factor defined forH→nn nor-
malized as in@3#. Using Eqs.~43! and ~42!, the lifetime for
H→nn is

tH→NN'9~4!3107m0 yr, ~45!

for mH51.9(2) GeV, where m0*1 is defined to be
(t f ormf f orm)/(10210 s)3(53104NBG

2 )/4. The H is therefore
cosmologically stable, with a lifetime longer than the age
the Universe, if uMuLL→H

2 is 102 –3 times smaller than
needed to satisfy double hypernuclear constraints. As ca
seen in Fig. 2, this corresponds tor H&(1/3)r N in the IK
model discussed above. Note thatk1440 and the sensitivity to
the wave function overlap have been eliminated by us
t f orm .
8-9
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If mN1mL (2.05 GeV),mH,2mL (2.23 GeV), H de-
cay requires only a single weak interaction so the rate in
~44! must be divided byuMuN→L

2 given in Eq.~28!. Thus we
have

tH→NL'10m0 s. ~46!

Finally, if mH.2mL (2.23 GeV), there is no weak inter
action suppression and

tH→LL'4310214m0 s. ~47!

Equations~45!–~47! with m051 give the lower bound on
the H lifetime, depending on its mass. This result for the
lifetime differs sharply from the classic calculation of Don
ghue, Golowich, and Holstein@26#, because we rely on ex
periment to put an upper limit on the wave function overl
uMuH→LL

2 . Our treatment of the color-flavor-spin and we
interaction parts of the matrix elements is approximate, bu
should roughly agree with the more detailed calculation
Ref. @26#, so the difference in lifetime predictions indicate
that the spatial overlap is far larger in their bag model th
using the IK and Bethe-Goldstone or Miller-Spencer wa
functions with reasonable parameters consistent with the
pernuclear experiments. The bag model is not a particul
good description of sizes of hadrons, and in the treatmen
@26# the H size appears to be fixed implicitly to some val
which may not be physically realistic. Furthermore, it is ha
to tell whether their bag model analysis gives a good
counting of the known hard core repulsion between nuc
ons. As our calculation of previous sections shows, these
crucial parameters in determining the overlap. The calcu
tion of the weak interaction and color-flavor-spin matrix e
ements in Ref.@26# could be combined with our phenomen
logical approach to the spatial wave function overlap
provide a more accurate yet general analysis. We note
due to the small size of the H, thep-wave contribution
should be negligible.

If the H is long lived enough to conceivably be the da
matter, i.e.,mH&2.05 GeV, one would like to use exper
ment to investigate the possibility that the dark matter co
consist of H and/or H̄’s. The Sudbury Neutrino Observator
~SNO! can probably place good limits on the rate ofH
→nn in that detector. The next most important channelH
→nng should be easy to detect in SuperK for H mass s
that the photon energy is in the low-background ran
'20–100 MeV @27#, or in Kamland for lower photon
energies.2 The rate is

GH→nng'K2aEM

~2p!4mq
3

2mH
F3~mH!~ uMuN→L

2 uMuH→LL!2

~48!

leading to

tH→NNg'431014~631012!m0 yr, ~49!

2G.R.F. thanks T. Kajita for informative discussions on these
sues.
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for mH51.9 (2) GeV. The lifetime forH→npen is similar
in magnitude but is more sensitive tomH due to the 4-body
phase space:

GH→pnen'K2
~2p!4mq

2mH
F4~mH!

3~ uMuN→LuMuN→LenuMuH→LL!2. ~50!

For mH51.9 (2) GeV

tH→pnen'1015 ~531011!m0 yr. ~51!

Estimates of the local number density of H’s at vario
depths in the Earth, assuming the dark matter consists of
and H̄’s, will be discussed in Ref.@28#.

VII. SUMMARY

We have considered the constraints placed on the
dibaryon by the stability of nuclei and hypernuclei with r
spect to conversion to an H, and we have calculated
lifetime of the H if it is heavier than two nucleons. First w
performed calculations using specific models for the relev
wave functions. In the model calculations we used the Isg
Karl wave functions for quarks in baryons and the H, and
Miller-Spencer and Bruecker-Bethe-Goldstone wave fu
tions for nucleons in a nucleus, to obtain a rough estimate
the H-baryon-baryon wave function overlap. By varying t
IK oscillator strength parameter and the hard-core radius
the BBG wave function over extreme ranges, we find that
wave function overlap is very sensitive to the size and sh
of the hadronic and nuclear wave functions. With the BB
~MS! wave function, the hypernuclear formation time of a
H is comparable to or larger than the decay time for theL ’s
and thus the H is not excluded, ifr H&1/2 (1/3)r N .3 We
conclude that the observation ofL decays in double-L hy-
pernuclei cannot be used to excludemH,2mL , given our
present lack of understanding of the hadronic and nuc
wave functions.

In the second part of our work we abstracted empiri
relations which give us relatively model-independent pred
tions for the H lifetime. By crossing symmetry, the overla
of the wave functions of an H and two baryons can be c
strained using experimental limits on the formation time
an H in a hypernucleus. Using the empirically constrain
wave function overlap and phenomenologically determin
weak interaction matrix elements, we can estimate the l
time of the H with relatively little model uncertainty. We fin
the following.

If mN1mL&mH&2mL , the H lifetime is*10 s.
If 2mN&mH&mN1mL , the H lifetime is*108 yr. For

r H&(1/3)r N as suggested by some models, the H lifetime

-

3The overlap between an H and two nucleons should be stro
suppressed also in the Skyrme model, in view of the totally diff
ent nature of the nucleon and H solitons@29,30#. However, a
method for computing the overlap has not been developed so we
unable to explore this here.
8-10
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comparable to or greater than the age of the Universe.
If mH.2mL , the hypernuclear constraint is not app

cable but the H would still be expected to be long lived,
spite of decaying through the strong interactions. For
ample, with the BBG wave function andr H&(1/2)r N , tH
*4310214 s.

Our results have implications for several experimen
programs:

~1! The observation ofL decays from doubleL hypernu-
clei excludes thatt f orm , the formation time of the H in a
doubleL hypernucleus, is much less thantL . However if
t f orm is of order tL , some doubleL hypernuclei would
produce an H. One might hope these H’s could be obser
by reconstructing them through their decay products, e
H→S2p. Unfortunately, our calculation shows thattH
*10 s for the relevant range ofmH , so any H’s produced
would diffuse out of the apparatus before decaying.4

~2! Some calculations have foundmH,2(mp1me), in
which case the H is absolutely stable and nucleons in nu
may convert to an H. We showed that SuperK can pl
important constraints on the conjecture of an absolu
stable H, or conceivably discover evidence of its existen
through observation of the pion~s!, positron, or photon pro-

4G.R.F. thanks K. Imai for bringing the idea for this experiment
her attention.
g
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duced when two nucleons in an oxygen nucleus convert to
H. We estimate that SuperK could achieve a lifetime lim
t*few31029 yr. This is the lifetime range estimated wit
the BBG wave function for mH*1740 MeV and r H

'(1/5)r N . An H smaller than this seems unlikely, somH

&1740 MeV is probably already ruled out.
~3! If mH&2.05 GeVand rH&(1/3)r N the H lifetime is

comparable to the age of the Universe. It is possible tha
and anti-H were produced in sufficient abundance in
early Universe to account for dark matter and the bary
asymmetry, as will be discussed elsewhere@28#. We have
shown that SuperK and SNO can place limits on signatu
of H decay and anti-H annihilation in this scenario and c
culated the rates of relevant reactions.
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