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We show how heavy quark symmetry constraints on doubly heavy baryon semileptonic decay
widths can be used to test the validity of different quark model calculations. The large discrepancies
in the results observed between different quark model approaches can be understood in terms of a
severe violation of heavy quark spin symmetry constraints by some of those models.
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I. INTRODUCTION

In hadrons with a single heavy quark the dynamics of the light degrees of freedom becomes independent of the
heavy quark flavor and spin when the mass of the heavy quark is made arbitrarily large. This is known as heavy
quark symmetry (HQS) [1,12, 3, l4]. This symmetry can be developed into an effective theory (HQET) [5] that allows
a systematic, order by order, evaluation of corrections in inverse powers of the heavy quark mass. Ordinary HQS can
not be applied directly to hadrons containing two heavy quarks. There, the kinetic energy term, needed to regulate
infrared divergences, breaks heavy flavor symmetry ﬂa] Only the spin symmetry for each of the heavy quark flavor is
preserved. The symmetry that survives is heavy quark spin symmetry (HQSS), which amounts to the decoupling of
the heavy quark spins for infinite heavy quark masses. In that limit one can consider the total spin of the two heavy
quark subsystem (S;,) to be well defined. HQSS is sufficient to derive relations between form factors for the decay
of hadrons containing two heavy quarks. That was first shown in Ref. ﬂ], where the authors adopted an approach
where the two heavy quarks bind into a color anti-triplet which appears as a pointlike color source to the light degrees
of freedom. Applying the “superflavor” formalism of Georgi and Wise ﬂg, 9, @] allowed the matrix elements of the
heavy-flavor-changing weak current to be evaluated between different baryon states. Semileptonic decays of the B,
meson were also studied using HQSS in Ref. ] The formalism employed in ] has been recently extended to
describe semileptonic decays of bc baryons to cc baryons ﬂﬂ] The scheme presented in ﬂﬂ] does not rely on the
“superflavor” formalism and HQSS is naturally implemented in it. In agreement with Ref. [7], the authors® of Ref. [12]
found that spin symmetry for two heavy quarks enormously simplifies heavy to heavy semileptonic baryon transitions
in the heavy quark limit and near the zero recoil point. As a result it is shown how an unique function, called the
Isgur-Wise (IW) function, describes an entire family of decays involving doubly heavy baryons with total spin 1/2 and
3/2. This imposes limitations to any quark model calculated form factors. Besides, the fact that all baryon matrix
elements are given in term of just one function induces relations among different decay widths that, to our knowledge,
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Baryon Quark content S, J" Mass [MeV]||Baryon Quark content S, J" Mass [MeV]
Eee ccl 1 1/2% 3612 Qee ccs 1 1/2% 3702
=5 ccl 1 3/27 3706 Q. ccs 1 3/27 3783
Zob bbl 1 1/2% 10197 Qs bbs 1 1/27 10260
Eh bbl 1 3/27 10236 Q7 bbs 1 3/2% 10297
Zhe bcl 1 1/2% 6919 Qe bcs 1 1/2% 6986
= bcl 0 1/27 6948 Q. bcs 0 1/27 7009
= bcl 1 3/2% 6986 Q. bcs 1 3/2% 7046

TABLE I: Quantum numbers of doubly heavy baryons analyzed in this study. J© is the spin parity of the baryon, and S, is
the spin of the heavy degrees of freedom. [ denotes a light u or d quark. Mass predictions from Ref. Il_AI] obtained using the
AL1 interquark potential of Ref. ﬂﬂ] are also given.

1 They find two differences with the results of Ref. ﬂ], which cannot be eliminated by redefining the phases of the physical states. One
difference was already pointed out in ]
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have not been exploited before to check the validity of different quark model calculations. This is the main purpose
of this letter.

In a recent work [14] we have studied, within a nonrelativistic quark model framework, static properties of doubly
heavy baryons and their semileptonic decays driven by the b — ¢ transition at the quark level. For the semileptonic
decays we limited ourselves to spin 1/2 to spin 1/2 baryon transitions?. While we have shown that our wave functions
have the correct limit for infinite heavy quark masses®, we did not check HQSS constraints on the form factors or
decay widths. Here we would like to extend our previous study on doubly heavy baryon b — ¢ semileptonic decays
to include also doubly heavy spin 3/2 baryons and test our model and others against HQSS predictions. These type
of decays have been studied in different relativistic quark model approaches |16, [17, 18], with the use of HQET [19],
using QCD sum rules [20] and three-point nonrelativistic QCD sum rules [21], or in the framework of the operator
product expansion using the inverse heavy quark mass technique [22]. Discrepancies between the results obtained
in different quark model are sometimes very large. Therefore, it is worthwhile to use HQSS relations among decay
widths to check the validity of the different calculations.

In Table [ we summarize the quantum numbers of the doubly heavy baryons considered in this study®.

II. FORM FACTOR DECOMPOSITION

Hadronic matrix elements can be parameterized in terms of form factors. For 1/2 — 1/2 transitions the commonly
used form factor decomposition reads

(B'(1/2),7" 5 |TO(1 = 75) W 0)| B/2),7 5) = @ (7) {7 (Fi(w) = 35G1(w)) + v (Fa(w) = 35Ga(w))
" (Fy(w) = 15Gs(w) Jul (7) (1)

with |B(S),r p') representing a baryon state with three-momentum p, total spin S, and spin third component r.
The baryon states are normalized such that (B(S),r" p”| B(S),r p) = (2m)3(Ep/mg) 6y 82(7 — p”) being Ep, mp
the baryon energy and mass. The uZ are dimensmnless Dirac spinors, normalized as @, = 6. v*, v'* are the
four velocities of the initial and final baryon. The three vector Fy, F», F3, and three axial G1, G2, G3 form factors
are functions of the velocity transfer w = v - v or equivalently of the four momentum transfer (¢ = p — p’) square
¢* =m% +m¥%, — 2mpmpw. In the decay w [ ¢? ] ranges from w =1 [¢* = ¢, = (mB — mB/)Q] corresponding to
zero recoil of the final baryon, to a maximum value given by w = wmax = (Mm% + m¥%, —mi)/(2memp) [¢* = mf],

which depends on the transition, and where m; stands for the final charged lepton mass (we neglect neutrino masses).

For 1/2 — 3/2 transitions we follow Llewellyn Smith [23] to write

(B'(3/2),r'"] T°(0)y “(1—75)‘1’b(0)|B(1/2),rﬁ> = @l (7Dl (p)

0)4 CY(w CY(w
[A# = ( G5 @) g — gy 4 G 2 ) rap — Ppmy + B 2 ) (¢ ap— ) +Cé’(w)g“> Vs
mB mp
C?(W) Ap A ( ) A P A A CA(W)
Z3 — 47 C oy Z6AET A 2
+(m3 (9™ —a™") + m (g™ ap’ = a"p™) + C5 (w)g +mQqu (2)
with p, p’ the four-momenta of the initial, final baryon, and where we use the convention g** = (4, —, —, —). uf;, is
a dimensionless Rarita-Schwinger spinor normahzed as Uy’ u = —0ppr.

For 3/2 — 1/2 transitions we have

(B'(1/2),r'5"] T(0)y" (1 — 75)¥°(0) |B(3/2),rp) = all (7)1 *uf,(7)
M =AM (mp — mpr,p e p',q — —q)]™°

(3)

2 In that reference we missed a factor 1/\/5 that affected our results for form factors. Decay widths were thus affected by a factor 2. An
erratum has been sent.

3 In the infinite heavy quark mass limit the baryon should look like a meson composed of a light quark and a heavy diquark.

4 Note that the definitions of . and E;m are interchanged in some references, with =, having S;, = 0 and Egc having S, = 1. The same
applies to Q. and Q;)C. In tables we always quote the results corresponding to our convention (see Table [I)).



Finally for 3/2 — 3/2 transitions, we believe there are 25 vector plus 25 axial form factors. The amount of form
factors suggest a different strategy in this case and thus we do not show the form factor decomposition.

In Ref.[14] we presented results for 1/2 — 1/2 transition form factors. In a similar way one can evaluate all form
factors for 1/2 «—— 3/2 transitions. It is not the purpose of this work to present results for all individual form factors.
Instead, we would like to study to what extend they obey the restrictions imposed by HQSS.

III. HQSS CONSTRAINTS ON FORM FACTORS FOR SEMILEPTONIC DOUBLY HEAVY BARYON
DECAY

We quote in what follows the results obtained in Ref.[12], using HQSS and near zero recoil, for the semileptonic
bc — cc baryon decay with the initial baryon at rest. There it was found that all hadronic matrix elements were given
in terms of just one universal function (n(w)), known as the IW function. Indeed HQSS predicts

1 _ . 4 _
By — B _2 n u/r’(_q )(27# - 5’7#’75)/“’7‘(0) (4)
, L -2 .
Bbc — Bee _2 _377 url(—q)(—v '75)’U’T(O) (5)
) 1 -2 .
By — B, —= —=1 )5 (=)ur(0) (6)
2 V3
1 -,
. 1 —2
Bbc - Bcc _2 _377 ur’(_q )ur (0) (8)
* * 1 — = 0
Bbc - Bcc _2 (_2) n u?’\(_Q)(Wu - 7”’75)’“)\7‘(0) (9)

where here B stands for a = or ) baryons. The IW function which controls the = decays is different to that appearing
in Q decays since the IW function depends on the light degrees of freedom. The IW function n is approximately one
at zero recoil (n(w = 1) &~ 1), as can be deduced from vector conservation in the limit of degenerate b and ¢ quarks®.

Similar results can be obtained for semileptonic bb — bc baryon decays, but there will have different IW functions
because of the heavy flavor symmetry (HFS) breaking in hadrons with two heavy quarks.

Let us see the implications of the above relations for the form factors calculated in quark models.

A. 1/2 —1/2 transitions

Near zero recoil the three vector structures v#, v# and v'* present in Eq.(d) give, up to corrections proportional
to || that cancel near zero recoil, the same contribution. On the other hand, the Dirac’s structure of the axial form
factors Go and G3, and due to the anti-diagonal nature of v5, give contributions that are again proportional to |7]|
and thus cancel near zero recoil. To the extent that for the actual heavy quark masses we are close enough to the
infinite heavy quark mass limit, Eqgs.( 0] imply the following restrictions on form factors

1 3
By — B — (F1+ Fo+ F3)=—G; = 10
b \/5( 1+ Fo + F3) ok n (10)
3
Bl/m — Bcc (Fl —|— FQ —|— Fg) = O N —\/;Gl = ’I] (11)

The same relations can be derived respectively for By, — By and By, — By, decays.

In Figlll we show our results for the above quantities evaluated for the Zp. — Z.., Egc — Zee and Zpp — S,
Epp — Zp, transitions. We have used the AL1 interquark potential of Ref. [15] and actual heavy quark masses (baryon
masses are given in Table[l). We do not show very similar results obtained for transitions involving Q baryons. We

5 Note the authors of Ref.[12] missed a global normalization factor 1/+/2. An erratum has been sent.
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FIG. 1: Left panel: (F1+ F>+ F3)/\/§ and 3G1/2\/§ of the Zp. — Ecc transition (in red), and Fi 4+ F» + F3 and —\/gGl/\/ﬁ
of the =}, — Z.. transition (in blue) evaluated using the AL1 interquark potential of Ref.|15]. Right panel: same as left panel
for Zpp — Zpe and Zpp — =, transitions.

see in the figure that the above restrictions are, to a good approximation, satisfied by our calculation over the entire
w region.

B. 1/2 < 3/2 transitions

In this case one can see that all contributions generated by the CY', CY, CY, CY, and C{ form factors are propor-
tional to |7|, cancelling thus near zero recoil. The same happens for the ¢*y* dependence of the C’é“ form factor and
the ¢*p'* dependence of the C§! form factor. On the other hand the g** dependence of the axial part of the current
survives near zero recoil. The restrictions imposed by Eqgs. (@8] are in this case

Bye — B \F G )+ S g B —md. )+ C (12)
c — B, —4/= mp,, — Mp» mp, Ep: —mp. =
b 2 \mp,, e T gy BT TR )
1 (¢4 c
B/c _)B:c - = . mp, —mpx )+ R mp: Ep« _m2* +CA =1 13
b \/§ (mBéc( Bbc cc) mQB{)C( Bbc ce Bcc) 5 ( )
* 3 C?:4 Cf 2 A
Bbc — Bcc - \/; <_ ma.. (mBgc - chc) - mTBCC(mB;C — mBZCEBCC) + C5 =1 (14)

For By, — By, B}, — By and B}, — By the relations obtained are given respectively, and with obvious changes,
by Eqs.([I2), () and again (I4) but in the latter case with the factor 1/3/2 changed to 1/+/2.

We show now In Figl2 our results for the 5. — Zf,, =] . — Z, and Zj, — =, transitions, and for the =y, — =},
=5, — Zpe and Ef, — I transitions, again evaluated with the AL1 interquark potential of Ref.[15] and actual heavy
quark masses. We do not show results for {2 baryons which are very similar to the ones presented. We see again our
calculation is in accordance with HQSS constraints.

C. 3/2 — 3/2 transitions

In this case we have not evaluated explicitly individual form factors. Here we proceed as follows: we evaluate the
hadronic matrix elements in Eq. (@) for different spin configurations, selecting only vector or axial components for
which the matrix element does not cancel near zero recoil. The corresponding matrix elements are also evaluated in
the quark model of Ref. [14]. By comparison of the two calculations we get the IW function. In this way one can
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FIG. 2: Left panel: relations in Eqs. (234 for Zpe — =i, Zpe — Zee and Zj, — Z.. transitions. We also show, for
better comparison the results already shown in Fig. [l Right panel: similar relations for Zp, — =5, Z5 — Zbe and Zj, — =i
transitions. All the results have been obtained using the AL1 interquark potential of Ref.[15].
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FIG. 3: Left panel: Different IW functions obtained for =, — E7, transitions (black curves) using the vector or the axial part
of the weak transition current, and for different spin configurations. For better comparison we also show the corresponding
results obtained for 1/2 — 1/2 and 1/2 «— 3/2 transitions. All results have been obtained using the AL1 interquark potential
of Ref.[15]. Right panel: same as left panel for bb — bc transitions.

obtain five different functions, two of them with the vector part of the current and three others with the axial part. In
the infinite heavy quark mass limit these five functions should coincide among themselves and with the ones obtained
in1/2—1/2 and 1/2 «— 3/2 transitions.

The results are shown in Fig.[Bl What we see is, that to a good approximation, better in the bb — bc case as one is
closer to the infinite heavy quark mass limit, all 1/2 — 1/2, 1/2 «— 3/2 and 3/2 — 3/2 transitions are governed in

terms of just one function. As mention before this function is different for the bc — cc and bb — be cases due to HFS
breaking.

IV. SEMILEPTONIC DECAY

In this section we present our results for semileptonic decay widths and compare them with the ones obtained
in other quark model approaches. In some cases there are large discrepancies between different calculations. The
fact that, at least for the bb — bc case, we are not far from the infinite heavy quark mass limit suggests that some



calculations might be inconsistent with HQSS.
The decay width is given by

G2 Wmaz
r= ﬁ Vcb|2m?j3,/l dw Vw? —1 L*" H,, (15)

where Gr = 1.16637(1) x 10~ MeV—2[24] is the Fermi decay constant and |V,| is the modulus of the corresponding
Cabibbo-Kobayashi-Maskawa matrix element. £#*¥ is the leptonic tensor defined as
31 73
o _ [ RV
2F 2F'

6D (g — k= k') (K"K + Kk — "k - K + i Pk, k) (16)

where k, k' represent the momenta of the final charged lepton and antineutrino respectively. We use the convention
€123 = —1. Using Lorentz covariance one can write

AV
LM = A(g?) g + B(¢?) qq§ (17)

where neglecting neutrino masses

2 m4
B(¢®) = I(g ) (q2 +mj — 2q—§> (18)
with
I(¢?) = 2—7;2@2 —mj) (19)

Note that for a light lepton | = e, we can neglect terms in m?/q? over most of the ¢ interval and thus use
B(q*) = —A(¢?).
The hadron tensor is given by

Hyuw(p,p') = 2511 Z <B/(Sl)77”/ P’

rr!

T (0)7(1 = 13)¥"(0)| B(S).7 )

T (0) (I = 15)¥(0)| B(S), 7 5) (20)

In Ref. [14] it is shown how 1/2 — 1/2 hadronic matrix elements are evaluated within our model. The extension to
the 1/2 «— 3/2 and 3/2 — 3/2 cases is straightforward.

In Table [[Il we compare our results for = — Z transitions with the ones calculated in different models. Our central
values have been obtained with the AL1 potential of Ref. |[15], while the errors shown indicate the spread of the results
when using four other interquark potentials, three more taken from Ref. [15] and another one from Ref. [25]. In all
cases we have used a value |V 3| = 0.0413. Our results are in a global reasonable agreement with the ones in Ref. [16]
where they use a relativistic quark model evaluated in the quark-diquark approximation®. In Ref. [19], and using
HQET, results around a factor of 4 larger than ours are found”. We believe this factor of 4 discrepancy stems from the
fact that in Ref. [19] the author approximates 7(w) by 7(1) in the calculation of the decay width®. In Ref. [21] they
obtain results similar to the ones in the previous reference’. Finally in Ref. [17] they obtain in general much larger

6 Note the results we show under Ref. [16] are a factor of 2 smaller than the originally published. The reason beint that the authors of
that reference also missed a normalization factor 1/4/2 for diquarks with two equal quarks [26]. An erratum has been sent.

7 Note the results we show under Ref. [19] are a factor of 2 larger than the originally published. There is a factor v/2 wrong in the
normalization of matrix elements that affects the published results [27].

8 If we take for instance the approximate expression in the Eq. (2IJ), which is closer to the approximations used in Ref. [19], and make
n(w) = n(1) we get T(Epe — Ecc) = 9.4 x 10714 GeV in agreement with the result in Ref. [19]. On the other hand if we take the actual
n(w) values we get I'(Epe — Ecc) = 2.4 X 107 GeV, roughly a factor of 4 smaller and in agreement with our full calculation result.

9 We must say we believe the calculation in Ref. [21] is affected by the same normalization mistake made in the original calculation in
Ref. [19] as they give F + F> + F3 = 7 instead of Fy + Fa + F3 = \/517. To our understanding their present results have to be multiplied
by a factor of 2.



This work [16]T [17] [21] This work [16]" [17] [19]* [21]
D(Zp — Zpe i) 1927520 1.63 285 8.99|| ['(Zpe — Zcc 7)) 2571028 230 8.93 8.0 8.87
L(Ew — 5, l7) 1067313 082 4.28 ['(Z],. — Eeloy) 1361919 0.88 7.76
D(Ew — Z5 1) 061190 053 272 2.70| [(Zp. — Z5.10;) 07570 0.72 141 2.4 2.66
D(Z — S 1) 1.0479% 082 857 (=, — Z5.1p) 2331916 170 28.8
D(Z5 — Seelty) 035799 028 520 D(Z;. — Eclpy)  04379% .38 27.5
D(Zp, — Zi 1) 2091 192 129 D(Ep. — E5.1p) 26371 269 17.2

TABLE II: Decay widths in units of 107!* GeV for doubly heavy = baryon semileptonic decay. Our central results have been
obtained with the AL1 potential of Ref. [15]. The errors show the spread of results when using four other interquark potentials
taken from Refs. [15, 25]. We have used a value |V.;| = 0.0413. [ stands for a light charged lepton, | = e, . For results with
and * see text for details. The results of Ref. [21] are given as quoted in Ref. [16].

This work [16] This work [16]
ch - Qcc lVl
Qgc — QCC 1171

( ) (
( ) (
D(Qu — Q1) 0.6779% 055 || T'(Qpe — Q7,1
( ) (
( ) (
(

2147520 170 || T 2.5910-20 948

1167013 083 || T 1.361%°  0.95

~

113+58L o085 || (€, — Q.1 2.36103%  1.83

~

0.38795; 029 || ['(Q2. — Qe iy 0.44709  0.40

2.7910-60 9 g

)
)
o) 076713 0.74
)
)
)

O — Y L) 2200908 20 || T(Q, — .y

TABLE III: Same as Table [l for doubly heavy  baryon semileptonic decay. Decay widths are given in units of 107 GeV.

results for all transitions. In this latter calculation the authors take the Bethe-Salpeter equation model to analyze
the weak transition matrix elements between two heavy diquarks, and then use “superflavor” symmetry [&; |9, [10]
to evaluate the transition matrix elements at the baryon level. The global results show a contradiction between the
calculation by Guo et al. |[17] in one hand, and ours and the one by Ebert et al. [16] on the other.

In Table[[Tl we show results for  — Q transitions. Again we get a global reasonable agreement with the calculation
by Ebert et al. |16].

It is worthwhile to mention that for the case of baryons with a bc heavy quark content the actual physical states
= and Q will be an admixture of =y, E;. and Qpc, 2, respectively. If we look for instance at our model predictions
we see the widths are very different for transitions involving =, or Z; ., and Q. or . Accurate measurements of
decay widths could thus give information on the admixtures.

V. HQSS CONSTRAINTS ON SEMILEPTONIC DECAY WIDTHS

To the extent that one is close enough to the infinite heavy quark mass limit and near zero recoil we can combine
the HQSS results in Egs.([@H3) with Eq.(T), to approximate the tensor product £** H,, by

51

n §{A(q2) (=26 w + 20) +B(q¢?) {26 W +(5-13 w)] } (21)

%

Bbc — BCC L#U H,U.l/

Q

B, — Bec L" H,, nQ%{A(qQ) (—6w —12) +B(q?) {6 % —3(1+ w)] } (22)



1 !/ . 2
By — B, LM H,, ~ 772% {—6A(q2) +2B(g?) [ (w q;’) - 1] } (23)
/ * nv 2 I+w 2 2 (U/ q)2
B;.— B}, LY Hy ~ 1 5 —6A(q°) + 2B(q°) Z -1 (24)
N » 1+w v-q)?
By, — Bee LY Hy =~ 772T {_3A(q2) + B(q2) |: ( q2q) B 1:| } (25)
1 / .
Bio— B £ = g {0 (1807 + B [ o+ 407) + 0D 304 00)) |

(26)

and similar ones for bb — bc decays.
Working in the strict near zero recoil approximation, w =~ 1 or equivalently ¢ quite close to its maximum value

Ghax> WE can approximate

(v-q)?® (W-q-q _ (-q

2
~ 2 ~ 1

q? q? q? ’ 27
and A(q®) = —B(q?) near ¢2,,.. In these circumstances, and using
MB,, = MBy, 5 MpB,, < Mp; < Mpy ; MB,, <~ MB:,, (28)
HQSS predicts that the different decay widths are in the relative ratios
[(Bype — Bee) @ D(Bye — Bee) : T'(Bye — Bl,) : T'(By, — By.) : I(Bj, — Bee) = I'(Bj. — B,
4 : 3 : 2 : 6 : 1 : 5 (29)
I'(Bw — Bee) :+ T(Bw — By.) + T(Bw — Bj) « T'(By, — Bye) @ T(By, — Bue) : I(Bj. — By
4 : 3 : 2 : 3 : 1 : 5 (30)

In Table [V] we show the above ratios obtained in different models. Our results and the ones by Ebert et al.[16] are
in reasonable agreement with the HQSS predictions in this strict near zero recoil approximation. On the other hand
the results by Guo et al.[17] deviate heavily form the above predictions. This disagreement does not improve much
by using a different decay width to normalize the ratios

['(Bpe — Bee) @ T'(Bpy, — Bee) @ T'(Bye — Bi) : T'(By. — B.) : I(Bj. — Bee) : I'(B;, — Bi.)

HQSS 4 : 3 : 2 : 6 1 5

This work = 6.04 : 3.20 : 1.75 : 5.48 1 6.18
This work 5.88 : 3.08 : 1.73 : 5.36 1 6.33
[16] = 6.12 : 2.35 : 1.91 : 4.53 1 7.16
[16] Q 6.19 : 2.38 : 1.85 : 4.58 1 7.20
[17] = 0.32 : 0.28 : 0.53 : 1.05 1 0.63

[(Byy — Bye) : T(Bww — By.) : I'(Bw — Byy.) : T'(By, — By.) @ I'(Bgy, — Bye) : T'(By, — By.)

HQSS 4 : 3 : 2 : 3 1 5

This work = 5.56 : 3.07 : 1.75 : 3.01 1 6.04
This work Q2 5.71 : 3.09 : 1.77 : 3.01 1 6.11
[16] = 5.93 : 2.98 : 1.91 : 2.96 1 6.96
[16] Q 5.96 : 2.91 : 1.93 : 2.98 1 7.00
[17] = 0.55 : 0.08 : 0.52 : 0.16 1 0.24

TABLE IV: Decay width ratios for semileptonic bc — cc and bb — bc decay of doubly heavy = and €2 baryons compared to
the HQSS predictions in the strict near zero recoil approximation. Our results have been obtained with the AL1 potential of
Ref. |15]. I stands for a light charged lepton, | = e, pu.

We can relax the strict near near zero recoil approximation to obtain more accurate predictions based on HQSS in
the following way. For the actual doubly heavy baryon masses wpq, =~ 1.22 (1.08) for be — cc (bb — be) transitions



while the different differential decay widths dI'/dw show a maximum at around w ~ 1.05 (1.01). We can thus still use
w = 1 and A(¢?) ~ —B(¢?). On the other hand the quantities (v - q)?/q¢?, (v' - q)?/q?%, (v-q)(v' - q)/q?, that are all
equal to 1 near zero recoil, can deviate rapidly from 1 because of the ¢? factor in the denominator. What is true, in
and around the maximum of the differential decay width, is that we can reasonable approximate

(v-9? (-9 g

q? q?
v - q)? v q)(v-
( qzq) o qq)Q( q) (31)

With the above consideration we can still predict approximate ratios between different decay widths that one expects
to be satisfied to an accuracy of 20 ~ 30%. We have chosen to define those ratios so that they are all equal to one,

3T(By. — B 1)  3T(Bj, — Bielin)
U'(Bye — Bi.lm)  T(Bw — Bj.lm)
2T(B;, — Beclin) 2T(By, — B;. 1)
F(Blfc - BCC lpl) ~ F(B;:b e Bbc lDl)
IT(By, — Beelm) ~ iT(By, — By lm)
T(Bye — Beely) + 3 T(Bye — By, 1) T(By — Bpeln) + 1 T(Byw — By lin)

~1 (33)

(34)

Q

Note, we consider as independent the phase-space integrals of n?(w)A(q¢?) and 7> (w)A(qQ)Wz)#.

In Tables [VIIVIl we show the above ratios evaluated in different quark model approaches. Once again calculations in
this work and the ones in Ref.[16] are compatible, within the expected accuracy, with the approximate ratios obtained
using HQSS results. On the other hand the deviations found in the results by Guo et al. are, in most cases, too large.

This work [16] [17]
= Q = QO =2 Q
P(Bl/;c_’BZc o) +0.03
ST(Bm D 171) 104799 1,04 405 0.79 0.82 0.68 —

F(Bbc_’BZc lDl)
% P(B{,C_>Bcc )

0.8270:0% 0.84100% 1.22 1.17 2.72 —

(B}, —Be 1)
IT(B},—Beclin)

0.9470-1 0.971019 1.28 1.26 10.6 —

L(Bj.—Be.ln)
F(Bbc_’Bcc ll?l)-i-% F(BbCHB;C lDl)

0.8970-11 0.94%01% 1.01 1.01 1.08 —

TABLE V: Decay width ratios for semileptonic bc — cc decay of doubly heavy = and 2 baryons. In all cases the approximate
result obtained using HQSS is 1. Our central results have been obtained with the AL1 potential of Ref. [15]. The errors show
the spread of results when using four other interquark potentials taken from Refs. |15, 125]. [ stands for a light charged lepton,
l=e, p.

VI. SUMMARY

We have checked the constraints imposed by HQSS on form factors and decay widths. To our knowledge those
constraints have not been exploited before to check the consistency of different quark model calculations. We have
shown that our calculation is consistent with HQSS. The ratios in Eqgs.([29I30), obtained using HQSS with strict zero
recoil approximation, and the approximate ratios in Eqgs.([32H35), where we have relaxed that approximation, compare
well with the results in our model and the one by Ebert et al. [16], but they are incompatible with the calculation in
Ref. |17]. We think that although this is not enough guarantee for the predictions here and in Ref. [16] to be fully
correct (in fact the few results in Refs. [19, 21] are not incompatible with HQSS constraints while they are a factor of
four larger than ours), it certainly indicates problems either in the model or in the calculation performed in Ref. [17].
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This work [16] [17]
= Q = Q = Q
L'(By,— By ) 40.01 +0.03
ST (B =BT 1.0072-91 10099 0.99 0.99 0.05 —
F(Bbb—’Bgc lDl) +0.08 +0.05
T (BB Ii1) 0.86+0%8 0.8670-%% .96 0.99 9.53 —
['(By,— Bee l21) 40.09 40.06
T B B 1) 0.9819:99 . 97+0-9 1 01 1,03 36.4 —
[(By,— By, 1) +0.07 +0.11
B B I LT By B 1) | 4506 095787 101 Lot 031 —

TABLE VI: Same as Table [Vl for semileptonic bb — bc decay of doubly heavy Z and €2 baryons.
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