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Abstract

We study nonleptonial;, — Acw, X and 2w decays in the limitny,, m., Ex >> Agcp using the soft-collinear effective
theory. Herex. = X (2455)and X = X'(2520) At leading order thet, — EC(*):T rates vanish, while thd;, — A.x rateis
related toA, — A.£v, and is expected to be larger thaliB — D™ 7). The dominant contributions to the, — EC(*)n rates
are suppressed byéCD/E,%. We predictl"(Ap — X}¥n)/T'(Ap — Zemw) =2+ Ol[Agcp/m g, as(mg)], and the same ratio

for Ap — EC(*),O and forA, — Ec(/’*)K. “Bow tie” diagrams are shown to be suppressed. We comment on possible discovery
channels for weakly decaying pentaquamg,. and their nearby heavy quark spin symmetry partnejs, .
0 2004 Published by Elsevier B.\@pen access under CC BY license. '

Heavy baryon decays are interesting for many  There is considerable experimental interest in these
reasons. Heavy quark symmetry [1] is more predictive decays. Recently the CDF Collaboration measured [5]
in semileptonicA, — A ¢v decay than inB —

D™¢o, and may eventually give a determination fa, B(Ay— AFm™)

of |V.,| competitive with meson decays [2]. In this f—W

Letter we concentrate on the more complicated case ¢ B(B"—= D¥x7)

of nonleptonich — citd baryon transitions, as shown =0.66+ 0.11stay £ 0.09sysy = 0.185R), (1)

in Table 1. These channels provide a testing ground

for our understanding of QCD in nonleptonic decays. Where f4, and fq are the fragmentation fractions of

Our analysis is based on heavy quark symmetry and » quarks toA, and B°, respectively. Using the in-

the soft-collinear effective theory (SCET) [4]. put foaryor/ fa = 0.304+0.053, CDF quoted (A —
AFn~)/B(B® — DTn~) ~ 2.2 [5]. The measured
lifetimes, 7(A) = 1.23 ps andr(B%) = 1.54 ps [6],
then imply that I'(A, — Afn")/I'(B® —

T E-mail addresses: aki2@pitt.edu (A K. Leibovich), Dfn‘) ~ 2.7. More exper.imental results on semilep—
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Table 1

The decays considered in this Letter. Herés the spin of the light degrees of freedom [3]. The mass shown foEﬂjié is t_he average of the
charge 0 and-1 states, and for th&,’s the mass is the average in the doublet. The stability of the pentaquark@igtés Qudud) and their
value ofs; are both conjectures

Notation s 1(J7) Mass (MeV) Decays considered
Ac, Ap 0 03" 2285, 5624 Ap— AFn—
Se = 5.(24565) 1 13 2452 Ap— ZFa—, 5970, 50,0
¥ = X,.(2520) 13 2517 Ap— ST, 53070, 50,0
Z, B 0,1 e 2469, 2576 Ap— E[OKO
5¥ = E.(2645) 1 131 2646 Ay — EXOKO
Oc, Op 1 03" Moy mey, O - 00t,00 > ot~
oF, O 1 0(%+) ~mg, +70 OF — Oy or strongly

~me, +22 OF — Opy

cl
o

b

Ap)d
/u

Yy

Tree Color-commensurate Exchange Bow tie

Fig. 1. Diagrams forA;, decays, giving amplitude§, C, E, and B. Decay toA. gets contributions from all four terms. Decaysxé*) and
E. do not havel’ andT, C contributions, respectively.

The part of the weak Hamiltonian relevant for this color structure for baryons also differs from mesons:

Letter is we find that theC diagram is of the same order in
AGp . the largeN. limit as theT diagram! Nonleptonic me-
Hy = —ﬁ VebVia son decay amplitudes are sometimes estimated using

2 naive factorization, which would séiA | 01| Ap) =

x [C10mp) 010mp) + C2(mp) O2(mp)],  (2) (Ac|Cy, PLb| Ap)(mr|dy, PLu|0). In baryon decays the

where both the Wilson coefficient§,, and the four- extra light quark implies that this procedure is ill-

quark operators defined for all but the tree diagram. In naive factor-

_ - ization theA, — X7 decays are very suppressed

— 1% [& ’

O1= (Cly“PLb)(dy PL”)’ since theT contribution vanishes separately in the

02 = (dyu PLb)(cy" PLu), (3 isospin and heavy quark limits [7] (just like the semi-

. . ; () p= st

depend on the renormalization scale which we take leptonic A, — 3”0 decays), theC contribution

to be my,, and P, = (1 — y5)/2. The combination vanishes after doing a Fiertz transformation on the

[C1(mp) + C2(mp) /31| Vaal is very close to unity. four-quark operator, and the and B amplitudes are
Weak nonleptonic decays are sometimes charac-

terized by diagrams corresponding to different Wick

contractions. As shown in Fig. 1, there are more pos- =1 If we treated theN. — 3 additional quarks in the baryons

sibilities in baryon than in meson decays. In particu- as flavors that are sterile under the weak interaction then color-
lar, a “Bow tie” contraction is unique to baryons. The commensurate would become color-suppressed.
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identically zero since the andb fields are in different
quark bilinears.
In this Letter we show that more rigorous tech-

niques can still be applied to make reasonable predic-

tions for all these decays. By expandingrif,, m.,

Er > Agcp We show that forA, — Afx~ the
amplitudes corresponding to the diagrams in Fig. 1
satisfy T > C ~ E > B, and we find that the ex-
perimental result in Eq. (1) is consistent with theo-
retical expectations. Next we considay — EC(*)n

decays, and show the leading contributions to these

nonleptonic rates are suppressed/@CD/Eﬁ, much

like in B® — D%70. Using heavy quark symmetry
we derive a relation between the decay rate3to
and X and comment on decays 8.. Finally we
consider the detection of possible weakly decaying
heavy pentaquark®), and®., with nonleptonic de-
cays.

The proof of factorization at leading order for
Ap — A.m decay follows closely that foB® —
D®* 7~ [8], so we do not review it here. In this case

the nonperturbative expansion parameter for SCET is

A = Aqcp/Ex [9]. Since E; is set by the bottom

and charm quark masses, we take this to be of the

339
I'(Ap — Acm)
_ 3r4(C1+ C2/?| Vil 12
mibrA
X(ﬂk&zﬁ&ﬁ) , ()
dw Wmnax

whererp =ma. /ma,, w=v-v = (m%b + mic -
q%)/(@2ma,m4,), andwmax corresponds tg? = m?2
(~0).

The semileptonici, — A £v form factors are
(AP, H| V| Ab(p. 9))

=ia(p',s"Lfryvu + favu + fav, Ju(p, s),
(Ac(p', )| Ap| Ab(p, 5))

=a(p',s"lg1yu + gavu + g3v, lysu(p.s),  (6)

where f; andg; are functions ofw, and the relevant
currents aré/, = cy,b andA,, = ¢y, ysb. The spinors
are normalized tai(p, s)y*u(p,s) = 2p*. In the
heavy quark limit,

¢(w) = fi(w) = g1(w),

0= fa(w) = fa(w) = g2(w) = g3(w), (7

same order as the expansion parameter for the heavy

quark effective theory (HQET), i.eA ~ Aqcp/mg
(Q =c, b). Working at leading order in anda; (i)
and neglecting the pion mass, thg — A.m matrix
element factorizes in the standard way,

(A, s |Hw | Ap (v, 5))
2
= \/EGF (Cl + ?> Vcbvu*dfn En

x (Ac(V, s")|ch PLb| Ap(v, 5)), 4)

where f; = 131 MeV is the pion decay constamt,

is a light-like four-vector along the direction of the
pion’s four-momentumpt = E.n*, and the four-
velocities of theA, and A, arev andv’, respectively.
Perturbative corrections induce a multiplicative factor
in Eq. (4), (T(x))x = f5 dx T(x)¢ (x), whereT (x)

is computable andp, is the nonperturbative light-
cone pion distribution function [10,11], and a term
proportional to the matrix element aoff Prb. At
leading order ina,(mp), we can sef{(7T(x)); =1
and the term involvingit Prb to 0. This implies that
the nonleptonic rate is related to the semileptonic
differential decay rate at maximal recoil,

where ¢ (w) is the Isgur—Wise function for ground
state baryons. The differential decay rate is given by

dI' (Ap — AqLD)

dw
2 .5 2
GFmAb|Vcb| 3 >
=——rivwcr—1
3 A
24

x [6w + 6wrs —4ry — 8rAw2]7'—/2\(w),

(8)
where in themg > Agcp limit F,(w) is equal
to the Isgur—Wise functions(w), and in particular
Fa(1) = 1. Interms of the original form factors
Faw)?
= [6w + 6wrﬁ —4ry — 8rAwZ]_1
x [ =D[A+r)fi+ W+DEafa+ 2]

+w+1)

x [(L=ra)gL— w—D(ragz+g)]°

+ 2(1 —2rpw + ri)

x [(w—1) ff+ (w+Dg?]}. (9)
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Combining the above results fan, — Afn~
decay with the analogous ones 8% — D®* 7~ we
find that

I'(Ap — Act™)
(B — D®+7-)
B Smib a- r§)3rD(*) (
m%(l - r%(*))s(l + VD(*))Z

¢ (Wi

2
E(wBy ) - (9

where ¢ is the Isgur-Wise function foB — D®
semileptonic decay, ang,., = m p« /mp. When the
Ap — Ajﬁ—ﬁ rate is measured, one can directly test
factorization using Eq. (5) or Eq. (10). In the absence
of this data, we have to resort to using model pre-
dictions for the baryon Isgur—Wise function. If the
ratio of Isgur—Wise functions in Eqg. (10) is unity
then the prefactor in Eqg. (10) implies th&X(A, —
Aet™)/T(B® — D®*7—) = 1.6(1.8). This enhan-
cementis in rough agreement with the data in Eq. (1).
A similar result also follows from the small veloc-
ity limit (mg > mp — m. > Aqcp), in which the
nonleptonic rates satisfy" (A, — A.m):I'(B —
D*rn):I'(B— Dx)=2:1:1, while for the semilep-
tonic ratesl" (Ap — AcLv): (B — D*¢v) . I'(B —
Dev)=4:3:1.

The largeN, limit provides some support for the
ratio of baryon to meson Isgur-Wise functions being
close to unity at maximal recoil. In the largé. limit
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excited A, states making up a significant fraction of
the remainder [14].

Order Aqcp/m g corrections to these predictions
may be significant. Thel, — Az~ amplitude re-
ceives contributions from th&, C, E, and B classes
of diagrams in Fig. 1. In SCET,E/T| and |C/T|
are of order Agcp/mo [15], and we will show
later that|B/T| is further suppressed. IR — Dx
decay we know fromB(B~ — D% ~)/B(B® —
Dtx~) ~ 1.8 [6] that Agcp/mg corrections af-
fect the amplitudes at the 15-30% level. In partic-
ular |[A(B® —» Dtn7)| = |T + E| = (594 0.3) x
10 7GeVandA(B~ — D% )| =|T+C|=(7.7+
0.3) x 10~/ GeV. The ratio of these amplitudes can
be reproduced by a power correction involving a
hadronic parameteéses| ~ 430 MeV, which is of nat-
ural size [15]. SinceB; — D; =+ only has aT' con-
tribution, accurate measurement of this rate will im-
prove our understanding of the size®fandC. CDF
recently measureflf; B(B; — D;nﬂ]/[de(Bo —
D77T+)] =035+ 0.05(5tap + 0.04(5y5) + O-Og(BR)
[16], and usingf;/fs = 0.26 4 0.03 yieldsB(B; —

Dy nt)/B(B® — D~nt) ~ 1.35. NeglectingSU(3)
breaking this implies |A(B; — Dz %)| = |T| =
(7.3+1.5) x 10~/ GeV and thatC| and|E| may be
comparable. The errors are still too large to draw any
definite conclusions.

Now we turn to A, — X, 7 decays. As shown

the heavy baryons can be treated as bound states oin Table 1, there are twar, states with different

chiral solitons and mesons containing a heavy quark.

In this picture, the baryon Isgur-Wise functiariw),
is predicted to be (w) = 0.99¢ 13w-D [12].2 This
gives ¢ (wi, = 1.4) = 0.57, which is indeed close
to &(wl, = 1.5) ~ 0.55 [13]. Using this model for
(w), |Vep| = 0.04, 4, = 1.23 ps, and Egs. (5)
and (8) yield the prediction thaf(A, — A7) =
4.6 x 1073, As expected, this is larger tha®(B° —
D®Fr—) ~ 27 x 10~3. However, the uncertainty in
this prediction is quite large, particularly given that
large N, strictly only applies forw near 1. The same
large N, inputs predictB(A, — AT€7v) ~ 6%, i.e.,

this channel is expected to make up a large part of

the inclusive A, — X ¢~ rate, with thes/ = 1~

2 Updating the parameters by fitting the mass splitting to give
« = (0.411 GeVy3, and usingny = A = 0.8 GeV (instead ofy)

for the mass of the light degrees of freedom leaves the exponent

essentially unchanged.

spin which we refer to as, and X}. They form a
heavy quark spin symmetry doublet with the spin and
parity of the light degrees of freedonf! = 1*. Under
isospin, theA, is I =0, the 3 is I = 1, and the
Hamiltonian isI = 1, so theX*x final state must be

I =1 (it cannot bel =0 or 2). Therefore the rates to
the two different charge channels are equal,

r(ap,— £9%°% =r(a, — 20 x"). (11)

Based omB decay data and the SCET power counting,
we expectl’(A, — XZ¥x) to be up to about an
order of magnitude smaller thdn(A, — A.x), since
the leading contributions tal;, — Z‘C(*)rr are power
suppressed.

3 In the heavy quark limit of thel” amplitude SU(3) will be
tested by the measurement®f — Dslv.
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Fig. 2. Contributions in SCETto A, — XX 7~ [(a) and (b)], and toZ?rrO [(c) and (d)]. Solid dots denote insertions of the suppressed

usoft-collinear Lagrangianc(l), the double lines are heavy quarks, the dashed lines are collinear quarks, the solid lines are usoft quarks, and
the “looped lines” are collinear gluons. The nonleptonic weak vertex is denoted by

Again, we use SCET to expand iflgcp/mo, with the matrix element involving the collinear fields,
Aqcp/Ex, and a,(mg), keeping only the leading  (w]|O.(x)|0) which gives¢, (x), and that involving
terms that cause thd, — ¥ x transitions. These  the soft fields,(Z. (v, S’)IOs(k;”)lAb(v, s)). In what
come from theC and E diagrams in Fig. 1 and their follows we only need the form of the soft operator [15]
contributions can be studied following the analysis of
B® - D™®00 in Ref. [15]. The leading diagrams Os(k;r)
in SCET, that determine the matching onto power —(c -
suppressed operators are shown in Fig. 2. To match — [(hi’)s)’fiPL(STh'(Jb))][(ds)kf’fiPL(ST”)kI]’
the C and E diagrams, two insertions of the mixed (12)

usoft-collinear Lagrangian,/:g; [17], is required, where hf,Q) is an HQET heavy quark fields is

each yielding a suppression Qf Aqcp/Ex. This 3 soft Wilson line, and the subscripts denote the
yields the power counting tha€/T| and|E/T| are  momentum carried by the fields. For our purposes the
O(Aqcp/Ex). In contrast, matching thé diagram  most important aspect of the analysis is togtonly

in Fig. 1 requires four insertions oztélq) (or other involves combinationﬁi‘,‘)yiPthjb)_ Thus, by heavy
higher-dimensional terms in the Lagrangian), ahd quark symmetry

is therefore power suppressed compared'tand E

by at least an additionalgcp/Ex (Z, s/)’03|Ab(v, 5))

In addition there is a further matching onto SGET

i i i ine- _ 1 - o /

The resulting matrix element involves soft and colline =—uz (v, s)(y" — ") ysih PLua, (v, )X,
ar operators which factor [1%]The matrix element of V3
the weak Hamiltonian{ X%, s") 0 Hy|Ap(v, 5)), (ZF ', s)| 05| Ap (v, )
can be written (neglecting,(m ) corrections) as a o
convolution integral of a jet function/ (x, k", k3), = gy (VSO PLU A, (v, )X, (13)

where v and v’ are the four-velocities of thet,
- (%) . . ' A
4 Since the messenger modes from Ref. [18] do not spoil and X", respectlvely. The Spinor field normaliza

factorization for cases with a product of color singlet soft and tiONS arei(v, s)u(v,s) = 1 for the 41; and X, and
collinear operators, we can neglect them in our analysis. it (v, $)u*(v,s) = —1fortheX. X, is the most gen-
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eral vector compatible with the symmetries of QCD,

Xy =any, + bv, +cv),. (14)

Note that in Eqg. (12) the part of); involving the
light quark fields is parity violating, so we need not
worry about the fact thatt, — X, is an “unnatural”
transition. Usingn 4,v = mx,v' + Exn to eliminate
the term proportional t@,, in Eq. (14), it is easy to
see that any term iX,, proportional tov;, does not
contribute, so only:,, remains. Hence the ratio of the
rates forA, — X.r andA, — X*m are determined
model independently at leading order itgcp/m o
anday (mg), similar to theB® — D™®070 case. We
find
'(Ap — X*n
ﬁ =2+ O[AQCD/mQ, as(mQ)].
(15)
To evaluate the square of the matrix element in
Eq. (13), we used the spin sums from Ref. [14] for
the various spinEC(*) states. The explicit calculation
shows that the rate t&* with |s’| = 3/2 vanishes, as
required by angular momentum conservation.

A practical complication in testing this prediction is
that theZ(*) states decay tal.m, and so both decay
channels A, — Z‘(*)O 0 5 A 70 and 4, —
™ 2= - A%~ contain ax® that makes the
reconstruction hard at hadron colliders. This can be
circumvented by studyingt, — Eé*)opo decays. In
this case the final states aw.7~n+tmw~. Decays
to a vector meson are potentially more complicated
due to the fact that “long-distance” contributions can

AK. Leibovich et al. / Physics Letters B 586 (2004) 337-344

where in contrast to Egs. (15) and (16) this prediction
requires a perturbative expansion at the intermediate
scale,/ Agcpmg.

The decaysA, — Z.K decays are also Cabibbo-
allowed. (These decays involvés* popping” so only
£29k0 is allowed, notZ}r K ~.) They are similar to

Ap — 2P 7 in the sense that the leading contribution
in the heavy quark limit vanishes. As shown in
Table 1 there are threg,. “ground states” .=, &’
and £F. The &, and &/ can mix, but the former

is expected to be mostly the state that transforms
as 3 under flavorSU(3), while the latter is mostly

a 6. The §F also transforms as &, and forms a
heavy quark spin symmetry doublet with th&’.
Thus, a relation similar to Eq. (15) also holds in
this case, i.e.l (Ap - EXK)/T'(Ap > E/K) =2+
Ol[Aqcp/mg, as(mg)]. This prediction may be hard
to test since=] decays taz.y. One can also consider
Cabibbo-suppressetl, decays, e.g.4, — E.7, and

the weak decays of other baryons containing a heavy
bottom quark.

Perhaps the most exciting possibility is the exis-
tence of heavy baryonic pentaquark states. Recently
several experiments claimed to observe a baryon
©T(1540)with the quantum numbers & *r. A pos-
sible explanation is to consider th@* as a bound
state of two spin-zerad diquarks in a P-wave with
ans antiquark [19]. If diquarks play an important role
in these exotic states then the analogous heavy fla-
vor states@, = ¢[ud]? and®;, = b[ud]?, may be be-
low threshold for strong decays kyE ~ —100 MeV
and AE ~ —160 MeV, respectively [19}.Since the

e

induce transverse polarizations at the same order in spin of the light degrees of freedomsis= 1, we ex-

Aqcp/Ex. However, at leading order u (m o) these
long-distance contributions vanish for the final
state [15] and we obtain
r'(Ap— 3090
— <~ =2+4+0|A , .
Fay— 500) ~ 2+ OlAaco/me.asmo)]
(16)

It is also worth noting that
I'(B%— D%%
I'(B% — DO%p0)

(A~ 2279

T I(Ap— X900)

+ O[Aqcp/m . o (y/mo Agep)].

17

pect from heavy quark symmetry th@ come with
a doublet partner of similar mas@,jé, as shown in
Table 1, with a mass splitting of ordetéCD/mQ.
From the mass splittings for thB. and &, we expect
mey —me, ~ 70 MeV andmo* —meg, ~ 22 MeV.

In this case theé)a may also be stable with respect
to the strong interactions and decay@gyy. Since

the splitting for(~)§*) is larger, it is possible that the

5 It is possible that the are above the strong decay thresh-
olds [20]. The assumptions in our analysis are that\}) decay
weakly; and (i) the spin of the light degrees of freedony is- 1, as
suggested by [19]. If (i) is correct but (ii) is not, it would be easy to
modify our predictions, including Eq. (19).
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Fig. 3. Comparison of the weak nonleptonic decays ofAheand®,.

©®% is just above the strong decay threshold, making whererg = mg./me,, andny o are the two Isgur—

the spectroscopy even more interesting (likéhde- Wise functions that parameterize the weak— O

cays). matrix elements whergy (1) = 1. In particular
It may be possible to discover th@, . via the

decay chains

o - 6%+, (O, s |erb|Op(v, 5))
@?—) OTn~ - Kspn~ > nta pr~ (18) 1
, , = 2 [¢"mw) —v* v ) ]a ', s")
that are Cabibbo-allowed and lead to all charged final 3
states. The most interesting aspect of @bé — (~)L‘? ,
decay is that in the diquark picture the correlation is X ¥5(Va + Vo) ' (vg + vp)ysu(v, s). (20)

maintained, as shown in Fig. 3, and so no additional

suppression factor is expected. In we@k decays Thus,B((H)b* N @ijﬁ) is expected to be similar to
to ordinary baryons this would not be the case. g4, — A.xr). Ifthe @ states exist then an analysis
While we do not know th@o production rates, we  of the Aqcp/m corrections would be warranted, as
can estimate the branching ratios in Eq. (18). The {he mass of the light degrees of freedom is sizable. We
lifetime of a weakly decayin@, . is expected to be expectB(@)? — ©F ) to be atthe few percent level,
comparable with other weakly decaying hadrons that \yhile the other branching ratios in Eq. (18) may be of

contain a charm or a bottom quark. Teg — OO+ order unity.
amplitude factorizes, and is related @)j — @?El_) In summary, we studied nonleptoni¢, decays
via a formulaidentical to Eq. (5). For the nonleptonic to A.7, X.7 and T*x. Egs. (10), (15), (16), and
rate we obtain in the heavy quark limit (19) are our main results. In they > Aqcp limit
N o+ the A, — A.m rate is related taA, — A.£v, and
e, - 6:n") we found thatI'(A, — A.7) is expected to be
T'(Ap — Aet™) larger thanI"(B — D™ 1), as observed by CDF.
i i ()
_ m%b(l_r(g))il 1 1 At leading order in Aqcp/mg the A, — X:7'n

rates vanish, but an analysis of the leading contribu-

=3 1 23 7(wA V2 1aa _ . .
my, (L=r3)% ¢ (Wina) = 14455 tions suppressed bytqcp/m o was still possible. We

9 \12.2 4 predict I'(Ap — S*7)/T(Ap — Zew) = ['(Ap —
x {4[n1(w rd (14 1812 + ré ¢
{4 omas) ro o+7o) , SE0)/T(Ap — Zep) =2+ Ol Agep/mg. as(mo)].
— A (S )2 (wha)re (1 —r3) (1+7r3) We also discussed properties of pentaquarks with a

o2 4 or ¢, including a possible discovery channel if they
+ [n2(wiad ] (1= r8) "}, (19) decay weakly.
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