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Abstract The form factors of the weak ., — E(A) transi-
tions are calculated in the framework of the relativistic quark
model based on the quasipotential approach. All relativistic
effects including transformations of the baryon wave func-
tions from the rest to moving reference frame and contri-
butions of the intermediate negative energy states are sys-
tematically taken into account. The explicit analytic expres-
sions which reliably approximate the momentum transfer
g? dependence of the form factors in the whole accessible
kinematical range are given. The calculated form factors are
applied for the evaluation of the semileptonic E, — Efvy
and E, — Alvy (€ = e, u) decay rates, different asymmetry
and polarization parameters within helicity formalism. The
obtained results are compared with available experimental
data and previous calculations.

1 Introduction

This year significant experimental progress has been achieved
in studying weak decays of the charmed E. baryons. Until
now the absolute branching fractions of both neutral E?
and charged EF baryons were not measured. All decay
modes were only measured relative to 20 — E~7 T and
EF — E " mtx™ modes [1]. This fact significantly com-
plicated comparison of theoretical predictions with experi-
mental data. However, recently the Belle Collaboration pre-
sented the first measurement of absolute branching fractions
of the neutral Eg baryon in three decay modes including
g% — E~x* one [2]. Its branching fraction is Br(8% —
E-7T) = (1.80£0.50+0.14)%. Then the absolute branch-
ing fractions of its charged partner E, were also reported
[3] for three decay modes including EF — E~ 77t with
Br(8f — E xtn™) = (2.86 £ 1.21 £ 0.38)%. These
results can be combined with E. branching fractions mea-
sured relative to corresponding modes to get other absolute
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E. branching fractions. Thus the experimental values of E,
semileptonic branching fractions can be determined.

In this paper we calculate the weak 2, — E(A) transition
form factors in the framework of the relativistic quark model
based on the quasipotential approach and use them to eval-
uate the semileptonic branching fractions of the E. baryon.
This model was successfully applied for studying semilep-
tonic decays of bottom Ay [4] and E,, [5] and charmed A [6]
baryons. The form factors are expressed as the overlap inte-
grals of the baryon wave functions. The important advantage
of the employed model is the comprehensive inclusion of the
relativistic effects which allows us to explicitly determine the
g? dependence of the form factors in the whole kinematical
range, thus increasing reliability of the results. The calculated
form factors can be then used for the determination of branch-
ing fractions and other important observables which can be
measured experimentally. The results can be confronted with
previous theoretical predictions and new experimental data.

2 Form factors of the weak =, baryon decays

We consider the matrix element of the weak current J ;XV =
Vi—A =qyu(1—ys)c(qg =s,d)between E; and E or A
baryon states, respectively. In the quasipotential approach it
is expressed through the overlap integral of the baryon wave
functions Wpp, (B = E¢, E, A) projected on the positive
energy states (pp is the baryon momentum) [4]

(EM) (P!, 1Ec(pe,))
dPpdiq -

= WWE(A)pEW @ DYz pe, (@ (D
Here I',(p, q) is the two-particle vertex function which
receives relativistic contributions both from the impulse
approximation diagram and from the diagrams with the inter-
mediate negative-energy states [4]. It is convenient to con-
sider semileptonic decay in the rest frame of the initial E.
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Table 1 Form factors of the

weak B, — B transitions @ @ 1@ iNUe) ACS) VA UD)
f(0) 0.590 0.441 0.388 0.582 —0.184 —1.144
f(q,%m) 0.757 0.766 0.601 0.762 —0.397 —1.948
ag 0.533 0.540 0.478 0.606 —0.316 — 1.285
ai 1.323 —1.941 — 0.660 —0.482 1.894 3.174
a —6.53 5.54 —12.96 1.55 4.19 —14.42

Table 2 Form factors of the v, 2 vV, 2 v, 2 A, 2 A, 2 A, 2

weak E, — A transitions i ™) 52 @) 15 @) /@) 15@@) 13(@”)
£ 0.203 0.165 0.120 0.201 —0.054 —0.427
F@2.) 0.304 0.370 0.261 0.275 —- 0215 —0.954
aop 0.166 0.202 0.179 0.189 —0.148 —0.453
ap 0.402 —0.142 —0.091 0.154 0.481 — 0.084
as —1.04 —0.653 —2.00 —-5.15 0.917 1.69

baryon. Then it is necessary to take the final E(A) in the = where the variable

moving frame [4].

/t, — g2 — [, —
The weak E, — E(A) transition matrix elements are Z(qz) = b+ —4 v —10 4)

parametrized in terms of six invariant form factors [7]

(E(N) (), SHIVHIEc(pz,. 5))
=uzn) (Pr)s S/)[flv @Hy"
w
gV 2N v qv v, 2, 4
f @)io _MEC +f3 (g )M

(E(A)(pa(a), sHIAMEe(p, 5))
=g (Pe), S/)I:f]A(qz)VM

- ]MEC(PEC,S),

"
A2y v Gy A2y 4
Do o=+ [ a5

S S

:IVS”E(.(PEcs s),
()

where Mp and up(p, s) are masses and Dirac spinors of the
initial and final baryons (B = E., E, A), ¢ = pz(a) — PE,-

Comparing (1) with (2) we obtain these form factors
in the framework of the relativistic quark model. They are
expressed through the overlap integrals of the baryon wave
functions [4] which are known from the calculations of the
baryon mass spectra [8,9]. The explicit expressions are given
in Ref. [4]. They systematically take into account all relativis-
tic effects including transformation of baryon wave functions
from the rest to moving reference frame and contributions of
the intermediate negative energy states.

Following Ref. [5] we fit the numerically calculated form
factors by the following analytic expression

1
flg* = m{ao +a1z(g?) + a2lz(gH1P), (3)

@ Springer
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here t = (Mp,(p) + Mk(m)* and to = qp. = (Mg, —
M E(A))Z. The pole masses have the following values. For
E. — E transitions: Mpole = Mpr = 2.112 GeV for fl‘,/z;
Mpole = Mp,, = 2.535 GeV for f{*, and f3; Mpoe =
Mp, = 1.969 GeV for f3A.For 8. — Atransitions: Mpole =
Mp+ = 2.010 GeV for fl‘,/Z; Mpole = Mp, = 2.423 GeV for
fiY and £ Mpole = Mp = 1.870 GeV for f3!. The fitted
values of the parameters ag, aj, ap as well as the values of
form factors at maximum ¢ = 0 and zero recoil > = g2,
of the final baryon are given in Tables 1 and 2. The difference
of the fitted form factors from the calculated ones does not
exceed 0.5%. The form factors are plotted in Figs. 1 and 2.
We roughly estimate the total uncertainty of our form factor
calculation to be about 5%.

In Table 3 we compare our results for the values of form
factors at q2 = 0 with previous calculations. Results [10] are
based on the light-front approach.! In this paper form factors
f3V’A (0) were not evaluated. We find good agreement for the
form factors parametrizing both the 2, — Z and E, — A
weak transitions. In Ref. [11] the light cone QCD sum rules
were employed for the calculation of the E, — E transi-
tion form factors. Their form factors fl‘,/2,3 (0) parametrizing
the vector current significantly differ from our results. The
central values [11] of the form factor f; lV (0) is about 3 times
smaller while those for f2V (0) are a factor of about 2 larger
than other predictions and form factors f3V 0), sz (0) have
even opposite signs.

! In Table 3 we present the “physical transition form factors” from Ref.
[10] which include overlapping factors.
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Fig. 1 Form factors of the
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Table 3 Comparison of the theoretical predictions for form factors of the E. baryon weak transitions at g> = 0

Q) 0 £ f10) Q) 1£10)

B, —> B

Present work 0.590 0.441 0.388 0.582 —0.184 —1.144

[10] 0.567 0.305 0.491 0.046

[11] 0.194 £ 0.050 0.880 £ 0.227 —1.14 £ 0.30 0.311 £0.081 0.373 £ 0.094 —0.771 £ 0.200
e —> A

Present work 0.203 0.165 0.120 0.201 —0.054 —0.427

[10] 0.253 0.149 0.217 0.019
3 Semileptonic £, — E£v; and E, — Afv; decays VA — \/(MEc + ME(A))2 -

+3r /42

The differential and total semileptonic decay rates, branching .
fractions and different asymmetry and polarization parame- X |:(M g. F Mzn)) f1 (qz)j: Mz, f V’A(qz)],

ters can be calculated using the decay form factors and the
helicity formalism [7]. The relation between helicity ampli-
tudes and decay form factors are the following.

V(Mz, F Mga))? -
Va?

x| (Mg, £ Mz f)” (qz)i f2 (qz)],

YA
+30

+1 = \/2[(M F Mza)? — 4%

Mg + Mg
x fIV’A(qz)i—M“ : )fzv’f%qz)},

L c

+

(&)

and the amplitudes for negative values of the helicities are
obtained from the relations

gV

Vo = =+H)

. )\W
The total helicity amplitude for the V — A current is given
by

Hy ooy = HY o, —H ©)

The differential decay rates and angular distributions are
expressed in terms of the helicity structures which are the
following combinations of the total helicity amplitudes (6)
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Fig. 3 Differential decay rates of the E, — Efv; (left) and E. — Afv, (right) semileptonic decays

Hu(g?) = |Hirpm P + 1Ho1 o117,
H1(q*) = |He1p200* + [H-1/201%
Hs(q?) = |Hytyo, > + [Ho1i
Hsi(g?) = RC(H+1/2,0HL/2,, + H71/2,0Hj1/2,t),
Hp(q*) = |Hprpps1* — [Ho12.211%,
Hep(q) = |Hetpp0l* = |H-1/201%
Hsp(q®) = |He1yo, 1> — |Ho1)0, % ©)
The expression for the differential decay rate is given by [7]
dT (B, — E(A)EDp)

dg?
2 1/2¢,2 25\2
= (2(; F)3|ch|2A : 4;‘;43_ "zf) Hior(g?). ®)
2.4

where G is the Fermi constant, V., is the Cabibbo—
Kobayashi-Maskawa (CKM) matrix element (g = s, d), A =
2 2 2y _ g4 4 4 2 a2
MMz . Mg (p),q7) = Mg, + Mg +q" =2(Mg Mg+
M%(A)q2 + Mg _g?), and my is the lepton mass (€ = e, 1),

Hiot(q 2)
2

2 2 my 3m3 2
=[Hu(g") +Hr(g)] (1 + ﬁ> + 52 Hs@). O
q q

Substituting in these expressions the E. decay form factors
calculated in the previous section we obtain the differential
decay rates. We plot them for the E, — Elv, (left) and
E. — ALy, (right) semileptonic decays in Fig. 3.

Many important observables are expressed in terms of the
helicity combinations (7) (see [7] for details):

e The forward—backward asymmetry of the charged lepton

;% (forward) — jTrz (backward)

Arp(g®) = T
dq?
2 myg 2
3Hp(q”) — Zq—fHSL(q ) (10)
4 Htot(qz) '

@ Springer

e The convexity parameter

3 m2\ Hy(q?) — 2H1 (g%
Crigh)=>(1-—= ; 11
r(q7) 4 ( 6]2> Hlot(qz) (b

e The longitudinal polarization of the final baryon E.(A)

PLq?)
2 2
[Hp(g?) +He,(g)] (1 + %) +35.5Ms, (@)

Hror (512) '
(12)

e The longitudinal polarization of the charged lepton £

Pe(q?)
’712
Hy(q®) + Hilg?) — 27‘2[7111(112) +Hi(q?) + 3Hs(gH)]
B Hmr(flz) '
(13)
These observables are plotted for 2. — E£Tvy and

E. — AfLTv, semileptonic decays in Figs. 4, 5, 6 and 7.
The predictions for the decay branching fractions and asym-
metry parameters are presented in Table 4. We calculated the
decay rates using the CKM values | V5| = 0.995 + 0.016,
[Veal = 0.220£0.005 [1]. The average values of the (Arp),
(CF), (Pr) and (Py) were obtained by separately integrating
the numerators and denominators in Eqs. (10)—(13) over qz.
We roughly estimate uncertainties of our predictions for the
branching fractions to be about 10%.

Since possible violations of the charged lepton universal-
ity are now widely discussed in the literature [12] we present
predictions for the corresponding ratios for the semileptonic
E. decays involving muons and electrons
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Fig. 4 Forward-backward
asymmetry Arp (qz) in the
B, — BT, (left) and

E. — ALty (right)
semileptonic decays

Fig. 5 Convexity parameter
Cr(g%) inthe B, — BLTy,

(left) and & — A€ vy (right)
semileptonic decays

Fig. 6 Longitudinal
polarization Py (g2) of the final
baryon in the E. — EL1v,
(left) and E, — ALty (right)
semileptonic decays

Fig. 7 Longitudinal
polarization P, (q2) of the
charged lepton in the

8, — BT, (left) and
B, — ALty (right)
semileptonic decays
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Most of the theoretical uncertainties cancels in these ratios,
thus we roughly estimate them to be about 1%.

Theoretical predictions [10,11,13,14] for the semilep-
tonic E. decay branching fractions are compared in Table 5.

00 02 04 10 12 14 0.0 05 1.0 15
¢* (GeV?) 7* (GeV?)
10 1.0
08l € 0s] ©
0.6} 0.6y
0.4} 04p
0.2f 024
00 H 0.0
0.21 02
00 02 07 o6 08 10 1z 14 %4y 05 10 15
¢* (GeV?) 7* (GeV?)
—0.969 + 0.010 The light-front quark model is used for the weak decay
form factor and branching fraction calculations in Ref. [10].
— 0.980 &+ 0.010. (14) The predictions of Refs. [13,14] are based on the appli-

cation of the SU(3) flavor symmetry, while the light-cone
QCD sum rules are employed in Ref. [11]. The experi-
mental branching fractions are obtained by multiplying the
CLEO II values [15] updated by PDG [1] for the ratios
MNEY - 8 etv,)/T(EY - 8 nF) = 3.1 £ 1.1 and
T(Ef — E%*tv,)/T(E}f - E-ntnt) =231 by the
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Table 4 E. semileptonic branching fractions, asymmetry and polar-
ization parameters

Decay Br (%) (Arp)  (CF) (Pr) (Pe)
B - Eetv, 238 —0208 —0.519 —0.795 1

B » B uty, 231 —0.235 —0.436 —0.791  0.909
Ef — 8%ty 9.40 —0208 —0.519 —0.795 1

Ef — 8%y, 9.1 —0.235 —0.436 —0.791 0.909
Ef — Aetv, 0.127 —0266 —0441 —0842 1

Ef — Aptv, 0124 —0283 —0.384 —0.841 0.935

recently measured by the Belle Collaboration branching frac-
tions Br(8Y — E~ ") = (1.80 £0.50 £ 01.14)% [2] and
Br(Ef - B ntn™) = (2.86£1.21+0.38)% [3]. We find
reasonable agreement of our predictions for the CKM favored
E. — Elvy decays with the results of Refs. [10,13,14] and
experimental data, while the light-cone QCD sum rule values
for branching fractions are substantially higher and disagree
with data by more than a factor of 2 for the 2% — &%,
decay. Note that ARGUS Collaboration [16] measured the
ratio ['(EY — E~etanything)/T(E? — E-7+) = 1.0+
0.5 (the value updated by PDG [1]) which combined with
Belle data [2] leads to the semi-inclusive branching frac-
tion Br(Eg — E~eTanything) = (1.80 & 1.07)% in good
agreement with our result. There is no data yet for the CKM
suppressed 2 — A€T v, decays and theoretical evaluations
give consistent predictions for the branching fractions about
0.1%.

We can combine our present predictions for the semilep-
tonic E, baryon decays with our previous analysis of the
semileptonic A, decays [6] to test the flavor SU (3) sym-
metry. Under the exact SU(3) limit the following relations
should hold [10,13]

['(A: — nev,) _ 3I'(A: — Aev,)
|Vcd|2 2|Vcs|2
_ 6I'(Ec — Aeve)
|Vcd|2
_ ['(E; — Eev,)

| Ves|?

15)

Table 6 Predictions for the ratios I'/| V¢, Zinps—! (g =s,d)

Decay Our result Exact SU(3) Difference (%)
A — nev, 0.265 0.265

Ac — Aev, 0.167 0.177 6

E; = Aev, 0.059 0.044 34

Ee — Zeve 0.215 0.265 19

In Table 6 we test these relations for the ratios I /|ch|2,
where the corresponding CKM matrix element is used. In
first column we give the semileptonic decay process. In the
second column we present predictions of our model. The third
column contains the flavor SU (3) symmetry result using rela-
tions (15) and I'(A, — nev,)/| Vcd|2 as an input, while the
last column gives the relative difference in %. From this table
we see that the flavor SU (3) is broken for the charmed baryon
semileptonic decays especially for E, where its breaking is
about 20-35%. This is the consequence of the larger mass
of the s quark in comparison with the u, d quarks and the
employed quark—diquark picture of baryons.

4 Conclusion

The relativistic quark model was used for the calculation
of form factors of the semileptonic E. transitions, both for
the CKM favored E. — ZE£Tv, and CKM suppressed
EX — ALTv, decays. All relativistic effects, including
baryon wave function transformations from the rest to mov-
ing reference frame and contributions of the intermediate
negative-energy states, were comprehensively taken into
account. This allowed us to explicitly determine the momen-
tum transfer ¢ dependence of the weak form factors in the
whole kinematical range without additional model assump-
tions or extrapolations. We give the values of parameters in
the analytic expression (3) which accurately approximates
the numerically calculated form factors in Tables 1 and 2
and show the form factor ¢> dependence in Figs. 1 and 2.
Using the calculated form factors and helicity formalism
we estimated important observables for the CKM favored and

Table S Comparison of theoretical predictions for the E. semileptonic decay branching fractions (in %) with available experimental data

Decay This paper [10] [13] [14] [11] Experiment
Br(g8% - E7¢tv,) 2.38 1.35 4874174 24403 7.26 £2.54 5.58 £2.62
Br(8% — E=utv,) 231 24403 7.15+£2.50

Br(E} — 2%%*v,) 9.40 5.39 3.38%3%0 9.8+ 1.1 28.6 +10.0 6.58 +3.85
Br(Ef — E%tv,) 9.11 98+1.1 282+9.9

Br(E} — Aetv,) 0.127 0.082 0.166 + 0.018

Br(EF — Autvy) 0.124

@ Springer
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CKM suppressed E. semileptonic decays: differential decay
rates, branching fractions, different asymmetry and polar-
ization parameters, which are given in Table 4 and plotted
in Figs. 4, 5, 6 and 7. Our results for the branching fractions
of the E, — Efv, decays are in reasonable agreement with
previous calculations based on the light-front quark model
[10] and application of the SU(3) flavor symmetry [13,14],
but significantly lower than the light-cone QCD sum rule
predictions [11]. They agree with experimental values which
can be obtained combining the corresponding decay ratios
from PDG [1] and recent measurements of absolute branch-
ing fractions by the Belle Collaboration [2,3]. Comparison
of the present results for the semileptonic E. decays with
the previous ones for the A, decays [6] indicates a sizable
SU (3) symmetry breaking which can reach 35%. This result
is in accord with the conclusion of Ref. [10].

In this paper we limit our consideration to the 2, semilep-
tonic decays. In principle it can be extended to E/. baryons
which differ by the spin of the diquark. However E| can
decay radiatively to E, with the evaluated width of a few
keV (see e.g. [17] and references therein). A rough estimate
of the E/. semileptonic decay rates based on the heavy quark
and flavor SU (3) symmetries indicate that they should be of
the same order as the E, semileptonic decay rates. Note that
similar results were obtained in the light cone QCD sum rules
[11]. Therefore the branching fractions of the E!. semilep-
tonic decays are expected to be of order of 1078 — 1077,
Taking into account that the total width of the E/. baryon
is not measured yet [1] due to the poor statistics it is very
unlikely that decays with such small branching fractions will
be observed experimentally.
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