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The two heavy quarks in a baryon which contains two heavy quarks and a light one can constitute a scalar
or axial vector diquark. We study the electromagnetic radiation of such barQi())rEibc)lHE(bc)ﬁ vy, (ii)
B, Ewo,ty, (i) Efy (V2=1)=Epg,tr. V) Efy,(321=1)=Epg,+r. and (V)
EZ‘JC)O(3/21 =2)*>E(bc)0+ v, WhereE(bc)O(l),Ezi,c)1 areSwave bound states of a heavy scalar or axial vector
diquark and a light quark, ar‘Ez*b*c)o(I =1) areP- or D-wave bound states of a heavy scalar diquark and a light
quark. The analysis indicates that these processes can be attributed to two categories and the physical mecha-
nisms which are responsible for them are completely distinct. Measurements can provide good judgment for
the diquark structure and a better understanding of the physical picture.

PACS numbeps): 12.39.Hg, 11.10.St, 13.30a, 13.40.Hq

[. INTRODUCTION To further investigate the diquark structure and governing
mechanisms inside the diquark, we will study the electro-
The lack of an effective way to properly handle nonper-magnetic radiation of baryons with two heavy quarks in the
turbative QCD effects becomes a more and more intriguingoresent work. Since such processes are cleaner, we may ex-
problem when one needs to extract information from data. Irpect to gain more exact knowledge from the data. In fact,
other words, the hadronic matrix elements cannot be reliablgimilar electromagnetic radiation processes for baryons con-
estimated in the present theoretical framework. Thanks to theining only one heavy quark have been discussed in the
heavy quark effective theofHQET) [1], an extra symmetry literature recently10].
SU(2)®SU(2) greatly simplifies the picture in heavy fla- At the tree level, they emission is a pure electromagnetic
vor involved processes. Developments in this field enable uprocess. In this work we study two cases which in fact are
to more accurately evaluate hadronic transition matrix eledetermined by completely different mechanisms. First, we
ments since t_he_ number of form factors is reduced in theonsider(i) E(bc)1—>E(b%+y and (i) E?bc)lﬂa(bc)ojL Y,
heavy quark limif2]. _ where =y, and f,,,. are spin-1/2 and -3/2 baryons, re-
As many authors have suggested, a diquark structure mag/ , 1 L , )
exist in baryong3]. If it is real physics or at least a good SPectively, which consist of a heavy axial vector diquark
approximation, we only need to deal with two-body prob-2nd @ light quark in th&wave bound state andl (), is &
lems instead of three-body problems. Consequently, th&pin-1/2 baryon which consists of a heavy scalar diquark and
number of independent form factors can be remarkably rea light quark. Then we studgiii) E{5 (1/2]=1)—E (),
ducelf. _Itzspecially vgrller: the barytc;]ns; tﬁonttainhtwo heav;lﬁ y, (iv) E?ﬁ‘c)o(?’/zl :1)_,E(b%+ v, and (v) EZ*;C)O(g,/zJ
uarks, it is reasonable to assume that the two heavy quarks — — .
gonstitute a color-antitriplet bosonlike diquark of spinyoqor 1~ 2) 7 E o,y where Zg (s,1=1) are spin-1/2 &
[4]. Based on this picture Savage and Wise studied the spec:1/2) and -3/2 §=3/2) baryons, respectively, composed of
trum of baryons with two heavy quarks] and in the poten- @ heavy scalar diquark and a light quark in higher angular
tial model, the spectra have been eva|ud@d momentum states. It is noted that we StUdy tbe)ﬁ(o) di-
Although the diquark structure is very likely, the small quark because onlyb) can constitute either spin-1 or -0
color-antitriplet system is not point like in general. Conse-states with even parityi.e., the orbital angular momentum
quently, we should replace the vertex gained from any funbetweenQ andQ’ is set to be O in our discussipn
damental theory such as the standard model by an effective In the reactions(i) =), — = (be),* v and (i) Efyq,

vertex..A(or a fev@ reasonable form fact@ will be in- _ —>E(bc)o+y, the axial vector fc), transits into a scalar
\(olved |n'the t_effectlye vertex for c;ompensatmg the nonpomt-(bc)0 by emitting a photon, whereas in the radiati6in)
like spatial dispersion of the diquark. The form fa¢®r .« (12]=1)—E o + (iv) Sr 0 (3/2)=1)
can be derived in many ways, and one of them is the Bethe= (°%o S0 " Y _ T (b9
Salpeter (BS) equation. With the effective vertex, we —E(bo,T ¥ and(v) By (3/21=2)—E (), + v, the di-
estimated the production and weak decay rates of suchuark (bc), remains in the spin-0 state, and the photon is
baryons[7] in our previous work based on the superflavorradiated from the light quark hand. The latter three reactions

symmetry[8,9]. are analogous to the radiation of an atom where the electron
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transits from a highefangular and/or radialexcited state whereé(v-v’) is the Isgur-Wise functiony andv’ are the
into a lower one and emits a photon. In our case, the lighfour-velocities of the parent and daughter baryons, respec-
quark of:f,;*c) (s,/=1) in an angular momentum excited tively, u is the four-component spinor for the parent or pro-

state transits into the ground state=Q) = ), and emits a duced baryorE ), . andus, is the Rarita-Schwinger spi-

photon. Analysis indicates that the possibility of radiating anor vector correspondmg 8, With spin 3/2. The form
photon from the spin-0 heavy diquark is very small, exactlyfactor is evaluated in the BS equation approach and all the
as in the case of atoms. details were given in our previous wofK].

Of course, in general, there may be processes like Obviously, for expression),(3), we have
EZ‘bC)l(3/2)—>E(bc)l(1/2)+ v. However, since the spin inter- Y
action between gluons and heavy diquarks decouples in the ka(J%)=0,

heavy quark limit, the mass splitting betwe&if,, and  \herek,=(m'v’—mv), is the energy-momentum vector of
E(bc)l is 0. Consequently, in the heavy quark limit, a radia-the emitted photon. This equality guarantees the current con-

tive transition between these two states is forbidden by th&ervation; it is the Ward identity which assure¢l)Jgauge

null phase space. So we do not discuss such processes in tHigariance and the emitted photon is transverse.

work. Taking the amplitude squared, we have, fEr(bC)l
In the next section, we present our formulation for the two— = Eboy, T Vs

different radiation mechanisms and in Sec. Ill, we give the

numerical results. The last section is devoted to a discussion 1

and conclusion and finally in the Appendix, we give all the

concerned expressions which are omitted in our context.

e2
2 TIP=gglé@oN)P?

spins

N

X Tr[CrPoCP o € u’

aﬁpo’fa’ S'plo
Il. FORMULATION

In this section, we discuss the two different mechanisms, X y5y°uuy? ysu'1X, ef’x)ea‘)" (4)
respectively. A

and, forE7%, —E .+ v,
A. Radiation from the heavy diquark hand (bo)y (be)o™ Y

As discussed in the Introduction, for the radiation pro- 1

2
cesses (ne), — E(boy T ¥ ANdE g, — Ene, + 7, the axial 7 a”szpmsl 2= |§(v 0" )PTHCP7CP 7 € sprar o pr o
vector diquark transits into a scalar diquark by emitting a
photon and the light quark remains as a spectator. In this Xi’uﬁi‘s'u’]z '5&)'536)![* )

case, all the nonperturbative effects can be attributed to a

form factor at the leading order of expansion with respect to

the heavy quark mass. To evaluate the transition matrix elewhere

ments, we employ superflavor symmef8;9], which is ap-

plicable to this situation. Cro=fyry'@ (6)
At the effective verteXASy, whereA and S denote axial

vector and scalar diquarks, respectively, anid the emitted and, numerically,

photon, a form factor can be derived in terms of the BS

equation[7]. The transition amplitude can be written as f~1.

T=€"(J%, (1)  Inourcase, the photon emitted from the heavy diquark only
carries very small momentum and energy; thus ' would
where €* is the polarization vector of the axial vector di- be very close to unity, so
quark,J® is the effective current at the quark level, afdd) ,
is the corresponding transition amplitude. UR
FOr Z (he),—~ E (be), T 7>

(I =(E (b, (v I E g, ()

Then we can easily obtain the widths of these radiative
decay processes as

’ ‘£ _adpo Ay 1 dsp 1 d3k 1 4
=&(v"v)ife™v,u U (v ) ysysu(v), (2 F:WJWE(ZTPZ(ZW)
and forE{,,. —E bo, T 7:
o T x 3 (P—p—K) S TR o
2s+1 all spins

(I9= <~(bc)O(U )|3a|~(bc)1(v)>
s D whereP, p, andk are the four-momenta of the initial, final
=& v)if " v U (v )us(v), (3 baryons, and emitted photon, respectively, &his mass of
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of the initial baryon. Because it is a two-body final state case,

_ bary GH*=G1y"ys+ Gy d{ ys+ Gab; v y5+ Gy
the integration is very easy to carry out.

X(=2yys+by"ys)+Gsby y*é{ys. (14
B. Radiation from the light quark hand
. - . For E?gcc) (3/12)= 1)_>E(bc) + v,
In this case,:z‘g‘c)o(s,l =1) are composed of a scalar di- 0 0
quark and a light quark in a higher angular momentum state ¢ g2 o
(I=1); thus the radiation is realized via a process that the 7 > |T|2:Z > |u(v’)H‘,qu(v)e§Z‘)*|2,
light quark transits from a higher angular momentum state all'spins all spins 15
into the ground statel €0) via emitting a photon. This pro- (15
cess is analogous to the photon radiation of atoms where thﬁhere
electron jumps from an excited stdtadial orl=1) into the
ground state via emitting a photon. P ot Wt P
In these processes, the heavy diquark acts as a spectator. Hy=Hiy", T Hay"bv, T2H,0,
Since the reaction happens on the light flavor side, HQET is +Hsb! y*v ! +Hb oy b v (16)
not applicable in this case. Instead, we use the BS equation
to calculate the trgnsition mftrix elements. For consistency, g, E?Jc) (3/2)=2)—E (poy. + 7-
the wave functions of :Z‘g‘c)o [1/2(3/2))=1,2] and 0 0
E(bc)o (1/2)=0) are also obtained in terms of the BS equa- 1 e? o
tion. The wave functions are given in the following: 1 U |U(U’)F575UV(U)€£})*|21
4 4 spins 4 spins
1/2,0 10 10 1 (17)
kb 2%(p) = (61 %(p)+ &5 () pr)u(P) (s= >l =o),
where
tS)
FA=Fiy*v ) +Fay*b{v +2F ,g*
kB2 D(p) = (4§ (p) + $5(p) bo) vsu(P) AR
p— 1 p—
S= E'I =1, 09 All the coefficientsG; , H;, andF; in Egs.(14), (16), (18)

<E28(p)=(4LY(p) + SSV(p) Pr) Py U (P)

(s=3/2)=1), (10)

kS22 p)=[ ¢ (p) + ¢ (p) B ] ¥5p1, u*(P)

3
(s=§,l=2), (12)

where u(P) is the spinor for the baryon of spin 1/2 and
u®(P) is the Rarita-Schwinger spinor vector. Here we us
the transverse momentum which is defined as

12

pi'=p*—pp*,

and v* is the four-velocity of the concerned baryop;
=p-v is the longitudinal momentum.

The vertexqqy is the typical QED coupling. Taking the

are related to the integrals involving the BS wave functions

®(p,)' and®(p;)" which correspond to the initial and final
baryons, respectively. If7] we set up the formalism for the
BS approach where the kernel, which is controlled by non-
perturbative QCD effects, is assumed to consist of both sca-
lar confinement and one-gluon-exchange terms. Then the nu-
merical solutions for the BS wave functions were found by
solving the integral equations numerically in the so-called
covariant instantaneous approximation, which guarantees the
covariance of our formalism. The derivation is very tedious,
so here we only give the explicit expressions in the Appen-
edix. We would like to make a comment on the the integrals
of the BS wave functions. Normally the initial and final
states are not in the same frame; their wave functions have
different argumentg, andp, , which correspond to the rela-
tive transverse momenta of the constituents in the initial and
final baryons, respectively. Although they can be related if
we consider the light quartor heavy diquarkas a spectator,

it is still hard work to do the integrations. Fortunately, the
recoil is very small in our case; it is a very good approxima-

loop integration with the obtained BS wave functions we can;g, to keep the leading order in the expansiorvef’ — 1

have the transition amplitude squared as the following:

For Ezcgcc)o(llz,l = 1)—>E(bc)o+ Y,
1 e? _
5 2 |TP=5 X Ju(®)Gu()e*|?
2 all spins 2 all spins m
(13
where

through our calculations. Obviouslyp;|—|p,| is propor-
tional to w-v’'—1)* («>0). We can also expand the wave
functions in this way. The wave functions and their deriva-
tives can be obtained numerically by solving the BS equa-
tions.

Unlike the case of radiation from the heavy diquark hand,
the gauge invariance is slightly broken. In general, with ex-
pressions(14), (16), (18), k,(J*)#0. This is because all
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coefficients are related to integrals over the BS wave func- F(E(bc) HE(bc) +y)~2.75x10"° GeV,
tions, which are solved based on the kernel where a certain ' 0

approximation is taken; hence the gauge invariance would be r(=* = ) ~7.4810°° GeV
artificially violated [11]. This violation is unphysical; (Elbe, 7 Z o™ V)7 '

namely, if we could deal with nonperturbative QCD in a

proper way, which is so far impossible, thé1ly gauge in-

variance would be perfectly retained. However, we will show

that this deviation can only be manifest in the formulation,

but almost not in the numerical results. For consistency, we have also obtained the binding ener-
In this situation, the emitted photon is not fully transverse,gies of the baryons concerned in terms of the BS equation.

as some longitudinal component is mixed in. Of course, thisVe have

longitudinal component is not physical. This artificia(1y

gauge invariance violation is due to the approximation in the EEZ‘JC) (3121=2)=1.39 GeV, EEZ*;C) (32)=1)=0.69 GeV,

BS formalism. The crucial point is how much the unphysical ’ °

partis in our BS approach, in other words, to what extent it g_,, (1/2)-1)=0.66 GeV, Ez_ (15-0=0.026 GeV.

influences the width evaluation. Probing the degree @f)U (be)g (bl

gauge invariance violation is equivalent to checking the

Ward-identity violation, which is directly related to the frac-

tion of the unphysical longitudinal component of the photon

Namely, the widths are of the order of eV’s.

B. Radiation from the light quark hand

In this framework, we have

Mz (g )=mMy+my+ EE?JC)O(S,I) ,

polarization. The amplitude of transition is,(J*) where S (bo)

(J%) is obtained in the BS formalism. Then we can replace

the photon polarization vectet, by its four-momentunk,, . Mz, =Mtm+Ez o\
0 0

If the Ward identity is respected,(J*) should be zero ex-
actly. Its deviation from zero indicates violation of the Ward wherem; andm, are the masses of the light quark and the
identity and is what we want to knowJ“) includes the BS heavy scalar diquark, respectively, aBds the binding en-
integrals which can only be computed numerically. In thisergy. To evaluate the binding energies, we take the simplest
way, we obtain the following equation which can be used topotential form which contains only the Coulomb and linear
estimate the (L) gauge violation: confinement pieces as the BS kerfiél.

Numerically, we take

k(3%=a(m—m’)+bmv—v")? (19) m;=0.33 GeV (for u andd quark,

0.5 GeV (for s quark,
wherem,v andm,v’ are the masses and four-velocities of

the initial and final baryons anth is (m+m’)/2; a,b are m,=6.52 GeV,
two constants which are composed of complicated BS inte- _ .
. . L . ras inputd 3].
grals and obtained in the above derivations. We numerically . . .
We use these values in the numerical evaluations and ob-

evaluate them and confirm that they are of or@rm). It tain

indicates that the gauge invariance violation is related to the

differences of masses and four-velocities of the initial and = _ = - —4

final baryons. Since the recoil is very small, which is because | (000 L2 =1 =200 (12) )~ 1.5¢10°% GeV,
the mass differencenf—m’)/m is small, we keep only the
leading order in the expansion of v’ —1 through our cal-
culations; the breakdown of the gauge invariance in the for-

mulation has little effect on the numerical results of the de- F(E?JC)O(S/ZJ =2)—=E(pg,(1/2) + 7)~6.2¥ 104 GeV.
cay widths. We will come to this point in the last section for

L(E{g,(321=1) = E(pe,(1/2)+ 7)~3.7x10"° GeV,

further discussion. As discussed above, these partial widths are evaluated in
The partial width is obtained in the same way as interms of the BS equation. Indeed these reactions are gov-
Sec. Il A, erned by a mechanism different from that in Sec. lll A, and

the methods we use for evaluating the widths are distinct.
In this subsection, we obtain the masses By
lll. NUMERICAL RESULTS [1/2(3/2))=1] andE 5, (1/2) and the transition matrix el-
A. Radiation from the heavy diquark hand ement(E(bc)o(1/2)|J# E?b*c)o [1/2(3/2))=1]) in the same
Since there are yet no data for the masses of baryorfsamework, i.e., the BS equation. In fact, there is no any

containing two heavy quarks, we have to take the theoretisubstantial difference from the values we take in Sec. lll A
cally estimated values which are given in the literature. Herdor =, —E .+ v andE7 o — E e+ V-
(bo), (bo)g (bo)y (bo)g

we use the results given by Ebeetal. [6] as Mz It is noted that the mass difference between the angular
=7.02 GeV andMz  =6.95 GeV. We have momentum excited statg () (3/2]=1) and the ground
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state = ), is about 0.6-1.4 GeV. It is much larger than use E?bc)l—>5(b%+y as an example. From Ed5), we

that bet\Neer’EZ‘bC)1 and E ), (0.07 GeV. This is easy to have
2

understand: the former one is due to the orbital angular mo- 1 , A€, / / ;N2

. - . — = — . — —+ .
mentum excitation and the latter one is due to an energy 4 ai%pins | 57 I"MyMap(v v’ = 1)(1+0"-v)",
splitting between axial vector and scalar diquarks, which is (20

caused by the spin-spin interaction. Therefore for ,
— = here M, and M3, are the masses OE y(1/2) and
E* (s,1=1)—E g + v the threshold effects are not ob- .- | w2 32 . oo
vic()u)s0 and the Wi((jth)g are about four orders of magnitudef(bc)(yz)’- respectively. In this case, v’ ~1 is close to
_ % - ero and it is nothing but the threshold effect. With this
larger than I'(Z (ng), (B (be),) = F(be)o(1/2)+ 7). I other  gypression, we can easily obtain the partial width of this
words, the remarkable width difference for the two processegadiative decay as
is due to threshold effects while the matrix elements for both )

reactions are of the same order of magnitude. a (M~ M) , )
—5 (Mgt My~ (21)

IV. CONCLUSION AND DISCUSSION

It is noted that the width is proportional toM(3,

HQET is proved to be effective in many processes where_ Mi/z)S/M ,g/z; hence for a small difference between the

heavy flavors are involved. In most cases, the light flavors in
i . masses of the parent and daughter baryons, the threshold
the hadrons just behave as spectators for the reactions an .
. . ._~ .. €efrects are very obvious. One can expect these threshold ef-
these degrees of freedom are manifest in the hadronizati .
) ects to strongly suppress the width.

processes, and therefore determine the form factors such as L

As a matter of fact, these radiative decay processes where

the Isgur-Wise f.“!"C“Of!- Howe_ver, In some cases, the IIgh{he heavy axial vector diquark emits a photon and transits
flavors may participate in reactions and sometimes can play 210 a scalar one are analodous to the radiative deday
crucial role. As we know, when the quark level final state g

interaction is involvedW annihilation and especially Pauli ,[_h’77°+ v whose p;artlal W'dth IS fab?ut ;.1?;hke%5].b:3u:1
interference can be very important in inclusiBemeson de- - 'c'c @€ SEVEral suppression factors in the doubly heavy
cays [12,13; then the contribution from the light flavor baryon case. First, id/, ¢ andc reside in a_color singlet,
could be as important as that from the heavy one. but in the diquarkb andc quarks are in a color 3tate; there

In this work, we chose two different kinds of processesshould be a factor of 1/8 suppression for the diquark transi-
where the heavy and light flavors are active, respectivelytion. From the formula(21), one has a factor I\ §,22

E(bgy, and Efbc)l consist of an axial vector diquark and a —M?%,)/M'3,,, so totally there could be a suppression of

||ght quark_ When they transit inta'(bc)o by radiating a pho- about 5( 10_3 Compared to thé/lﬂ radiative decay. The net

ton, the axial vector diquark turns into a scalar one, and thLesult 'ESI eV order. _ _
light quark serves as a spectator in this process. On the con- FO = (bo), [1/2(3/2)]=1]— = (), + v, HQET does not

trary, 2, [1/2(3/2)]=1] consists of a scalar heavy di- apply and we need to employ the BS equation method to
0 valuate the transition matrix elements. In the calculations,

quark and a light quark at angular momentum excited state : S .
(I=1,2 in this work. Thus, when it transits int& ,, , the t%e BS wave funcﬂons O.f t.he initial and fmal. states are

. , o’ © 7 needed. Since in such radiative decays the recoil energy mo-
heavy diquark stands as a spectator and the light quark jumpSenem of the final baryon is very small compared to the

from a higher-excited state into the ground state while radi;,,o|ved energy scales, we expect the theoretical predictions
ating a photon. For the former one, HQET definitely applies; e quite reliable.

and by superflavor symmetry, we can expect to obtain a s noted that Eqs(2), (3) are derived in terms of super-
more accurate result of the decay width. Once _the doybllﬂavor symmetry where the Ward identity holds and gauge
heavy baryon masses are measured, we can immediat€y ariance is assured. When we derive Eds), (16), (18),
have the final numbers with our formula for the partial width. ¢, subprocess of radiating a photon from the light quark
As long as HQET works, the result should be close t0 thg,,q is 4 typical QED vertex, which rigorously guarantees
data. Of course, there is also an uncertain factor; it is the, o \ward identity, but at the hadron level, as a result of a
form factor at the effective vertex @Ay. We obtain it in 150 of knowledge about properly dealing with nonperturba-
terms of the BS equation, where the p(_)tent!al kernel woul_qiVe QCD effects, we adopt the BS equation’s kernel moti-
bring up some uncertainty. However, in this case, the diyaieq from the non-relativistic potential model. This leads to
quark is composed of two heavy quarks, so the nonrelativis rificial violation of the U1) gauge invariance. However, as
tic Comell potential works well as understood. Moreover, gpqyn in Eq.(19), the gauge invariance violation is related
careful studies indicate that for so small a recoil situation (m—m’)/mor (v—v')2, and both of them are very small
(v-v')~1, the form factof is close to 1. Therefore, we can i, qyr case, so we can also expect that the violation degree of
expect that the relative errors for the partial widths ofy, U1) gauge invariance little affects the decay-width
=1 =1 —_— =l .

Zbe), B o, Ty aNd By, —E(be, T v are quite small.  gyajuation, even though the formulation does not assure
The widths are of the order of eV’'s and similar to that for gauge invariance. This is similar to photon emission from an
atomic radiation. The smallness is easy to understand. Let watom at rest.
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The numerical results show that & ¢, — = b, + ¥
and 2%, —Epe. + 7, th ial width is of the order of 94~ f—gbdlpt (1—cos0),
Elbe,— E(bo), T 7, the partial width is of the order o (2
eV'’s, and for:ﬁ;*c) [3/2(1/2)) =1(2)]—E (ng,(1/2)+ 7, it
is of 10—100 keV. The difference is due to threshold effects. -1 1 d3p, .
In addtion to the study of the reaction mechanisms, this 95= 5~ T J 2m)3 bd'[p*(1-3 cos6),

work also concerns elucidating the diquark structure in bary-
ons. It is believed that the two heavy quarks inside a baryon
can constitute a diquark of a scalar or axial vector whichisa Pt a
relatively stable physical subje¢¥]. Our calculations are Y Joo2—1) 2m)?®
based on such a physical picture and future experiments (v-v’)
should test it. One point is definite: that the large difference

of the decay widths corresponding to the emission from the |, = _f
light quark hand and the heavy diquark hand is not caused by

different mechanisms, but threshold effects. As we discussed

above, the mass differences betweE@bc)l(EZ‘bc)l) and -1 1 f 3p,

E(b% are small because the light quark resides at the groundh3: e —(U o2—1) (2 )3

state (=0), whereas the mass difference between

Elbe,(s,1=1) andE ), is sizable. Expressiof21) explic-

itly indicates this point. Indeed the diquark picture provides h,= f —gbc”|pt |2(1—cog9),
all information and the order of magnitude as long as the the (2m

phase space factors are reasonably removed.

A lack of data on baryons which consist of two heavy -1 1 3p, =2
quarks so far makes drawing a definite conclusion difficuit. 15~ %~ (00 )= f 2m)3 bc’|pd?(1-3 cog),
But it is possible that data can be accumulated in the near
future experiments. Once we have the data on the masses,
we can reevaluate the numbers of decay widths easily. Then __ - " 2
comparing the calculated results with the data, we can he= J(Z )3bd (N2M (3j=1)+ P (1~ cog'0),
determine the validity of the diquark structure and the
reaction mechanisms. No doubt, the experiments for electro- q 1 d%p
magnetic radiation are difficult, but as suggestedy], hy=— f t3bd”
the radiative decay may be measurable soon, and the back- 2 (v-v')?= (27)
ground in this case is clean. We believe that the results can

| p; cosé,

(2 )3ad”|pt|2(1 COSZQ)

ad’|p,|2(1—3 cog¥),

enrich our knowledge on baryons, so it is worthy of careful X (NaM a2y + P Pl (1= 3 cog o),
investigations.
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APPENDIX
Here we present the explicit expressions of the form fac- | —_1 1 d*p, S0
torsG;, H; andF; in Eqs.(14),(16),(18). =7 yoi 1) 2mpadPli=3coso),
dp, dp, dp,
Gi= jZ 9i, Hizfzhi- Fizjzfia _1 2
(Al) f(_gbc|pt| (1_CO 0)1
gff—saC’, -1 1 °p
(2m) fo= — f " be 1—-3cogH
5 2 (U~U’)2—1 (2 )3 |pt|( )1
f oo d’|p,|cose
= a cosé,
2T ozl @m? P PR o,
fo=— f bd(NoM 30—+
&, ) [ (0021 (2m)3 (NoM (312)=2)+P1)
= bc’|p;/cosé, R
. J(v-v'>2—1f<2ﬂ>3 P X|p|2(1-3 cog), (A2)
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where @ is the angle betweep; andvy,
2w (0p =My~ E12)-0))

(Ezj=0)—P{) tie

2m;+p|
2
(p( +m1)2—wp +i€
t

& (10
dF,

2wy (0p =My —E(1p)-0))

(Equzj=0)—P{) tie

1
X

F (10
7| P57,
(p|’+ml)2—a)p+le

t

20p (wp =My~ Eg)-2))
(E@ry=2)— P t+ie

c=—1

—Pi
(p|+ml)2_w’231+i€

X

X[2my(pi— Ezp =2))]c1)(232),

20p (wp =My~ Eg)-2))

d=—i -
(E@rj=2y—p) t+ie

X [2my(p,— E(3/21:2))]q’(232)a

2 2 H
(p|+ml) _wpl+|€

prt(wpt_ m;—E(1/2)=1))
(Equoy=1)y—P1) tie

c'=—

— P
(p|+m1)2— O)’_z)t‘i‘if

[2my (P —E(1/2 :1))]‘13(211):
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2wp (wp =M= Eqp)-1))

d'=—i .
(BE(y=y—p1) +ie

1

2m —E _ &‘)(11)’
(p|+m1)2—w‘2)l+is[ 2P~ E21=1) 1®5

2wp (wp =M1~ E3)-1))
(E@ri=1y—p1) tie

c'=—

2m+p, ~
[2my(p1—E(zp2)= 1)](1)(231),

2 2 4
(P+m) o, +ie

2wp (0p =My —E3p)-1))

d'=—i .
(E@ry=1y—p1)t+ie

[2my(p;—E(z/2) =1))]c1)(231),

X 2 2 4
(P+m) o, +ie

(A3)

Whereifs") are the BS wave functions after integrating over
P

~ dp
<I>F'”Ef 5 0(p1.p?),

wp =[Pl "+ m?2, and we have defined

m;+m,’

Ao

with m; being the light quark mass and, the heavy di-
quark mass i, <<m,). Ey25) andE 5y are binding ener-
gies in the corresponding baryons.

All the functions are obtained by carrying out the BS
integrations which are very tedious, but straightforwesee
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