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Semileptonic decays of doubly heavy baryons in the relativistic quark model
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Semileptonic decays of doubly heavy baryons are studied in the framework of the relativistic quark model.
The doubly heavy baryons are treated in the quark-diquark approximation. The transition amplitudes of heavy
diquarksbb and bc going, respectively, tdoc andcc are explicitly expressed through the overlap integrals of
the diquark wave functions in the whole accessible kinematic range. The relativistic baryon wave functions of
the quark-diquark bound system are used for the calculation of the transition matrix elements, the Isgur-Wise
function, and decay rates in the heavy quark limit.
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I. INTRODUCTION state, which serves as a localized color source. The light
quark q is orbiting around this heavy source at a distance
The description of doubly heavy baryon properties hasmuch larger (~1/m,) than the source size~(2/mg). The
acquired in the last few years the status of an actual physic@&stimates of the light-quark velocity in these baryons show
problem that can be studied experimentally. The appearanGfat its value is»/c~0.7-0.8, and the light quark should be
of experimental data oB. mesong1] and heavy-light bary-  treated fully relativistically. Thus the doubly heavy baryons
ons [2] stimulate the investigation of heavy quark-bound|gok effectively like a two-body bound system and strongly
states and can help in discriminating numerous quark modesembple the heavy-ligh® and D mesong[9,10]. Then the

els. Recently, the first experimental indications of the eXiS‘HQET expansion in the inverse heavy diquark mass can be
tence of doubly charmed baryons were published by Mattsoe formed. we used a similar approach for the calculation of

et al.[3]. Although these data need further experimental cons i
firmation and clarification, it manifests that in the near futurethe mass spectra of doubly heavy bary8k The ground

the mass spectra and decay rates of doubly heavy bar o%ate baryons with two heavy quarks can be composed from

) P d decay rates y y baryort compact doubly heavy diquark of spin 0 or 1 and a light
will be measured. This gives additional grounds for the the- ark. According to the Pauli principle the diquariob) or
oretical investigation of the doubly heavy baryon properties.qu ) Ing uli princip iquark)

The success of the heavy quark effective the®tQET) [4] (co) have the spin 1 whereas diqudidc) can have both the

. dicti " f the h oo spin 0 and 1.

in predicting properties of the heavy-lightQ mesons B There exists already a number of papers devoted to study-
andD) suggests to apply these methods to heavy-light baryi- g both the mass spectra of doubly heavy baryons and their
ons, too. The semileptonic decays of heavy hadrons prese i

also an important tool for determining the parameters of th ecay rates{_2,5,11—22. Whereas the _results for the_ mass
Cabibbo-Kobayashi-Maskaw(@€KM) matrix. Spectra are in agreement, the calculations of exclusive semi-

The relativistic quark model has been remarkably sucleptonic decays lead to e_ssentiglly different values for the
cessful in describing the observed hadronic states and thefi€cay rate$13,15-17 obtained with the help of the Bethe-
decay rate§5—8]. This includes the heavy-light mesons and Salpeter equation, QCD sum rules, and the relativistic three-
heavy quarkonia. The quark model predicts the existence dfuark model.
doubly heavy baryons containing two heavy quarks Here we study semileptonic decay rates of doubly heavy
(cc,bc,bb) and one light quarky,d,s). The energies nec- baryons using the relativistic quark model in the quark-
essary to produce these particles are already reached. TH#uark approximation. The covariant expressions for the
main difficulty remains in their reconstruction, as these statesemileptonic decay amplitudes of the baryons with the spin
have in general a large number of decay modes, and thug2,3/2 are obtained in the limit, ,m,—o and compared
high statistics is requirefi]. with the predictions of HQET. The calculation of semilep-

Doubly heavy baryons occupy a special position amongonic decays of doubly heavy baryonbhq) or (bcq) to
existing baryons because they can be studied in the quarkloubly heavy baryonsb(cq) or (ccq) can be divided into
diquark approximation and the two-particle bound statewo steps(see Fig. L The first step is the study of form
methods can be applied. The two heavy quarks compose, flactors of the weak transition between initial and final doubly
this case, a bound diquark system in the antitriplet coloheavy diquarks. The second step consists of the inclusion of

0556-2821/2004/70)/01401813)/$22.50 70014018-1 ©2004 The American Physical Society



EBERT et al. PHYSICAL REVIEW D 70, 014018 (2004

TABLE I. Mass spectrum of ground states of doubly heavy
baryons(in GeV) [8]. {QQ} denotes the diquark in the axial vector
state and QQ] denotes the diquark in the scalar state.

Baryon Quark content JP Mass
= {cclq 172+ 3.620
FIG. 1. Weak transition matrix element of the doubly heavy =5 {cclq 312" 3.727
baryon in the quark-diquark approximation. Qe {cc}s 1/2* 3.778
(0N ccls 3/2* 3.872
tk;e light quark in order to compose a baryon with spin 1/2 or EE(; i{bbiq 1/2+ 10.202
3/2. =h bb 312" 10.237
The paper is organized as follows. In Sec. Il we describe QZ: ibtj}:g 1/2+ 10.359
our relativistic quark model and present predictions for the a* {bb}s 3/2* 10.389
masses of ground-state heavy diquarks and doubly heavy :bb {ch} 12+ 6.933
baryons. We apply our model to the investigation of the ;?b b a 12+ 6.963
heavy diquark transition matrix elements in Sec. Ill. The ;ib [Cb]q i 6'980
transition amplitudes of heavy diquarks are explicitly ex- —cb {cbig N '
pressed in a covariant form through the overlap integrals of be {cb}s 1/2+ 7.088
the diquark wave functions. The obtained general expres- cb Lcbls 1/2+ 7.116
sions reproduce in the appropriate limit the predictions of Qe {cbjs 3/2 7.130

heavy quark symmetry. Section IV is devoted to the con-

struction of transition matrix elements between doubly heavy

baryons in the quark-diquark approximation. The corre-s their relative momentum. In the center-of-mass system, the

sponding Isgur-Wise function is determined. In Sec. V semi+elative momentum squared on mass shell reads

leptonic decay rates of doubly heavy baryons are calculated

in the nonrelativistic limit for heavy quarks. Our conclusions

are given in Sec. VI. [M2=(m;+m,)?][M2—(m;—m,)?]
b2(M)= PIVE .

4
Il. RELATIVISTIC QUARK MODEL

In the quasipotential approach and quark-diquark picture
of doubly heavy baryons, the interaction of two heavy quarks The kernelV(p,q;M) in Eg. (1) is the quasipotential op-
in a diquark and of the light quark with a heavy diquark in aerator of the quark-quark or quark-diquark interaction. It is
baryon are described by the diquark wave functidry of  constructed with the help of the off-mass shell-scattering am-
the bound quark-quark state and by the baryon wave functioplitude, projected onto the positive energy states. Here we
(Wpg) of the bound quark-diquark state, respectively. Theselosely follow the similar construction of the quark-antiquark
wave functions satisfy the two-particle quasipotential equainteraction in heavy mesons, which were extensively studied

tion [23,24 of the Schrdinger type[25] in our relativistic quark model26,27. For the quark-quark
interaction in a diquark we use the relatidyo=Vqg/2
b (M)  p? . dq ] arising under the assumption about the octet structure of the
2ur  24R \Pd'B(p)_J (27)3V(p’q’M)\Pde(Q)’ interaction from the difference of the projection orQ
(1) and QQ color states. The quasipotential of the quark-
o ) antiquark interaction is the sum of the usual one-gluon ex-
where the relativistic reduced mass is change term and the confining part, which is the mixture of
4 2 2 long-range vector and scalar linear potentials, where the vec-
_ E.Ep _ M*—(mi—mj) @) tor confining potential contains the Pauli terms. The explicit
MR E,+E, aM3 ' expressions for these quasipotentials are given in F&gf.

The quark masses have the following valueg,
and the center of mass energies of particles on the mass shell4.88 GeV, m.=1.55 GeV, ms=0.50 GeV, andm,q

E,,E, are given by =0.33 GeV.
We calculated, in the framework of the relativistic quark
M2—m3+m? M2—mZ+m3 model, the mass spectra of heavy diquarks and doubly heavy
EFT’ EZZT- 3 baryon masses in the quark-diquark approximation in Ref.

[8]. The masses of the ground state axial vector diquarks
Here M=E,+E, is the bound state mas@liquark or were found to beM{Y=3.226 GeV,M}Y=9.778 GeV, and
baryon, m, , are the masses of heavy quark3;(andQ,), MpY=6.526 GeV, and the mass of the scalar diquitrg,
which form the diquark, or of the heavy diquald® and light =6.519 GeV. The calculated masses of the ground-state
quark (@), which form the doubly heavy baryom}, andp doubly heavy baryons are listed in Table I.
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w w 3 P
pro=erdplv= > nO)p, v= R
b a b a i=1 i
= + e
s s s s Mi=e€1(p)+ ex(p),
r rw
FIG. 2. Leading order contributioff™ to the diquark vertex , 3 i)t
functionT. 012=€1AQ)v ii; n®(v")d',
1. HEAVY DIQUARK TRANSITION FORM FACTORS
Q
The form factors of the subprocessd(QQ,) v'= J\Tf Mi=€,(q)+ €2(q) (9)

—>d’(Q’QS)e7, where one heavy quar®, is a spectator,
are determined by the weak decay of the active heavy quark. 1) are three four vectors defined by

QHQ’eZ The local effective Hamiltonian is given by

. - 1 o
n(')(v)=[v',5”+ v'v’}.

G _ _
Heff=T;vQQf[Q'm1—75>Q][| Y,(1= ys5)vel, () 1440

whereG is the Fermi constant andy o is the CKM matrix After making necessary transformations, the expression for
element. In the relativistic quark model the transition matrixI" should be continued in; and M; to the values of initial

element between two diquark states is determined by thM; and finalM; bound state masses. The transformation of
contraction of the wave function® 4 of the initial and final the bound state wave functions from the rest frame to the

diquarks with the two particle vertex functidh [24] moving one with four-moment& andQ is given by[24,2§
(d'(Q)|3}]d(P)) Wi%(p) =Dy (RY)D2 (R )W §6(p),
_ d3pd3qq_,>\<r F)\«r,pw Ppro J\T drET t1/2  pW T12/ pW
=] Gmp ar (T (P, )W GR(P), Vo o(@) =gl (@)D R (RI)DL (R,
(10)
1 : : . .
N,o,p,0= ii' (6)  whereR" is the Wigner rotationLp is the Lorentz boost

from the diquark rest frame to a moving one, and the rotation

: 1/2 H :
Here we denote mass, energy, and velocity of the initial diMatrix D™(R) is defined by

quark @Q,Qs, indexb stands for the initial active quark and 1 0

1 - L= . 0 — . —

index s for the spectatorby M,_, E; Mlv_ and_v P/M;, (O 1)Dé’§(R‘L’V)=S 1(p1,2)S(P)S(p), (11)
and mass, energy, and velocity of the final diquatk,Qs, P

index a means the final active quarky M;, E;=M;v'°,

andv'=Q/M;. where
The leading contribution to the vertex functibh, comes
from the diagram in Fig. 224,28,29 (we explicitly show e(p)+m/ (ap)
AR S(p)= 1+
spin indiceg 2m |~ e(p)+m
No,pw _1(@)_7 A _
L7, @) =T =U3(0A1) 7, (1~ ¥5) Up(Pa) is the usual Lorentz transformation matrix of the four-spinor.

Using relations(9) and (10) we can express the matrix ele-
ment(6) in the form of the trace over spinor indices of both
particles. For this aim the following relations are useful

XUZ(Q)UL(P2)(2m)38(pa— ) 7%, (7)

where the Dirac spinors are

1 A — o 1/2/ W
M= PN e Sep(MURPI= 2 uZ(APIDL(RY,).
2e(p) | ———
e(p)+m
1 Up(P)Ssa(M)= 3 DI AR UI(AD).
e(p)=Vp*+m?, A=z*3. ® E 1

Relativistic four momenta of the particles in the initial and Substituting expression&) and (10) in Eq. (6) and using
final states are defined as follows relations(11) and(12), we obtain
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(d"(Q)[3Vd(P))

XS H(Lg) ¥u(1—¥5)S(Lp)

(Gat+m,)
\/Zfa(q)[ea(Q) + ma]

(Pp+
V2e(p)

(Gs+my)
\/2€s(q)[€s(q) + ms]

(Ps+my)
\/Zfs( p)[fs( p)+ ms]
— )V Eh(p),

dpda
2wy VoAU u5(0)

+my,)
) €p(p)+mp]

X UZ(0)uZ(0)

XS Y(Lo)S(Lp) u?(0)

X (P, (13
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where p,=[€y(P),p],Ps=Les(P), —p] and q.=[e4(a),al,
ds=[€s(q),—q] (we use the notatiop=p*y,). The spin
wave functions for the scalar and axial vector diquark states
in the heavy quark rest frame reftb,16|

0

1+
HS(0)=—1

2\2

0

1+
HAV(0)=

LA
2\/575!

where e, is the polarization vector of the axial vector di-
quark. Using these diquark spin wave functions we get the
following expression

(14

(st mg)T
d’'(Q)[J)]d(P) f W 1o @) Wqo(P)o(pP2—q )Tr{ST Y(Lo)
(@ Q@,]acP)= R ¥ 2ef@lefa)+m]
_ (Qatmy) - (Pp+mp)
X HSAV(0) S (L) [ y,(1- y5)1S(Lp) —
Vea(@)[ea(q)+m,] V2ey(p)Len(p)+mp]
ps+mg)T
X SAY(0) P2 T ST(LP>], 15)
\/zes(p)[es(p)+ms]
|
where W4 o(p) is the spin-independent part of the diquark -
wave function and the superscripdenotes transposing. Af- Wa(P.p.e)= \/Eb(p)+mb \/es(p)erS v+1;
ter explicit multiplication of the matrices we get the covari- AT 2en(p) 2es(p) | 242
ant (see Ref[24]) expression for the transition matrix ele- R 5
ment LU 1 p? .
2\/5 [Eb(p)"'mb][fs(p)"'ms]c
(d"(QIp]d(P))=2yMM f Tr{\lfde ) ] .
v-l 2(e-p)p
XYu(l= 75)\Ifd(P,p)}éG(p2—q2), 22 [en(p)+mp](es(p)+ms)
16 - BPS
19 v+1 ep
where the amplitude¥ 4 for the scalanS and axial vector * 22 €(p)+ms
(AV) diquarks(d) are given by
~ o—1  pe
(P tm, [ep)tmgv+1l S o2 oa(p). (18
V(P,p)= \/ 2esp) \/ 2™ | 202 272 e(p)+mp Yo’ ®av(p). (18

v—1 p?

T 202 [P+ mplles(p) + M)

et 1

2\/5 €s(p) +mg

v—1 1 -
p|yoPs(p), (17)

+_—
2.2 €(p)+my,

Here @ 4(p)=¥4o(p)/V2My4 is the diquark wave function
in the rest frame normalized to unity. The four-vector

(PP)

(pP)P
VL

M(E+M)

B=Lp<o,p>=( (19)

has the following properties
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52=—p2,
(e-p)=—(ep),
(p-v)=0. (20

The presence o6°(p,—q,), with momentap, andq, given
by Eq. (9), in the decay matrix elemerfl6) leads to the
additional relations

~  Wes(p)—es(d) )
P ey e

2

_ P
—\/m(WvM UL,

(21)

\/WGS(p)_ \/Wz_l\/?
= 0

I(p)=

PHYSICAL REVIEW D 70, 014018 (2004

( VEs(P) —Mmg

€s(P)

Ves(p)+mg

mg

J’_
Vey(p)[Wey(p)— VW?—1]

w—1

w+1

w—1
X 9( Vm\/fs(PH'ms_ \/fs(p)_ms) .

(27)

The weak current matrix elements have the following co-

variant decomposition(a) Scalar to scalar diquark transition

(bc—bc)

- wel(@)—e(p)
W ey

CICRINMET)

W(Wv;—vﬂ),
€s(q) =Weg(p) — VW —1p?,

i (22) VMsMs,

=h.(W)(v+v'),+h_(W)(v—0"),,

(28)

(b) Scalar to axial vector diquark transitiob¢— cc)

= [ Wi Tey(p)— wyp??, (23 (AV(v',e")]3}|S(v)) 5
- ihv(W)E’uaﬁys,*av, v?,
Es(p) zwfs(Q) - \/Wz_ 1\/—2’ it (29)
p2=[ W2 Tey(a) — w2 @4

(AV(v',&")|30]S(v))

which allow to express eithey throughp or p throughg.
The argument of thé function can then be rewritten as

es(P) + e5(q)

Wil (V' =v), (25

P2—Q2=q—p—

wherew=(v-v'). Calculating traces in Eq16) and using
relations(21)—(24) one can see that the spectator quark con-
tribution factors out in all decay matrix elements. Indeed all
transition matrix elements have a common factor

(S(w")|IL|AV(v,e))

=hp (W) (W+1)e'} —ha (W)

VMayMs
X(v-e"™*)v,

—ha(v-e"™)v,,, (30)

(c) Axial vector to scalar diquark transitiobb— bc)

w—1

w+1

es(p)+my  [e(q)+mg Jp?
\/ 2¢(p) \/ 2eqq) |

(S(w")|ILAV(v,e))

=ihy(W) €,45,6"0 P07, (31)

VMavMsg

€s(p)+mg

- €5(q)+mg - [€s(q)+mg][eg(p) +mg]

2
= \/m' s(p.q). (26)

If the & function is used to expresgthroughp or p through
q thenly(p,q) =Zs(p) or Is(p,q) =Zs(q) with
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(AVi(v",e")|J}|AV(v,8))
\/MAviMAvf

=—(&"*-g)[hy(W)(v+v"),Thy(v—0v"),]

Tha(w)(v-8"*)e,+hy(w)(v'-e)e'},

—(v-e"*)(v"-&)[hs(W)v ,+hg(W)v ], (33

(AV(v',e")|J5|AVi(v,2))
\/MAviMAvf

=i€uapiele* Thy(W)(v+u")*+hg(w)(v—0")"]

+0" B hg(W)(v-&'*)e+hig(W) (v -g)e'**]}.
(34)
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(b) Scalar-to-axial vector diquark transition
hy(w)=[1+(w+1)f(w)]F(w),

ha, (W) =ha (W) =[1+(w—1)f(w)]F(w),

ha, (W)= —2f(W)F(w), (37)
(c) Axial vector to scalar diquark transition
hy(w)=ha (W) =[1+(w+1)f(w)]F(w),
ha, (W) =[1+(w—1D)f(w)]F(w),
ha,(W)=0, (38)

(d) Axial-vector-to-axial-vector diquark transition

hy(w)=hz(w)=F(w),

The transition form factors are expressed through the overlap
integrals of the diquark wave functions and are given in Ap-
pendix A. These exact expressions for diquark form factors
were obtained without any assumptions about the spectator
and active quark masses.

If we consider the spectator quark to be light and then
take the limit of an infinitely heavy active quark mass,
m, p—, We can explicitly obtain heavy quark symmetry
relations for the decay matrix elements of heavy-light di-
quarks that are analogous to those of heavy-light meson¥here

ha(w) =hg(w) = — (w+1)f(w)F(w),
ha(w)=hy(w)=[1+(w+1)f(w)]F(w),

hs(w) = hg(w) =2f(w)F(w),

(28,30
h (W)=hy(W)=h, (W) =h, (W)=h, (W) =h;(w)
=hz(w) =hg(w)=hz(w) = &(w),
h_(w)=hp (W) =ha (W) =hy(w) = hs(w)=hg(w)
= hg(w) =hg(w)=hyo(w) =0,

with the Isgur-Wise function

2 d®pd®q—
&(w)= \/me WCDF(Q)‘DKP)'S(D,Q)
X &3 p—q+ —GS(pVTI:iS(q)(v’—v) : (35)

he(w)=h;o(w)=0, (39

1 / m 1/2

FW=Nwwr | 7 mEr WDt
dc*p — 2mg

><J (ZW)gsz(er WJrl(v —V))d).(p)

(40)
and
mS

f(w) (41)

Vmi+ (w?—1)m2+m,’

The appearance of the terms proportional to the function
f(w) is the result of the account of the spectator quark recoil.
Their contribution is important and distinguishes our ap-
proach from previous consideratiof$5,18. We plot the
function F(w) for bb—bc andbc—cc diquark transitions

The diquark transition matrix element should be multipliediy Figs. 3 and 4.

by a factor 2 if either the initial or final diquark is composed
of two identical heavy quarks. For the heavy diquark system
we can now apply the/c expansion. First we perform the

integration overq in the form factors(A1)—(A8) and use

IV. DOUBLY HEAVY BARYON TRANSITIONS

The second step in studying weak transitions of doubly

relations (23). Then, applying the nonrelativistic limit, we heavy baryons is the inclusion of the spectator light quark in

get the following expressions for the form factof@): Scalar-
to-scalar diquark transition

h.(w)=F(w),

h_(w)=—(w+21)f(w)F(w), (36)

the consideration. We carry out all further calculations in the
limit of an infinitely heavy diquark massyl ;—«, treating

the light quark relativistically. The transition matrix element
between doubly heavy baryon states in the quark-diquark
approximation(see Figs. 1 and)3s given by|[cf., Egs.(6)

and (7)]
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1 1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
1 1.011.021.031.041.051.061.07 1 1.05 1.1 1.15 1.2
w w
FIG. 3. The functionF(w) for the bb—bc quark transition. FIG. 4. The functionF(w) for the bc—cc quark transition.
Spdiq— baryon is denoted bE(’QQ, and the latter one b o . The
(B"(QJ|B(P))=2yMM f (2m)° ——3 Ve 0(0) ground-state spin 3/2 baryon can be formed only from an
axial vector diquark and is denoted E/éQ, . To obtain the
><<d’(Q)|J)’j’|d(P)> corresponding baryon spin states we use, in the baryon ma-
trix elements, the following replacements
XWg p(P)83(Pg—dq), (42)
whereW p(p) is the doubly heavy baryon wave functign, Uq(v)HUEéQ,(U),

andq are the relative quark-diquark momenta, gycandq
are the light quark momenta expressed in the form similar to

(9). [8,u(v)uq(v)]spin 1z~ \/—(')’,L'FU )'}’SU_QQ( v),
The baryon ground-state wave functiobg p(p) is a
product of the spin-independent palbtg(p) satisfying the “
related quasipotential equatigh) and the spin partg(v) [e*(v)Uq(v)Ispin 3/2_>UESQ/(U)’ (44)
Vg p(p)=Ta(p)Us(v) 43) where baryon spinor wave functions are normalized by
B,P = =

UiUg=1 (B=E',E), and the Rarita-Schwinger wave
The baryon spin wave function is constructed from the Diradunctions are normalized bYZiUzv,=—1.
spinor ug(v) of the light spectator quark and the diquark  Then the decay amplitudes of doubly heavy baryons in
wave function. The ground-state spin 1/2 baryons can corthe infinitely heavy diquark limit are given by the following
tain either the scalar or axial vector diquark. The formerexpressions.

= = iti
Egq,~Eqiq, transition

(Eqio (0131 Eqev))

2M,M¢

=[h.(W)(v+ov'),+h_(W)(v—v )H]Uw (U Wzp, ) (W), (45)
Egq, 7 Eqq, and EQQS—E('?,QS transitions

<‘—‘QQ(U |‘]W|‘—’QQ (U)> i
2JM Mg 3

+U,;UahA3(W)]U;Q o

—/[ihy(w)e P07 = guaha (WH1)+v 0 ha (W)

papyV’
(v’ )75(7“+v’“)U~/ (v)n(W) (46)

(Eqrg0)3iEee ) i
2M\M¢ :ﬁ['hV(W) €uapyt P07 guaha (WH1)

o0 ha, (W) o, s W)Uz WDy ysUs

(v) n(w), (47)

=QQ,

014018-7



EBERT et al. PHYSICAL REVIEW D 70, 014018 (2004

= =* =* = iti
=Qo, 7 Eqraq, and =00, Fqrq, transitions

(EE,QS(U’)|JYLV|EEQQS(U))

2M Mg

=[ihy(W) €apy0 P07 = guaha (W 1)+ 0 ha (W)
00, (WIUZe (0 Uz, (0) (W), (48)
Q'Qs s

<Eé,QS(u’)|J,VQ’|EgQS(v)>

2 M Mg

=[ihy(W) €00 P07 =G aha (WH 1)+ 0,0 ha (W)

+ 'h _:’ ! Z*
vuvahAg(W)]U_Q,Qs(v )U:QQS(v)n(W), (49)

juil

QQ.~ = Q'Q, transition

(Eoov)IulBqo ) 1 , , |
2 M M- == 3{galhaW) (W +0") (W) (v =v") 1= hg(W) G0\~ ha(W) G0,

00, Ns(W)0 ,+ Ne(W)0 1+ €008, GPGIT N2 (W) (1 +0")+ hg(w) (v
—v")*]+v"Py V[hg(W)g,‘fvﬁhldW)gva])}UaQ,Qs(v’)75( YoMy
+v?)

XysUzq, () n(w), (50)
= =* =x = iti
Eqo,~Eqq, and Egq.—Fqrq, transitions

By vl Ee )
2 /—MIMF == ﬁ{gp)\[hl(w)(v'i‘v')”"f‘ hZ(W)(v_U/),u]_h3(W)gMpv>x—h4(W)9m\U;

+ov,v\[hs(W)v, +hg(W)v ] +i euaﬁy(gng[h7(W)(v +v')*+hg(w)(v

—v’)“]+v'ﬁvY[hg(mgszh@w)g;%;])}@aq RCRIEZ
+0°) ¥5Uz,q (0) 7(W), (51)
(Eqro v 3iEge ) i . o eh . A ,
ZW = \/5{9,;)\[ (W) (v+v") ,+ha(W)(v—v"),]—ha(W)g,,v\—ha(W)g,n\v,

+ov,v\[hs(W)v , +hg(W)v ] +i fﬂaﬁy(gfg;{[h?(w)(v +v")“+hg(w)(v
—v)*]+v"Py The(w)gyv, + hlo(W)ng;)])}UEQ,QS(U ") ys(¥*

+v’)‘)U;* (v) p(w), (52
QQ,

=* =% iti
Edq,~Eqrq, transition
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(EQo (w13 Eev)

2 M M- =—{gp[hi(wW)(v+v"),+hy(wW)(v—v"),]—ha(W)g,,v\—ha(W)g,,\v,
+ 00\ Ns(W)v,+ he(W)v 1+ €,05,( G5O N(W) (v +0" )+ hg(W) (0 —1")*]
0" o Ng(W)ggu\ + had WG DIUL:  (0)ULs (0)m(W). (53
Q'Qs s
|
Here n(w) is the heavy diquark-light quark Isgur-Wise dr G2|V 2
function, which is determined by the dynamics of the light _(EéQ —Eoo)= F Qg (W2_1)1/2(W+1)3M§
spectator quark] and is calculated similarly to E¢35) dw N N 72
W= f—dspdgq@ YW a(P)lo(p.0) [P ME=2M M i ()
W)= \/——+ '
Ui w1l “(2m)? B(Q)Wg(P)l4(P,q -
+ ——hZ(w) |[+{(Mg—Mw)h, (W
(P e W W) [ +H{(Me=Mw)hy, (w)
x| p-g+ =) (5

+(W=1)[Mehp, (W) + MlhA3<w>]}2] 72(W),
We plot the Isgur-Wise functiom(w) in Fig. 5. In the non-

relativistic limit for heavy quarks, the diquark form factors (56
h;(w) obey relationg36)—(39). In this limit the baryon tran- 3
i\ . : dr Mg dI’
sition matrix elements contain the common factor —(EQQ SEL )= — _(E(,QQ —>Equ M,
F(w) 7(w) (cf., [18]). dw TR TR M P dw TR :
—Mg,h —>F] .h —h ,
V. SEMILEPTONIC DECAY RATES OF DOUBLY HEAVY F oA, NayNa,=ay)
BARYONS (57)

The exclusive differentizil rate of the doubly heavy baryonThe differential decay rates for other transitions are given in
semileptonic decag— B’er can be written in the form the Appendix B. The semileptonic decay rates of doubly
heavy baryons are calculated in the nonrelativistic limit for

heavy quarks and presented in Tables Il and III.

dw 48

dI'  GE|Vpd?MEyw?—1
3 Qw), (59 VI. CONCLUSIONS

In this paper we calculated the semileptonic decay rates of

where W=(v-v’)=(M|2+ Mﬁ—kz)/(2M|MF), k=P-Q doubly heavy baryons in the quark-diquark approximation.

and the functionQ2(w) is the contraction of the hadronic

transition matrix elements and the leptonic tensor. For the_

massless leptons the differential decay rates of the transitiorisbb 21

=! = = =) :
Eqq, 7 Eqrq, andEqq,—Eqiq, are as follows: Decay Our Ref[16] Ref.[15] Ref.[17] Ref.[13]

TABLE Il. Semileptonic decay rates of doubly heavy baryons
Epe (in X107 Gev).

X Epp—Ep. 164  4.28
\ Epp—Epe 326 285 8.99
0.8 Epp—Ef. 1.05  27.2 2.70
) e EE"_’%”C 163 857
Ef—Ep. 055 520
0.4 Ef—Ef. 383 129
2l —E. 176  7.76
0.2 =/ —Ef 340 288
Epc—Ecc 459 893 4.0 8.87 0.8
1 1.05 1-111) 1.15 1.2 Epe—Ef 143 141 1.2 2.66

Ebc—Ec 0.75 27.5
FIG. 5. The Isgur-Wise functiom(w) of the light quark-heavy =¥ —=¥  5.37 17.2
diquark bound system.
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TABLE Ill. Semileptonic decay rates of doubly heavy baryons heavy-light meson in our modg28] as it is required by the

Qpp andQp (in X 10714 Gev). heavy quark symmetry. In the heavy quark limit, the baryon
transition matrix elements contain the common factor, which

Decay r Decay r is the product of the diquark form factéi(w) and the Isgur-

, , Wise functionz(w).

Qpp— Qe 1.66 Q?C_’Qgc 1.90 Our resultsns‘or) the semileptonic decay rates of doubly

Qpp— Qe 3.40 Qpe— Qe 3.66 heavy baryonsg,, and E,. are compared with previous

Qpp— Q5 110 Qpe— Qo 4.95 predictions in Table II. It is seen from this table that results

Qpp— Qe 1.70 Qp— Q5 1.48 of different approaches differ substantially. Most of previous

QFp— Qe 0.57 QFf — Qe 0.80 paperd13,15,17 give their predictions only for selected de-

QF— Q. 3.99 Qf — Q% 5.76 cay modes. Their values agree with our in the order of mag-

nitude. Our predictions are smaller than the QCD sum rule
results[17] by a factor of~2. This can be a result of our
eatment of the heavy spectator quark recoil in the heavy

The weak transition matrix elements between heavy diquargiquark On the other hand the authors of R@f], where

states were calculated with the self-consistent account of thg o Bethe-Salpeter equation is used, give more decay chan-
spectator quark recoil. It was shown that recoil effects lead tQels. Their results are substantially’ higher than ours, for

the additional contributions to the transition matrix elements,some decays the difference reaches almost two orders of

Such terms were missed in the previous quark model Calc%agnitude, which seems quite strarigeg., for the sum of
lations. If we neglect t_hese recoil contrlbut!ons, the previ- o semileptonic decayEbeEgc’*) Ref. [16] predicts
ously obtained expressiofs5,18 for heavy diquark transi- ~6x10 ' GeV, which almost saturates the estimate of the

tion matrix elements are reproduced. It was found that theS{=btal deca ratd-totaIN(S 3+0.3)x 10 1 GeV[2] and thus
recoil terms, which are proportional to the ratio of the heavy Y Zbb S

spectator to the final active quark mdsse Eqs(36)—(41)], 1S unlikely].

give important contributions to transition matrix elements of Al consigel_rat_ionshin thle r)lresent pfapher were;l done_indthe
doubly heavy diquarks even in the nonrelativistic limit. In "€avy guark limit. The calculations of the semileptonic de-

this limit these weak transition matrix elements are proporC2Y rates of heavy mesons indicate that tieglorrections

tional to the functiorF(w) (40), which is expressed through © the heavy quark limitespecially Im) are important
the overlap integral of the heavy diquark wave functions[428=30. Thus they can give sizeable contributions also to

The function F(w) falls off rather rapidly, especially for the semileptonic decay rates of doubly heavy baryons. Their

bb— b diquark transition where the spectator quark istihe account will result in the more complicated structure of the

quark(see Figs. 3 and)4Such a decrease is the consequencé)aryon matrix elements. We plan to study these corrections

of the large mass of the spectator quark and high recoil mo the future.

menta @ma~My— M.~ 3.33 GeV) transfered.

We calculated the doubly heavy baryon transition matrix
elements in the heavy diquark limit. The expressions for We are grateful to M. lvanov, V. Kiselev, A. Likhoded, V.
transition amplitudes and decay rates were obtained for theuybovitskij, M. Muller-Preussker, A. Onishchenko, and V.
most general parametrization of the diquark transition matrixSavrin for useful discussions. R.N.F. and V.0.G. were sup-
elements. The Isgur-Wise function(w) (54) for the light  ported in part by thédeutsche Forschungsgemeinschaft
quark—heavy diquark bound system was determined. Thider Contract No. Eb 139/2-2. A.P.M. was supported in part
function is very similar to the Isgur-Wise function of the by the German Academic Exchange Ser(iP&AD).
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APPENDIX A: FORM FACTORS OF THE DIQUARK TRANSITIONS

2 d®pdiq— 2(a)+m, +m 2Jq?
W =) =hotw) = \og | TP (g[S T D) e LatE

(2m)3 2¢,(Q) 26p(p) |7 [ea(@)+myllen(p)+my]

S +S
><<I>d(p)ls(p,q)53(p—q+%(V’—v)), (A1)
oo [ 2 dpda— \/ea<q>+ma \/eb<p>+mb \/w+1/ Vo?
h-(W)=ha(w) =hg(w)= —W+1f 2m? DN 2 @ 2ep(p) VwW—1| ex(q)+m,
S +S
—eb(p)—ﬁjmb Dy(p)ls(p,a) éﬁ(D-Wr%(v'—V)), (A2)
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d3pd3q_ \/ea(q)+ma\/€b(P)+mb \/W+1( Vo
hy(w) =hg(w)=hs(W) =/ -7 j (2m)? Par 2€,(9) 2€p(p) _1+ w—1\ ex(q)+m,

p? VPP

_ es(p) +€5(q) ;L )
e(p)F My [ea(q>+ma][eb<p>+mb]}q’d(p)'s(p'qw(p W VY (A3)
/ d’pdq ea(a)+m, [ey(p)+my w-1[ o Vp?
a, (W)= f o ”\/ 26,(0) \/ 2600 |- Vwrile@+m, e+ m,
VP2 ? } ( es(p)+ela)
[fa(Q)+ma][€b(p)+mb] (I)d(p)ls(pvq)é\3 p_Q+T(V _V) ’ (A4)
/ d3pd3q— () +m, [en(p)+m, 2\q?
a, (W) =hs(W) =ho j o ()\/ 2e,(q) \/ 260(P)  JW2_1[en(q) +my]
w+1 \/F s(p)+ s(q)
N e T d>d<p>ls<p,q>a\3(p—q+ %(v'—v)), (A5)
/ dpdq €a(q)+m, p)+m 2\p?
i h hyg(W)=
A, (W) =hg(w)=hyo(w)= f 2 )3 ()\/ 2¢.(0) \/ 260(P) WP —T[ey(p)+me]
w+1  q? s(P)+€5(Q)
X| 1+ valequma d(p)|s(l3Q)53(p—q+%(v’—v)), (A6)
/ d3pd3q_ ea(@)+m, [ey(p)+my w+ifw-1  Jq? Vp?
Ma(W)= +1J ITSEN ”\/ 2ea() \/ 2600 |- Vw—Tlw+1 e(@+m, " ep(p)+my
w+1 \/p—\/? €5(P) + €5(q) ,
w—1 [ea(q)+ma][€b(p)+mb] q)d(p)ls(paQ)éG p_q+T(V _V) ) (A7)
/ d*pda (@) T M, [ep(p)+my wtll  Jg®  w-1 p?
P (w) = +1f ITSEM ”\/ 2ea() \/ 2esm) |1 VTl (@ +m, WAl ep(p)+mp
w+1 \/p—\/? €s(P)+€s(q) ,
i e g e o oo T | "o
APPENDIX B: DIFFERENTIAL DECAY RATES OF DOUBLY HEAVY BARYONS
ar - ! Gt|Voo'|? 2 2 3 2 M —-M ‘
Wv(:(’gQSH:QrQSFTWg(W — 13w+ 1)MEM+Mp)? h(w)— M, M, h_ (W)} 7o(W), (B1)
N 0 —Ehe)= GelVao QQ|2(W2 1)Y(w+1)3ME (MZ+MZ—2M M ew)| 3h3 (w)+2—h (W)
dw HQQs, ~Q'Q, 3673 F A v
+ (W= D{MF(w+1)hZ (W) +(W=1)[Meha (W) +M;ha (W)]?
+2(Mg—Mw) hAl(W)[M FhAZ(W) +M, hAB(W)]}} 772(W), (B2)
ar _, IMEdr
d—\N(}:‘,QQS—):Q,QS) 2 M3 dW( QQ*),_,QQ M|<—>M|: hA —)hA hA —)hA) (BS)
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ar _ GE[Voo'l?
WV(:QQSHEQ,QSFW(wz—l)lfz(wﬂﬁm 2(M2+M2—2M Mew)| (2—w){4h3(w)

-1
~ (W= D)L hg(W)-+ hyg W)} + S [(w) + hy(w) 12+ (W 1)[ 207 (W) + hg(w) + hyglw) I

w—1 2
(Ml_MF)h7(W)_m(M|+MF)h8(W)

w—1
+4 +m{(w+2)[(M|+MF)hl(w)

—(M;=Mg)hy(W) ]+ (M; = Mew) ha(w) + (Mg — M w) hy(w) + (W2 = 1)[ M ghs(w)

+M |h6(W)]}2} 77(wW), (B4)
ar _ % G;2=|VQQ’|2 2 112 IVE 2 2 2
d_\N(E«QQSH:(Q,QS):W(W - 17w+ 1)°Mgy (M7 +Mg—2M Mgw)| hz(w)+[ho(w) +(w—1)

) w—1\% 5 w1
X (hg(w)+hyg(w)]°+3 Wil { hg(w)+[hg(w)+(w+1)(hg(w)—hyo(w)] }+2m([h3(w)
— ha(W) 12+ ha(w) hy(w) — (W2 = 1){[ hg(W) — hyo(W)]?+ hg(W)hlo(W)})) +|(M;—=Mg)hz(w)
w—1 2 w-1

_m(MI+MF)h8(W) +m{(w_l)[(M|+MF)h1(W)_(M|_MF)hz(W)]+(M|

—Mgw)hg(w) + (Mg — M w)hy(w) + (W? = 1)[Mhg(w) + M IhG(W)]}Z] 77(W), (B5)
ar . 1dar _ o,
WV(EQQS_):Q'QS):Em(ﬂ:QQs_’ﬁ:Q/Qs)a (B6)

ar _ _ GE|Voo|?
d—W(:gQﬁ:g,QSFW(wz—nlﬂ(wﬂﬁmﬁ (MZ2+M2=2M,Mew)| 5{hZ(w)+[h(w)+(w—1)

2

-1
S| (3w Tgw) + (w-+ 1) (W) — hygw) 2+ 20— (2[hg(w)

X(hg(w)+hyo(w)]?}+3

+5

— hy(W) 124 Bhg(w)hy(w) — (W2 = 1){2[ hg(w) — h1o(W) 1>+ 5hg(w) hao( w)}) (M;—Mg)hz(w)

Z w-1
LW LMy + M)y (w) — (M= M) () 1+ (M,

w—1
- m(MI+MF)h8(W)

—Mew)hg(w) +(Mg—Mw)hy(w) + (W= 1)[Mghs(w) + M hg(w) 1} +{(M| — Mew) hg(w) + (Mg
— M w)hy(w) +(W?=1)[Mghg(w) + M hg(w) ]} = 2(w+2) (Ww—1)((M;+Mg)hy(w) — (M,

= Mg)hy(w))? | 7%(w). (B7)
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