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Abstract

A classification of the three-quark light-cone distribution amplitudes (LCDAs) for the
ground state heavy baryons with the spin-parities J = 1/2* and J* = 3/2% in QCD in
the heavy quark limit is presented. Several lowest moments of LCDAs are calculated based
on the QCD sum rules. Simple models for the heavy-baryon distribution amplitudes are
analyzed with account of their scale dependence.

1 Introduction

B-meson factories at SLAC and KEK, after approximately a decade of their operation, have
made a great impact on a clarification of C P-violation origin in the quark sector of the Standard
Model (SM). Study of heavy bottom baryons at LHC can serve as an additional test of the
Kobayashi-Maskawa mechanism. Specific processes with bottom baryons, such as rare decays
involving flavor-changing neutral currents (FCNC) transitions, are potential sources of new
physics beyond the SM. In a difference to B-mesons, a non-zero spin of baryons allows also
an experimental study of spin correlations. The spectrum of heavy bottom baryons have been
enlarged substantially thanks to the effort done by the CDF and DO collaborations at the
Tevatron collider during last several years. Unlike these progress, study of FCNC motivated
decays of bottom baryons remains to be statistically limited. A grater effort is expected at the
LHC where heavy baryons will be copiously produced, and their weak decays may be measured
precisely enough to provide important clues on physics beyond the Standard Model.

The theory of bottom baryon decays into light hadrons is more complicated compared to
the B-meson decays and, hence, was receiving less attention. Calculations of heavy-baryon
decays into light particles based on the heavy quark expansion, see e. g. [1], or using sum rules
of the type proposed in [2-4] require the primary non-perturbative objects — the distribution
amplitudes of heavy baryons. For a long period, the only existed models of heavy-baryon
distribution amplitudes [5,6] have been motivated by quark models and not consistent with QCD
constraints. In the paper [7], the complete classification of three-quark light-cone distribution
amplitudes (LCDASs) of the Ap-baryon in QCD in the heavy quark limit were given and the
scale-dependence of the leading-twist LCDA is discussed. In addition, simple models of the
LCDAs were suggested and their parameters were fixed based on estimates of the first few
moments by the QCD sum rules method. The analysis of [7] can be extended on all the ground
state b-baryons with the spin-parity both J¥ = 1/2% and J¥ = 3/2%. The basic steps and
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Figure 1: The SU(3)r flavor multiplets of bottom baryons. The SU(3)F triplet with the spin-
parity JP = 1/2% and scalar (j» = 07) light-quark state is to the left. The SU(3)p sextet with
the axial-vector (j7 = 17) light-quark state is to the right. The particle content on the diagram
corresponds to the bottom baryons with the spin-parity J* =1 /2. The ones with J P —=3/2%
have the *-modification of names.

main results of such an analysis are summarized in this talk and all the details are presented in
the forthcoming paper [8].

2 Interpolating Currents of Heavy Baryons in HQET

Baryons with one heavy quark @ = ¢,b in HQET (for a textbook about this topic see [9])
are classified according to the angular momentum ¢ and parity p of the light quark pair called
diquark. The heavy quarks are non-relativistic particles which decouple from the diquark in
the leading order of the 1/m¢ expansion.

The ground-state baryons (¢ = 0) with spin-parity J* are characterized by the spin-parity j7
of the diquark. The spins of the light quarks produce two states with j» = 0% and j» = 1T.
In the state with 57 = 0" the spin wave-function is antisymmetric, while Fermi statistics of the
baryon state and antisymmetry in color space require antisymmetric flavor wave-function. This
results in a baryonic state with isospin I = 0 constructed from the light u- and d-quarks which
is called the Ag-baryon (the spin-parity is J© = 1/2%). When the spin-parity of the diquark
is j» = 17, the spin part of the baryon wave-function is symmetric which requires symmetry
of the wave-function in the flavor space. In the case of light u- and d-quarks only, this gives
two degenerate states with isospin I = 1, which are called X¢- and Xg)-baryons having the
spin-parities J© = 1/2% and J¥ = 3/2%, respectively. Inclusion of the s-quark increases the
number of heavy baryons in the multiplet, which is characterized by strangeness S. If § = —1,
there are two baryonic states Z¢ and Zj, with J¥ = 1/2" and Zj-baryon with J¥ = 3/2%.
For § = —2, the baryons with J¥ = 1/2% and J” = 3/2% are called Qq and Qf,. The SU(3)r
multiplets of b-quark baryons are shown in Fig. 1.

The heavy baryon local currents have the following general structures [10,11]:

10 = e [WTCTY QS I = e [0 TCTYT Y| T, (1)

where a, b, ¢ =1,2,3 are the color indices, v is the SU(3) triplet in the flavor space, v, is the
four-velocity of the heavy quark, ¥ = (v7y), @, is the effective static field of the heavy quark
satisfying ¥Q, = @, the index T" means a transposition, C is the charge conjugation matrix
with the properties CVEC_I = —, and CvsC~! =75, and 7T is a matrix in the flavor space.
For each of the ground-state baryons there are two independent interpolating local cur-
rents J; and Jo with both having the appropriate quantum numbers. They can be constructed
as suggested in Refs. [10-13]. For the states belonging to the SU(3)p antitriplet 3 (see Fig. 1a),



the currents are:

J{\Q = Eabe |:uaTC'75db:| 1C;> JQAQ = Eabe |:uaT675¢db] 16;7 (2)
T2 = cae [aTCwss!| Q5 5 = cane |[a"T OS] Q4 (3)

where ¢ = u or d is one of the isodoublet quark fields. There are also two SU(3)r sextet 6
states (see Fig. 1b) which differ by the total spin of the state. For the 1/2% baryons, the local
interpolating currents are:

> >
Jy 9 = —eape [q‘fTCmqg] Y ysQ5, Jy? = —€ape [q‘fTC%wqu] Y y5Q5, (4)
Jr ¢ = —€ape [anC’Ytpsb} WsQS,  Jy% = —Cape [anC%Msb] YWsQS, (5)
Q Q
Jl ¢ = —Eabc |:5aTC'Ytu5b:| ’Y#’YSQ?N J2 ¢ = —Eabc [SaTCVtu"/Sb} 'Y#’YSQ?;: (6)

where 44" = 4* — ¢ v#. For the 3/2% baryons, the flavor structure is the same as for the
1/2" baryons above, but the Dirac structure acting on the heavy-quark field is different. We
exemplify such currents by the ones corresponding to the Ezz—baryon:

Z* a 4 1 C
JluQ = Eabe [%TC% ng} <gm/ ~3 'Ytu’Ytu) Q% (7)

b2y 1
J2“Q = Eabe |:q(11TC%Ifj7/QQb:| <g,uzz - g 7t,u7tu> Qf,

E*
These currents satisfy the condition ;' J; MQ =0(i=12).

Matrix elements of the local operators (2)-(7) define the baryonic couplings f 1(29:

JP=1/2t s (0109 Ho(w)) = fi;) ue(v), ()
* 1 i *
JP=3/2t s (00 () = 591 a2 (v), (9)

H* . .
where the coefficient in the matrix element (0|JZ-HQ\H5(U)> is chosen such that fg()g = fl(})é in

the heavy-quark symmetry limit. The Dirac spinors u’@(v) of the heavy baryon Hg with the
non-relativistic normalization @@ (v) uf@(v) = 1 satisfy the condition ¢ ue(v) = uf@(v). In
the case of the Ha—baryons, the wave-function is represented by the Rarita-Schwinger vector-

* * * *

spinor qu (v), for which the following relations are valid: qu (v) = qu (v) and v* qu (v) =

H
Y, ? (v) = 0.1 The sums over their polarizations are as follows [14]:

> ue M) afe®W () = ——F = P, (10)
A=1
R0, Hp() 1
5 w0 w2V 0) = Pr =g+ 00+ gm0 ()
A=1
One can easily check the normalizations of these objects:
- R0, HEO)
sp Y ueWw)aeWw) =2, —gvsp Y u Y ww My =1, (2)
A=1 A=1

'A construction of the spin part of the excited baryons can be found in Ref. [14].



accounting for the numbers of the independent polarization states.

The LCDAs of a heavy baryon can be defined through the baryon-to-vacuum matrix elements
of suitable non-local light-ray operators built from an effective heavy quark field QS(0) and two
light quark fields ¢{'(t;n) (i = 1,2). For the Ag-baryon, the complete set of three-quark light-ray
operators with respect to the diquark twist decomposition have been derived recently [7]. These
currents can be easily adapted to the Zg-baryons by the replacement of one of the light u- or
d-quarks by the s-quark and in general form can be written as follows:

Jaltit) = cae |ai” (in)Crsrlab(tan) | Q5 (0),

Ja(tits) = e [a7 (in)Crsdb(tam)] Q5(0), (13)
Tioltn,t2) = 5 ase [0 (tun)Crs (norm)abt2m)] @510,

Jitite) = Eane g (tm)Crslah(tam) | Q5(0),

where (non) = n*oy,,n” and the flavors of the light quarks ¢ = u, d, s are different (¢1 # o)
(for the quark content of real heavy baryons, see Fig. 1). The subscripts 2, 3, 4 refer to the
twist of the diquark operator, n* and n* are light-like vectors normalized as (nn) = 2 which
we choose such that v* = (n* 4+ n*) /2 and (nv) = (nv) = 1. The matrix elements of the
operators (13) can be parametrized in accordance with [7]:

01Ja(t1, t2) | Ho(v)) = fig) Wa(ty, ta) uf’e (v),
0] Jsa (1, t2) [ Ho(v)) = Fip) Waa(ty, t2) ulte (v), (14)
030 (t1,t2)[Hg(v)) = fH W3, (t1, ta) u'@ (v),
0Ja(t1. 12)| Ho (v) = fi7) Wa(ty, t2) u™@ (v).

The simplest way to construct the complete set of the three-particle LCDAs of baryons
with the diquark spin-parity j¥ = 17 is to switch off the spin of the heavy quark (we denote
it as Q,) and introduce the LCDAs for the “axial-vector baryon” state Hg(v,7), which in this
case is characterized by the polarization vector n* satisfying the condition (vn) = 0. The LCDA
definitions are borrowed from the light-cone analysis of the vector mesons [15]. Let us separate
eight interpolating currents into two groups similar to the chiral-even and chiral-odd LCDAs of
a vector meson [15]. The first set is:

{
{
{
{

Jav(tits) = ean [diT (tin)Crlab(tn)| Q5(0), (15)
Jvltits) = e a7 (tin)CiHgh(t2n)| G5(0), (16)
Hytits) = ean [aiT (tin)Co ab(tan)| Q5(0), (17)
Haltit) = canee! [afT (1m)Cy 1565 (12m)] Q5 (0), (18)

where 7| = 4* — (fnt + gn*)/2, e = (i/2) "7 n,yn, is the antisymmetric tensor in the
plane perpendicular to the light cone (satisfying the condition e le’i“ = 2). The second set is:

Hipltits) = ewe a7 (n)C a(tam) | @500), (19)
Tir(tits) = eae [ (im)CY Hab(tam)| G5(0), (20)
Tor(tiste) = 5 eae [T (n)C (Rom) dhlen)| 2500), 1)
Jas(tite) = eae a7 (im)Cab(tan)| Q5(0). (22)

4



It is easy to see that the linear combinations of the currents (15)-(17) and (19)-(21):
)| @

2J8, (t1,t2) — 0 [Jov (L1, t2) — Jav (t1,t2)] = 2€qpe [Q?T(tln)cﬁqg(tzn ] +(0), (23)
(1) + Tip(tr,2) = 20 g (1, t2) = 26w [afT (n)Co'Yab(tan)| Q50),  (24)
reduce to the non-vanishing local currents with the matrix elements:

(0 |eae [at 0)C1 ab(0)] Q5(0)| How,m)) = Au, (25)

(0eane [a(0)Crf 9a5(0)] Q5(0)| Ha(w,m) ) = Ao (26)

Here, o9 = (n* — #) /2 (with 92 = —1 and (v0) = 0) and ~}' = 7/ — §# v*. With the definitions
above, the matrix elements of the non-local operators can be determined as follows:

(01 v (t1,12) | Ho(v.m)) = Au (n) Way (11, t2), (27)

<o T (1, 1) (v,n)> = N Uy (t, 1), (28)

(01 v (b, )] Ho(v,m)) = =X (7m) Way (1, 12), (29)

(0]t ta)| Hav.m)) = A Waalty,ta), (30)

<0 BEAGED)] ~Q(vﬂ7)> = Jan Wap(ty, ta), (31)

(01Jsr(tr, 1) Holo.m)) = Aa (o) War(hr, t2), (32)

(0 Ttp(tn, 1) Hgo,n)) = Ranfi War(tr,ta), (33)

<0\J35(t1,t2)|HQ(v>77)> = Ao (on) Uss(t1,t2), (34)

where 7| = nt +0# (o). In the SU(3) p-symmetry limit, the LCDAs W,y (t1,t2) and (¢, t2)
are symmetric under the exchange ¢; < to and normalized as ¥;(0,0) = ¥;7(0,0) = 1 while
Wss(ty,t2) and Wsa(ty,te) are antisymmetric and, hence, satisfy the condition W¥34(0,0) =
U35(0,0) = 0. The breaking of the SU(3)p-symmetry results in the violation of the LCDAs
symmetry properties.

The transition to the real heavy-quark field Q¢(0) in the non-local currents (15)-(22) is
equivalent to the replacement Q¢(0) — I'Q¢(0), where the matrix I gives the right quantum
numbers of the specific baryon. This also improves the r.h.s. of the definitions (27)-(34) but
the set of the LCDAs remains the same (for details see [§]).

3 Scale-Dependence of Matrix Elements

(1) at low scales of

A non-relativistic constituent quark picture of the A, suggests that f
order 1 GeV, and this expectation is supported by numerous QCD sum rule calculatlons [10,11,
16,17]. In fact, the difference between the two couplings is only obtained at the level of NLO
perturbative corrections to the sum rules [11,17] and it is numerically small.

The scale dependence of the couplings is given by

, , o 1" /8o oo (un) — o @ /0
00 = 37, a) (20 ) [1_ 00) —0u(4) 2 ((Z ﬂ_>] (55)

as (o) ﬁo Bo
where the anomalous dimensions of the local interpolating operators:
din fip) (1) | | s
TUIHQVY ) = N D) gk _ o (p)
ding ! ;m a*(p),  alp)=——, (36)
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Figure 2: The total set of one-gluon-exchange diagrams for calculating the scale-dependence of
LCDASs of the heavy baryon. Normal and bold solid lines correspond to light and heavy quarks,
respectively. Dashed and curly lines describe the Wilson links and exchanged gluons.

are known to NLO [17], and the §-function expansion:

da(p)
dln p
was used to NLO with the coefficients Gy = 2 (11 — 2n¢/3) and 8 = 4 (51 — 19ns/3).

For the numerical value of the couplings, let us quote the result of the NLO QCD sum rule
analysis in Ref. [7,11]:

= —Boa*(p) — Pra’(w) +---, (37)

£ Gev) = fP(1 GeV) = (0.030 £ 0.005) GeV?, (38)

at the renormalization scale p = 1 GeV. Note that these couplings cannot coincide at all scales
since the corresponding operators have different anomalous dimensions.

The LCDAs introduced in Sec. 2 are scale dependent. To work it out, it is convenient to
make a Fourier transform of LCDAs into the momentum space:

e} o0

00 1
Up(ty, ta) = /d /dw e~ i(tiwittaws) Yp(wr,we) = wdw/due“" trutaw) wk( u), (39)
0 0 0

so that 1y (w,u) = ¥y (uw, w) with @ = 1 — u. In the first representation w; and ws are the
energies of the light quarks and in the second one w = wi 4+ wy is the total energy carried by
light quarks (in the heavy-quark rest frame) whereas the dimensionless variable u corresponds
to the energy fraction carried by the quark called ¢.

The leading-order (LO) evolution equation for the leading-twist LCDAS )9 (w1, ws; it) can be
derived following the usual procedure [7] by identifying the ultraviolet singularities of one-gluon-
exchange diagrams presented in Fig 2. The result can be expressed in terms of the two-particle
kernels familiar from the evolution equations of the B-meson and m-meson LCDAs [7]:

d « 1 7
/,L@’po(Wl,C()Q;M) = —# <1 + F) {/dwll ’YLN(wlluwl;H) ¢2(w/17w2;,u) (40)
c

00 1
3
+/dw57LN(Wévw27 )QJ)Q w17w27 /dUV u,v Q/)Q VW, Vw; ,U) + 3 ¢2(W17W27M)}7
0 0

where the last term in the curly brackets, 312 /2, is a result of the subtraction of the one-loop
(2)

renormalization of the coupling f Ho*



Figure 3: The correlation functions involving the non-local light-ray operator O (¢,t5) and a
suitable local current jF/(fz:). The bold solid line corresponds to the heavy-quark propagator
and the solid lines with the blob insertion are the propagators of the light quarks which are
modified by contributions of the non-local quark condensates.

The first two convolution integrals in Eq. (40) are associated with the heavy-light dynamics:
each of them involves just one of the light quarks. Indeed, the kernel v*N(w’,w; i) coincides with
the one controlling the evolution of the B-meson distribution amplitude, the Lange-Neubert
anomalous dimension [18]. In turn, the last convolution integral in Eq. (40) describes the
interaction between the light quarks. V(u,v) is the celebrated ER-BL kernel [19].

For small evolution ranges, In(u/po) < 1, it is sufficient to interpret the derivative on the
Lh.s. of (40) as a finite difference [tpa(wy,wa; p) — PYa(wi,ws; po)]/ In(p/ 1) and substitute the
initial condition g (w1, ws; po) for ¥o(wy,we; ) on the r.h.s. Obviously, this corresponds to tak-
ing into account one-loop renormalization only, neglecting the resummation of potentially large
logarithms. As it was demonstrated in [7], this single-evolution-step (one-loop) approximation
is quite good in practice, e. g. for pyp = 1 GeV and p ~ myp/2. In order to go beyond the
one-loop approximation, one possibility is to integrate the evolution equation (40) numerically.
In Ref. [7], the other, semi-analytic, approach have been suggested which has an advantage that
it allows one to understand the structure of the solution.

4 QCD Sum Rules

1. Models for the heavy-baryon LCDAs can be obtained by applying the QCD sum rules to the
correlation functions involving the non-local light-ray operator O'(t1,t5) and a suitable local
current J F/(ac) which is shown in Fig. 3. For a suitable local current of the heavy baryons one
can take

TV (@) = AT + B = e |a3(2) (A+ BYT'CTT (@) Q5(a), (41)

where CT is the matrix transpose to C. Specific values of the coefficients A and B allow to
account for the variation caused by the uncertainty in the choice of the local current. The
currents of the type jfl ?(x) and j2H ?(x) have been used in Ref. [11] to write the diagonal, non-
diagonal and constituent-type sum rules. For the baryons with the diquark spin-parity j2 = 07,
one should take I'" = 75 and for the j» = 17 diquark in the baryon, there are two possibilities
I" =~ or I'" = ;. The current Ja(x) adopted in Ref. [7] for the Ay-baryon, having j» = 0
of the diquark, is the current (41) with A = B = 1/2, which picks up the contributions of both
even and odd dimensions, i.e. jé\ b(x) produces the perturbative theory and quartic condensate
contributions, while jf\ *(z) results into the non-local quark condensates.

The procedure of constructing the QCD sum rules is well known and results the following
general form:

fi (AL + BID ) 6%t 1) 7 = B (b1, 1237, 50), (42)

where fi. = f g{; for the even twists and fi = f I(;()Q for the twist-3 distribution amplitudes. The



effective baryon mass is introduced as the difference A = m Hy — Mm@ with mq being the mass
of the heavy quark, 7 is the Borel parameter, and sg is the continuum threshold. The r.h.s. in
Eq. (42) is the Borel-transformed continuum-subtracted invariant function determined through
the correlation function Il (¢, te; 7).

For practical applications, one needs to know the LCDAs in the momentum space. The
Fourier transform of the LCDAs has been defined in Eq. (39) and the one of the scalar correlation
function is as follows:

[ty [ dt
(w,u;7) / 1/ o ST I (1 ;). (43)

In the momentum space, the sum rules (42) can be rewritten in the following form:

i (AT + B ) 5% ) &7 = Bl @, i, s0). (44)
Taking into account the leading-order perturbative contribution to the sum rules only, one
obtains:
~ 4 A .
Yo(w,u) = 3077 [aﬂ uti + Ew(m2u+mm)} B (23,)e%, (45)
- 3074 A X 1
1/14(w,u) = T |:E (2 ) + E (m1 + mg) E2 (28(_0):| (§] w, (46)
~ (. B, .
Yss(w,u) = N { [W 7 (11 + m2)} Es (23,) (47)
B

N

— W (Thou + 1M1 0) Ey (2§w)} e,

(1 — m2)] Ey (25,) (48)

| W

bt = 2 {fow-n+

oy

Z w (T?LQU — mlﬂ) Ey (2§w)} e—UAJ’

where s, = 5o —w/2, © = w/(27), 5, = su,/(27), and My 2 = m2/(27). The normalization
integral NV is introduced via the decay constant:

2 e*/_\/T 1 %0 5 —s/T — N

(i) _ =
i “a0n1 Jy T T ppat (49)
In Eqgs. (45)-(48) it appears convenient to introduce the function:
1 v _ F(a+1,z)
Eo(z) = =—— [ dtt%et=1—-——"2
@) = Fax 1 /0 © Ta+1) (50)

where I'(a+1,z) = f;o dtt%e~" is the incomplete I-function. For integer values of the parameter
(a = N), this function is reduced to the well-known representation:

N .n

En(z) :1—e*xzx,, (51)

n=0
In practical numerical estimations, it is more convenient to use the integration by parts
l,a—f—l e~ %

Ey(z) = Eqr1(z) + Tt (52)



to re-express the negative value of the parameter a in E,(x) through a positive one, as done
in [7].

In order to evaluate the non-perturbative contributions to the sum rules, one is forced to
use the non-local quark condensates as explained in Refs. [20,21] for the B-meson case. In the
present analysis, we use the general parametrization [22,23]

o0

(@()a(0) = (aa) [ dve* 1 1(v), (53)
0
where (gq) is the local quark condensate and f(v) is the model function [21,24]:
=L lag —3=22 4
1) = fog T e (54)

The parameters A and m3 entering the model function f(v) have the meanings of the corre-
lation length and the ratio of the mixed quark-gluon and quark local condensates. A more
comprehensive analysis of the non-local quark and gluon condensates has been undertaken in
Ref. [25].

Taking into account the non-local quark condensates, the sum rules are as follows:

fio (Aff) + BIE ) 95R(w,u)e 7 = (55)
3
2m4

— 3 "
_M [Avt + Bino] f(21wu) Ea—a(23,) e
s
_ 3 p
_M [Adu + Bri] f(2rwii) Ez—q(28z) e
s
2B S) €7
3 ({@191) (@a2) 7 f(21wu) f(2700) Es—54(23,5) ¢,

[B&? uti + A (thou + 1aai) | E1(25,)e™

T (A + BID) 95R(w,u) e/ = (56)

374 . A N A )
o [B E5(25,) + A (my + ma) Ea(25,)] e

— 3 R
—M [A Es_q(28,) + Biing Ba_o(25:)] f(2rwu) e @
T

- 3
—% [A Es_q(285) + Biiv Bao(285)] f(2rwii) @
+? (1) (G2q2) 7° f(2Twu) f(27wa) B350 (28,x) e,

T (Aff) + BID ) 05w, w) e/ (57)

374

yw {[A& 4 B (11 + 12)] E2(23,,) + B& (1hou + @) By (28,)} e

@G b 96 4 (Bow 4+ 2A1ig) By (25.)] £(2 —o
—W[ 3-a(284) + (Bou + 2Ams) Ea_(25,)] f(2Twu) e

BT (1 (250) + (Bou-+ 241m) Ba-o(250)] £ (2r) e
+% (@1q1) (D2q2) T2 f(27wu) f(27wa) B3—_04(23.x) e,



Table 1: Experimental measurements and theoretical predictions (based on HQET [27] and
Lattice QCD [28]) for the masses of the ground-state bottom baryons (in units of MeV). Here,
A=m m, —myp and the continuum thresholds sp in HQET for m;, = 4.8 GeV are also given (in
units of GeV).

Baryon JT  Experiment [26] HQET [27] Lattice QCD [28] A s

Ay 1/2% 56200+ 1.6 5637758 5641 +£2173 0.8 1.2
S 1/2F 5807.8+2.7 5809752 5795 £ 16155 1.0 1.3
¥, 1/2t 5815.2£20 5809152 5795+ 1675 1.0 1.3
>t 3/2F 5820.0+£34 5835152 5842 +26720 1.0 1.3
ST 3/2F 58364 +28 5835152 5842 2617 1.0 1.3
=, 12 5790.5+2.7 5780153 5781 £17HF 1.0 1.3
z 1/2F 5903753 5903 £ 12718 1.1 14
= 3/2% 5903753 5950 £2115) 1.1 14
Q  1/2f 6071 + 40 6036 + 81 6006 10735 1.3 15
Q  3/2f 6063753 6044 £1873) 1.3 15
1 1 2)\ 7 AT
fi (Al + BIR ) 95w, u) e = (58)
374 . _ . . A a oA P 4 -&
o {[A® (u — 1) + B (m1 — )] E2(28,,) + Bw (mau — mya)E1(25,)} e
Blqiq)m3 . . R o
—% [E3_q(25,) — 0t Ea_q(28,)] f(2Twu) e
Bla 3 .
+% [E3_q(255) — 0u Ea_q(258z)] f(2Twu) e,

where §,, = 8, — Kk/2, S5 = 8, — R/2, Skr = Sw — K/2 — K/2, and the short-hand notations are
used:
A A

= Suwr = Sawr
The QCD sum rules for the twist-2 LCDA (55) coincide with the ones in Ref. [7] in the limit
of massless light quarks 7m; = e = 0 when A = B = 1/2. The impact of the quark-hadron
duality on the double condensate terms in Eqs. (55)-(57) is the appearance of the function
Es3_94(2547) which in the local limit terns out to be unit, as originally obtained in Ref. [7].

In a similar way, the QCD sum rules can be obtained for heavy baryons containing the

diquark with the spin-parity j7 = 1%, and corresponding equations are presented in Ref. [8].

(59)

5 Numerical analysis

To perform the numerical analysis, it is necessary to specify required input parameters. The
values of effective baryon masses A = my, —my, in HQET for m;, = 4.8 GeV are presented in
Table 1 where experimental measurements [26] and theoretical predictions (based on HQET [27]
and Lattice QCD [28]) for the masses (in units of MeV) of the ground-state bottom baryons
are also shown. The comparative analysis of the predictions for the heavy baryon masses can
be found in Refs. [27,29]. The continuum threshold values sy (the last column in Table 1) used
by us are in agreement with ones from [27], used for the baryon mass evaluation to order 1/m
within HQET. The other input parameters are presented in Table 2. For the discussion of these
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Table 2: Numerical values of the parameters entering the QCD sum rules for the LCDAs of the
bottom baryons.

T (0.6 £0.2) GeV | ms (1 GeV) (128 £21) MeV
(@g) (1 GeV) —(242F5) MeV® | (55)/(qq) 0.8+ 0.2
mé (0.8 £0.2) GeV? | X 0.16 GeV?

parameters see [30] and references therein. Note that the shape function f(v) in the non-local
quark condensate is assumed to be flavor independent for all light quarks.

These QCD sum rules constrain certain momentum fraction integrals (the moments). Let
us define such moments as follows:

250 1 B
(f(w,u)>kHQ :/0 wdw/o du f(w,u) tSR(w,u), (60)

where t = 2, 3s, 30, 4.
For the leading twist LCDAs (¢t = 2), one can fix the LCDAs normalization by

/280 wdw/ du SR (61)

Estimates of the moments for the Ap- and Zp-baryons are presented in Table 3. In this case,
it is convenient to make an expansion in terms of the Gegenbauer polynomials CT?Z/ 2(2u - 1)
which are orthogonal with respect to the asymptotic behavior ~ u(1 — u) of the leading twist
LCDA (55) (in the massless limit). The errors correspond to the variation of the parameters A
and B in the range: 0 < A, B < 1, keeping the condition A + B = 1, and the central values
of the other input parameters are given in Table 2. As a check, we reproduced the numerical
values for the moments [7] corresponding to the leading twist LCDA of the Ap-baryon. All the
moments of the Ap-baryon calculated with respect to the Gegenbauer polynomials of the odd
order are equal to zero as a consequence of the symmetry of this function under the interchange
u < 1 —u. This is not true anymore for the Zp-baryon if the SU(3)p-breaking corrections
are taken into account due to the non-vanishing s-quark mass and the difference between the
strange (Ss) and non-strange (gq) local condensates. From Table 3, one can easily see that these
corrections yield typically ~ 10% effects.

For the twist-3 LCDAs 95 (w,u) and ¢$%(w, u), the normalization condition (61) is used.
As for the integral (61) with the LCDA ¢$R¥(w,u), it turns out to be zero in the SU(3)p
symmetry limit, as this function is antisymmetric under the interchange u <= 1 — u. To avoid
this problem, we use for the @g},{(w, u) LCDA the following normalization condition:

2s0 1 _
/ wdw/ duC*(2u — 1) PR (w,u) = 1. (62)
0 0

Note that for these LCDAs the expansion with respect to the Cl/ 2(2u — 1) Gegenbauer poly-
nomials is more suitable. This is motivated by the analysis of the energetic m-meson for which
the twist-3 ¢,(z) and twist-4 ¢3(z) LCDAs are described by the cy/ 2(2u — 1) Gegenbauer
polynomials [31-33].

Numerical estimates for the Ap- and Zp-baryon moments based on the QCDSRs are presented
in Table 3. As explained above, the errors correspond to the variation of the parameters A and B
while the central values of the other input parameters are taken from Table 2 and kept fixed
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Table 3: Numerical values of the first several moments of the heavy baryon LCDAs estimated
by the QCDSRs. The moments {(w™1t), <w*102/2> and (wilC}Z/2> are dimensionful, with the
entries below given in units of GeV~!, while <Cz/ 2> and (C’,}/ 2) are dimensionless.

Ho| t | ™) c? W G wa® @Gh W
A 16570747 0 0 L00TOeT 0617078 0 0
= 1465535 0107055 0081050 115705y 086135 —0.02703  —0.10%05
Hq | i (w™) ) wa” @™ wrta® Gl w7
3s | 216705 0 0 —0.032730% —0.2070 11 0 0
Ay | 30 0 1 154502 0 0 —0.034+0:93  —0.0277992
4 | 284505 0 0 —0.108+99%5  —0.4170:%2 0 0
3s | 1947037 011T00r 00757000 1057033 101703 —0.0147003) —0.117700%
Ep | 30 | 0.0019%50015 1 13755040 0.057E5:58  0.0981397  1.115948 1.55%9-24
4 | 2.73%06L 0124009 51009 g 55HOI8 () g9t016 () g310-025 () 3g+0.02

at their central values. It is worth noting, that for the Zj-baryon, the integral (61) becomes
non-zero because of the SU(3) p-symmetry breaking, but numerically it is small:

2s0 1 5
/ wdw / du it (w,u) = —0.0049700939. (63)
0 0

The same is true also for the (w™!) moment as seen from Table 3.
We propose the following simple models for the baryon LCDAs at the low scale p =1 GeV:

2 (2

Po(wou) = wu(l—u) Y Cz;‘)4 C3/2(2u — 1) e/ (64)
n=0 €p,

7 w 2 a£z3) 1/2 —w/e(3)

Vss(w,u) = < ZWCn (2u — 1) e/ (65)
n=0 En
3 ,(3)

~ w b, (3

Vso(wu) = 5 > TE CL2(2u — 1) e/m" (66)
n=0 T]n

. 2 aY (1)

Palw,u) = Y e Cl2(2u — 1) e /" (67)

n=0 En

where Cé/ Y(u—1) = C’g’/ >(2u — 1) = 1. The Gegenbauer moments of the zeroth order are
defined as a(()k) = 1 which follows from the normalization:

00 1 _
/ wdw/ dutg(w,u) =1, (68)
0 0

where k = 2, 3s, 4. In the construction of the models for the LCDAs, we have truncated the
Gegenbauer expansion at the second non-asymptotic term.
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Table 4: Estimates of the parameters entering the theoretical models for the heavy baryon

LCDASs based on the QCDSRs values of the moments.

o]z Q) -0 Q) O Q)

. 2 0.201%8;5;13 6 0.5512tg?356 (1) 03912+8-§§3

Ay | 3023270037 0 005570030 0 —0.16170:208
4 10.35275:57 0 0.26210135 0 —0.54110 58
21 0.2287008 0,429 0.4497, . 0.05770050  0.449702%

=, | 3] 02587003 0.75010308  0.52010:228  0.33915:200  5.24479-6%0
41 0.378100%  2.29175%,, 0.28670125 0.03970030  —0.09010 057

Ho o] a0 0 D 0

Ap | 3]0.32470558 0 0.63370077 0 —0.2407078°

=y | 302187001 0.87779820 0.04910995  0.03710932  _0.02710:016

In terms of the LCDAs parameters, the moments of interest are:

iy _f 11 1
. 32 2653)’ o €W |
RN

(o 3/2> L R W
56D 6 @ 3. [
< )

€1 €1 1 1

775757 5 (7

2 3 3 4
<w‘103/2>HQ= oy b ol
k 7e? " 10¢5) 7 1007 5el)

In the limit of the exact SU(3)r symmetry, all the above functions have definite symmetry
properties: by (w, u), 3s(w,u), and hy(w,u) are symmetric under the exchange u «— 1 — u,
while @530 (w,u) is antisymmetric. As a result, only even Gegenbauer polynomials are entering
the model functions for the LCDAs; i.e., a(k) =0 (k= 1,2,3). If we restrict ourselves to the
isospin symmetry only, then these symmetry conditions remain true for the Ag-baryon but not
for the Zg-baryon, as the s-quark contributes differently than the u- and d-quarks.

The detail numerical analysis of the baryons with the j» = 17 diquark are presented in
Ref. [8]. Here, we exemplify it by presenting the shape functions of the J” = 1/2% baryons in
Fig. 4. The uncertainty in the LCDAs is mainly dominated by an arbitrariness (0 < A < 1) in
the choice of the local interpolating current.

6 Conclusions

The total set of the non-local light-ray operators for the ground-state heavy baryons with J& =
1/2% and JP = 3/2% is constructed in QCD in the heavy quark limit. Matrix elements of these
operators sandwiched between the heavy-baryon state and vacuum determine the LCDAs of
different twist through the diquark current. The first several moments of LCDAs are calculated

13



0.15 0.15

~~~~~

0.05

w / I v
0.0 0.5 1.0 1.5 2.0 0.0 0.2 0.4 0.6 0.8 1.0

Figure 4: Twist 2 LCDAs of ¥, (blue), = (red) and €23 (yellow) at the energy scale p =1 GeV
(solid lines) and energy scale u = 2.5 GeV (dashed lines) including the most conservative error
A € [0,1] (light shade).

within the method of QCD sum rules using the non-local light-quark condensates. Simple
theoretical models for the LCDAs have been proposed and their parameters are fitted based on
the QCD sum rules estimations. SU(3)p breaking effects result the correction of order 10%.
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