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Abstract

Semileptonic weak decays of doubly heavy baryons are analyzed and compared to the

analogous decays of heavy quarkonia, showing similar underlying dynamics at low recoil.
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The standard application of the heavy quark effective theory (HQET) is to deal with
hadronic systems containing a single heavy quark {1]. However, the possibility of extending
this formalism to hadrons with two heavy quarks was soon considered by Savage and Wise
[2], suggesting that a baryon composed of two heavy quarks and one light quark should look
like a heavy-light "meson”. More recently several authors have applied HQET to heavy-
heavy hadrons like B, mesons [3] or J/¢ and T resonances [4] [5]. However, some caution
must be taken in defining the heavy quark effective QCD Lagrangian for systems containing
two heavy quarks since the O(1/mg) kinetic term cannot be neglected even in the mg—oo
limit, as emphasized in the above-quoted references. Such term containing the heavy quark
mass explicitly breaks the flavor symmetry though leaves the spin symmetry as a useful
approximation in the preasymptotic quark mass region.

In baryons with two heavy quarks (QQq), the massive quark pair bind into a 3 source
of color with radius ~ 1/a,(mq)mg, interacting with the light degrees of freedom as a
static antiquark [2] [6]. This description makes sense if the size of the "heavy core” is small
compared to the typical length of the hadron 1/Agcp. Even so, the finite masses of bottom
and especially charm quarks would yield important corrections to the pointlike character
of the diquark, also due in part to the fact that the (QQ) Coulomb-like potential is half
as attractive as the (QQ) potential. Hence, our later estimates should be considered as a
starting point of a more rigorous treatment for constituent charm and even bottom quarks.

If the baryon contains two heavy quarks of different flavors a and b, there are two possible
spin configurations of the compact diquark at lowest level. If the (Q.Qs) form a spin-
singlet state, the ground-state hadron will have spin 1/2 which we shall refer to as a Aqgp
baryon. If the (Q.Qs) form a spin-triplet state, the ground-state hadron can be either a

spin-1/2 baryon (denoted by X,) or a spin-3/2 baryon (denoted by X},). Heavy quark spin



symmetry implies the mass degeneracy among all these hadronic states [2] [7]. Actually, the
chromo-magnetic hyperfine interaction should resolve the degeneracy leading to the mass
level: m(Zap) < m(Aap) < m(E7,), according to [6].

If the heavy diquark in the baryon undergoes a semileptonic weak decay ! yielding another
heavy diquark, the light constituent should play only a marginal role at low recoil, in a similar
way to transitions between ordinary heavy-light mesons. Therefore, the overlap between the
light degrees of freedom of the initial and final doubly heavy baryons could be described in
terms of the Isgur-Wise function as well. The presence of the light component should not
change in principle the overall decay rate of the heavy diquark near zero recoil but, however,
would channel the decay into different spin-states of the final baryon according to some
selection rules. This suggests to perform a detailed comparison between the semileptonic
decay of another heavy-heavy bound system like quarkonium examined in ref. [5] and the
results obtained by White and Savage for doubly heavy baryons in (7].

Let us start by writing their expressions of the matrix elements for transitions of a baryon
QaQsg of mass m; with four-velocity v; into another baryon Q,Q.q of mass m, with four-

velocity v; induced by the weak current 0% = Q.7*(1 - 75)Qs,

< Racv2) | 02 | M) > = TE0) (g gy 0y () 1)
< Aae(v2) | O% | Top(v1) > = 12‘%([”1—”2) Ty(v2) (V¥ + 1) wi(v1) (2)
< Raclun) | 0% | Sa(on) > = Tol0000) ) g @
< Eac(vg) | Oé‘b I Eab(vl) > = nabcévl,, vz) u (’Ug) [ (’l)l + UQ) (2 + 'Ul"U2) + (’Ul — Ug)”‘Ys +

+ 2yHyg + ieP*P%y v gU4 ) uy(v1) (4)

1Under the assumption that strong decay cannot take place according to the theoretical mass expectations for
baryons containing two heavy (charm and/or bottom) quarks [6] {8]. Still, radiative decays might exist through

M, transitions between some of those baryon states.
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< Baclv2) | Of | (1) > = _—47__771— uz(vg) [(v1 + v2)#vs + |

+ if"a’%(vw —78)(v1 + v2)o) V5 Y1a(v1) (5)
< So(02) | O | Tap(w) > = BB G () (Cgaiu, upe ¢

+ 16457 () 4 vy),] ¥1(v1) (6)

where m = ,/mym; ; uy, uy are the spinor wave functions for A, £ normalized to %;u; = 2m;
satisfying v/,u; = u;; ¥{. is the Rarita-Schwinger wave function of the £~ normalized to
Yl = —2m; satisfying ¢! = ¥¥, v, ¥ = y,¥" = 0. Let us also recall that the Agp
ground-state can only exist for unequal heavy flavors a#b.

The form factor 7,p.(v1, v2) will be factorized as the product of the Isgur-Wise function
§(v1-v2) concerning the light degrees of freedom, and the wavefunction overlap fape(v1,v2)

between the initial and final heavy diquark systems, namely

T’abc(vlan) = 6(‘"1'”2) ﬁabc(vl’v2) (7)

In the special case a = b let us note that fu.(v1, v2) is the analog of the corresponding overlap
function defined in ref. [5] for the weak decays of heavy quarkonium (however both form
factors should not coincide because of the different binding force and thereby distinct size of
the @,Q, and Q,-aj systems).

Since no heavy quark flavor symmetry can be applied to heavy-heavy systems, neither
Tlabe NOT consequently 7,5 are normalized to unity at zero recoil but can be calculated in a

model-dependent way as in [7] [3] or in [9]. Instead, near this kinematic point £(v;,-vp ~ 1)



can be approximated to unity. Thereby, at v; = v; = v one gets ? from the above expressions

< Aac(v) | 04 [ As(v) > ~ ;’—fn v* () uy(v) (8)
< Aac(v) | O | Sap(v) > ~ 2—’% () vh75 wi(v) (9)
< Maln) 1 0% | S5(0) > ~ 2% wm(0) 94 (0) (10)
< Baclv) | 02 | Baslv) >~ 3% w(v) (309 + 2yP35] o) (1)
< Tal) 1051 Ta) > ~ T () (o) (12)
ST 105 1T0(0) > ~ TGy (0) [~g vk 4 ieSu, igle)  (13)

Next, we form the hadronic tensors at zero recoil from the currents (8-13) averaging and
summing over initial and final polarizations respectively 3. For an initial state A,, we get

aside a common multiplicative %2, (v; = v2) throughout

T [Agp—Age] ~ vHoY (14)
v 1 v »* 1 v v
T [App—Lac] =~ 3 THAwp—X5] ~ 3 (—g" + v*vY) (15)
If the initial state is a T
1
TH (Zap—Aae] ~ 3 (—g*" + v#v") (16)
TW[EZap—2ac) ~ % (=g + v™v¥) + v*o¥ (17)

’Let us remark that the amplitude for the transition £}, —%,. does not vanish at zero recoil contrary to the
result found in {7] (see [10]). In fact, this is readily seen from equation (5) by using the identity ie#*7 y5y5 =
yHy2yT — ghy7 — g@9q# 4 gh742 Upon contraction with v,414(v), the first, third and last terms in the rhs vanish

in virtue of the usual properties of the Rarita-Schwinger spinor, but the second one yields equation (12).

3For the spin-3/2 states we have used:

1
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T (ST ~ 3 (=g + i) (18)
and for the X7, initial state

TH(Ey—Aad ~ 3 (-9 + i) (19)

TH(Ey—Sad ~ § (~g* + ") (20)

THIEL-Ti] ~ 2 (g™ +viet) + v (21)

Gathering those transitions giving a final A baryon one readily finds
T*[Agp—Aac] ~ v (22)
T [Lap—Ase] ~ TH[E;,—Aqc]
1 pv u,v
~ 5(—g + vHv) (23)
whereas for a final £-type baryon (i.e. summing over £,. and I3, modes)

T [Agp—Xgc or ] ~ —gh¥ + vHo” (24)

TH[Eap— e o7 T

Qa

12

(87— Zac or T3]

2
ol

(—g* + v#v¥) + v¥v¥ (25)

The set of equations (22-25) constitute our main result pointing out the same underlying
decay dynamics near zero recoil of the compact diquark in the baryon as heavy quarkonium,
in accordance with our previous intuitive considerations. Let us examine this point in more
detail.

Eqgs. (23), (25) correspond to 1*¥—>0%, 1t 1% diquark parity-conserving transitions.
In a prior work [5], we analized the weak decay of vector resonances like J/9 or T, in
particular the (Q4Q;),- —(Q.Q,)o- transitions induced by the axial-vector current, and the

(Qb@p)1-—(Q:Qp),- transitions induced by both the vector and axial-vector currents. It



turns out that the hadronic tensors for both processes at zero recoil are formally identical,
disregarding the difference between the 7 form factors and a trivial overall 4m,m, factor
due to a different normalization of the hadronic states (see the last ref. in [5]). On the
other hand, eqs. (22), (24) correspond to the 0+ -0+, 0+ -1+ diquark transitions. It is
straightforward to extend the analogy to the decays of pseudoscalar mesons like 7., 7, with
(@6@)o-—(Qc@p)o- occurring now via the vector current and (Qb@p)o-—(Q.Qp):- via the
axial-vector current, as in transitions between heavy-light mesons [11] (the hadronic tensors
being again formally identical at zero recoil).

To make more apparent this similarity we shall apply below the non-recoil approxi-
mation to the evaluation of rates for the semileptonic decays of doubly heavy baryons :
Qa@bg9 — QaQ.q + Ly, in a parallel way to ref. [5] ‘. By non-recoil approximation we mean
that the hadronic matrix elements are obtained at v; = v, though exact kinematic factors
as phase space are used in the calculation of decay rates. Besides we neglect lepton masses
limiting our discussion to the £ = e, u generations.

Consequently, we contract the above hadronic tensors with the symmetric part of the
(zero mass) leptonic tensor, i.e. L™ = £(guq, — ¢%g,.) expressed in terms of the four-
momentum transfer ¢ = p; — p2 to the leptonic system £v. Integrating over g2 between 0 and

my — m3)? similar expressions to those for heavy quarkonium are found
P

Gk m}
192 73

G% (my — my)

5
P[Aab_’Aac + ll/] ~ 60 73 .f122 ‘Vbclz

SP(Z') f122 H/bcl2 -

* G% m} 2 2
F(Eab“’Aac + lV] =~ I“[Eab_'Aac + l”] ~ m [cp(z) + ¢(2)] fi2 Vel

G%r (m1 — m2)5

D) f2 Wil (26)

*Notice that the validity of this approximation as an estimate is supported by the fact that v;-v, is restricted
to values close to unity. For example, regarding the constituent s-quark as a member of heavy quarks the mass

values m; ~ 3.8 GeV [6] and m, = 2.473 GeV [12] for the =, and =0 respectively lead to vy vy ~ 1.09.
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GE m}
192 73

* G2 m, — 5
F[A“b_'zac or 2;ac —+-l1/] ~ [‘P(z) + ¢(z)] f122 |Vbz:|2 - —L(2_017r3—7ni f122 ‘Vbci2

, 2 .05
[[Zap—Zac or Z; +lv] >~ T[X;, 5T 0or B+ ] ~ g_{% T:; 5e(z) + 26(2)] £ [Vicl®
G2 (m1 - m2)5
T o IVicl’ (27)

for each massless leptonic generation and degenerate final baryons.

The transition form factor assumed nearly constant over the whole allowed ¢? range is
given by fi; = /ma/m fiapc(v) = v;). With respect to the ¢ and ¢ phase space factors
depending on z = mj/m, their expressions can be found in the last reference of [5]. The
rhs limits correspond to the non-relativistic approximation z—1 retaining only the leading
terms: ¢(z) ~ ¢(z)/2 ~ 16/5(1 — z)°.

In summary, considering the ideal limit of infinitely heavy quarks and the (arguable [4])
assumption of the full validity of the spin symmetry, eqs. (26) and (27) yield a relative
branching fraction » = 3 of modes with a final Z-type (X or £*) baryon to modes with a final
A-type baryon (for unequal final heavy flavors), no matters that the initial state is a A- or a
Y-type baryon. In fact, an equivalent enhancing factor of 3 in favor of final vector hadrons
with respect to pseudoscalars is expected as well in semileptonic decays of either heavy-light
mesons [13] [11] or heavy-heavy mesons [5] as asymptotic predictions.

In reality, the breaking of the mass degeneracy between different spin-states may imply
appreciable effects on rates especially in charmed baryons because of the strong dependence of
the phase space factors on the mass difference between the initial and final hadrons. Writing
m(Zac) = m(Aq) — 36m and m(Z3,) = m(Aac) + 16m [6], weighting the contribution from
each X4, ;. mode according to the set of eqs. (14-21), one gets from the non-relativistic

expressions in (26), (27) a simple algorithm furnishing roughly r corrected by phase space,

ém

my — mZ(Aac) (28)

r~3 + kX



where ém stands for the hyperfine mass splitting between ¥,. and L. ; k takes the values
~ 1, 8, ~2 for an initial Agp, X, I, baryon, respectively. In the real world, however,
heavy constituent quarks are restricted to charm, beauty and may be also s-quark to some
extent, whereas top must be left aside as it would not form a bound state. Since Ag, only
exists if a#b, expression (28) only applies to an initial doubly charmed or beautiful Z-type
baryon. Assuming §m < 100 MeV [6] [8], the correction due to phase space is expectedly
small, » remaining close to 3.

Therefore, we predict the following general trend in semileptonic decays of unpolarized
doubly heavy baryons: modes with a final state X-type (X or X*) baryon should appear at
a higher rate than those with a A-type baryon as a consequence of the (approximate) heavy
quark spin symmetry in the preasymptotic mass region (moreover, recall that Ay, Zpc— Accly
decays are forbidden and final states other than the ground-state A.. should be then consid-
ered in a more exhaustive analysis).

Future available data from the Tevatron {14] or LHC/SSC machines where doubly heavy
baryons will be copiously produced [15] could permit to test our predictions for semileptonic
decays and hence to determine the size of the corrections to these leading order evaluations.
Furthermore, the possible consistency between our estimates in this work and those for
the analogous decays of heavy-heavy mesons like charmonium, bottonium (which might be
detected in a tau-charm factory, B-factory [5]) or B, mesons, should be useful to establish
cross-checks of the heavy quark spin symmetry and the assumed factorization of the light and
heavy components in the decay dynamics. Further comparisons could be extended to singly
heavy mesons and baryons, offering altogether a general insight into the spectator behavior
which is on the physical grounds of the phenomenological applications of HQET to the weak

decays of hadrons.
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