PHYSICAL REVIEW D 90, 033016 (2014)
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The decays =, — A, 7 are strangeness changing weak transitions involving only the light diquark in the
baryon. Thus these decays can test the properties of such diquarks, in particular the suggestions existing in
the literature of enhanced correlations in J© = 0% light diquarks. We revisit the estimates of the rates of
these decays and point out that with the enhanced correlation their branching fraction can reach a few
percent and may become visible in the measurements of differences of the lifetimes of b baryons.
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The lifetime of weakly decaying heavy hadrons is
dominantly determined by the decay of the heavy quark.
However the strange heavy hyperons can also decay
without the destruction of the heavy quark, but rather
due to the weak decay of the strangeness [1,2], e.g. 52 -
A,7n° and =, — Ayn~. The rate of these decays is expected
to be in the same ballpark as that of the ordinary strange
hyperons, i.e. of the order of 0.01 ps~!. Furthermore, the
heavy baryons are likely to be more spatially compact
systems than the light ones, so that a certain enhancement
of the weak pion transitions for the heavy hyperons would
be quite natural. It is expected that such decays contribute
only at a permille level to the lifetimes of the charmed
hyperons, while their contribution to the total decay rate of
the strange b baryons can be essential at a level of one or
few percent and their effect on the lifetimes of =) and =,
may become visible once the experimental data become
sufficiently precise. Thus the strangeness changing weak
transitions could potentially affect comparison of the data
with the results based on the heavy quark expansion (HQE)
for the dominant processes generated by the b quark decay.
The purpose of the present paper is to point out that, in
addition to a possible relevance to studies of the HQE, the
weak strangeness changing pion transitions for the b
hyperons are interesting on their own and provide a testing
ground for the properties of J* = 0% light diquarks which,
according to some theoretical suggestions (e.g. in Ref. [3]),
can contain a large QCD scale that would enhance the rate
of such transitions.

The lifetimes of the weakly decaying b baryons, A, Eg
and =, are traditionally a subject of a significant interest in
connection with the HQE calculations for the inclusive
decay rates of heavy hadrons. Recent improvements in the
accuracy and reliability of the experimental data on these
lifetimes [4] have to a great extent resolved the tensions of
the early LEP measurements of 7(A,) with the predictions
from HQE. Namely, the latest data with the highest reported
precision by the LHCb experiment [5,6] result in the
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average value [4] 7(A,) = 1.468 +0.009 + 0.008 ps,
and the recent results, albeit of a lower accuracy, from
other experiments [7-10] are consistent with this value.
These measurements place the ratio of the lifetimes
7(Ay)/7(BY) well inside the range 0.95-1.0, in agreement
with the original HQE prediction [11] as well as with the
more recent theoretical estimates [12]. Now, as the A,
lifetime issue between the HQE and the experiment is
apparently resolved, the theory can be put to further test
against the currently improving data [7,13,14] on the
lifetimes of the rest of the weakly decaying b baryons,
which may also provide a quantitative insight in the internal
structure of baryons. In this respect of a special interest are
the differences of the inclusive decay rates within the flavor
SU(3) (anti)triplet of the b baryons A, Eg and = as well
as their comparison with similar differences in the anti-
triplet of the charmed hyperons A, Z0 and =/.

The HQE predicts a very small difference between the
inclusive rates of the beauty decay in the A, and Eg
hyperons, similar to the prediction of a less than one
percent difference between the lifetimes of the Bg and
BY mesons, due to the approximate (but in fact quite
accurate) U spin symmetry of the leading term in HQE that
depends on the flavors of the spectator light quarks.1 The
current data [13] do not contradict this prediction:
7(2))/7(A,) = 1.006 + 0.018 & 0.010. However it is also
not excluded, within the errors, that the Eg decay rate
receives an extra few percent contribution from the weak
transition =) — A,x°.

It is also expected [11] from HQE that the lifetime of =
is noticeably longer than that of A,. A quantitative
prediction depends on hadronic matrix elements of the
four-quark operators arising in the expansion for the
inclusive weak decay rate which matrix elements were
studied purely theoretically [15,16] and also phenomeno-
logically [17] from the measured lifetime differences for

'A discussion of this property can be found e.g. in Ref. [12].
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the charmed baryons. The latter determination of the
relevant baryonic matrix elements results in the estimated
difference between the inclusive beauty decay rate for A,
and =5 equal to 0.11 £0.03 ps~!. This value is substan-
tially larger than the two available experimental numbers
for the difference of total decay rates for these b baryons:
the reported CDF result [7], 7(5,)=1.32+0.14+
0.02 ps gives the opposite sign for the difference compared
to HQE prediction, while the latest LHCb number 7(Z; ) =
15550, 4 0.03 ps corresponds to 77'(A,) —771(Z;) =
0.03 £0.04 ps~!, and is formally compatible with the
expected difference of the inclusive decay rates only due
to the large experimental errors and the theoretical
uncertainty.

Given that the experimental situation with the lifetimes
of the strange b baryons is still in flux, one can consider
several options. One is that an application of the leading
terms in HQE to the charmed hyperons is not quantitatively
reliable due to insufficiently heavy mass of the charmed
quark, so that the estimate [17] of the relevant baryonic
matrix elements from the lifetime differences of the
charmed hyperons results in an exaggerated prediction
for the difference of the beauty decay rates between A, and
=, . Although this is not excluded, there are arguments (see
e.g. in Ref. [12]) against such reasoning. Another possibil-
ity, based on the history of measurements of z(A,), is that
future more accurate experimental data will eventually
settle at a longer lifetime for the =, in agreement with
the HQE estimate in Ref. [17]. It is however also possible
that the actual value of 7(Z;) is somewhere halfway
between the current data and the theoretical expectation,
and the strangeness changing weak pion transitions are
enhanced in comparison with the ordinary hyperons, so that
there is a noticeable addition (at the level of few percent) to
the total decay rate of the =, hyperons. It can be noticed
that in the decays =, — A,z the Al = 1/2 rule should hold
to a high accuracy [2], so that

[(Z, - Ayn™) = 20(Z) - Aya°), (1)

and an additional decay rate for =) being still compatible
with the current data may translate to a few percent
shortening of the lifetime of Z,. Certainly, a direct
observation of the transitions =, — A,z would definitely
solve the issue, however it is not clear whether such
observation is feasible in the LHC environment.

In the strangeness changing weak transitions between b
baryons the heavy b quark is a spectator, and the process is
determined entirely by dynamics of the light diquark which
has quantum numbers J© = 0T, It can be mentioned that a
mixing with the b baryons from the flavor SU(3) sextet in
which the light diquark is in the J¥ = 17 state is suppressed
by both the flavor SU(3) symmetry and by the heavy quark
spin symmetry, so that the suppression factor in the mixing
amplitude is O(m,/m,;), and considering the diquark in a
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pure 0" state makes a very good approximation. In this
limit the discussed decays of strangeness are thus 0T — 0
transitions with emission of a pion, for which only the
parity violating S wave amplitude is allowed [2]. This
amplitude can be approximated by its value at vanishing
pion momentum, where it is given by the current algebra
reduction formula,

2

(o (p =0y [Z) = (0,05 HyIZ),
where Hy, is the weak interaction Hamiltonian, 7z; is the
pion triplet in the Cartesian notation, and Q7 is the
corresponding isotopic triplet of axial charges. The con-
stant f, =~ 130 MeV, normalized by the charged pion
decay, is used here, which results in the coefficient \/§
in Eq. (2). Clearly, the expression in the right-hand side of
Eq. (2) is nonvanishing only for the part of the Hamiltonian

corresponding to AI = 1/2 which gives the relation (1).
The strangeness changing weak Hamiltonian is well
studied. At a normalization point 4 below the charmed quark

mass, 4 < m, this Hamiltonian has the general form [18]

7
Hy = \/iGF cos 0, Singczci(ﬂ)oi(ﬂ>7 (3)
i=1

where 6. is the Cabibbo angle, and the explicit form of the
operators O; can be found e.g. in Ref. [18]. In the present
discussion the main part is being played by the operator

01 = (upy,sp)(dryuur) — (doyesy)(apyug).  (4)

Indeed, this is the only Al = 1/2 operator having a large
coefficient in the expansion (3): at a low u one finds [18]
C; =2.5. Other Al = 1/2 operators in the sum in Eq. (3)
have small coefficients (less than 0.1) and their matrix
elements are not especially enhanced. For this reason, at
the present level of accuracy, it is sufficient to retain in the
expansion for the Hamiltonian only the term with the
operator O.

Using the reduction formula (2), one readily finds the
expression for the amplitude of the transition =, — A,z~
in the form

2
(- (p = 0)|Hy|Z;) = ficF c0s 0, 5in0,C,X. (5)
with X being the hadronic matrix element
X = (Np|(pyyse)(dryudy) — (dryusy) (igy,dy)|Zy).
(6)

Using the nonrelativistic normalization condition for the
states of heavy baryons, one can write the rate of the pion
transition in terms of the amplitude X as
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G| X[?
[(E, » Apn) = coszﬁsinzﬁC%F'in” ~13
nfz
Ci\?2 X 2
102 psH (1) |———] .
P <2.5 0.01 GeV?
(7)
where p,~ 100 MeV is the pion momentum.

Correspondingly, the expression for the branching fraction
in terms of X reads as

X

— N Ci\?
B(E = Apm )NZ%( ) ooiGevs| .

2.5

It has been suggested in the literature [3,19] that the
scalar diquarks may have special properties resulting in an
enhancement of short-distance correlations inside them
similar to the matrix element X. One theoretical argument
[3] for such behavior is that in QCD with two colors instead
of three, and in the chiral limit the (colorless) diquark
would be a Goldstone boson and exist on equal footing
with a pion. Thus their respective decay constants should be
the same. Extending this behavior to the actual QCD with
three colors one can introduce [19] the “diquark decay
constant” g, for a color-antitriplet diquark D; (e.g. made of
u and d quarks),

_. 2
(Ole;j(uTysd*)|Dy) = \/;9051‘1 )

with i, j, k, [ being the triplet color indices, and compare it
with an equivalent pion coupling to the pseudoscalar
density

_pm

~0.2 GeV2. (10)
m,+my

(O(aysd)|m) =gr,  Gn

[The factor /2/3 in Eq. (9) accounts for the different
number of colors contributing in a pion and in a diquark of
a fixed color.] If such extension from two colors to the
actual three-color QCD is of relevance, one expects [19] the
approximate relation gp = ¢,.

Clearly, such diquark picture has intrinsically embedded
the color antisymmetry:

(Mpl(iipy,sy)(dry,dy)|Z,)
=—(Npl(dry,se)(igy,d,)|Zp). (11)
Using then the Fierz identity (ﬁLy#sL)(c_lLyﬂdL):

- c —<J i . . . .
2(dpug;)(sgdy,) one finds in the vacuum insertion domi-
nance approximation

2

9p
X =, 12
6y (12)
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where mp stands for the “diquark mass.” Naturally, it is not
quite clear what value one should use for m . However, the
study [19] of the constant g, by the QCD sum rule method
has produced a strong correlation between mp and gp, such
that the ratio g3 /mp, entering Eq. (12) depends only
weakly on the assumed value of mp. Using Eq. (12) and
the results presented in Ref. [19], we estimate

X ~0.01 GeV3. (13)

This estimate understandably suffers from a considerable
uncertainty, partly from the usage of speculative properties
of 0" diquarks, and partly, within this usage, from the usual
uncertainties of the QCD calculation. In particular, the
calculation of Ref. [19] is carried out in the standard way
and takes into account the first perturbative terms in the
correlator of diquark densities and the terms with the quark
and gluon vacuum condensates. However it has been
pointed out later [3] that such correlator should also receive
a significant contribution from direct instantons, which
would enhance the constant gp, so that the actual value
of the matrix element X can be larger than estimated
in Eq. (13).

In order to probe how reasonable the value (13) is, one
can take an alternative approach and compare X with
similar four-quark matrix elements describing the light
quark density at the heavy quark, rather than the density of
light quarks at the coinciding point:

x = =(Mp| (B, ) (ay,5)|Z5),

y = —=(Ap|(biyubi) (itiy,us:) |25 )

The matrix elements x and y are related [2] by the heavy
quark symmetry and the flavor SU(3) to the same quantities
describing the lifetime differences of the charmed hyperons
[17]. In a simplistic nonrelativistic picture these can be
related [11] to the decay constant f for the B mesons:
y=—x=f2m,/12~0.016 GeV>. However, for these
quantities the color antisymmetry relation y = —x cannot
be correct since it is not preserved by renormalization at
u < my,. Namely, the amplitude y depends on the normali-
zation scale y in this range, while the amplitude x does not.
The amplitude x can be determined [17] from the lifetime
differences between A, =%, and =}, and the updated value
is x = —0.042 £ 0.005 GeV?, while the updated value of y
is small (y < 0.01 GeV?) across the range of y below m,.
Unlike for the heavy-light correlators, the color antisym-
metry for the light diquark densities in Eq. (11) is preserved
by renormalization. For this reason it is not quite clear how
to compare the heavy-light and light-light correlations. In
lieu of a better procedure, we replace the two heavy-light
terms by their average, and find for the color antisymmetric
combination y — x = 0.03 GeV? both from the relation in
the simplistic quark model and using the values extracted
from the lifetimes of charmed hyperons.

(14)

033016-3



XIN LI AND M. B. VOLOSHIN

One may expect that the density of light quarks on the
heavy quark as in x and y in a baryon is somewhat larger
than the density of two light quarks on top of each other as
in X. Indeed, the heavy quark is a static “center of force” at
the “center” of the baryon, while the light quarks are each
spread around inside the baryon. In order to estimate the
numerical reduction factor for collisions between the light
quarks as compared to the collisions of each with the center,
we use the simple original bag model [20], and consider
the heavy quark as static, i.e. in the limit of infinite mass.
Using the wave functions for massless light quarks in the
bag, we find

X ~0.62(y — x) ~0.02 GeV3, (15)

with the numerical factor arising from the ratio of the
integrals over the quark wave functions: [J' [j3(r)+
) 2rAdr/ [ 3(r) + j3(r)]r*dr 2 0.62, where jy(r)
and j,(r) are the standard spherical Bessel functions,
and r; ~2.043 is the smallest positive solution to

Jo(ry) = ji(r1).
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One can see, from the estimates presented here, that
there is a considerable uncertainty in the value of the
baryonic matrix element X determining the rate of the weak
decays Z, — A,z. The range of these estimates X ~
0.01-0.02 GeV? corresponds to the branching fraction
for such decay (2-8)% for =, and (1-4)% for Eg. At such
level the contribution of these beauty-conserving decays
can produce an effect on the lifetime differences between
weakly decaying b baryons that would be visible on top of
the effects of HQE in the b decay processes. Furthermore,
since in these b baryons the light quark is to a high accuracy
a pure O state, a measurement of the rates of these pion
transitions and thus of the value of the matrix element X,
may have very interesting implications for understanding
the dynamics of 0" diquarks. In particular, it would test the
existing in the literature ideas about effects of short distance
scales in such systems.
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