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We study the semileptonic decays of the lowest-Iyiiedparyons to the lowest-lyingc baryons Eé’;‘) - 5
andQ{” — Q) , in the limitm,, m; 3> Aqcp and close to the zero recoil point. The separate heavy quark
spin symmetries make it possible to describe all these degsiyng a single form factor. We recover results
derived previously by White and Savage in a manner which wtis more straightforward and parallels
the method applied later to stud¢ semileptonic decays. We further discuss the resemblartesebe thebc
baryon decays and those Bf mesons to;. and J/¢ mesons and comment on the relation between the slopes
of the single functions describing each set of decays. Guiltecan straightforwardly be applied to the decays
of bb baryons tdbc baryons.

PACS numbers: 12.39.Hg

I. INTRODUCTION are induced by the semileptonic weak decay of bhguark
to ac quark. Near the zero recoil point the velocities of the

The static theory for a system with two heavy quarks hadhitial and final ba_ryons are _approximately the same. If the
infra-red divergences which can be regulated by the kinetié"omenta of th/e initiabc and finalcc baryons are, = Mycu,
energy termhg(D?/2mg)hg.  This term breaks the heavy andp, = M, = Meew, + K, respectively, therk will be a
quark flavour symmetry, but not the spin symmetry for eachsma[l residual momentum near the zero-recaoll point. Since
heavy quark flavour. The spin symmetry isfiient to derive  the final baryon is on-shelk - v = O(1/mec). We will work
relations between form factors for decays of doubly heavy€@r zero-recoil and thus neglectk below. _
hadrons in the heavy quark limit, as was first shown In [1]. H€avy quark spin symmetry implies that all baryons with
The consequences for semileptonic decayB.ahesons were the same flavour content listed in table | are dggenerate. The
worked out in|[2]. Here we extend the formalism to describecONS€guences of spin symmetry for weak matrix elements can
semileptonic decays dfc baryons tocc baryons. In Ref[j1] P€ derived using the “trace formalism” [11./12]. To repre-
the two heavy quark® in a QQq baryon were treated as a sent .the Iowest—lyl_ncﬁ—wavebcq baryons we will use wave-
point-like colour-triplet anti-quark) interacting with the light ~ functions comprising tensor products of Dirac matrices and

degrees of freedom. We will compare our results with thos&PInors, namely:

obtained using this diquark picture and make a link toBhe (1+9)
to . and J/y decays. For recent developments using the di- Bhe = - 5 75] Uy (v, ) 1)
quark picture see [3/ 4, 5]. af

We are interested in semileptonic decays of baryons con- [ @+9) 1
taining two heavy quarks and a light quark. Specifically we Boo = 2 y"]aﬁ [ﬁ(vﬂ 7 )ysu(e. 1) 2)
study the decays of the cascduebaryonszp., =, and=; (1+4) ' 7
to cascadec baryonsZ.. andZ;.. The quantum numbers fe = Bpe = —'yﬂ] Uy (v, 1) (3)
of these particles are listed in Talile I. We find, in agree- 2 ap

ment with [1], that in the heavy quark limit a unique func-
tion describes the entire family of decays. This function
satisfies a normalisation condition (a consequence of ve
tor current conservation) at zero-recoil if the heavy geark
are degenerate. Our results can be straightforwardly eghpli
to the corrresponding decays involviiy baryons and also

to the decays obb baryons tobc baryons. Some of these TABLE I: Quantum numbers of double-heavy baryoSsandJ® are

decays have also been studied in various quark model af€ strangeness and the spin parity of the baryéthe isospin and
proaches [6.]7)8] 9, 110]. Sty is the spin parity of the heavy degrees of freedom, well-eeffin

in the infinite heavy mass limit.denotes a lighti or d quark.

where we have indicated Dirac indices 8 and y explic-
itly on the right-hand sides andis a helicity label for the
c;nciaryon. For theB; , u,(v,r) is a Rarita-Schwinger spinor.
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II. SPINSYMMETRY - T -
e 0 53 35 1t cd Qe -1 5 0 1" ccs
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The invariance of thefective Lagrangian under separate g, 0 1" 1 o b Q. -1 & 0 0 bes
. . . C C
spin rotations of thé andc quarks leads to relations between = = ¢ "1 1 b Qe -1 1" 0 1 bes
the form factors for vector and axial-vector currents betwe =« g 1 1+ b Q. -1 3 0 1 bes
C

the cascadbcbaryons and cascade baryons. These decays
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These wavefunctions can be considered as matrix elements afe two ways to contract the charm quark indices, leading to
the form<0|cwq°ﬁby|B§,’;‘)> whereq® = g"C with C the charge-  GuTr(IT) + GI'Tu. In order to have the same normalisation
conjugation matrix. We couple thequark and light quark as for thebc case, we have to include extra numerical factors
to spin O for theB|_ or 1 for theBy. andB; states. Under a as shown in Eqs[{8)=(1L0). Note that the equality between the
Lorentz transformation), andb andc quark spin transforma- - B,  and B, states fixes the relative phase between them.
tions Sy andS,, a wavefunction of the form,s u, transforms We can now construct amplitudes for semileptonic cascade
as: bc to cascadec baryon decays, determined by matrix ele-
1 ments of the weak curredt = cy*(1 — ys)b. We first build
T'u— S(AIS™(A) S(A)u,  I'u— SclSpu. 4) transition amplitudes between tB%é) andE(c*c) states and sub-

The states in Eqs(1)](2) arid (3) have a common normalisa€quently take linear combinations to obtain transitieomf

tion GUTF(I'T) and are mutually orthogonal Eé’é‘) states. The most general form for the matrix element re-

To build states where theandc quarks are coupled to def- SPecting the heavy quark spin symmetry is
inite spin, we need the linear combinations

=0, v,k M|3#(0)BYY, v, M)

1 V3 B be ? _
0; 1/2, M)pc = _§|O; 1/2, M)cq + 7|1; 1/2,M)eq  (5) = Uce(v, K, M"Y (1 = ¥5)Upe(v, M) TITpeQlee] 1)
3 1 + Uee(v, K, M)TpcQ ey (1 = ¥5) Unc(v, M)
115 1/2, Mg = %o;l/z, M+ 5L 12 Mg (6) * * e
I1:3/2, MYpe = |1:3/2, M) @) whereM andM’ are the helicities of the initial and final states
) s c = |4 > cq

andQ = —n(w)/ V2, withw = v-v’. We use the standard

where the second and third arguments are the total spin quafglativistic normalisation for hadronic states and ouneps
tum numbers of the baryon and the first argument denotes tHeatisfyuu = 2m, #'u, = —2mwheremis the mass of the state.
total spin of thebc or cq subsystem. We have chosen the rel- Terms with a factor of can be omitted because of the equa-
ative phase of the states in EdS. (5) dfld (6) to agree with thdons of motion fu = u, yI' = T, y,* = 0, y,u* = 0), while
adopted above in Eq$](1) arid (2) (we will comment again of€rms thhk_ will always lead to contributions pro_por'uonal to
this when constructing theebaryon states). We have notused v - K which is set to 0 at the order we are working. We also
definite spin combinations for tHeandc quarks in Eqs[{1) Make use of the relationg,u = un,u, Uysu = 0, uku= 0 and
and [2). This is to make both the spin transformations on théKy,ysu = —UKu,ysu. Our results for cascadec to cascade
heavy quarks and the Lorentz transformation of the states co CCtransition matrix elements are:

venient, making it straightforward to build spin-invariamd

Lorentz covariant quantities. Ebc = Eec 1 Ucc (23//‘ - ‘_17,#),5) Ubc (12)
Finally we observe that we could have combined the 3

guark with the light quark to a definite spin in Eqsl (I]-(3). _ _ -2 _
This would clearly interchange the spin transformations in Spe 77 Hee ﬁnucc (=7"75) Une (13)
Eq. (4) (and alter the appearance of the matrix element ex- _
pression in Eq.[{11) below). Note also that when rewriting Epc = Zec  —=1UscUnc (14)
Eq. (8) with the roles ob andc exchanged, an extra minus V3
sign arises from the antisymmetry of tBg. = O state under Epe = Etc — 2 Ugclne (15)
b « cinterchange. Physical results should be unaltered and . _ -2 _
we have checked that this is the case. Spc T e ﬁ” Ueclly (16)

For thecc baryons there are somefitirences because we . - )
have two identical quarks. In this case the states are: Zbc 7 Fce = 27 Uee (¥ = ¥"y5) Uoea (17)

2[(1+) If the b andc quarks become degenerate, then vector current
B, = - \/; > 75] u,(v,r) (8)  conservation ensures thgfl) = 1.
af

( : The consequences of taking the heavy quark limit for

_ 1+y 1 semileptonic decays of baryons with two heavy quarks were

Boo = V2 2 y“Lﬁ [73(0*‘ #suen)| ) considered some time ago by Savage and White [1]. They
Y adopted an approach where the two heavy quarks bind into a

B — ¢ — \/1 (1+9) ] W (o, ) (10) colour antitriplet which appears as a pointlike colour seuo

ce e 21 2 s the light degrees of freedom. Applying the “superflavorfor
malism of Georgi and Wise [13, 14,15] allowed the matrix

Two comments are in order here. First, the two charm quarkglements of the heavy-flavour-changing weak current to be

can only be in a symmetric spin-1 state and thereRjgeand

B.c correspond to the same baryon statg (or Q. if the

light quark iss). We can thus use either of them to build

up spin-invariants and we have confirmed that we obtain thet it the roles of theb andc quarks were interchanged, the matrix element

same results from each. Second, in the normalisation, therewould readuccuncTr[TpcQl ey (1 — ¥5)] + tecy* (1 — ¥5) bl cclbe.




evaluated betweenfiigrent baryon states. We find twdfdir-  can be approximated by (see appendix B of [10])

ences to their results which cannot be eliminated by redefin- N o 19

ing the phases of the physical states. Orfiedénce, already Qcll: T2 112) = Poc(r12)¢ (o) (19)

pointed out inl[16], is for the spin/2 to spin-¥2 transition  whererg is the distance of the light quark from the centre of

in Eq. (16), where they find a vanishing weak transition ma-mass of the two heavy quarks. We ignore all spin-dependent

trix element, while ours is non-zero. The seconflallence interactions which are suppressed by inverse powers ofyheav

is the relative sign of the vector and axial contributionthe  quark masses, allowing us to drop the supersé&ifpom now

Epe — Ecc transition of Eq.[(IR). This does noffact the  on, and making all interquark potentials flavour independen

differential decay rate although it could change angular corredq. is the ground-state wavefunction of tQe diquark, while

lations between the outgoing charged lepton and baryon. ¢ is the ground-state wavefunction for the relative motion of
Spin symmetry for both theandc quarks enormously sim- the light quark and a pointlike diquark of infinite mass with

plifies the description of all of the above transitions in thea potential which is twice the quark-quark potential. Insthe

heavy quark limit and near the zero recoil point. All the weakcircumstances we have

transition matrix elements are given in terms of a single uni

versal function. Lorentz covariance alone allows a larganu n(w) = fd3r12 expl-ik - r12/2]0:(r12)Opc(r12)

ber of form factors (six form factors to descrifg. — Zcc,

another six forz]. — Ec, eight each forg,. — =g, « fdsrcp*(r)(ﬁ(r) (20)

Ei. = E¢candEy  — Ecc, and even more fag; . — Z¢.). The

spin symmetry provides further simplifications beyond #0s \\herer = re and in thed3r integral we have replaceg(ry)

coming from working at’ = v. For example, the transitions by (r) sincery = re + O(r12). This approximation leads to

Egg — Ecc are each described by six form factors in generalyncertainties oD(r3,) after integration. Thef®r integration
corresponding to the structures-»*, v —y*, ¥, ys,v"ys  then gives 1 and thus

andy*ys. At the zero recoil point only* andy*ys survive,
leaving four form fact_ors to d_escribe the_se two decays. Spin  p(w) = fdsrlZ expl-ik - r12/2]0%(r12)Pue(r1z)  (21)
symmetry reduces this to a single functignwhich also de-
scribes the rest of the transitions shown above. which has an identical form to Eq. (4.11) in [2], where the
unique form factor describing theB. to . andJ/y semilep-
tonic decays is given in terms of wavefunctions of boeand
I11. DIQUARK PICTURE AND LINK TO B, MESON cc bound statés This does not mean thatandA are iden-
DECAYS tical because th@Q andQQ potentials used to compute the
diquark and meson wavefunctions are not the same. For ex-

Up to now we have used only the separate spin symme@mple alid; colour dependencel(are the usual Gell-Mann
tries for the heavy charm and bottom quarks and our result@atrices) would lead LARE VQQ/Z- " _
are completely model-independent. Now we will use con- Assuming Coulomb wavefunction®qc(r) o e/%, with
stituent quark model ideas to estimate the scale of variatiothe diquark radiusg o< 1/(Buq), whereuq is theQcreduced
of the form factors and to make a link 8 to 5. and J/y mass ang is the strength of the 1/r potential, we find

semileptonic decays. ag/zag/z k2a§a§ -2

The form factorp is calculable in terms of the overlap of n(w) =8 3 [ 2] (22)
the spatial wave functions of tHecq and ccq baryon states. (@ +ac) 4@ + )
Considering th&€h, — Ecc transition with the initial baryon  which agrees with the expression given in Eq. (3).of [1] and
at rest, we can fing using clearly resembles Eq. (4.12) of [2]. Assumix§® = V9?2,

we would expect th&: andr radiiag anda,, introduced inl[2]
3 3 , to be approximately one half af, anda. respectively. The)?
n(w) = fd r1d”rz exp[-ik - ri2/2] slopes of the form factors andy would then be in the ratio 1

= A= to 4(m5cc/rn?7c)2 ~ 6
X [¥ec(re r2: 112)]" ool 2. 112) - (18) To check the use of Coulomb wavefunctions and the slope

. rediction, we have calculatefland A using wavefunctions
Whererl,g_ are the dlstanpes b_etween each of the heavy quarl%om a nonrelativistic quark model [10,/21] and show the re-
and the light quark, while;, is the heavy quark separation. N

S A o
The wave functions depend on distances because we are sults in Fig[1. Thev® slope of the form factor is indeed

suming that the lowest-lying baryons are purlave and Lnaller than that of;, but the ratio is around 1 to 3 rather
5o the integral depends & = mg:cc[“’z ~ 1] (see Eq. (34) than 1 to 6, so there are significant corrections to the Colalom

in [10]). wavefunction description.

If the distance between the two heavy quarks is much
smaller than the distance of the light quark from either yeav
quark' as expected in the heavy mass limit of a strong. We believe that there should not be an explicit factor of 24ii.{) of [2].

Coulomb binding potential where the radius of Q& bound This factor does not appear in the corresponding expres#iaie,[17/ 18,
state should decrease gsrl, then the baryon wave functions  [19,[20[21].



FIG. 1: Form factors in the heavy quark limit(w) for cascadéc
to cascadecc baryon decays and(w) for B, — n., J/y decays,
calculated from a nonrelativistic quark model![10, 21] Ggsithe
AL1 potential). The solid lines are calculated from the wane-

tion overlaps, illustrated fay(w) in Eq. [21), while the dashed lines

are constructed from appropriate combinations of formoiact for
n we consider 1 + F, + F3)/2, whereF; »3 are defined in Eq. (23)
of [10], while for A we use="") defined in Eq. (52) of [21]. The solid
and dashed curves should agree close to zero rece# (1).

IV. CONCLUSION

4

ton. andJ/¥ mesons and commented on the relation between
the slopes of the single functions describing each set of de-
cays. Lattice QCD simulations work best near the zero-tecoi
point and thus are well-suited to check the validity of the re
sults.

We studied specifically the semileptonic decays of cascade
bcbaryons to cascads baryons. Our results can be straight-
forwardly applied also to the corrresponding decays involv
ing Q baryons as well as to the decays lif baryons to
bc baryons. It is also straightforward to extend the analy-
sis to transitions involving the heavy-to-light weak cuntre
using thebc baryon wavefunctions defined in EqEl (1) (2)
and [3) together with the usual spinor wavefunction for a
single heavy quark baryon. For example, to st&fy —

Ap semileptonic decays, we would evaluate expressions like
UpUpe Tr[y#(1 — y5)bef2] whereQ = Qg + KQ, anduy, is the
spinor for theAy.
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