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Abstract: In this study, we calculate the transition form factors of A, decaying into A, within the framework of

light-cone sum rules with the distribution amplitudes (DAs) of the Aj-baryon. In the hadronic representation of the

correlation function, we isolate both the A, and A7 states so that the A, — A.form factors can be obtained without

ambiguity. We investigate the P-type and A-type currents to interpolate light baryons for comparison because the in-

terpolation current for the baryon state is not unique. We also employ three parametrization models for the DAs of

A in the numerical calculation. We present the numerical predictions for the A, — A, form factors and branching

fractions, averaged forward-backward asymmetry, averaged final hadron polarization, and averaged lepton polariza-

tion of the A, — A.fu decays, as well as the ratio of the branching ratios Ry, . The predicted Ry, is consistent with

LHCb data.
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I. INTRODUCTION

Heavy hadron decays provide an ideal platform for
precision tests of the unitarity of the Cabbibo-Kobayashi-
Maskawa (CKM) matrix to investigate CP violation in
the standard model (SM) and search for new physics (NP)
signals beyond the SM. In the past few years, unexpected
anomalies have been presented at the observables Rp,Rp-
of semileptonic B decays induced by the b — c¢{v trans-
ition, where SM predictions deviate from data at the
(2 ~3)0 level (see, for example, [1-10]), and QED cor-
rections also cannot lead to large corrections to
Rp,Rp-[11, 12]. These anomalies might relate to the viol-
ation of lepton flavor universality (LFU), which hints at
the existence of NP signals. Therefore, many NP models
have been proposed to explain such tensions, such as W’
models, leptoquark models, and models with charged
Higgs (see [13, 14] and the references therein). Other
than B — D(D*){v decays, the weak decays of heavy ba-
ryons, such as A, — A.lv, are also mediated by the
b — clv transition, which may provide further hints to
make this "anomaly" more transparent (for a review, see
[15]).

The fundamental ingredients of semileptonic

Ap = ALy decays are the A, — A, transition form
factors. For heavy-to-heavy transition processes, the
heavy quark effective theory (HQET) [16—18] provides a
natural theoretical framework to analyze form factor rela-
tions and estimate power corrections. In the heavy quark
limit, only one single independent form factor, namely,
the Isgur-Wise function &(v-v') [19], appears in the
Ap — A, transition, and &(v-v') satisfies the normaliza-
tion condition &(1) = 1. Heavy quark symmetry is effect-
ive in the small recoil region, where the A, baryon is al-
most static, and lattice QCD simulation based on first
principles is also highly suitable for application in this re-
gion. Predictions of the A, — A, form factors with lat-
tice QCD are given in [20]. One must employ phenomen-
ological models to extrapolate the results across the en-
tire momentum region. To reduce model dependence, it is
useful to calculate the form factor in the large recoil re-
gion directly. There have been several studies using vari-
ous approaches, such as quark models [21-27], the per-
turbative QCD (PQCD) approach [28], and a combina-
tion of HQET and PQCD [29].

The QCD sum rules method is a popular approach to
evaluate hadronic parameters according to the quark-had-
ron duality ansatz. Three-point QCD sum rules have been
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widely used in the study of transition form factors. The
A, = A, and Z, — E. transition form factors were stud-
ied using three-point QCD sum rules in [30—36]. For
heavy-to-light form factors, light-cone sum rules (LCSR)
are more appropriate because the light-cone dominance of
correlation functions has been proven in the large recoil
region [37-39]. In A, — A, decays, the final state A,
moves rapidly in the large recoil region; thus, light-cone
OPE is applicable. In this paper, we start from the correl-
ation function defined by the matrix element with the
time-ordered product of the b — ¢ transition weak cur-
rent and the interpolation current of the A, baryon sand-
wiched between the vacuum and the A, state, as pro-
posed in [40—42]. These heavy-hadron LCSR have been
employed to study the various decay channels of B-
mesons [43—48] and the decays of the A, baryon [49-52].
Similar to B— D decays, LCSR with A, distrubution
amplitudes (DAs) are valid a]gproximately in the mo-
mentum region 0 < ¢* <8GeV". In [53], the Isgur-Wise
function in A, — A, transitions was studied using LCSR
with Ap-DAs. A recent study on these form factors is
presented in [54]. In this paper, we make the following
improvements:

e Most previous studies concentrated on the Isgur-
Wise function, which arises in the heavy quark limit. For
physical form factors, especially in the large recoil re-
gion of the final state A., large power corrections from
the expansion of 1/m.need to be made. In the present
study, we do not perform heavy quark expansion on the
charm quark field; instead, we take advantage of the
charm quark field in full QCD to construct the intepola-
tion current of the A, baryon in the correlation function.

e We employ the full set of three-particle DAs of A,
up to twist-5, which is accomplished in [55], where the
projector of the DAs in the momentum space is also
presented. Because models of the DAs of the Aj,-baryon
are not well established, we adopt three different models,
that is, the QCDSR model, which is constructed based on
QCD sum rules, exponential model, and free parton mod-
el, which is proposed by mimicking the B-meson DAs for
a comparison.

e In previous studies, the heavy b quark was expan-
ded in HQET, and only the leading power contribution
was considered. To improve the accuracy of our predic-
tions, we include 1/m; corrections to the heavy quark
field in HQET in this study.

e When evaluating the correlation function in the
hadronic representation, we insert not only the A, meson
but also the parity odd counter particle of the A, baryon,

which can help us extract the form factor without ambi-
guity by solving the obtained sum rule equation.

This paper is organized as follows: In the next sec-
tion, we calculate an analytic expression of the A, — A,
form factors with A,-LCSR at the tree level and investig-
ate the power suppressed contribution from the power
suppressed heavy quark field. In Section III, we present
the numerical results of the form factors and the experi-
mental observations. We summarize this study in Section
Iv.

II. LCSR OF THE A, - A, FORM FACTORS

The heavy-to-light A, — A, form factors induced by
a V—A current are defined as

(AP’ )NEYu(1 = y5)bIAK(P, 5))
=i(p’, )| Fi( @+ L@+ HE@W, | u(P.s)

—a(p’,5)|81(a*) v + 82(@P v+ 36, | ysu(Prs), (1)

where P,s and p’,s” are the momenta and spins of the ba-
ryon in the initial and final state, respectively, and
vV =p'[/mp., g=P—p’ denotes the momentum transfer. In
the heavy quark limit, that is, mp,m. — oo, the form
factors f; and gjare reduced to one unique Isgur-Wise
function (w), where w=v-v', and f = f3=g,=g3=0.
At the zero recoil limit v-v' =1, we have the normaliza-
tion condition £(1) = 1. Because we do not perform heavy
quark expansion with respect to the charm quark in this
study and only take the heavy quark limit of the bottom
quark, there are two independent form factors in the
Ap — A, transition. The most general form of the matrix
element (A.(p")|cT'b,|Ap(v)) consistent with heavy quark
spin symmetry reads

(A(PIRTBIAL(W)) = u(p") (1 + &2 HTuv), 2

where £1(¢%?) and >(¢*) are the two independent form
factors. The form factors fi(¢*) and gi(¢g°) canbe ex-
pressed as

h=a-0, e1=0+0,
fr=8=20, f3=g3=0. 3)

In the next section, we estimate the power suppressed
contributions from heavy quark expansion. The above re-
lation still holds after including this power correction be-
cause we neglect the contribution from the four-particle
LCDAs of A;. In literature, there is another widely used
parameterization of the A, — A, form factors, that is,
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u

Ac(p’, s)NEYu(1=y5)bIAG(P, 5)) =u(p’, s") [Fl (@ v+ Fz(qz)iO',wmq— + F3(q2)—] u(P, s)

my,

b

—u(p',s’>[cl<q2m +G2(C]2)io'yvmq— +G3(q2)nz—ﬂ}7’su(1’, s), 4)

and these form factors are related to f;,g; defined in Eq.
(1) by

ma, +mp, My,
m—F27 h=F2+F3, f3= m—(Fz—F3),

b b

fi=F1—-

Mmp, —Mp, My,
81=G1+———G2, 82 =G2+G3, g3 = —(G2—-G3),
my, my,
Q)

After taking the heavy bottom quark limit, the form
factors F; and G; can be expressed in terms of f; as fol-
lows:

1 1
Fi=fi+ 5(1 +rA)fr, Fa= Efz,

Gi=F1, Gy=G3=F3=F),, (6)

where ra = mp_ [ma,.

A. Interpolating currents and correlation function

Following the standard strategy, we start with the
construction of the correlation function

I (q.p") =i f d*xe” OIT (7" (), JiuiONAL0)),  (7)

where the local current * interpolates A., and j,; repres-
ents the weak transition current ¢I',,; b, with the index "i"
indicating a certain Lorenz structure, that is,

jy,V =CYu b, j;l,A =CYuYs b. ®)
For the interpolation current of the A, baryon, as dis-
cussed in [37], there are three independent choices.

77P :eijk(uic,ysdj)ck

' =€/ ' Cysy,d/ "
1 =€* i Cdlyysc* )

where i, j, and k are the color indices, and C is the charge
conjugation operator. The correlation function will van-
ish if the S-type current is employed; thus, we only adopt
the P-type and A-type operators in our study. The coup-
ling of A., as well as its party odd partner, with the inter-
polating current n* (the decay constant) is defined as

b b

Oln“|Ac)y =mp A5 u(p’)
Om*|AEY =mn. AR ysu(p’) (10)

At the hadronic level, the correlation function can be
expressed in terms of the matrix elements of the currents
sandwiched by the hadronic states

HZJ
1

:W E<O|na|Ac (p/,S'»(AC (p', S/)

JuiO)| Ap(v, )y

1 Ay AN*( 1 S koo 1IN s
+ W Z(OIU AP, s OUAD s SO AL (v, 5))

5

1 ds ,
* 7_-( f s _p/2 —i0 [p}lli(s)yﬂ +,Dgl-(S)Vﬂ +p]31i(S)V'u] Ap(v),
n (I

where pZi(s) denotes the hadronic spectral densities of all
excited and continuum states with the quantum numbers
of A, and A}. It is then a straightforward task to write the
hadronic representations of the correlation functions
defined with various weak currents. For the vector cur-
rent, we have the following expression.

mp A4
a ’ <A ’ 2
(P @) =——— (B +ma) | yufi(@)
my, —p
A,
+vufa@®) +V (@) |u (v, 9)
mA;/lf\f ,
= (;2 (_ p+ mAf)
my. = p

x[Yufi (@) +vufa @) + v, (@) | u v, 9) + .
(12)

For II} ,(p’.q), only the replacement f; — g, fi— g
is required. Through the analysis of the Lorentz struc-
tures, the correlation function can be parameterized as

I (P, q) =[H(11+7u I Py + TG, v+ 105 v,

+ I, v, + IS ) ) + s (13)

, —a —a , —a —a ,
T (P> q) =| T + T By + Tl v+ vy p
+T05, v + 05 ), [ysu(v) + .. (14)

113107-3



Yan Miao, Hui Deng, Ke-Sheng Huang et al. Chin. Phys. C 46, 113107 (2022)

and then the scalar correlation functions can be ex- For the correlation function with the axial vector part of
the weak current, IT; — II;, the replacements f; — g;and

pressed in terms of the form factors as follows: - i
fi — g; are needed in Eq. (15).

m% A4 m% 24, B. Tree-level LCSR
a _ "N, A »
T2 p/zfl + m_—p 2f‘ t Now, we compute the correlation function Ty, (p,q)
A A with a space-like interpolating momentum with
mp A§ mp: A5, - pl ~O(A) and n- p ~ my, at the partonic level. The cor-
I =——fi-— ,zﬁ (I5)  relation function can be factorized into the convolution of
TA TP AT the hard kernel and LCDAs of the A, -baryon, that is,
0 5

W0 = [ o [ a7 00,000 0w, 16

where the definition of the most general light-cone hadronic matrix element in coordinate space [55] is given by

O (11,12) =€ Ol [u] (1) 10.17] [d(12)| 10,1271 B0 A ()

= {000 [0, 1757+ 72060 [0, 1,205 €], L AW (17)

Performing the Fourier transformation and including the next-to-leading order terms of the light-cone leads to the
momentum space light-cone projector in D dimensions.

Mz(wl,wz)—¢¢z(w1,w2)+ﬂw4(w1»wz) Vi["hl( @@ Z)IM 13‘ e 2)51411 83‘ ]
—ﬁﬁ[w (@ 2>¢4ﬂa]fy T W 2>”_‘4"48,f,, ] (18)
Mwh, o) =" @+ Fust @l - 5 [W( pwzm’iakﬂ O Y 8%]
—D#[w“)( D YL o+ T o } 19)

where we adjust the notation of the Aj-baryon DA where k =k; +ky, and ky, represents the momentum of
defined in [55]. Applying the equations of motion in the  the two soft light quarks inside the A,-baryon. Inserting

Wandzura-Wilczek approximation yields the hard functions and DAs into the correlation functions,
we can obtain the partonic expression of the correlation
YT (W], wh) = ) (W), ), (W], wh) = wh (W), ). functions. Note that to match the light-like vector » and 7

(20) in the definition of the DAs of the A, baryon and the mo-
mentum p’,q in the parametrization of the correlation
From the diagram in Fig. 1, the leading-order hard  function, we must perform the replacement
kernel can be obtained.

Y(w) it = Y(w) Py, Y(W) 1> 2Y(w) ¥

7(®0) s| | _P=¥ — (@) Py Or Y(W)2 PV- 8= ), (22)
Topys(Ps0) = [ Y ]aﬁ[W Yull 75)}76, P e
here Y(w) = f “my(n)dn. The obtained invariant amp-
7A0 _lc P+ } w A
opyo (P 4) = [ 4 yp] ( )2 2 7ull.s) litudes I1¢ can be expressed by the following dispersion

(21)  integral:
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/

d P
Fig. 1.
correlation function Il,.(n-p’,ii-p’) at tree level, where the

(color online) Diagrammatic representation of the

black square denotes the weak transition vertex, the black blob
represents the Dirac structure of the A.-baryon current, and
the pink internal line indicates the propagator of the charm
quark.

I ds
wot) =1 [ Smimegd. @)

Taking advantage of the quark hadron duality ansatz,
that is, equalizing the contributions from the continuum
states and higher states in the hadronic expression and
dispersion integral with the lower limit set as the
threshold sy in the partonic expression of the correlation
function and performing the Borel transform, we can ob-
tain the sum rules at leading power. For the P-type cur-
rent, the sum rules of the form factors can be written as

fP,LP —_ mA/ f duf"
! my, (mA RN )/IP

odo _ 2
X—— [oF, o(0) +mp-pl ()] =M - (24)

where the nonzero spectrum densities read

P 1 -

pw: “(% +U53") (mp, 0+ me),
P 1 -

p2+a_ ()(% +y3 )mA/,O'a

Py == “>(w3‘+w3 ) (25)

For the A-type current, we have

(g p) =i f d*xel” *O|T {7 (u' Cysd’)c* (x), O

Contracting the charm quark field, we have

le1(p —k)-x

— (Ole¥ (u' Cysd’><k+m»r

HP,NLP(q p/) — lf d4k fd4
H.a ’ (27T)4 k2 _ mc

The QCD equation of motion indicates that

mf\ /M,

1
du
mA (mA +mA )/lA f

o m Aho-do- ()M
X _ [pl+a(0') +mp- pl a(0)]e”
0

ALP _
f;

o

[0 ,(00) + map2 | (50)]
+

— n(oo)e /M
mA,_O'()
. fwo mp, do [PH b(O') +ma- P b( o)l v(rr)/Mé}’
o 02 M2

(26)

where the nonzero spectrum densities are given below.

Plia= ; (2)[2(lﬁ4 —2) + 22 2mp vV =m0~ m)
+ W +Yi)] P, = - 1(\23’”2’

Pl =f/(\2)(l/_/4 —)me(ma, o +me),

Pr, = /(\z)mc(lﬁzt —),

00 =20 Pmen, o}, =220,

Poen = 2f(2><w4 —do)memy, & @7

The form factors g; can be obtained from f; directly;
therefore, we do not present explicit expressions.

C. Power suppressed contribution from heavy quark

expansion

Now, we discuss the power suppressed contribution
from heavy quark expansion. To achieve the target, we
should replace the leading power heavy quark field in the
heavy-to-light current by the NLP suppressed one in the
QCD calculation, that is,

cTh, — Erﬂhv. (28)
2m;,

Then, the correlation function (we take the correla-
tion function with the P-type interpolation current as an
example) becomes

’D I (O))AH(1). (29)

1P T h(OIAK0), (30)
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N 1
[q1COT" 2 ()T Dy 1 (0) =0, ([q1 ()7 g2()] T 7y (0)) + i fo duit [q1()T” g2(x)] 85 G ap (ux) X' T hy(0)

0
— Al (I Th(0). 31
X!

The matrix element of the second term results in the
convolution of the hard function and the four-point ) ) . . )
LCDA of the A-baryon, which has not yet been studied; tional gluon field, which will also be neglected in this
thus, we leave this part for future studies. In addition, the study. The correlation function then reads

derivative on the gauge link will also result in an addi-

P.NLP 1 d*k 4 e ijkg i j
I, (g.p)=—iz— d x—23p<0|€ ' Cysd)(k+m)T oy’ hy(0)Ap(v))

Qn)* k2—m
i 1 d4k 4 i(p’—k)x ijk i j
2—mb 20 fd x = (9_P<0|E U'Cysd)(k+m)Ta Y hy(0) Ap(v)), (32)
[

The first term can be evaluated directly. Taking ad- we must perform a more complicated modification be-
vantage of the definition of the heavy quark field in cause ¥;(w) exists in the integrand. The speciﬁc opera-
HQET, the partial derivative leads to a simple nonper- tion is as follows: In the spectrum density pH_ vy W
turbative parameter. multiply (A —omy,)/(2my) to the terms proportional to

Wi(o) and replace ; by ;/my;, where ;(w) is defined as

3, 01X (! Cysd” )k +me)T Y’ ho(0)Ap(v)) _
PO Cysd )k +mTay IO Ji(w) = fo i,

=—iA0leV* (U Cysd)(k+m T (OIAL(V)),  (33)

where the nonperturbative parameter is regarded as the II. NUMERICAL ANALYSIS

mass difference be'twee.m the Ab.—baliyon and the b-quark The DAs of the A,-baryon are the fundamental in-
for a good approximation, that is, A =mp,—my. For the  gredients of the LCSR of the form factors considered in
S‘?C.OUd term, performlng Integration by parts y1.el.ds anad-  this study; however, they are not well established to date
ditional w =v-(p’-k) in the integrand. Combining these  owing to a poor understanding of QCD inside heavy ba-
two parts together, we have ryon systems. In [55-57], several different models of the
LCDAs of the A, baryon have been suggested up to
PNLP, A PLP 1 L, twist-4 (not including the twist of the heavy quark field).
o (g.p) == 2_7’”17 a (@.P)~ 2my f w'dw We consider the following three different models. The
first is obtained from calculation with QCDSR [56] and
f du Tt(l;%(p’,q, uw’,b’tw’)q)”ﬁ (W' u). thus is known as the QCDSR model. The specific form of
(34) the LCDAS Y (w, u),¢5 (w,u),¢5 " (w,u),Y4(w, u) reads
Finally, we arrive at the sum rules of the form factors 15 5"
. 2 —s/T
at NLP, which are expressed as Ya(w,u) = o u(l —u) R dse™"(s—w/2),
557 y )
f-P’NLP mAb f dufm) A+o-mA ¢3 (w,u) = a)uj(;/2 dse " (s—w/2),
' ma (ma_ +ma) X o
X Uit (w,u) ——w(l —u) ds e (s—w/2),
ﬂ[;Ol+a(<T) +mp pf ()] (35) ’ w2
5 S;,\"
Ya(w,u) = dse™"(s—w/2)’ (36)
From the above result, we can see that the power sup- ! N w/2

pressed contribution considered in this study involves the
addition of a factor (A —oma,)/(2m,) in the integrand of
the leading power contribution if the P-type interpolation 0
current is employed. For the A-type interpolation current, which is constrained in the interval 0.4 <7 <0.8 GeV,

Ap

—s/T

Sy
where N = f ds s’e™*/*, 1 is the Borel parameter,
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and sg” =1.2 GeV is the continuum threshold. The other
two phenomenological models are proposed in [55] and
are known as the exponential model and free parton mod-
el. For the exponential model,

2

1-—

wz(w’ l/l) =L4u)e_w/“’°,
w,

0

_ 2wu _
d/;- ((I.),I/l):_36 w/wo’
Wo

2w(l -
05w =22
“o

e—w/wn’
1 —w/w
Ya(w,u) =—e e, G7)
“
where wp =0.4+0.1 GeV measures the average energy of
the two light quarks inside the Ap-baryon. The DAs in

the free-parton model take the following form:

_150%u(1 —u)2A - w)

Yo(w,u) A5 02A - w),
e 150uA —w)* -
U3 (w,u) :TH(ZA —-w),
_y 150(1 —uw)2A —w)* -
Uit (w,u) = i 0C2A —w),
X3
Ya(w, u) 25(2[\—@9(21_\ - w), (38)

8A3

where 6(2A-w) is the step-function, and A =my,-
mp ~1+0.2 GeV. The first-order terms of the light-cone
are not significant numerically; however, they are re-
quired to guarantee gauge invariance. In this study, the
DAs of these terms are given by

2

— e ) @ wul—w)

¢L,1(wyu)—¢L,2—¢l,3—WJ_,3— (U3 € ww’
0

_ wu _
(@) =—e e,
Wy
_ w(l-u) _
vi(wu) =———e wfwn
wy

o wu(wy — w(l —u)) —wlw
¥ y(wu) =—————e™ ',
2a)0
@ w(1 —u)(wy — wu) —wlw
00 ) =S e, (39)
2a)0

where wg=0.4+0.1 GeV. The numerical values of the
other parameters, such as the masses of the correspond-
ing baryons, quark masses, coupling parameters of the
baryons, Borel mass, and threshold parameters, are listed
in Table 1. In this table, we use MS mass for the charm

quark, which appears in the partonic evaluation of the
correlation functions. For the bottom quark mass, we take
advantage of the potential subtraction (PS) mass for the
b-quark because it appears in the heavy quark expansion
and the PS mass is less ambiguous than the pole mass.

Because LCSR are valid only at a small ¢*, we first
present the results of the form factors f; and f, at ¢*> =0,
which are Isited in Table 2. To highlight the power sup-
pressed contribution from heavy quark expansion, both
the leading power contribution and NLP contribution are
listed for comparison. It is clear that the NLP contribu-
tion can reduce the leading power contribution by ap-
proximately 20%, which will significantly change the res-
ults of the physical observables. We should note that the
power corrections considered in this paper are prelimin-
ary, and it is necessary to perform a more careful treat-
ment of the NLP contributions. In this table, the form
factors f1(0) and f>(0) are evaluated with both P-type and
A-type interpolation currents. The results indicate that the
A-type current leads to larger results for all three models
of the LCDAs of the Ap-baryon. In general, the results
are consistent within the error area. The total uncertain-
ties shown in this table are obtained by varying separate
input parameters within their ranges and adding the res-
ulting separate uncertainties of the form factors in the
quadrature. The results from the QCDSR model and free
parton model of A, LCDAs are highly consistent, and the
results from the exponential model are low for both A-
type and P-type currents. The result of the form factor
f3(0) still satisfies f3(0) =0, which is expected in the
heavy b-quark limit. Although we consider the power
correction from heavy quark expansion, it does not yield
a nonzero contribution to f3(0). The relations between the
form factors displayed in Eq. (2), which originate from
heavy quark symmetry, are still valid, as shown by the
numerical results in Table 2. In Table 3, we present the
predictions of the form factor f; at ¢> =0 from the light-
front quark model [24, 61], relativistic quark model [22],
covariant constituent quark model [62], QCDSR, [36] and
lattice QCD simulation [20], along with our results. The
lattice simulation is valid at a large ¢°. Here, the predic-
tion depends on the extrapolation model and is smaller
than other predictions, which leads to semileptonic decay
branching ratios that are too small compared with experi-
mental measurements. The different predictions are, in
general, consistent with each other if the uncertainties are
considered. In our calculation, there are two preferable
scenarios: the A-type interpolation current along with the
exponential model of the DAs of A;, and the P-type inter-
polation current along with the QCDSR model or free
parton model of the DAs of A,. Therefore, it is difficult
to distinguish different models or the interpolation cur-
rent from the predictions of the form factors from the cur-
rent calculation. The form factors g; are directly related to
fi; hence, we do not provide further discussions.
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Table 1. Imput parameters.

my 4.53 GeV [59] Veo! 4.1x1072 [60]
Ay 5.620 GeV [60] ma, 2.286 GeV [60]
so 10£0.5 GeV” [37] M 7.5+2.5 GeV’ [37]
a) 0.030+0.005 GeV’ [37] i 0.03+0.003 GV’ [37]
Q. (151£035)x 1072 GeV 2 [37) (1.19+0.19)x 10~ GeV* [37]

Table 2. Form factors fF(0) and fA(0) at ¢*> =0.

LP NLP LP+NLP LP NLP LP+NLP
Model A A 5 > 5

A-type current

QCDSR 0.977 —-0.188 0.789 +0.243 -0.303 0.059 —-0.244 +0.076
Exponential 0.859 -0.162 0.697 +0.297 -0.265 0.050 —-0.215+0.094
Free parton 0.931 —-0.182 0.749 +0.339 -0.287 0.057 —-0.230+0.108

P-type current

QCDSR 0.854 -0.168 0.686+0.169 -0.289 0.060 -0.229+0.059
Exponential 0.711 -0.137 0.574+0.214 -0.231 0.047 —0.184+0.061
Free parton 0.851 -0.171 0.680 +0.248 -0.300 0.063 —0.237+0.079

gll_,P gII\ILP glfP+NLP inP gIZ\ILP gI£P+NLP

A-type current

QCDSR 0.675 -0.130 0.545+0.167 -0.303 0.059 -0.244 +0.076
Exponential 0.594 -0.112 0.482+0.203 -0.265 0.050 -0.215+£0.094
Free parton 0.644 -0.125 0.519+0.231 -0.287 0.057 -0.230+0.108

P-type current

QCDSR 0.565 -0.108 0.457+0.111 -0.289 0.060 —-0.229 +£0.059
Exponential 0.480 -0.090 0.390+0.155 -0.231 0.047 —0.184 £0.061
Free parton 0.551 —-0.108 0.443+0.171 -0.300 0.063 -0.237+0.079

Table 3. Results of the form factor at ¢> = 0 of this study are compared with those of other methods.

£1(0) £(0) (0 £1(0) £2(0) &3(0)
This study (A-type)

QCDSR model 0.789 —0.244 0 0.545 —0.244 0
Exponential model 0.697 -0.215 0 0.482 -0.215 0
Free parton model 0.749 —-0.230 0 0.519 —0.230 0
This study (P-type)

QCDSR model 0.686 —0.229 0 0.457 —0.229 0
Exponential model 0.574 —0.184 0 0.390 —0.184 0
Free parton model 0.680 —-0.237 0 0.443 -0.237 0

QCDSR [36] 0.604 —0.101 —0.059 0.456 —0.124 0.080
LFQM [24] 0.638 —0.107 —0.036 0.500 —0.100 0.028
LFQM [61] 0.669 —0.160 —0.033 0.478 —0.170 0.053

RQM [22] 0.719 —0.212 —0.025 0.521 —0.279 0.091
CCQM [62] 0.704 —0.133 —0.035 0.531 —0.141 0.042
LQCD [20] 0.558 —0.174 —0.010 0.388 -0.210 0.082
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To predict the experimental observables, we extrapol-
ate our results at small ¢?>(0 <5 GeV?) across the entire
physical region. To this end, we employ simplified z-
series parametrization [63] based on conformal mapping,

) Vi —q* =\t —1p
i) = =L : (40)
Vs — @2+ Vi — 1

which transforms the cut ¢?-plane onto the disk
lz(¢%,t0)| < 1 on the complex z-plane. We choose the para-
meter t. to be t.=(mp, +mp)* and to=t, — i —1_X
Vit — tmin to reduce the interval of z after mapping ¢° to z
with the interval fy,;, < ¢*> <t_. In the numerical analysis,
we take i, = —6 GeV’. Keeping the series expansion of
the form factors to the first power of the z-parameter, we
propose the following parameterizations:

it =2 {1+ e ) - 20,0
/ B(l)
a® =—S0 1 [t -0}, @)

1- qz/mB:(l»,)

where the masses of B}(17) and B}(1*) appear in the pole
factor but are not measured. There are several theoretical
estimations of these masses, and we adopt mp.(;-) = 6.336
GeV and mp (1) = 6.745 GeV [58]. The fitted results of
a"l,b"l are presented in Table 4. Because the form factors
are extrapolated across the entire physical region, we plot
the ¢*>-dependence of the form factors with the different
DAs of the A,-baryon in Fig. 2. The uncertainties shown
in the bands are obtained by adding the resulting separate
uncertainties from f;(0),a;,b; in the quadrature.

In the following, we aim at exploring the phenomeno-
logical applications of the obtained A, — A, form
factors. These serve as fundamental ingredients for the
theory description of A, — A.fv decays, which are re-
garded as a good platform to further investigate the Rp(p-
anomaly. To calculate phenomenological observables,
such as the branching ratios, and forward backward
asymmetries, it is convenient to introduce helicity amp-
litudes, which are defined by

H = € QX Aa A V@A An),  (42)

where Aa,,Aa.,Aw- denote the helicity of the A, baryon,
A, baryon, and off-shell W~, respectively, which medi-
ate semileptonic decays. The helicity amplitudes H/‘{;A’ "
can be expressed as functions of the form factors L

vO-
HY = M.F\(q’ )— F @)
o~ N [ 2 ]
2
#t ) =Y MGy gD+ L Gz(cf)]

e ma,

HY, =\20-[Fi(g) - m—Ain(qz)],
M_

HY | =~20,[Gi(4) + —Gz(q2)],

VO,

HY, = \/Q—[M Fig)+ = F%(CIZ)]
A _ Vo- 0 4 2
HY, _W[MGI(Q el S

where Q. is defined as Q. = (mp, £mp )*> —¢*, and M, =
ma, £my_. The negative helicities can be obtained by

HY =HY

A —
_/1/\ _/lw /l/\L 7/1W’ ’ H_/l/\( ,_/lw’ -

—H} 4, (44)
The total helicity amplitudes are then written as

%4
Hy, a, =H

AnesAw- H/I?,\(,/lw— ? (45)

which are consistent with the results in [64]. The differ-
ential angular distribution for the A, — A ¢v, has the fol-
lowing form

dT(Ay — AL 7))
dg*dcosé;

R\ A
T 5123m2 2 1 242)
T mAh q q

(46)

where Gg is the Fermi constant, V., is the CKM matrix
element, m, is the lepton mass (€ = e,u, ), 6, is the angle
between the three-momentum of the final A, baryon and
the lepton in the ¢ rest frame, p’ is the three-momentum
of the A -baryon, and the amplitudes A; are defined as

Ay =28i0 6 (H o+ H2 ) + (1= cos 6 Hy
+(1+ COSG[)ZHEUZ,—I’

A, =2cos? Ge(Hf/z,o + Hzl/z,o)
+ Sin2 0{7(1112/2,1 + HEl/Z,—l) + Z(H%/Z,t + H%l/Z,t)
—4COS9[(H1 /Z,IH] /2,0 + H_]/Z,IH—]/Z’O)' (47)

The differential decay rate can be obtained by integ-
rating with respect to cos6,

dT(Ap = ALY LAT(A, = ALY
Ay = Acl77) _ f o = ALTVD 4 oca,. (48)
1

dq? dg?dcosé,
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Table 4. Fitted results of a;,b, for the form factors F7,F#, G¥, and G?.

Model h f 81 5]
A-type current
f0) 0.789+0.243 —-0.244 +0.076 0.545+0.167 -0.244 +0.076
QCDSR
aj -6.92+2.7 -1495+29 —-4.15+2.8 -1593+29
i 1) 0.697 £0.297 -0.215+0.094 0.482+0.203 -0.215£0.094
Exponential
aj -6.21+3.1 -14.65+2.6 -3.26+2.6 -15.63+£2.5
f0) 0.749+£0.339 —-0.230+0.108 0.519+0.231 —-0.230+0.108
Free parton
aj -10.32+29 -1891+24 -7.37+3.0 -19.94+23
P-type current
f(0) 0.686 +0.169 —0.229+£0.059 0.457+0.111 —0.229+£0.059
QCDSR
by -5.74+22 -11.00+2.4 -3.96+2.1 -11.93+2.4
. f(0) 0.574+0.214 —0.184+0.061 0.390+0.155 —0.184+0.061
Exponential
b -6.25+3.1 -12.68+2.6 -4.04+2.8 -13.62+2.6
f(0) 0.680+0.248 -0.237+0.079 0.443+0.171 -0.237+0.079
Free parton
by -6.92+2.6 -12.21+2.8 -4.96+2.8 -13.16+2.7
25 1.0
2.0 - 0.5
~15 _ ~ 00
Sof S _os
(7] e -1.0
0.0 5 3 T 15 2 4 6 8 10
7* (GeV?) 7 (GeV?)
Fig. 2. (color online) Form factors fi(¢?) and f»(¢%) from the A-type interpolation current. The blue, green, and red bands denote the

form factors from the QCDSR , exponential, and free parton models, respectively.

In addition, other observables, such as leptonic for-
ward-backward asymmetry (App), final state hadron po-
larization (Pg), and lepton polarization (P,), are defined
as

f dr deosd fo dr deosd
—FACOS 0] — —F—ACoS
dg?dcos b, ) dg?dcosé, ¢

f d—dcos05+f0 d—rdcosﬁg
o dg?dcosé, _1dg?dcosé,
drA=112 /dg? — AP =112 /dg?

dr'/dg? ’
dl%zl/z/dqz _ dl"*f:’l/z/dqz

dr/dq?

Arp(g?) =2

>

Pp(g) =

Pe(q*) =
(49)

and the differential widths with definite polarization of
the final state can be written as

dr =1/2 4ml
dg? 342

8/ 2
3(H1/20+H1/21)
dri=-1/2 4mz
dg? 342

8
+ §<HE1/20 + HEI/Z,—I)’

2
(H1/2 1 +H1/20+3I'11/2z)

(H21/2—1 +H? 1/20+3H 1/2, z)

I—‘/l[ 12 , ,
— 2[ ( 1/21+H1/20+H—1/2,—1+H—1/2,0)

+4( 1/2:+H21/2z)]

dr/l[:—l/Z 8 ) )
—dqz 3(H1/21+H /20+H 12— H—I/Z,O)'

(50)

The numerical results of the relevant observables in
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the semi-leptonic A, — A.fv decay are presented in
Table 5, where both the A-type and P-type interpolation
currents are considered. Three different models of the A,-
baryon are employed in the calculation so that they can
be compared with the experimental results to determine
which is preferable. The central value of the life time of
Ap is set as 75, = 1.470ps, and the CKM matrix element
V.l 1s presented in Table 1. From Table 5, we can see
that the integrated branching ratio for the semi-leptonic
decay A, — A.£7v from the P-type interpolating current
is slight smaller than that from the A-type current. Com-
pared with the experimental data Br(A, — A.lv)=
6.2*14%, the prediction of A-type operators seems more
consistent with the data if the exponential model is adop-
ted. Note that our results are from the tree level calcula-
tion of the leading power contribution in the heavy quark
limit plus a rough estimation of the power corrections
from heavy quark expansion. Hence, this conclusion is
preliminary, and a more careful study is required to dis-
tinguish between different models of A, DAs and the in-
terpolation currents. The numerical results of leptonic
forward-backward asymmetry (Agp), final hadron polar-
ization (Pg), and lepton polarization (P,) are also presen-

ted in Table 5. Because these observables are not sensit-
ive to the form factors in the small ¢* region, the predic-
tions from different LCDA models and interpolation cur-
rents are similar. To compare our results and the predic-
tion from other methods, we present numerical results
from various studies in Table 6. We can see that the in-
tegrated branching ratios from various studies do not sig-
nificantly deviate from each other, whereas the other ob-
servables are more sensitive to different approaches,
which can serve as the basis to distinguish between dif-
ferent methods. We also present the ratio of the branch-
ing ratio R, in Table 5. It is not sensitive to the interpol-
ation current and the model of the LCDAs of A, and the
central value of our prediction is slightly smaller than that
of a recent study [65]. However, it is consistent with the
recent LHCDb reported result R(A.)=0.242+0.026+
0.040 £0.059 [66]. Furthermore, our predictions for the
branching ratios have a large uncertainty. To improve the
theoretical precision, we can make the following im-
provements: reducing the uncertainty on the parameters
inside the DAs of the heavy baryon via a global fit or lat-
tice calculation and including loop corrections and more
power corrections.

Table 5. Predictions for the branching fractions, averaged leptonic forward-backward asymmetry(Arg), averaged final hadron polar-
ization (Pg), and averaged lepton polarization (P;) for A, — A.I"¥; under two interpolating currents (A-type and P-type) with three dif-
ferent LCDA models of the A, baryon (QCDSR, exponential, and free-parton).

Model ) Br(x1072) (ArB) (Pp) (Pr) Ra,
A-type current

e 7.68+3.66 0.18+0.02 —0.87+0.15 ~1.00+0.00

QCDSR u 7.65+3.65 0.17+0.02 —0.87+0.15 —0.98+0.00 0.273+0.013
T 2.09+1.05 -0.05+0.03 —0.79+0.14 —-0.29+0.17
e 5.81+3.78 0.18+0.03 —0.88+0.20 —1.00+0.00

Exponential u 5.78+3.77 0.17+0.03 —0.87+0.20 -0.98+0.01 0.268+0.015
T 1.55+1.06 —0.05+0.05 -0.79+0.19 —-0.29+0.24
e 7.85+5.43 0.18+0.03 —0.86+0.22 ~1.00+0.00

Free-parton u 7.82+5.41 0.18+0.03 —0.86+0.22 —0.98+0.01 0.288+0.016
T 2.25+1.62 —0.04+0.05 —0.78+0.21 -0.30+0.25

P-type current

e 5.42+2.06 0.18+0.02 —0.88+0.12 —1.00+0.00

QCDSR yZ 5.40+2.05 0.17+0.02 —0.87+0.12 —0.98+0.00 0.270+0.011
T 1.46+0.58 -0.05+0.03 —0.79+0.11 —-0.29+0.14
e 3.93+2.37 0.18+0.03 —0.87+0.18 ~1.00+0.00

Exponential u 3.91+2.36 0.17+0.03 -0.87+0.18 -0.98+0.01 0.271+0.014
T 1.06+0.67 —0.05+0.04 —0.79+0.17 —0.29+0.21
e 5.36+3.15 0.19+0.03 -0.88+0.18 -1.00+0.00

Free-parton u 5.34+3.14 0.18+0.03 —0.87+0.18 —0.98+0.01 0.274+0.014
T 1.47+0.90 —0.05+0.04 —0.80+0.17 -0.29+0.21
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Table 6. Predictions for the branching fractions, averaged leptonic forward-backward asymmetry(Arg), averaged final hadron polar-
ization (Pg), and averaged lepton polarization (P;) for A, — A.I"¥; under different methods.
I Br(x1072) (AFB) (Pg) (Pr)
e 5.81 0.18 -0.88 -1.00
This study (A — type current; exponential model) i 5.78 0.17 -0.87 -0.98
T 1.55 -0.05 -0.79 -0.29
e 6.48 0.195 - -
RQM [22] 6.46 0.189 - -
2.03 -0.021 - -
e - 0.18 —0.81 -1.00
LFQM [61] i - 0.17 —0.81 -0.98
- -0.08 -0.77 -0.24
e 6.9 0.36 - -
CCQM [62] u - - - -
2.0 -0.077 - -

IV. SUMMARY

We calculate the form factors of the A, — A, trans-
ition within the framework of LCSR with the DAs of the
Ap-baryon and further investigate experimental observ-
ables, such as the branching ratios, forward-backward
asymmetries, and final state polarizations of the
semileptonic A, — A.fv decay, and the ratio of the
branching ratios R, _. Because the interpolating current of
the baryon is not unique, we employ the P-type and A-
type interpolation currents to verify our predictions. Fol-
lowing a standard calculation procedure for heavy-to-
light form factors using the LCSR approach, we Obtain
the sum rules of the A, — A, transition form factors. In
the hadronic representation of the correlation function,
we include the A state in addition to the A, state so that
the A, — A, form factors can be evaluated without ambi-
guity. The LCDAs of the A,-baryon have not been well
determined to date; thus, we employ three different mod-
els, that is, the QCDSR model, exponential model, free-
parton model, for comparison.

Because the DAs of the A, baryon are defined in
terms of the large component of the b-quark field in
HQET, a direct calculation will lead to the form factors at
the heavy b-quark limit, and only two of them are inde-
pendent. To improve the accuracy of the predictions, we
include the power suppressed contribution from the
power suppressed bottom quark field in heavy quark ex-
pansion. However, we neglect the contribution from the
four-particle DAs of the Aj-baryon because there are no
studies on these DAs to date. As as result, the power sup-
pressed contribution considered in this paper does not
change the form factor relations in the heavy b quark lim-
it. Numerically, the power suppressed contribution re-
duces the leading power result by approximately 20%.
The total results of the form factors from the P-type inter-
polation current are smaller than those from the A-type

interpolation current. However, it is difficult to identify
which is preferable because the results also depend on the
DAs of the A,-baryon. The LCSR are valid in the small
¢° region; thus, we extrapolate our results across the en-
tire physical region using z-series expansion. We can then
obtain the ¢ dependence of the form factors, which is
important to predict the experimental observables.

We further obtain the predictions of the total branch-
ing fractions, averaged forward-backward asymmetry
(AFrp), averaged final hadron polarization (P}, and aver-
aged lepton polarization (P;) of A, — A fu decays, as
well as the ratio of the branching ratios R . Our pre-
dicted branching ratios from the A-type interpolation cur-
rent are closer to the experimental data once the exponen-
tial model of the DAs of the A,-baryon is adopted. They
are also consistent with predictions from the relativistic
quark model and light-front quark model. The ratio of the
branching ratio R, is not sensitive to the interpolation
current and the model of the LCDAs of A,, and the cent-
ral value of our prediction is consistent with recent data
from LHCb. Moreover, we only perform a tree-level cal-
culation of the correlation function, and QCD corrections
to the hard kernel in the partonic expression of the correl-
ation function are required to increase the accuracy. In lit-
erature [51], the QCD corrections to the leading power
form factors of A, — A have been calculated, and the
method was directly generalized to the A, — A, trans-
ition. The power suppressed contributions have been
shown to be sizable, and a more careful treatment of the
power corrections is of great importance. The above
problems will be considered in future studies.
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