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1 Introduction

Our understanding of heavy flavour physics is incomplete without a deeper insight in the
processes with heavy-flavoured baryons. The (electro)weak decays of Ay, A. and other
b- or c-baryons, such as Ay, — ply,, A. — Ay, Ay, — A0l and A, — Av, can provide
valuable information on the underlying quark-flavour operators, in particular, on their spin
structure. Some exclusive decay channels of heavy baryons are already being investigated
at Tevatron and LHC (see e.g., [1-4]). For a comprehensive analysis of these processes the
heavy-to-light baryon form factors have to be calculated in QCD. These form factors are
also used in the factorization estimates for nonleptonic decays e.g., for Ay — pm.

Another topical problem, which stems from a different physical context, concerns the
charmed baryon and meson strong couplings to the nucleon, for example, the A.DN or
A.D*N couplings. These strong interaction parameters can be used as normalization inputs
in the models of charm production in the proton-antiproton collisions, such as the future
experiment PANDA [5].

The lattice QCD studies do not yet access the heavy-to-light baryon form factors,
whereas strong couplings in general remain a problem for the lattice simulations. The sit-
uation is more advanced for the non-lattice techniques. Among them, the method of QCD
light-cone sum rules [6-8] (LCSR), well developed to calculate the heavy-to-light meson
form factors [9-12], is flexible enough to predict also the baryonic matrix elements. One
possibility to derive LCSR for the baryon form factors is to consider, in full analogy with
the meson case, the vacuum — nucleon correlation function and express the result of the
operator-product expansion (OPE) near the light-cone in terms of the nucleon distribu-
tion amplitudes (DA’s). The latter have been worked out in [13, 14]. This approach was
applied to the nucleon electromagnetic form factors [15-17], where the second nucleon in
the correlation function was interpolated with the three-quark current e.g., with the loffe
current [18]. In order to access heavy baryons, e.g., A. or Ay, one has to use a three-quark
current with one heavy ¢ or b quark. Matching the QCD calculation result for the cor-
relation function to the hadronic dispersion relation in the variable of the heavy-baryon
momentum squared, one obtains the LCSR for a heavy-to-light form factor. Furthermore,
a sum rule for the (heavy baryon)-(heavy meson)-nucleon strong coupling can be obtained
from the double dispersion relation for the same correlation function. Originally, this
method was used to calculate the D* D7 coupling in [19].

The aim of this paper is to calculate the heavy-to-light baryon form factors and strong
couplings from the LCSR with the nucleon DA’s. In the literature, one can find several ap-
plications of LCSR [20-24] or other QCD sum rule techniques [25-28] to the heavy-baryon
form factors and strong couplings. There is however an important problem in the sum rules
for baryons which is absent in the case of mesons. Whatever three-quark current one uses to
interpolate a given baryon, not only the ground state with the positive parity (J* = 1/2%),
but also a heavier baryon resonance with the negative parity (J = 1/27) couples to that
current. As a result, e.g., in the hadronic dispersion relation for the isospin-zero charmed
baryons, the ground state A. is accompanied by a ~ 300 MeV heavier negative-parity res-
onance A-(2595) [29], which we hereafter denote as A}. In the b-baryon spectrum, the A;



resonance with JP = 1/27 is expected to have a similar mass difference with respect to Ay,.
Note that AZ(b) is a P-wave state in terms of quark model, and not a radial excitation of
Acp). Also the mass difference of heavy-light baryons with JP =1/27 and J¥ =1/2% is
smaller, than in the case of light-quark baryons. Consequently, the influence of negative-
parity states on the sum rules for heavy-light baryon matrix elements is expected to be
more significant than in the case of the nucleon form factors. Hence, a usual quark-hadron
duality ansatz for the hadronic spectral density in QCD sum rules — one lowest A res-
onance plus continuum approximated with OPE — is not accurate. Moreover, we expect
that this simplified ansatz is one of the main reasons why there is a substantial depen-
dence of the sum rule results on the choice of the interpolating heavy-baryon current in
the correlation function.

Several approaches were suggested in the literature to isolate the negative-parity
baryons in QCD sum rules. In [30], the heavy quark limit was employed, making use
of the fact that the contributions of positive (negative) parity baryons in the two-point
sum rules are proportional to [14 #] ([1— #]), where v is the 4-velocity vector of the heavy
baryon. Hence, one can introduce a parity projection matrix for the correlation function
and construct two separate sum rules for the positive and negative parity baryons. How-
ever, such a procedure only works for infinitely heavy baryons, hence, at finite masses it
cannot guarantee a clean separation of the negative parity states, especially in the case of
charmed baryons. Another possibility suggested in [31] is to introduce the step function
0(x) in the correlation function and separate the contributions from baryons with different
parities. One advantage of this ansatz is that it also works for light baryons.

In what follows, we adopt a new approach, including the contributions of negative
parity baryons explicitly in the hadronic dispersion relations. The idea is very simple: we
use a linear combination of the sum rules obtained from different kinematical structures of
the same correlation function, so that the negative-parity baryon terms are cancelled out
and only the ground-state baryon contribution is retained. The advantage of this procedure
is that it does not rely on the heavy quark limit. Also, as we shall see from the numerical
results, the form factor determination from LCSR becomes largely insensitive (within the
uncertainties of our calculation) to the choice of the interpolating baryonic current.

The main phenomenological results obtained in this paper include the form factors
of Ap — p transition and the strong couplings A.ND™ and . ND®. The plan of the
paper is as follows. In section 2 we introduce the correlation functions and discuss the
choice of the quark currents. In section 3 we derive the hadronic dispersion relations for
these correlation functions. In section 4 the LCSR for the heavy-baryon — nucleon form
factors are obtained, calculating the correlation functions in terms of the nucleon DA’s and
matching them to the dispersion relations. Since the form factors enter LCSR together
with the decay constants of heavy baryons, in section 5 we describe the two-point QCD
sum rules used for these constants. In section 6, the LCSR for the strong couplings are
derived. The details of the numerical analysis of the form factors and strong couplings
are collected in section 7. Section 8 contains our predictions for the exclusive semileptonic
Ay — plyy and nonleptonic Ap — pm decays based on the form factors obtained from LCSR.
Section 9 is reserved for the concluding discussion. The paper contains several appendices



where the bulky expressions of the nucleon DA’s (appendix A), LCSR for the form factors
(appendices B, C), the two-point sum rules for the decay constants (appendix D) and the
double spectral densities used in LCSR for the strong couplings (appendix E) are collected.

2 Correlation function and interpolating currents

As afirst step to derive the LCSR, we introduce the following vacuum-to-nucleon correlation
function:

o (P,q) = i/d4z €% (0] T {(0), ja(2)} IN(P)) - (2.1)

In the above, the current 7 interpolating a heavy-light baryon and the current j, of the
heavy-light transition (a indicates a certain Lorentz structure) enter the T-product, sand-
wiched between the nucleon on-shell state |N) with the four-momentum P (P? = m%)
and the vacuum. The heavy-quark mass mg is finite, and the calculation is applicable to
both charmed (mg = m.) and beauty (m¢g = m;) baryons. Moreover, a generalization to
the case of strange baryons is possible in the same framework (m¢g — m), provided the
external momentum transfer ¢ is deep spacelike. For the heavy quarks this condition is ful-
filled if ¢* < mé Note that the N-state is taken as an initial one in (2.1) for simplicity, in
order to directly use the definitions of the nucleon DA’s from [13]. In the phenomenological
applications of our interest IV is a proton.

For definiteness, in what follows we consider the correlation function (2.1) with the
c-quark, selecting the flavour configuration udc for the baryon interpolating current and,
correspondingly, ¢u for the transition current. With this choice, we first derive LCSR for
the A, — p and X, — p form factors. Switching from ¢ to b quark in the A, — p sum rules
(and accordingly adjusting the relevant scales in the correlation function), we obtain the
LCSR for Ay, — p form factors, our first phenomenological goal. Furthermore, the flavour
configuration chosen in (2.1) leads, via double dispersion relations, to LCSR for the strong
couplings of charmed baryons A, X, with the nucleon and D®)-mesons.

In what follows, we consider the heavy-light transition currents with pseudoscalar,
vector and axial-vector quantum numbers:

ja = Erau7 Wlth Fa = mci757fYM7’YM’Y5 ) (22)

respectively. For the sake of renormalization invariance, the quark mass is inserted in the
pseudoscalar current.

For the heavy-light baryon interpolating current we have the following general struc-
ture:

n = eijk (ul CFb dj) fb Ck (2.3)

where the first fermion field u; should be hereafter understood as u;r, C' is the charge
conjugation matrix, and the sum goes over the colour indices 7, j, k. There are multiple
choices for the Dirac structures I'y, and fb in the above current. The discussion of the
optimal choice of the baryon interpolating current goes back to the early papers [18, 32, 33].
In the Ac-baryon, the isospin of the light diquark [ud] is zero, excluding the structures -,



and oy, for I', in the n current. Still there is a freedom to choose in (2.3) the following
combinations: I'y = 5, I', = 1, leading to

n = 771(\7? = (uCnysd)ec, (2.4)

or I'y = 57, fb = ~*, for which

A
n=ny") = @Cymnd c. (2.5)
In addition, a simpler current
S
ny) = (uCd)yse, (2.6)

c

is also possible, as well as any linear combination of all three above currents.

The heavy-quark limit [32] provides another guiding principle for choosing an optimal
heavy baryon current, at least at the qualitative level. In particular, since the light diquark
system in the current (2.6) is in the P-wave, this current is not expected [30] to have
a considerable overlap with the ground-state A.. Hence, in what follows we will only
leave (2.4) and (2.5) under consideration, which we denote as the pseudoscalar and azial-
vector currents, respectively. The correlation functions (2.1) with the pseudoscalar (axial-
vector) interpolating current and with the transition currents listed in (2.2) are denoted as
Hép), Hg?)’ Hf];) (HéA), HELA), Hf:g)), respectively.

Turning to the X, baryon where the light diquark [ud] has isospin one, we again adopt
two different currents: the Ioffe current [18] with I'y, = 7,, and fb = Mvs:

NS = @wCyd)Yysec, (2.7)

and the tensor current with I'y, = 0, and fb = oM 5:

(7)

Ny, = (wou d) o ysc. (2.8)

c

The Ioffe current is used in the LCSR for the nucleon form factors [16]. One advantage
of this current is that the power corrections terms are small. On the other hand, the tensor
current provides a reduced continuum contributions, at least in the sum rules with light
baryons [33].

3 Accessing the form factors with hadronic dispersion relations

We begin with the hadronic transitions involving A.. Following the usual procedure of
the QCD sum rule derivation, we insert in the correlation function (2.1) a total set of
charmed-baryon states between the interpolating current n = 771(\22 (where i = P or A) and
the transition current j,. In the resulting hadronic dispersion relation the contributions of
the lowest state A. and its negative-parity partner A enter. The residue of the A.-pole
contains the product of two hadronic matrix elements. The first one is the coupling of A,

with the interpolating current 775\@3 (the decay constant), defined as

07 AP = q)) = ma AL un, (P —q), (3.1)



where up, (P — q) is the A.-bispinor with the four-momentum (P — ). The second hadronic
matrix element (A.(P — q)| jo |IV(P)) is defined in terms of N — A, form factors which are
equal to the A. — N form factors of our interest, up to an inessential general phase.

For the pseudoscalar transition current there is only one form factor, which we define
as:

(Ac(P = q)l mccivs u|N(P)) = (ma, +mn)G(q*)un (P — q)ivs un(P), (3.2)

where the mass-dependent factor on r.h.s. is introduced to keep the form factor G(q?)
dimensionless. The hadronic matrix elements with the vector and axial-vector transition

currents contain three form factors each:

2 2
(0lP = lenul NP =un (P @ e+ i g+ ) g b,
(3.3)
2 2
(0elP=a)lexn uNP) =ua (P {an @) + %20 oy + T g, bogun(p).
(3.4)

Taking the divergence of the axial-vector current one obtains the following relation:

2
G(q*) = q1(q°) — - (mz +mN)gs(q2)- (3.5)

The A%-pole term in the dispersion relation contains the decay constant

(O |N(P — @) = ma A 5uns (P —q) (3.6)

c

which is multiplied with the form factor of the N — A% transition. For the pseudoscalar

transition current we define this form factor as
(N (P — q)| mccins w|N(P)) = (my, — mn)G(g?)itine (P — q)un(P). (3.7)

For the vector and axial-vector currents the definitions of the corresponding form factors
f12.3(¢%) and §12.3(¢?) are obtained from (3.3) and (3.4), respectively, adding 5 after the
A, bispinor and replacing A, — A%.

Taking into account the equation of motion (P — my)uy(P) = 0, we decompose
the correlation function (2.1) in independent invariant amplitudes. In the case of the

pseudoscalar transition current j5 there are two amplitudes:
) (P,g) = [T ((P = 9)%,¢%) + 4 IE (P = 9)2,¢%) | ivsun (P), (38)
for both i = P or A. In the case of the vector current j,, there are six invariant amplitudes:
) (P,q) = <ﬁ§“ Py + 1Y) Pug + 10§ 5, + T 7,4 + 108 g, + 1Y qﬂgz) un(P) ,(3.9)

where the dependence of ﬁ@6 on (P — ¢)? and ¢? is not shown for brevity; a similar

decomposition for the correlation function H;(Zg with the axial-vector current j,5 reads:

(P, q)= (ﬁ?) P, + 105 Bug+ 1)y, + T 7, + T g, + 115 W;) ysun (P) . (3.10)



Employing the above definitions of decay constants and form factors, and summing
over the helicities of the A, and Af, we obtain the hadronic dispersion relations for each
invariant amplitude in (3.8), (3.9) and (3.10). In the case of the pseudoscalar current one

has:
| 3.~ miMLG (@)
T9(P — )2 42) = ma. (M, — my)A,
1 (( Q)aQ) m?\c—(P—q)z
mA"c(m?\*c - m?v)AE\Z*ZG(qQ) n 7Od8 pgi)(37q2) (3.11)
mi, — (P —q)? s—(P—g¢?"
30
and
(@) 2
@ ) ma,(ma, +mn)Ay G(qg”)
H P - q aq = -
V(P -0 a?) (P o
mps (mas, — mN))‘E\Z*zé((f) +7od8 Pgi)(S,qz) (3.12)
my, — (P - q)? s—(P—q)?’ '

S0

where the hadronic spectral densities of all excited and continuum states with the quantum
numbers of A, and A%, are denoted as pgl;)z, and 56‘ is the corresponding threshold. Possible
subtractions are neglected, having in mind the subsequent Borel transformation.

In the case of the vector transition current the dispersion relations for the six indepen-
dent invariant amplitudes have the same structure as (3.11) and (3.12). Instead of writing
them down one by one, we present one combined expression for the correlation function,

written in terms of the hadronic contributions:

4 AW 2
Hff)(P,q): m% i\C(T;Ai q)2 [2f1(q2)Pu - 2]:2752 ) Py d
=) (A = " ) o (D) - )
+ (— 2+ (f2(q2)+f3(q2))> Gty (Fala)=Fala*))ay q] ux(P)
)‘X%m/\*c = f2(q%)
+(ma +my) (fl((f) + mA;fn_AjnNﬁ(qQ))W_ (fl((f) + mA*c_mez(qQ))w d
(2R + T )+ D = e e (P
7 d i (i
+/ s — (PS— q)? (ﬁg)(S’QQ)Pu +Pg)PH¢
+75) v+ 08 vt + 85 + ) Quﬂ)UN(P)- (3.13)



Collecting the coefficients at each bispinor structure in the above, we equate their sum to
the amplitude Hg?“ﬁ which multiplies the same structure in the decomposition (3.9). The

analogous hadronic decomposition for the correlation function I:Il(fg(P, q) with the axial-
vector current can be obtained from (3.13) by replacing f; — ¢;, fi — @i, changing the sign
of my and adding ~5 before the nucleon spinor.

The hadronic dispersion relations for the correlation function with the X, interpolating
currents are obtained from the relations for the A. presented above by simple replacements
Ac — X, and A} — X%, We identify the X7(1/27) state with the resonance ¥.(2800) [29]

whose mass is close to the expected one:
myx >~ my, + (max — my,) ~ 2764 MeV. (3.14)

The dispersion relations obtained above will be used in the following section to derive

the LCSR.

4 Light-cone sum rules for the form factors

We now turn to the computation of the correlation function (2.1) for the A, — p transition,
employing two different interpolating currents for A. and, in each case, the three transition
currents listed in (2.2). Throughout this calculation we neglect the light-quark masses
everywhere; the only two mass parameters in the correlation function are the c-quark
mass m. and the nucleon mass my, the latter entering the nucleon DA’s. The external
4-momenta P — ¢ and ¢ are taken spacelike, (P — q)?, ¢*> < m2, to justify the expansion
of the product of the two currents in (2.1) near the light-cone (22 ~ 0). The OPE result is
obtained as a sum over nucleon DA’s of growing twist, convoluted with the hard-scattering
amplitudes formed by the virtual c-quark propagator, as shown in the diagram of figure 1.
We include all three-particle nucleon DA’s from twist 3 to twist 6. The contributions of soft
gluons emitted from the c-quark and absorbed by the nucleon, demand the knowledge of
the four-particle (three-quark-gluon) nucleon DA’s. Their analysis has just started [34, 35].
In fact, the soft-gluon contributions to OPE are expected to be suppressed by extra powers
of the virtual c-quark propagator. Another future improvement of LCSR is possible, if
one calculates the O(as) corrections to the correlation function corresponding to the hard
gluon exchanges between the quark lines in the diagram of figure 1.
The nucleon DA’s at 22 — 0 are defined according to [13]:

(O] €%, (0)u ()5 (0) IN(P)) = Vi (PC) s (r51a), + A1 (P15C) 05 (),
+T1 (P"i00C) o5 (Y 15un), + - (4.1)
where «, 3, are Dirac indices. The terms shown above receive their contributions from the
lowest twist-3 DA’s. The complete, rather bulky decomposition is presented in appendix A.

In (4.1), the calligraphic notations F = {V1,.A1,7;} denote the integrals over the twist-3
nucleon DA’s:

F = /d$1d$2d$36(1 —x — @y — x3)e 2P ER (2 1) (4.2)



P—q q

Figure 1. Diagrammatic representation of the correlation function (2.1). The wavy lines (oval)
represent the external currents (the nucleon DA).

denoted by the same noncalligraphic letters F' = {Vj, Ay, T1}, where x; = {x1,x9, 23},
(0 < z; < 1) are the longitudinal momentum fractions of the quarks in the nucleon and p

is the normalization scale. The twist-3 DA’s:

Vi(ws, 1) = 120z12223(65 (1) + ¢ (1) (1 — 3a3)]
Aq(xi, ) = 120@12023(22 — 21)P3 (1) 5

Ti (o, 1) = 120mssfd§(u) — o (65 () — 65 (1)) (1 — 3s)]. (4.3)

are derived in [13] where one can find the details. The expressions for the nucleon DA’s of

twist 4, 5, 6 as well as the relations for their normalization and shape parameters, such as
g,i in (4.3), are presented in appendix A.

51; 50 e isolate

the invariant amplitudes. The integration over the variable 1 is performed easily, while the

Substituting the decomposition (4.1) in the correlation functions 1Y

virtual c-quark momentum in the chosen configuration is equal to (x9P — ¢) and contains
no zi-dependence. The result is represented as a sum of integrals over the remaining
variable x9 = .

For the correlation function with the pseudoscalar transition current, the invariant
amplitudes defined in (3.8) can be transformed to the following form:

1 (i) 2 2
() 2 2y _ Me wjn(x’(P_Q) ,Q)
n(e =gt =" S [ (14)
n=1,2,3 0
with the denominator
D=m?— (2P —q)?=m?—x(P—q)*—2¢* +zzm%, (4.5)



and T = 1 — z. The functions wj(g are distinguished by their indices: i = P, A (baryon
current), j = 1,2 (the number of the invariant amplitude) and n = 1,2, 3 (the power of the
denominator). They depend linearly on (P — ¢)?, ¢* and polynomially or logarithmically
on z. Note that in (4.4) we do not show the terms which vanish after Borel transformation
in (P —q)%. Since the invariant amplitudes in the form (4.4) will now be used in the LCSR
for the form factors, we also replace (P — ¢)? in the numerators w( )(x, (P —q)% ¢%) by
s(x) — D/x, where

s(z) = (m? — z¢* + xzmi)/z . (4.6)

The transformed functions wj(yz

functions with the vector and axial-vector transition currents, expressions similar to (4.4)

(7,¢%) are presented in appendix B. For the correlation

(without the factor m.) are obtained for the invariant amplitudes Hg) and H() (j =
1 ") and ol

,6). The corresponding numerator functions cT)] in respectively, are also given
in appendix B. Furthermore, appendix C contains the numerator functions w;

0 50 and

Jn? ]n

PRI

u_)](rz (i =Z,7) for the correlation functions with the ¥, interpolating currents.

After computing the OPE expressions for all invariant amplitudes in the integral
form (4.4), we use the hadronic dispersion relations for these amplitudes presented in
the previous section. At this point, we notice that each form factor enters more than one
dispersion relation. E.g., in the case of pseudoscalar current, there are two linearly inde-
pendent relations (3.11) and (3.12) for Hgi) and Hg), respectively, both containing the A.-
and A’-pole terms. Combining them, we eliminate the A¥, contributions, obtaining a linear
combination of dispersion relations containing only the hadronic matrix elements for the
ground-state A.-baryon:

ma,(ma, +my)(ma, + mA*))\(i)G(qQ) T (i)( 2) — . @ (s, q?
c c c eI M +/d5p1 S’Q) (mAc+mN)p2 (SaQ)
m3, — (P —q)? / s— (P —q)?
S0

= [M(P = 0% ¢) = (maz +ma) TS (P = 0)%,6) | - (4.7)

The contributions of the hadronic states above the threshold 88 are approximated using

quark-hadron duality:

(e 9]

[5—(P— q)? [P1( %) — (maz +mn)py (s q)}
17 ds i ;
= / s—(P—q)? [Imsﬂg (s,4%) — (max + my)Im I (s, q2)] . (4.8)

S0

where sg is the effective threshold parameter. The spectral densities Imsl'[ﬁ)2 are calculated
from the OPE result (4.4). To this end, the integrals in (4.4) are transformed to the
dispersion form in (P — ¢)?, transforming the integration variable z to s(z) defined in (4.6),

so that
1

yoo [P+ = s\ -@ - m A mE - )] (@)
My

x(s) =

,10,



The final step in obtaining LCSR is the Borel transformation (P — q)?> — M?, intro-
ducing the Borel parameter M? in the charmed baryon channel. The resulting sum rule
for the form factor reads:

eMAc/M? 1 7

G(qZ) _ . / dse_s/M2 [ImSHgZ) (87 q2)

ma.(ma, +my)(ma, +ma)X TS,

—(ma; + my)Im I (s, qz)] : (4.10)

In the case of the vector transition current, the same procedure of eliminating the
A% -contributions yields the following LCSR for the two most important form factors:

m}, /M? 1 ® .
a@ = ° o [ ds e [ma, o) (i) @)
2mp, (ma, + mAi))‘Ac 7Tm2

c

—(max — mN)Imstgi)(s, q2)> + 2Imsﬁ§i)(s, q2) +2(mpx — mAc)ImsﬁY)(s, q2) ,

2 em?\c /M2 1 7 —S/M2 ~ (Z) 2
fa2(g?) = | / ds e [Imsﬂl (5,4%) (4.12)
Q(m/\c + mAz))\XZ n 5

c

—(max — mN)ImSl:[g)(s,qz) — QImsﬁy)(s, qQ)} .

The LCSR for the axial-vector form factors g1(¢?) and go(g?) can be obtained from the
above sum rules for fi(¢?) and fa(q?), respectively, by replacing Imsﬁy) — Imsﬁgi) and
changing the sign of my. Furthermore, the LCSR obtained above are easily transformed to
the case of Ay, — p transition by replacing the c-quark by b-quark in the correlation function.
Finally, to obtain LCSR for the ¥. — p form factors we repeat the whole procedure for
the correlation functions with the Y .-interpolation currents.

In practice, all three procedures: transformation to the dispersion integral form, sub-
traction of continuum and Borel transformation are unified in the following substitution
rules for the integrals in (4.4), similar to the ones used in [16]:

/dm“’g”) R j(ixw(x)exp (-iffﬁ) ,
1

w(x) 1 /dx s(x w(zg) e=s0/M?
dz — w(z)exp | — + ,
/ D2 MQ:B0 z? M? m? + zimi; — ¢?
L 2
w(x) 1 dz s(z) 1 w(zg) e%0/M
d —
/ T ps T oM / 239 eXp( M2 ) T oM gy (m2 + 23m2, — )

Zo

(4.13)

1 2 —so/M? d w(x)
2 (m2 + xfm3, — ¢%) dz \ x (m2 + 2?m% — ¢?)

T=x(
with zo = x(s¢) and for any numerator function w(z) in (4.4). The surface terms appearing
on r.h.s. of the above relations originate from the transformations of the integrals with the
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power of denominator n = 2,3 to the “canonical” dispersion form with the first power of

s — (P — ¢)? in denominator.

5 Decay constants of charmed baryons

To obtain decay constants of the A, baryon, the following two-point correlation function
of the interpolating current and its Dirac-conjugate is considered:

FO() =i [dtz e 07 {2 )} 0
= F() 4+ B (4, (5.1)

where i = P, A. At ¢*> < m?2 this correlation function containing two invariant amplitudes
is calculated from local OPE in terms of the perturbative and vacuum-condensate contri-
butions up to dimension 6. The OPE results will be taken from the literature. Note that
it is consistent to use two-point sum rules without the «y corrections, since the latter are
also not taken into account in LCSR. The hadronic dispersion relation for (5.1) reads:

. : o0

4 A 12m3 A [2m2, ds © o .
FO@) = "% (d+ma)+ 5 (= ma) + ) (s) d+ 05 (s)] - (5:2)
m2 — g2 m2. — 2 c )
A — 4 N 4 s
S0

Here again the A-contribution “contaminates” the sum rules. To tackle this problem we
use the linear combination of the dispersion relations for the invariant amplitudes Fl(l) and

Fz(i) and eliminate the A%-state contribution, obtaining the following QCD sum rule:

2pt

(i) 2 emic/MQth 1 y —s/M2 () (i)
Axl” = m2 (ma, +mp) T ds e e \mp ImFy (s) + ImFy 7 (s)| (5.3)
Ac c v

mg

where M22pt and sgp " are the Borel and threshold parameters.

For the decay constant )\5\73) induced by the pseudoscalar interpolation current, the

)

OPE results for the spectral densities of the invariant amplitudes Fl(g are taken from [36]
and presented in appendix D. To access the decay constant of A. induced by the axial-

vector current, we employ the results from [30] where a linear combination of two different

interpolating currents J/(\lc) + bJ/(\Qc) were used. At b = —1/5 we recover a superposition of
the currents of our choice:
1 6
O A A ) (5.4)

The correlation function of this combined current with its conjugate has a decomposition
similar to (5.1), with two invariant amplitudes which we denote as Fl,g. From that we
derive the sum rule for the linear combination of the decay constants:

2 50 ¢MAe /M3 1 s
c t 2 ~ ~
AW L P = ¢ ’ /d =$/M3pt [ T mFy(s)]. (5.5
A TAA 3m3 (ma, +mp:) T \ o vt [m: ImEy (s) + ImFy(s)] . (5.5)
mc
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The OPE expressions for the spectral densities ImFLg(s) combined from the results
obtained in [30] are collected in appendix D. To resolve the ambiguity of the relative
sign between )\gé) and )\5\7? in this sum rule, we assume that they are of the same order
of magnitude. The numerical analysis reveals that this is only pos(jl;)le if the two decay

constants in (5.5) have the same sign. This allows us to obtain Ay’ using the value of

)\5\73) calculated above.

Decay constants of the ¥, baryon have been calculated in ref. [37] from the similar
two-point QCD sum rules. Using Fierz transformation, we relate the mixed current Jy,
used in that paper with a linear combination of the two currents of our choice:

—b 1+b
n@ 4t

1
Js, = (ul Cyse)u + b(ul Ce)ysu = 4 s S

c

0 (5.6)

where b is the mixing parameter. The following sum rule for the combination of decay
constants is then obtained:

2
201 = AT + (1L + 0|

64 ™/ Mip 1 g2 _ _
= / dse 5/ Mapt [mE*ImFl(s) + ImFg(S)] , (5.7)
ms, (mg, +msx) ™
mg

where the spectral densities F(s) and Fb(s) obtained from [37] are given in appendix D.
Choosing subsequently b = 1 and b = —1 we obtain separate sum rule for )‘EIC and for )\(ETC).
Finally, the two-point QCD sum rules for the decay constants of Ap-baryon are obtained

from the A.-sum rules, replacing ¢ — b.

6 LCSR for the strong couplings

The strong coupling constants of A.-baryon with nucleon and D- or D*-meson are formally
defined as hadronic matrix elements:

(Ac(P = q)|D(=q)N(P)) = ga.nD tUn. (P — q) ivs un (P),

T
(AP = D" (=)N (P)) = . (P~ 0 <gXCND*¢ i B a,weﬂqv> un(P). (61)

Different from the D*Dz coupling that can be measured in kinematically allowed
D* — Dr decays, a direct measurement of the baryonic strong couplings is not possible
because at least one of the hadrons has to be off-shell. E.g., in the hadronic dispersion
relation for the A, — N form factor, the residue of the D- or D*-pole (for pseudoscalar or
vector transition current) is proportional to the A,V D™ coupling. This pole is located at
¢ = mQD(*), beyond the physical regions ¢ < (mp, — my)? (for semileptonic decays and
scattering) and ¢ > (ma, +my)? (for the baryon pair production).

In the heavy mass limit for the c-quark we may obtain relations between the coupling
constants appearing in (6.1). In this case the masses of the A, and D™ become equal to
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me. The heavy mesons D and D* form a spin symmetry doublet which can be represented
by
D(v) = N(1 +§) (—insD ++4"D}) with "Dy =0 (6.2)

where D and D* represent the charmed meson fields and N is a normalization factor.
Likewise, the spinor of the A, is equal to the c-quark spinor, since the light degrees of
freedom are in a spinless state. Thus in the m. — oo limit, the two hadronic amplitudes
in (6.1) can be unified in one:

A =1y, (v)D(v)Muyn(P), (6.3)

with a Dirac-structure M and the nucleon bispinor uy accumulating the light degrees of
freedom in the process. The quantity M may be expanded in the basis Dirac matrices 1,
V5, Yus YuY5 and 0,5 due to parity and Lorentz invariance only the unit matrix remains.
Hence we obtain

A = gup, (=iv5D +~"Dy) un(P). (6.4)

where g is the strong coupling in the heavy quark limit. Comparing this with (6.1) we
obtain the heavy mass relations

GAND = _gXCND* and QKCND* =0. (6-5)

Following the same procedure, one can also derive the following relation for the three strong
couplings involving 3. baryon:

dmy, +my —2P-v g

gs.ND + 39‘2/61\/1)* = 9s.ND* - (6.6)

my, + my

Here, the four-velocity vector is defined as v = —¢q/ m(g); hence, up to O(1/m,) corrections,

P-v=(mg —mi)/(2mpe).

The couplings (6.1) play an important role in various models of strong interactions
formulated in terms of virtual hadron exchanges, like e.g., in the production of a charmed
baryon pair in the pp collision, with a virtual D*) exchange in t- channel. In the forth-
coming publication [38] we shall consider this process in the PANDA energy region. It
is tempting to formulate the hadronic exchange models in terms of effective Lagrangians
involving propagation and couplings of hadronic fields rather than quarks and gluons. An
effective Lagrangian involving the hadronic couplings discussed above has the following
form:

T
Y . Vv m CL/\C]VD" ny *
L\ pon = Ne ltaa.Npys D+ | ay ypy" + o9, | D,| N + h.c. (6.7)
‘ ‘ ma, +my
where we have defined new couplings a;. However, these couplings are not necessarily the
same as g; appearing in (6.1), since this depends on the kinematic region where the effective
Lagrangian (6.7) is applied. The latter assumes point-like baryons, and hence it can only
be used at impact parameters large compared to the size of the baryons, which means it
is restricted to small momentum transfers ¢ = ¢2. This in turn means that the exchanged
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D™ meson is far off shell and thus for such an application the couplings a; will be different
from g;. Nevertheless, one may use the coupling constants calculated here as an input for
a more elaborated hadronic models based on Regge poles.

The possibility to calculate strong couplings from LCSR is based on the fact that
they enter double dispersion relations for the same correlation function (2.1). E.g., to
access the A.ND coupling, we employ the hadronic double dispersion relation for the
correlation function Héi) (P, q) with the pseudoscalar transition current (3.8), choosing one
of the interpolating currents ¢ = P, A. The double dispersion relation is obtained by
analytically continuing the imaginary parts of the invariant amplitudes Imsﬂgl;)Q(s,qQ) in
the second variable ¢2. The result is given by the following expression containing the
{A¢, D} double pole (the ground-state contribution), and, in addition, the {A%, D} double

pole:

; AV m2 foma,ga.np
H(z) P _ A""D c c _ _ . P
PP = (P gy (md, — g (T ) A ()
)‘sz%}fDmA*gA*ND
+ ¢ ol mas +mpy) + ¢livsun (P
(%, — (P — q)2) (3, — g2) (72 )+ i)
+..., (6.8)

where the ellipses indicate the contributions of excited and continuum states in both A,
and D channels which have a generic form of dispersion integrals over the hadronic double
spectral density.
Similarly, for the A.D*N couplings we employ the hadronic double dispersion relation
for the correlation function with the vector transition current:
mAcmD*fD*)\XZ
(m3, — (P — q2)(mb. — ¢?)

_(QXCND* - QXCND*) [(mAc — MmNV + Y ﬂ’]

2 2
My, —MN\ v T
+ [(2 o 2 >9ACND* — 9A.ND* |dp

T
; 9A.ND*
Hfﬁ(P, q) = { — 29X Np+Pu +2 P,

ma, +my

’I’I’LD*
QK ND ma, — My
* e 1%
+| - c + * un (P
[ ma, +my m%* 9A.ND ]qu Q} N( )
n mA’EmD*fD*)‘X% {2 Voop o Ihsn D P, 4
(m3, — (P = )2)(mdy. —2) | 75N T T oy
[ v mpy, — MmN p
- 5 * + 5 * mA* + m —
_gACND mas + my JAND ] [(mas NV = Y ]
- 2 2
MA« — My % ma« —MN p
- 2 ¢ * * T ¢ * *
+ < + m%* >9ACND Mas + My IN.ND ]C]u
T
I\ ND* mps +my
¢ ¢ * * u P
e+ muy m, JNND }Iu ?f} N(P)
+ (6.9)
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Decomposition of the relations (6.8) and (6.9) in terms of invariant amplitudes and
elimination of the A% contributions are similar to the steps done in the derivation of the
LCSR for the form factors.

The OPE results for the invariant amplitudes obtained in section 4 have now to be

considered in the deep spacelike region for both variables (P — ¢)%,¢> < m? . The new
elements needed for the quark-hadron duality approximation of the higher states are the
double spectral densities of the invariant amplitudes. These amplitudes were already ob-
tained in the form (4.4). It suffices to find double spectral representations for the master

integrals of the type [ dza®*D~" with k> 0 and n =1, 2,3. For n = 1, we obtain

1 k 1 o p ta(s) s
- o S \k+5/2 Y
/de QWZ/S—(P—C])Q/S/_QQ( 1) 1+ (1))
0 jz:orng t1(s)
1 . . i1
X (Qm?v)kcljc(s — s = m%\f) J[(SI - tl)(tQ - Sl)] 2, (6.10)

where C,z are the binomial coefficients and the integration limits are
t12(s) = (s + m%) F 2mn/s — m2. (6.11)

The double spectral representations for the master integrals with n = 2 and 3, being
more lengthy, are collected in appendix E. Using these integrals it is easy to find the
double dispersion representation for all integrals in (4.4), where the numerators depend
polynomially on z, and linearly on (P — ¢)? and ¢?, so that the latter variables can simply
be replaced by s and s’ respectively.

Equating the OPE results to the double hadronic dispersion relations, adopting the
quark-hadron duality approximation for the hadronic spectral densities and performing the
double Borel transformation, (P — ¢)2 — M?, ¢*> — ]\72, we derive LCSR for the three
strong couplings of our interest:

M/ M? gm, /M2 1 i —s/M?
GA.ND = ) (&) r2 /dse
ma,(ma, +mag)mpfory, T/,
ta(s)
X / ds' e=*'/M Im, Ty [Hgi)(s, ') — (ma: + mN)Hg)(s, s, (6.12)
tl(s)
m2 /A42 m2 /KZQ 50
1% e he e pr 1 /d fS/MQ
GA.ND* = — ) se
2ma, (ma, + mA;)mD*fD*)\XZ 7T2m2

c

t2(s)
X / ds’ e~ /M 1y Im, [(mAC +mpy) <f[§i)(s, ') — (mas — mN)fIgi)(s, s'))
tl(s)

+2l:[gi)(s, s') 4+ 2(max — mAC)I:[Ef)(s, s')] , (6.13)
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2 2 2 72 50
(mAC—FmN)emAC/M empx /M /dses/MQ

(i) -2 (6.14)
2mp, (my, + mAZ)mD*fD*)‘AC T

QKCND* =
mz
tQ(S)
X / ds' e/ Im, Tmy/ [ﬁgi)(s, ') — (ma: — mN)fIgi)(s, s') — Qﬁff)(s, S/)] .
tl(s)

The D and D* decay constants entering these sum rules are defined in a standard way:
(0] mccirsu|D(p)) =mp fp, (0]ey"u|D*(p,e)) = mps fp- . (6.15)

Instead of fixing their numerical values we will use the two-point QCD sum rules for f.)
taken for consistency in O(al) (see e.g., [19]). The region in the {s, s’} plane occupied
by the double spectral density of the correlation function calculated in OPE in the limit
mpy — 0, is reduced to the diagonal s = s, very similar to LCSR for D* D7 coupling [19].
In that case it was sufficient to use one effective threshold sq for the duality approximation.
Here we adopt a similar ansatz reflected in the integration limits in the above sum rules.
Clearly, it is possible to use different borders of the duality region. The sensitivity of
the LCSR results to this region is lowered by the Borel transformation, still an additional
uncertainty is introduced. Hence, as far as the quark-hadron duality is concerned, the sum
rules for the strong couplings are generally less accurate than the ones for the form factors.

7 Numerical results

We begin the numerical analysis with specifying the choice of the input for nucleon DA’s,
collected in appendix A. Their normalization parameters have been calculated from two-
point QCD sum rules [13]:

v = (5.0£0.5) x 1073 GeV?,
M= —(27+9) x 1073 GeV?, Xy = (54 £19) x 1073 GeV?2. (7.1)

For the remaining five dimensionless parameters determining the shapes of the nucleon
DA'’s, we use the model suggested in [16] in which the QCD 2-point sum rule estimates are
adjusted, via LCSR, to the data on the nucleon electromagnetic form factors:

v=0.13, V=030, fi=033, fr=0.09, f§=025. (7.2)

The masses of baryons are taken from [29]: my = m, = 0.938GeV, my, = 2.286 GeV,
mp, = 2.595GeV, my, = 2.454GeV, myg: = 2.801GeV, my, = 5.620GeV, and the
estimated mass of the negative parity b-baryon: m Ay =95.89 GeV, is taken according to the
QCD sum rule estimate [39].

For the virtual ¢ and b quarks in the correlation functions, the MS mass is preferable.
We use mp(mp) = 4.16 + 0.03 GeV, m.(m.) = 1.28 £ 0.03 GeV, taking the central values
from the precise determination [40] based on the quarkonium sum rules and twice inflating
the uncertainties. In the absence of gluon corrections the only renormalization scale which
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QCD sum rule Borel parameter (GeV?) | eff. threshold (GeV?)
LCSR, form factor M? S0
Ac(Ee) —p 7.5+25 10.0£0.5
Ay —p 20.0 £5.0 40.0 £ 1.0
LCSR, strong coupling M? M? S0
A(3.)ND 45+1.5
}7.5 +25 }10.0 +0.5
A(S.)ND* 5.0+ 1.5
2-point SR, decay constant M22pt sgp t
Ac(X0) 25+05 10.0£0.5
Ay 5.0+ 1.0 40.0 £ 1.0
D 20+05 6.5+0.5
D~ 20+£0.5 8.0+£0.5

Table 1. Borel parameters and effective thresholds used in various sum rules.

enters our calculation is the factorization scale p of the nucleon DA’s. We adopt the same
scale for the quark masses, using the intervals p. = 1.5+0.5 GeV and pp = 4.0+1.0 GeV for
LCSR with ¢ and b quarks, respectively. The evolution of the scale dependent parameters
in the nucleon DA’s is taken according to [34]. We also adopt the same vacuum condensates
as in [41, 42], in particular, the quark condensate density (gq)(1GeV) = — (246725 MeV)3.

The intervals of Borel parameters used in the sum rules considered here are listed in
table 1. Their choice is based on the usual criteria, that is, both power corrections and
continuum contributions in the sum rules have to be sufficiently suppressed. The corre-
sponding effective thresholds (see table 1) are adjusted so that the differentiated sum rules
reproduce the measured mass of the lowest baryon or meson with at least a 10 % accuracy.

Furthermore, instead of substituting in LCSR a certain fixed value for the A, or ¥,
decay constants, we use the corresponding two-point sum rules. This somewhat reduces
the overall uncertainties. Still, to give an idea of the magnitude of the decay constants, let
us quote their numerical values:

AV = 1517937 1072 Gev?, AL = 1194040 x 1072 GeV?,
ALY = 1274037 1072 Gev?, A = 1097038 x 1072 Gev?,
(7) — 6.08799 x 1072 GeV?.

AT = 308704 x 1072 Gev?,  A{ (7.3)

After specifying all input parameters, we compute the numerical values of the A.(X.) — p
form factors at ¢ = 0 and the A.(X.)N D™ strong couplings. The results are collected in
table 2, where the total uncertainties are estimated by varying separate input parameters
within their ranges and adding the resulting separate uncertainties of the form factors and
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Current

Form factor

A
s i

A.—p

)

)

Ye—p

G(0) 0.397008 0487013 | 0.0667505  0.061901
f1(0) 0467017 0.59%518 | 0227307 —0.23700
f2(0) —0.32700;  —0.43%010 | —0.247058  —0.25%05g
g1(0) 0.49%511 0557075 | 0.11%50s  0.06075008
92(0) —0.20%5:05  —0.16X5:08 | —0.002X50%  —0.03075
Strong coupling ADHN Y. DHN
onmono | 1887 0793 | 138 1t
9K.(5 )N D> ~7.9737 58721 1.0%53 0.7473%%
94 (5N D> 4750 3.6739 2.1779 18758

Table 2. Numerical results for the transition form factors and strong couplings of charmed baryons
obtained from LCSR with different interpolating currents.

strong couplings in quadrature. Correlations between different form factors and strong
couplings with respect to the input variation make the sum rule predictions for the ratios
of these hadronic matrix elements even more accurate.

Replacing c-quark with the b-quark in LCSR we calculate the phenomenologically
important A, — p form factors. They are collected in table 3. In this case, not only
the zero momentum transfer but also small and intermediate ¢* < mg are available from
LCSR. We estimate the maximal value of ¢ accessible with LCSR to lie in the interval
¢> = 11—15GeV? and adopt, conservatively, the lowest value ¢2,,, = 11 GeV2. At larger ¢
light-cone OPE is not reliable, in particular the contribution of the highest twist-6 nucleon
Note that the contributions of all

twist 3, 4, 5 components of nucleon DA’s are numerically important in LCSR.

DA’s starts to grow with respect to the lower twists.

Several additional comments on the numerical results obtained above are in order.

e We found that form factors and strong couplings are (within uncertainties) insensitive
to the interpolating current of the heavy baryon, once the contribution of the negative-
parity baryon is included in the hadronic dispersion relation. We have checked that
if the negative-parity baryon is simply absorbed in the duality-approximated contin-
uum, the sum rules yield numerical predictions that are considerably more sensitive
to the choice of the interpolating current.

e The achieved accuracy of LCSR for the form factors of heavy baryons is well illus-
trated by the equation-of-motion relation (3.5) which yields G(0) = ¢;1(0). Comparing
the numerical results for both form factors calculated from two different LCSR, we
see that this relation is violated numerically at the level of 20 % which is also in the
ballpark of the estimated uncertainty of the LCSR.
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form factors 77/(\“3) 77532)
£1(0) 0.14%555 | 01270
by ~1.497188 | —9.13708
F2(0) | —0.054%G55 | —0.0477 5513
by ~14.017}2 ~18.5"%7
91(0) 0.14%055 | 012%05
by —4.05T13% | —9.187978
92(0) | —0.028¥0505 | —0.0167 5008
by —20.2+10 22,5113

Table 3. Numerical results of A, — p transition form factors at zero momentum transfer and their
slope parameters obtained from LCSR with different interpolating currents.

e In the infinitely heavy quark limit, the relation f1(¢?) = g1(¢?) is valid for Ag — N
form factors and it is well reproduced by our numerical results for both Q = ¢, b.
Note that this relation holds for any g2, since only the heavy-quark spin symmetry
is employed in its derivation.

e The heavy-mass relations for the three strong couplings of A. baryon, shown in (6.5),
are only qualitatively supported by the LCSR predictions obtained for the finite ¢
quark mass. In particular, the magnitude of gfc ~Np+ characterizes the size of 1/m,
correction. Interestingly, the results for .V D(*)4couplings are in a better agreement
with the heavy mass relation (6.6).

Concluding this section we make a few comments on the earlier sum rule calculations
of the heavy-baryon form factors and couplings in the literature.

The Ay — p form factors were calculated [26] in a different approach, using three-point
QCD sum rules (see also [28]), where A} was interpolated by the pseudoscalar current and
the tensor interpolating current for the nucleon was adopted. The form factors predicted
in [26] are in agreement with our results. However, the other interpolating currents, as
well as the role of negative-parity partners of both A, and proton remain obscure, bringing
unaccounted uncertainties in the numerical predictions.

The strong coupling ga.np was calculated from three-point QCD sum rules in ref. [27].
In fact this approach radically differs from the one we use here, first of all, in the definition
of the coupling itself. The starting point is the correlation function with two baryon interpo-
lating currents and one pseudoscalar transition current. The latter is then simply replaced
by the D meson. The relation of this definition of the strong coupling to the one used here
is difficult to assess. Again, the problem of negative-parity baryons in both nucleon and
A. channels was practically ignored absorbing these states into the hadronic continuum.

Light-cone sum rules in HQET with Aj-distribution amplitudes worked out in [43] was
employed in [22] to calculate the A, — p form factors. The nucleon was interpolated by
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the CZ current (uC Zu)~ys #d suggested in [44]. The form factor f;(0) obtained in [22] is
about an order of magnitude smaller than the one obtained here from LCSR with nucleon
distribution amplitudes. Note that the CZ current can also couple to I = 3/2 and J = 3/2
states so that the sum rules for the A, — p transition form factors are probably influenced
by large and unaccounted A- resonance contribution. It is known [16] that, e.g., the isospin
relations between nucleon form factors are violated when one uses LCSR with CZ current.
Note that a similar current was employed also in [20, 21].

The Ay, — N transitions were investigated in [23, 24] using LCSR with the nucleon
DA’s. As opposed to our choice, the most general interpolating current for the Ay . baryon
was employed introducing an arbitrary parameter § for the mixing of different components
in this current. The stability of the calculated form factors with respect to the variation of 3
was used as a criterion for choosing a working interval of 3. In our opinion, such a procedure
introduces a sort of a new systematic error related with the choice of the mixing parameter.
Most importantly, the problem of separating the negative parity baryon contributions in
LCSR remains unsolved, because the latter are again attributed to the continuum estimated
with the usual quark-hadron duality ansatz. This may explain the substantial difference
of our predictions from the ones presented in [23].

8 Applications to exclusive A, decays

With the results for the Ay — p form factors obtained from LCSR we are now in a position
to predict the differential decay distribution for the exclusive semileptonic A, — plyy
decay, which is a b — w transition with the CKM parameter V,;. In the massless lepton
approximation, the form factors f3(¢?) and g3(¢?) do not contribute to the decay width,
hence it is sufficient to use the results for the four form factors fi2 and g; 2 given in the
previous section. Since the form factors are only available at ¢ < ¢2,., we apply the
conformal mapping ¢> — z and z-series parametrization to extrapolate the form factors
to the whole semileptonic region ¢ < (ma, —m ~)?. More specifically, we use the z-series
parametrization in the BCL-version suggested in [45]. The mapping transformation reads:

RV "
2% to) = 2 , (8.1
Vis — @+ ity —to
where t+ = (my, +my)?, and tg =ty —/ty —t_+/t: — tmin is chosen to maximally reduce
the interval of z obtained after the mapping of the interval tyin < ¢* < t_, where tyin =
qfnin < ¢ < @2, is the LCSR validity region. In the numerical analysis, tyi, = —6 GeV?
is adopted. Furthermore, we employ the following parametrization

fild®) = 1_ qéf/ig%*(l_) {1 +b; <z(q2,to) - z(O,to)) } ,
gi(d") = | _ qf;fg%(m {145 (2(a% 10) = 2(0.10)) }. (8.2)

where i = 1, 2, mp-1-) = 5.325GeV and mp-(1+) = 5.723GeV [29]. Fitting the shape
parameters b; and b; to LCSR predictions at ¢ < @2, We obtained the A, — p form factors
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Figure 2. A, — p transition form factors obtained from LCSR at ¢ < 11 GeV ? and extrapolated
to larger ¢2 using the series-parametrization: black (grey) solid lines correspond to the axial-vector
(pseudoscalar) interpolating current for A, black long-dashed (grey short-dashed) lines indicate
uncertainties.

shown in figure 2. The shape parameters (see table 3) turn out to be more sensitive to the
choice of the interpolating current, also the uncertainties of these parameters (correlated
with the uncertainties of the form factor normalization) are larger. This however plays role
only at large ¢2, beyond the region of validity of LCSR.

Finally, we calculate the differential width of A, — pfr decay using the following

expression.
dl’ G%mib 241/2 2 2 2 212
g2 o = ) =1 SV PA (L [ =) L+ ) 4 20 fa ()

(1) = A[(1-r)? +zﬂ|gl< )P = 6tl(1-1)? = (1+7) fala?) fola?)
—~6t[(1+7) ~ J(1=)g1(a*)g2(¢?) + H(1—1)? = )20 +7) + 1]l fala?)
H[(L+ 1) = 2201 - ) +75]|92(q2)| 3 (8.3)

where r = my/ma,, t = q2/m?\b and A(a, b, c) = a® +b?+c? —2ab— 2ac— 2be. Substituting
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Figure 3. Normalized differential width of A, — plvy calculated with the form factors obtained
from LCSR and extrapolated to larger ¢? using the series-parametrization. The notation is the
same as in figure 2.

the form factors (8.2) and integrating over ¢®> we obtain the total branching fraction

+15
<3'371.2{th. io'l{exp.) |Vb| 2 .
BR(Ay — plyy) = (3 5. 103> x 1077, (8.4)
+2.3 :
<4.072.0 N 0.1{exp.)

where the upper (lower) interval corresponds to the form factors obtained from LCSR
with the axial-vector (pseudoscalar) Ap-interpolating current, and the lifetime 74, =
(1.39170033) ps from [29] is used. The normalized ¢? distribution is plotted in figure 3. The
enhancement in the region of large ¢ due to the growth of the form factors is in this case
quite pronounced because the width of this decay contains only the S-wave phase-space
factor A1/2, as opposed to the B — rwlv decay width, where there is a P-wave factor A\3/2,

Following our recent analysis of semileptonic B — 7lv decay [46], we also calculate the

specific integral

1

A 07qr2nax =
CO ) = 7 12

Gahax dl’
2
/0 dq i (Ap — plyy), (8.5)

where the form factors directly calculated from LCSR are used, independent of their
parametrization and/or extrapolation. Our prediction for the above integral from LCSR
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with the axial-vector Ay- interpolating current is:

| +0.5]  +0.1]  +0.0 +0.5| +0.5]  +0.4
fn —04ln —0.00my, 011, —021ar2 —04ls, —0.41013,

+0.1 +2.1 —1 +2.5 -1
—0.0 S(Q)pt —1.7 (qq> pS = 55_20 pS 5 (86)

AC(0,11GeV?) = 55111

where also the uncertainties due to the variations of separate input parameters are shown
(only those which are larger than O(1%)). The total error quoted above is obtained by
adding all separate uncertainties in quadrature. A very close interval is obtained in the
case of the pseudoscalar Ajp-interpolating current:

+0.3 +0.4

2\ _ r a+20]  +23]  +0.0|  +0.2| +0.6
AC(0,11GeV?) = 5.6177 A1 191y —0.11m, —0.4l, —0.2{]\/[2 —0.31 s _1'2‘M22pt

0.3 0.7 ~1 32 1
o3 st 2 wp P8 = 5.6155 ps. (8.7)

Note that the accuracy of this prediction is not yet competitive with the one for B —
mlyy [46]. Still the exclusive semileptonic decay of Ay offers a possibility of |V,;| determi-
nation independent of the B-meson semileptonic decays.

Another interesting possibility to use the Ay, — p form factors, is to estimate the
rate of the nonleptonic Ay — p7 decay in the factorization approximation and to compare
the result with the recently measured branching fraction. We write down the factorizable
amplitude in the same form as in [47]:

My(Ay — pr) = 3; Friine] [VVias — VVii(as + o + B (as + as))
[fl(mi)(m/\b —mN)—fs(mfr)mﬂ + [VubVJdal—Wb‘/tZ(a4 + a0 — R3(ag + a8))]
(91(m2)(ma, +mn) = gs(m2)m? |55 fua, (8.8)
where a; are the combinations of Wilson coefficients of the effective weak Hamiltonian and

2
0

mp — M) (Mg, +mg)’

2
(M + M) (M + ) (89)

2m 2m

T = T =
(

The pion mass is neglected, hence we only use f1(0) and ¢;(0) in the numerical analysis.

Our prediction for the branching fraction:

BR(A, — pr) x 10° = 3.8712 (2.8755) . (8.10)

obtained with the axial-vector (pseudoscalar) interpolating current is consistent with the
experimental measurement [48] BR(A, — pm) x 10 = 3.5 &+ 0.6 £ 0.9, indicating that
nonfactorizable contributions in this decay are at least moderate. This is in agreement
with the expectations based on QCD factorization for a nonleptonic decay of a heavy
hadron in two light hadrons. On the other hand, our prediction is in a sharp contrast to
the analysis of Ay, — pm done in [47] where the kp-factorization approach was applied to the
Ay — p form factors in the “conventional PQCD” scenario, hence the soft form factors were
not taken into account. As a result the form factors predicted in that approach are almost
two orders of magnitude smaller than the ones obtained from LCSR. On the contrary,
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the nonfactorizable contributions in A, — pr calculated in [47] applying the same PQCD
approach, are considerably enhanced, so that their predicted branching fraction is also in
the same ballpark as the experimental one.

Further applications to semileptonic, radiative and nonleptonic decays of heavy baryons
demand also the A.; — A form factors. In this respect our results can only be used in the
SU(3)favour approximation.

9 Discussion

In this paper, we considered the form factors and strong couplings of heavy baryons. These
non-perturbative quantities are important inputs for a rich variety of phenomenological
applications, from the Ay . (electro)weak decays relevant for the flavour physics to the esti-
mates of charmed hadron production. The calculation we have done is based on the method
of QCD LCSR, where we use the light-cone DA’s of the nucleon and interpolate the heavy
baryons by appropriate currents. These sum rules are more complicated than the ones for
the meson form factors and strong couplings. First, the number of independent DA’s to be
included in the OPE is much larger. These DA’s are nevertheless well under control due to
twist and conformal-spin expansion, and the resulting number of relevant input parameters
is in fact not that large. The other complication is more serious because little is known
about the background contributions of negative-parity baryons in the hadronic dispersion
relations. We proposed a novel method to eliminate these “contamination” by combining
sum rules obtained from different kinematical structures. As a by-product, our results
are less sensitive to the particular choice of the interpolating currents. Furthermore, as a
step forward with respect to the procedure used in [19] we worked out the double spectral
density for the power suppressed contributions in the correlation functions where also the
finite mass of the nucleon is taken into account. Our numerical results for A.(X.) — p and
Ay — p form factors and A (X.)N D™ strong couplings provide a nontrivial test of self-
consistency of different sum rules, and also of the reliability of our procedure of eliminating
the negative parity states.

We also obtained the predictions for semileptonic and nonleptonic Ap decays using
the LCSR form factors. In particular, the partially integrated width of Ay, — ply; can
be used for the |V,;| determination from the future data on this decay. Furthermore, in
a forthcoming publication [38] we will employ the LCSR results for the strong couplings
of charmed baryons to estimate their production in proton-antiproton collisions in the
PANDA energy region.

Future improvements of the nucleon DA’s, and the calculation of gluon radiative cor-
rections to the correlation functions will make the sum rule results obtained here more
accurate. A considerable step forward will be to work out and incorporate in LCSR the
A-baryon DA’s. This will make possible an accurate calculation of the form factors needed
in the FCNC decays such as Ay, — Ay and A, — A¢*T¢~. Finally, a very important task is
to confront the LCSR predictions with the relations for the heavy baryon form factors and
couplings derived from heavy-quark symmetries. In this paper we only made one step in
this direction, by comparing the LCSR predictions with the relations for the form factors
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and strong couplings which follow from the heavy-quark spin symmetry. A more elaborated
study including the quantitative analysis of HQET relations for the baryonic form factors
based on LCSR calculations will be presented elsewhere.
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A Nucleon distribution amplitudes

The nucleon — vacuum matrix element of a three-quark operator with light-like separations
(22 — 0) has the following decomposition [13, 17]:

40| €%}, (a1 2)uy(az2)d% (ag2) [N (P))

= SimnCap (V5un), + S2omiCap (Z15un), + Pimu (10) 45 (un),

Z2m2
+Pamiy (15C)ap (Zun)., + (Vl oy NV{W) (PC)op (5un),
+Vomn (PCO) o5 (#r5un), + Vamu (1uC),5 (V' 5unN),
+V4m?\f (%C)aﬁ ('YESUN),y + V5m?v ('Yuc)aﬁ (Z.UMVZV’)SUN)W/
2, 2
Vo, (7)o ), + (Art Ty Y AN ) (PraC) ),
+Asmy (Pr5C) 05 (Fun )., + Asmy (1u750) .5 (V'un),
+AmY (2750) 05 (un), + Asm (175C) o (10" z,un),,
Z2m2 .
+A6m‘;’v (72/750)0{6 (ZuN),Y + (’]’1 + A N7'1M> (PVZUMVC)QIB (7“75UN)7

+Tomy (P01, C) 5 (vsun), + Tamy (0w C),5 (0" y5unN),
+Tymn
+Tem3

+Tmy

PY01,C) 5 (0" 2py5un)., + Tsmiy (27104, C) g (' 75un),,

v

z O',uuc)aﬁ (Uupzp'75uN)»y ) (Al)

~—~ N

including the O(z?) corrections to the lowest twist-3 part of this decomposition. In the
above, the gauge links maintaining gauge invariance are not shown for brevity.

The calligraphic coefficients St 2, P12, V1.6, A1,..6, 71,...8, Vfu,.A]lw,’TlM at different
Dirac structures, are related to the integrals containing the nucleon DA’s depending on the
longitudinal momentum fractions x;. The general relation reads

Flai,az,as3,(P-2)) = /dmldxgdxgé(l—xl—xg—xg)e_i(P'z) 2T B (1) (A.2)
where our choice of the three-quark configuration on the light-cone corresponds to a3 =

0, aa = 1. The function F and the integrand on r.h.s. for all coefficients in (A.1) are
collected in table 4.
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F integrand on r.h.s. of (A.2) F integrand on r.h.s. of (A.2)

S Sy 2P-2) Sy 51— So

P1 P 2(P-2) Py P, — P

Vi Vi 2(P-2) Vs Vi—Vo—V3

2V Vs 4(P-2)Vy —2V1 + V3 + Vi +2Vs
4(P-z)Vs Vi— Vs A(P-2)2Vs| —Vi4 Vot Va+Vi+Vs—Vs

Aj A 2(P-2)As —Ay + Ay — A

2A3 As 4(P-2) Ay —2A; — Ay — Ay + 245
4(P-2)As Ag — Ay 4(P-2)% Ag| Ay — Ao+ As + Ay — As + Ag

T Ty 2P-2)Ts Ty + Ty — 273

275 Ty 2P-2)T4 Ty — Ty — 2T
2P-2)T; —T\ + Ty + 2T} 4(P-2)*Tg | 2Ty —2T5— 2Ty + 2T+ 2T +2T
A(P-2)T; T, — Tk 4(P-2)* T | =Ty + Ty + Ts — T + 2T + 2Tk

yM vM AN AM

M ™

Table 4. Terms of the decomposition (A.1) and their relation to the nucleon DA’s via eq. (A.2).

The resulting decomposition contains altogether 27 DA’s. We use their expressions
obtained in [14, 17] to the next-to-leading order in the conformal spin expansion. The
three twist-3 DA’s Vi, Ay, T} are presented in eq. (4.3) and the others are:

e twist-4

Va(z;

=

T

(i)
(i)
(i)
(i)

8

s

3(x;
13

T

4$1$2[¢2 + QSI(l — 5563)] s Ag(acz) = 24$1$2($2 — CEl)qZSZ s
4

22311 (1 — x3) + ¥f (1 — 23 — 102122) + ¥ (21 + 25 — z3(1 — 23))],

DA’s:

=2

= 24wy 2o[€] + & (1 — 5as)]

~1

= 12z3(z0 — 21)[(¥] + i) + ¥ (1 — 2a3)],

623[(0] + v + &) (1 — a3) + (¢f +¢f +&)(1 — 23 — 102122)
oy — ¥y +&) (@] + 23 — 23(1 — w3))]

(A.3)

Ty (w;) = 6w3[(¢] + ¢ — €)1 — x3) + (¢f + i — &)1 — 23 — 107179)]
+(py — by — &) (@] + a3 — x3(1 — w3))],

Si(w;) = 6ws(we — x1)[(¢] + ¥ + &0 + ¢f + 0 + &) + (o5 — vy + &) (1 — 2x3)]
Py(a;) = 6x3 (21 — x)[(0] + 9§ — &0+ of + i — &) + (61 — vy — &)1 — 223)],

o twist-5 DA’s:

Vi(zi) =3[08 (1 — m3) + ¥ (1 — w3 — 2(a7 + 23)) + 15 (2z129 — 23(1 — 23))]
Ay(wi) =3(wg — x1)[—1g + 7 (1 — 2a3) + ¥5 3],
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Tila:) = 5160+ 08 + €)1 —a3) + (65 + 0 + &)1 — a5 — 2(a? + 23))]
(5 — 5 +&)(2z100 — w3(1 — 23)),

Ta) = 169+ — €)1 — 2) + (6F +0F — &)1 — 5 — 2(a3 + )
+(¢5 — 5 + & )(2z1@2 — 23(1 — 23))]

Vs (@) = 6a3[¢8 + ¢4 (1 — 223)], As (@) = 63(x2 — 21)5
(i) = 623 (68 + & (1 — 2a3)],

Sa(ai) = (w2 — 21)| (68 + ¥ + &) + (6] + i + €)1 — 29)
+(95 — 5 + & )zs),

S = 22) (6 + 98— &) + (6] + v — €)1 - 25)
+(d5 — 5 — &5 )],

Py(x;) =

o twist-6 DA’s:
Vs(@i) = 2[¢g + o (1 - 323)], As(w:) = 2(x2 — 21)y5 ,
To) = 2068 — (68 — 65)(1 — 3w5). (A1)
The expressions for the remaining three DA’s (VM AM  TM) determining the z%-

corrections are shown below.

Furthermore, following ref. [16], shorthand notations for the combinations of nucleon
DA’s are used:

S12 =51 — 52, Py =P — P,
Vigas = —=2V1 + V3 + V4 + 2V5, Viz=Vy = V3,
Vigzase = —Vi+ Vo + V3 + Vi + V5 — Vg, Vis=Vi—Va - V3
Azas = —2A1 — Az — Ay + 245, Az = Az — Ay
Atozase = A1 — Ag + A3 + Ay — As + Ag, Az = —A1 + Ay — A3
Trs =17 — 13, Tio3 =T + 1> — 273,
Togasrs = 215 — 213 — 2Ty + 215 + 217 + 213, Tior =T — 15 — 217,
Thosers = =11 + 1o + 15 — T + 217 + 213, Tiss = =T + 15 + 213 (A.5)

In addition, the following notations are introduced for the integrals:

B 1—x2o
F(.%'Q) = / dxlF(ml,xQ,l—xl—xg),

>“ijzz

0
1—a,
(x2) dm2/ doy1 F(z1, 25,1 — 21 — ),

z 1—a!
F(x9) / dx2/ da’ /0 : dr1 F(xq, 75,1 — 21 — x75) (A.6)

where I is one of the DA’s.
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2

Finally, the DA’s originating from z* corrections enter in the integrated form denoted

as VM (z2), AM(z5) and TV (x2), where

~ 2
VM (w2) = 2 [fnCan) + MO ()],
2

A (22) = 2 (1= 22)* D (2) + M D (x2)]
$2
TM (29) = 4§ [INEF(22) + M EX(z2)] (A7)

with

C(w2) = (1 — x2)°[113 4 49525 — 55225 — 10AY (1 — 3a2)
+2V4(113 — 95129 + 828x3)],

Ci(rg) = —(1 — w2)*[13 = 20f{' + 3za + 10f{'(1 — 3x2))] ,
DY (wg) = 11 + 45wy — 2AY(113 — 95125 + 82823) + 10V/(1 — 30a2) ,
D¥(x9) = 29 — 459 — 10f(7 — 9z5) — 20f{(5 — 62) ,
Ef(x3) = —[(1 — 22)(3(439 + Tlzg — 62123 + 587x3 — 184x3)
+4AY (1 — 22)%(59 — 483x5 + 41423)
—4V(1301 — 61929 — 76923 + 116125 — 41423))]
—12(73 — 220V ) In 25,
EY(29) = —[(1 — 22)(5 — 211z + 28123 — 11123
+10(1 + 612 — 83x2 + 33x3) f
—40(1 — 29)*(2 — 3x2) f1)] — 12(3 — 10f) In .. (A.8)

The terms proportional to In zo in the above DA T () are the only non-polynomial
ones in the whole OPE expressions. In the case of LCSR for the form factors their trans-
formation to a dispersion form is straightforward. However, for the strong coupling sum
rules a double dispersion form of such nonpolynomial terms demands a separate deriva-
tion. In fact, these terms turn out to have negligible coefficients with our choice of the DA
parameters Vld and f{i and hence are simply neglected.

The coefficients ¢Z(i,0), Q,Z)Z(i’o) and fi(i’o) (i = 3,4,5,6) determining the normalization
and shape of DA’s can be expressed through the eight independent parameters listed in (7.1)
and (7.2). The corresponding relations for the leading conformal spin in DA’s are

A== Jv. A==+ ),
Q=e= o, W= =, Un = M) (19)

For the next-to-leading conformal spin,
e in twist-3 DA’s:

21 7
oy =, INAY. o= In(1=31), (A-10)
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e in twist-4 DA’s:

e in twist-5 DA’s:
¢F
b5

+
5

=
&

e in twist-6 DA’s:

B Correlation function in the LCSR for A, — N form factors

_ i[fN(?, — 10V 4+ A\ (3 — 107,
_ —Z[fN(l —24Y) = A(1 - 2ff —4f1)],
— _i[fN(2 + 54 —5V) — \(2 = 5f — 5f11)]

_ Z[fN(Q — AV =3V - A (2= T+ ]
5

e pd
16)\2(4 15f3),

1 ,
16>\2(4—15f2d), & =

— _g[fN(?) + 4V = M1 =41,
_ _g[fN(l —24Y) — M (ff = ),
— —g[fN(E) +2A4Y% — 2V ) — A (1 — 2f8 — 21,

_ g[fN@—A¥—3V1d)+A1(ffl—ff)],

5

_ 5
= 29, &G == hff,

36

6 = JUin( = V) = x(1 =270

G5 = plIn(L+4AD) + X (1~ 47f 2]

B.1 Pseudoscalar transition current

(A.11)

(A.12)

(A.13)

The invariant amplitudes Hgi) ((P—q)?, ¢?) of the correlation function with the pseudoscalar

transition current js are given in (4.4), where the coefficient functions (DJ(Q with i = P, A,
j=1,2and n = 1,2,3, (after replacement of (P — ¢)? described in section 4) are listed

below for:

e the pseudoscalar interpolating current

P
W%l) =

P
W%Q) =
P
W%zs) =
P
Wél) =

(P)

Wo3™ =

mn
2

_MN [mc <mc — me><1>§7’) + me?vq)gp)] )

[(mc — me)fbgp) - qu)gp)} ,

Qm?vmg (mc - mN)‘I)g.P),
m m>
="Vl W) =Y (meal”) — 2mye”),
—2m§’vm3<1>ép) ,
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where the functions ®;

(P)

in the above equations are

q)gp) = 2/11 + 41213 + 2121123 + 2?1 + 231 + 6T1 — 12T7 — T123 — 5T127
—2V1 + 4V3 + 2V123 )
<I>§P) = 3Ags + 24193 — Aygss — 2Py + 2815 — 12Trg — 2Thog — Ao

—6T158 + T234578 - 3V43 + 2V123 + V1345 ;
‘1{%7)) =AY —3TM VM 4 A123456 - 3T125678 + T234578 + V123456 ;

e the axial-vector interpolating current

A
W%l)

A
Wgs)

A
Wél)

A
Wéz )

where the functions ®;

o\
o5
oY
oY
oY
oY
o
oY
oY
o

A
2

=2

= —m?v [2(362 my — qz)fﬁéA) +zmymPs

my —q* () A) | 4A (A) w , 208"
cx 0 +xm?v[2<1>1 + @5 ]+mch<I>3 +m?v[<1>4 + 775 },

2 2
2 oW ¢ m2alY — 21 +me oA

X

+2x qu)(A)}

m2
= R gm0 2ol s et

=V 0 4 0], ) = kel
_ "N {2(q2 —m? —2? m?\,)‘l)éA) - memc<1>gA) + 2z m?\;@%)} , (B.2)
x

(A)

are

= Ay + 20 + V4,

= 243 — 2Py + 28 — 211 + Tias + Tho7 — 2V3,

— 24, + 445 + 2A 95 — AP, + 451 + 2V, — 4V — 2Vi93,

= —221345 + 21521 + 2§12 - 2f123 + 4f127 - 6T:158 + 372234578 - 2‘:/1345 )
=AM ¢ 2T1M + ‘71M - 72234578 )

= Ayas — Tias — Thar — Ving ;

= —3A34 - 2A123 + A1345 - 4P21 - 4512 - 3V43 + 2V123 + V1345 ;

— 24195 + 241345 — 2Py — 219 — 6197 + 67155 — 3Tosas7s — 2Vins + 2Visas )
=AM LM L yM _ 2/:1123456 + 31:—1125678 - 2,1:—1234578 + 2‘:/123456 )

= —fl{w - f/lM + /:1123456 - ‘:/123456 )

= TM 4 24193456 — 3T125678 + Tosasrs — 2Vi23456 -
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B.2 Vector transition current

The invariant amplitudes ﬁgz)((P —q)?,¢%) for the correlation function with the vector
transition current j, are given by eq. (4.4) with the replacement of the coefficient m./4 —
1/4. The coefficient functions w() withi =P, A, j=1,2,...6 and n = 1,2,3 are listed
below for:

e the pseudoscalar interpolating current

wﬁa) = meCﬂP), d)g) amdy |z d) + 207

Gy = demimley”
- (P ~(P - (P P
S N SR T

m ~
o) = " (me =2 my)®”,
2 ~ ~
w:(;;) = —m2N [mc(mc — me)(bgp) + 2z m%vfbgp)} ,
(,Dg:) = 2m3m2(me — xmy) ég))
2

P MmN z (P P = (P = (P
A= TVEP oD =N @l o],
(Dg) = 2mNm2<I>(P)
o = nndf?, Gl = [0 28],
wg) = —4m3 m2(I>§P),
(P (P ~(P = (P
Wf(ﬂ) = ‘Ués) =0, WéQ) = m?\,@; . (B.3)

(P)

where the functions <i>l are given by

O\ = 24) 4 445 + 24193 + 2Py + 28 + 611 — 1215 — Typg — 51107
—2V1 + 4‘/%, + 2V123 )

‘i)ép) — 3 A3y + 24193 — Aygus — 2Py + 2815 — 12T7g — 293 — 4T 07
—6T 158 + Thsusrs — 3‘/213 +2Vigs + V1345 ;

= (P
<I>§ ) = —AM _3TM 4 VM 4 A123456 - 3T125678 + T234578 + V123456 ;

e the axial-vector interpolating current
S = 2om b — oy (2 + BEY) + 2my b,
(Dg) = 2mpn [3:2 m?\,(i)y\) +x mchi)éA) + szi{gA) + 2x m%vi)éA)] ,

d)%‘) = Sm%\;mc [m?igfo + memc@éA) + 22 m?vti)éA)] ,
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@5“14) = 4@5’4) , d)%‘) = Sm?vmc [mc 7

rmyPg

)

B~ myal]

(:Jé';) = 2mpn [chégA) — me(i)ElA) + QmNi);A)] ,

2 ~ ~ 2
(Dé“f‘) = 2m . q <I>( ) +m mcq)(A) + m?vq)(A) — 2z m?\;@%‘) — QW;N @;A) ,
. - + -
wé“;) = m% {2(q2 — 22 m%\;)@gA) 2(] xm <I>( ) + ﬂ:mch@%)
+mg(§>é“4) - 2@;’4)) + 2mpy(m. + me)i)éA)} ,

2.2
o) = dmeny (m? — )‘P( '+ amam ) + a2 mi ‘P(A)
33 T c
~(A) 5A) | & (iDI(SA) ~(A) 25 (A)
Wy~ = 2my [(‘Iﬁ +Ph0) — ] L @g = Amymdyy)
@5:24) _ [2(m§ + 2% m% — qz)fng) - mmchigl) + 2x m?vtfgg)} ,
(Dé“f‘) = QmNégA) , (Dé?) = 8m‘}5\,mc [mc@%) — mei)(A)] ,
) = 2mi [ = amn @Y — (@5 + 285Y) + 2mn 0l
iV =0, o) =2m3eY, ol = smim. 5.

The functions @EA) are given by

5
B
B

M)

BN
5
5
5
B

= (A
@y

:1‘11+2T1+‘71,
= 243 — 2P, + 28 — 24 + Tho3 + Thar — 2V3,

= Ajo3 — T2z — Tho7 — Vio3,

= —A34 + A1345 — 2P21 - 2512 — 2T127 + 2T158 — T234578 - ‘/213 + V1345 ,

(B.4)

= —A34 - 2A123 - A1345 + 4T127 - 4T158 + 2T234578 - V43 + 2V123 - V1345 ,

=AY+ 1M +vM - A123456 + T125678 - T234578 + V123456 )
= —AY —2TM — VM + Togus7s,

= A123456 — 2T 125678 + 1234578 — V123456

= —2A34 — 2A193 — 2Py — 2519 + 21197 — 21158 + Tozasrs — 2Viz + 2Via3,

= Atog — Thas — Thor — Vios,

= 2234 + 2Py + 251 + 2f123 + 2,1:—1158 - f234578 + 2‘:/43 ;
= TlM + f125678 - f234578 )

= -AM oM — VM — ;1123456 + 212125678 + ‘:/123456 )

- = z =
= T7" + A123456 — T125678 — V123456 -
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B.3 Axial-vector transition current

The invariant amplitudes ﬁgi)((P —q)%,¢%) for the correlation function with the axial-
vector transition current j,s are given by (4.4) where m./4 — 1/4, with i =P, A and j =

1,2,...6. The coefficient functions (Dj(g can be obtained from J)](ZTZ in the above subsection
by changing the sign at m, and at J)g:), (ng), J)g:), ~§“:), (Ijz(f:) and @é’:).

C Correlation function in the LCSR for X, — IN form factors

C.1 Pseudoscalar transition current

The invariant amplitudes Hg.i)((P — q)%,¢%) for the correlation function with the pseu-
doscalar transition current js are given by eq. (4.4) with ¢ = Z,7 and j = 1,2. Here we
specify the corresponding coefficient funcitons for:

e Joffe current:

: (1) : A .. : .
The functions w i can be obtained from w jn glven in previous appendix B by chang-

ing the sign of the terms involving scalar S; 2(z;), pseudoscalar P o(z;) and tensor
T1,.. s(x;) DA’s and also m. — —mg;
e tensor interpolating current:

2 _ 2
wg) =2 [4m0x 7 <I>§T) + mchfbgT) + 2xm?v(<I>§T) + @gT))

4m>
+mi @) + N o]

2
w3 = 2m (4P — )27+ amam D + mel”) -~ (2(¢? + m?)

—i—me?V)CI)éT) — me?\,fbéﬂ} ,
D = SN (g2 — )6l 4 om0l — ot (307 + 9]
wé{) = 4dmpy { — <I>§T) + @éﬂ — i@éﬂ} , wgg) = Sm?vmg [@éﬂ — 3@&7)] ,
WD) = 2 a2 2y — )2 + amym, 2l
—2m2, (307 + <1>§)T>)} , (C.1)
where the functions @Z(T) are
<1>§T) =V - Ay, ‘I);(ST) = Vigs + Aja3,

{7 = 6P, +6S; — 611 + 1207 + Thos + 5127 |

@(17) = 31‘:134 + 2/:1123 + 321345 - 3‘:/43 + 2‘:/123 - 3‘:/1345 ’

q)éT) = VM AN, <I>((5T) = ‘:/123 + /:1123,

<1>§T) = —6]321 + 6§12 + 12,1:—178 + 2f123 + 4f127 + 6f158 - f234578 )

T 7 7 I i
Q)é ) = Viozus6 + A123456 s ‘I)é ) = 3T1M + 31125678 — T234578 -
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C.2 Vector transition current

The invariant amplitudes l:[y)((P —¢)%,¢%), with i = 7,7 and j = 1,2,...6, for the
correlation function with the vector transition current j, are given by eq. (4.4) with the

replacement m./4 — 1/4, where the coefficient (IJJ(Q functions are given below for:

e Joffe current:

The functions w](? can be obtained from (Dj(;?)

the sign of the terms involving vector Vi g(z;) and axial-vector Ay g(x;) DA’s as

presented in appendix B by changing
well as me — —my;
e tensor interpolating current

oD = 4[ — 4medD 4 o mNci(T) + 4mN<i>(T>] ,

o7 = dmy [4q2<i>§7) — 2 m% (40" + 287 1 307)) + 22 mpm (D) — 25())
e+ 6],

a5 = 16m3 [xmym2®) + 207 mme ) + wmy (2(¢* - 22 mk) - m?) BT
+2m3¢(7)} ’

o) =0, e =smk | (2 mk - ) By — e mym B

53 = amy [am ) + wmy (287 +38(0) - smy a7,

D = 2m [2me( @7 = B) + 2y (B + 46(7)

+2my(-2(@5" + &) + &7)]

J):g) = 2m3 | — :cmch(i)éT) + Qég)) + 4mch<i>g) + 2z m?\,(‘iéﬂ + i)gT))

—l—mz < 2<I>(T) + 5<I>( ) _ <i>(9T)> + 4(1‘2 m?v — qQ)@gT)

8 2 2 ~
&)g) mgmc [2 (meN P +m )<I>( ) L a2m (@é7)+¢§)7))

—wmym(®() +&7)]

(1) _ 2my {4@%7) 2@ + 4(1)(7))]

Wy = o

oD = P [ ) 67+ (0] 4 2047
—2am3 (&) + ééﬂ)} :

oD = k) + 7).
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5(7)
~ 4P

o) = —4my [cpg’” +0 ] :

4 -
oy =" 4 (m2 = ) 7 + a2 (40 + 287 + 387

—2z mNmCQé ) (‘iéﬂ + @éﬂ)}
J)ég) = 16m3 [2 (3:2 m% — q2) ‘i>(9T) + mz(?)(i)g) - @éﬂ) — 2z mchég) ,

- - 8

s =0, ol =amd| 280 —30(7 + "o

32m3 - -
J)(g) = ;nN [ (¢ — 2 miy — mg) <I>§T) + memcq)g)} , (C.2)

where the functions <i>i are
&) =1, - 4y, ) = 2Py + 28) — 2T, + 4Ty — Thag + 3Thar
~ T = ~
<I>§, ) = T123 —Tho7, (I%(; )= P21 512 - 2T78 - T123 - T158 ;
~ T = ~ T = = = =
‘Pé ) = Togusrs q)é ) = Vig + Visas — Ass — Araas
‘f( ) V123 + A123 ) ‘i)z(gT) =TM+ T125678 ;
‘i%() ) — T234578 ; iﬁo) = V123456 + A123456 ;
~ T ~ ~
‘1>§1) =M - A <I>§2) = V123 + A123,
=(T) & - = (T
‘1>§3) = Viag + A123, ‘I>§4) = Tio3 — Tho7 -

C.3 Axial-vector transition current

The invariant amplitudes ﬁy)((P —¢)%,¢%), with i = 7,7 and j = 1,2,...6, for the
correlation function with the axial-vector transition current j,5 are given by eq. (4.4) with
the replacement m./4 — 1/4. The coefficient functions w( ) can be obtained from w( D

the above subsection by changing the sign for wg), wg), (I)én), (Dg), JJEE) and wé ) together

in

with m, — —m,. .

D Two-point sum rules

Here we present the expressions for the spectral densities in the two-point sum rules for
the decay constants of charmed baryons:
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D.1 A baryon

4

mF{7(s) = ¢ [(1 —72)<1 -0y 12> — 121n7'}
T T

51273
1 2 (q9)* 2
1-— 1 —
+768712 (asG*Y1 —7)(1+57) + 7 6 d(s —m?),
5
P) _omyg _ 10 1 1
ImF," "/ (s) = 19873 [(1 r)<1+ N + 2 +6(1+ - InT

m

T 35472 (0:C) [(1 ) <7+ i) +61n T}

+7m. <q_g>25(8 —m?), (D.1)
. 2
ImFl()_(5+;gzéj§) [(1_7)<1_§+:2>—121n7]
- —b? Me , _
0 4367Tb 7 )1 - )2
(sG?)

2 2
307972 (1 —7)[(5+ 2b+5b") + 3(7 + 6b + 7b°)7|

m(q -0 T
o<<13f18>£71T b) o (117 =6+ b(77 —6))

—~ \2
+7r<q7q2> 5(s — m2)(11 + 2b + 3b%),

(
ImFy(s) = (11 + ig?;;ng) me [(1 - 7)<1 + 170 - 712> + 6(1 + i) 1m]
mg(qg) (1 —b)

_5—4b—b2

s(gq)(1 —7')2 — [7’—6+b(57’—6)]

96 384m
(1 — b)me(asG?) 1
1- 2(11+1 21 1
460872 (1=7)( 211 +13b) _+ (89 +79b) | +72(1 +b) In7
(@q)? ) ,
ooy 6(s —mg)(5+2b+ 56" )me, (D.2)

where for brevity we denote m?/s = 7 and use the standard notations for the vacuum
condensate densities. The above relations for ImF o(s) are used at b = —1/5. Hereafter
the integration convention [ dsd(s —mZ) =1 is implied.

D.2 3. baryon

_ 54 2b + 5b%)m2 2 1
tmFi(s) = ( 51273 [ T r ¥4 _3IHT}
3me 2 <(YQ>2 2 2
- (@)(1 =) (1 —7)* + oy O(s = mc)(1—0b)
(asG?) ) 5
rl-n|a on(7—
T 307272 )| (1469 ST,

mg(gq)(1 —b°) 1 1372 L6
1287 1
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1—b 2,5
( 51271_)372% [(1 —7)(1+107 +72) 4+ 67(1 4+ 7)1n 7']

m2 2 20 12
—?;27:<g7q>(1—b2)7'<1—71_> + °<qi]>2(81w ") (641

(1 —b)%me(asG?) 2
R T R Gk <5 N T>

ImFh(s) =

(7)” 5(s —m2)(5 + 2b + 5b*)m,, (D.3)

R

used for b = £1.

E Double spectral representations

Here we collect the double dispersion relations for the master integrals with the powers

n = 2,3 in denominators.

i ta(s) k e
IRy B o e
0 m2 tl(s) Jj=2
g (2rjn§v L OB k(s 1, 12)) 2 Ok — 2)
(-1)* [5(s")]*

I{(SI, tl, t2)]3/2

(5O s - ) (0 )]

—~
S
2[\’)
~— ~— \_/\_/\_/
T
—_

(2m3; ty—t
—m§(m? — 5)6(m? +mi — S/)} +..., (E.1)
/ zk 17 ds i ds' & kil +(=1)
/def’)_27r/s—(P—q)2t(/)s’—q2{Z:;1( ) “
2 1(s

(-D*CR [5(s")]F2
+(2mN) 9(k‘ 2) |:[I€(S/,t1,t2)]3/2

_([sm)w S, (tl,t2)> ( t2>}

to — 11

(=D)* [5(s")]*
+3(2m )h=2 {[K(S’,t17t2)]5/2
k
_<(£2(i17)5]1)36(51 _ tl)XQ(tl,t2)> + (tl PN t2)
3 k
+ [(tz(ilz]l)zg(& 5/’t1)X1(751,t2)] — [tl — tz]}
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(-1
2 (2m%;)k
+k(k — 3)6(m2 — 5)6(m2 +m3% — ') (—=2m3)F 0k — 1)
o(m? — 5) 6O (5(s) + 2m3) [5(") + 2] [5(5) + 4m%v]) }

I (E.2)

< — 25'(m2 — s)5(m2 + m?v — s’)(—2m?\,)k

In the above, the ellipses denote the terms that vanish after double Borel transformation
and are therefore inessential; ¢; o are the functions of s defined in (6.11), 8(k — a) = 1(0)
at k> a(k < a), 5(y) = s —y —m3 and k(a,b,c) = (a — b)(c — a). The auxiliary functions

entering the above expressions are defined as

b
do
X b) = b—o),
l(a, ) /a [KZ(O', a, b)]3/2 ( J)
b
do
Xs(a,b) = / (0. a. D)2 (b—0)*(20 — 3a +b),
EO(k—1)
/ sl o
&(s,s,a) =0 (s —a)+ 5(a) o(s" —a).
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