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There exists a significant deviation between the most recent lattice quantum chromodynamics (QCD)
simulation and experimental measurement by Belle for 22 — Z=¢#*v,. In this work, we investigate the

—

E, — E form factors in QCD sum rules. To this end, the two-point correlation functions of E, and E, and
the three-point correlation functions of E. — = are calculated. At the QCD level, contributions from up to
dimension-6 four-quark operators are considered, and the leading order results of the Wilson coefficients
are obtained. For the form factors, relatively stable Borel windows can be found. Our form factors are
comparable with those of lattice QCD, except for f | . The obtained form factors are then used to predict the
branching ratios of 5. — E¢"v,, and our predictions are consistent with the most recent data of ALICE
and Belle, and those of lattice QCD within error. Given that the branching ratios only contain limited

information, we suggest the experimentalists directly measure the form factors of E. — =E.

DOI: 10.1103/PhysRevD.108.116008

I. INTRODUCTION

Semileptonic decays can be used to extract CKM matrix
elements, which are important parameters of the standard
model (SM). In addition, lepton flavor universality
obtained by studying the semileptonic decays of different
leptonic final states is an important tool to test the SM.
Recently, Belle reported the measurement of the branching
ratios of 20 —» Z-¢*v, [1]:

B(EY - E-etu,) = (1.31 £ 0.04 + 0.07 + 0.38)%,
B(EY - Euty,) = (1274 0.06 +0.10 £ 0.37)%, (1)

which are already the highest precision for measuring these
processes. However, most existing theoretical predictions
are more or less larger than these data (see Table III below),
including various quark model calculations [2-5], fittings
based on SU(3) flavor symmetry [6-8], light-cone sum
rules (LCSR) analyses [9-11]. It is particularly worth
pointing out that the most recent lattice QCD simulation
in Ref. [12] shows that:

B(EY - E-e*v,) = (2.38 + 0.30 + 0.33)%,
B(E — Zpty,) = (2294029 +031)%.  (2)
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One can see that, there is a significant deviation between
experimental measurement and lattice QCD simulation.
Considering the high precision demonstrated by both, this
issue deserves further investigation.

The authors of Refs. [13-16] suggested that, this tension
can be resolved by considering the E, — =/ mixing on the
theoretical side. However, recent lattice QCD simulation in
Refs. [17,18] and QCD sum rules analysis in Ref. [19] have
shown that this mixing angle is very small, only about 1°.
Such a small mixing angle clearly cannot resolve the
tension between theory and experiment. The tension still
lies there.

A branching ratio itself contains limited information
after all. We suggest the experimentalists directly measure
the form factors of 22 — Z~#*v,, which can be defined as

(B(p2s $2)[57,(1 = y5)c|Ec(p1ss1))

— i(pa.52) {y,,fl () + o A 126"

+Aq/l—”1f3(q2)}“(l?1,sl)

v

_ . q
—i(py, 57) |:yﬂgl (¢%) + lgﬂl/ﬁlgz(QZ)

+§,—"lgg<q2>] yst(prosy). 3)

with M, = mg_. In fact, BESIII has performed a similar
measurement for A7 — Ae'v, in Ref. [20], where the
form factors extracted from experiment is directly com-

pared with those obtained from lattice QCD. The com-
parison between theory and experiment is sharp and
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direct, and a very interesting result was found—there
exists a significant deviation between experimental meas-
urement and lattice QCD simulation for the form factors
of AT - AeTv,. We can say that Ref. [20] opened an era
of fine comparison.

In this work, we will investigate the form factors of
E, — 2 in QCD sum rules (QCDSR). At the QCD level,
contributions from up to dimension-6 four-quark operators
are considered; For the Wilson coefficients, the leading
order (LO) results are obtained. QCDSR is a QCD-based
approach to deal with hadronic parameters. It reveals a
direct connection between hadron phenomenology and
QCD vacuum structure via a few universal parameters
such as quark condensate and gluon condensate. In
Refs. [21,22], we systematically applied QCD sum rules
for the first time to study the form factors of doubly heavy
baryons. To further verify our computing technique, we
also investigated the form factors of A, — A., and found
that our results were comparable with those of experiment,
heavy quark effective theory (HQET) at the next-to-leading
power, and lattice QCD [23].

The rest of this paper is arranged as follows. In
Sec. II, we will investigate the two-point correlation
functions of E. and E to obtain their pole residues,
which are indispensable inputs when calculating the
form factors. At the same time, the continuum threshold
parameters, which are the most important parameters
in QCDSR in our opinion, are also determined there. In
Sec. III, we will outline how to extract the form factors
of 2. — E from the three-point correlation functions.
Numerical results of form factors and their phenomeno-
logical applications will be shown in Sec. IV, where our
results are also compared with other theoretical predic-
tions and experimental data. We conclude this paper in
the last section.

II. TWO-POINT CORRELATION FUNCTIONS
AND POLE RESIDUES

To access the E. — E form factors, the pole residues
and continuum threshold parameters of initial and final
baryons are indispensable inputs. To this end, in this
section we investigate the two-point correlation func-
tions. In the well-known Ref. [24], loffe, perhaps for
the first time, used QCDSR to study the masses of light
flavor baryons. In Ref. [25], the authors investigated the
neutron-proton mass difference, and contributions from
up to dimension-9 operators were included. For the two-
point correlation functions of heavy flavor baryons, Wang
has already done a lot of work, see, for example,
Refs. [26,27]. We also analyzed the two-point correlation
function of E, in Ref. [23], but did not consider the
contribution of gluon condensate there. For consistency,
in this work we recalculate the two-point correlation
functions of E, and E, with the contribution of gluon
condensate being considered.

Sum rules start from the definitions of interpolating
currents of hadrons. The following currents are respectively
adopted for E. and E [28]

JEQ = eabc<qgcy5sb)Qc7
Jz = €ape (SECY 1) 7,475 (4)

where g and Q respectively denote a u/d quark and a
charm quark, a, b, ¢ are color indices, and C is the charge
conjugation matrix.

The two-point correlation function is defined as

N(p) = i / dxer (O[T (I()IO}0). ()

At the hadron level, after inserting the complete set
of hadronic states, the correlation function in Eq. (5) is
written into

- M_
]\’;[/%—pz_'—“.’ (6)

:/12 ﬁ+M+

+22
*‘v’Mi_pZ

Hhad (p)

where the contribution from negative-parity baryon is also
considered, and M. (A4) stand for the masses (pole
residues) of positive- and negative-parity baryons.

At the QCD level, the correlation function in Eq. (5) can
be calculated using OPE technique. In this work, contri-
butions from up to dimension-6 four-quark operators are
considered and the corresponding diagrams for E. and =
can be found in Figs. 1 and 2, respectively. The calculation
results of the correlation function at the QCD level can be
formally written as

P (p) = A(p?*)p + B(p?). (7)

Gy o N G
“ N 2 . /// \ //
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\\ / N\ // \ ‘ / N ) /
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/ N, Z\ , X/ 3 /s \ g /,
N N N
dim5-2-1 dim5-2-3 dim5-3-1 dim5-3-2
FIG. 1. All the diagrams considered for the two-point corre-

lation function of E, at the QCD level.
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FIG. 2. All “independent” diagrams considered for the two-point correlation function of Z at the QCD level. Here “independent”

means that equivalent diagrams are not shown here.

where the coefficient functions A and B can be further
written into the following dispersion integrals for practical

purpose
A s B s
a) = [ a8 mr) = a0

§=p

(8)

Taking advantage of quark-hadron duality and then
performing the Borel transform, one can arrive at the
sum rule for the 1/2% baryon

(M. + M_)22 exp(~M2 /T2

- /S+ ds(M_p* + p®)exp(=s/T3),  (9)

where T2 and s, are the Borel parameter and continuum
threshold parameter, respectively. Differentiating Eq. (9)
|

(By(pa. 52)[57(1 = 75)c|By (pr. 1)) = a<p2,s2>[

Py 2
—F
M, 1(q7) +

with respect to —1/72, one can obtain the mass of the
1/2% baryon

,  Jrrds(M_p* + pP)s exp(=s/T7)

M2 — .
T [rds(M_pt + pP) exp(—s/T?)

(10)

In this work, Eq. (10) is viewed as a constraint of Eq. (9),
and is used to fix the continuum threshold parameter s,
which is the most important parameter in QCDSR in our
opinion.

III. THREE-POINT CORRELATION FUNCTIONS
AND FORM FACTORS

In practice, the following simpler parametrization is
adopted to extract the analytical expressions of E, - E
transition form factors:

Py

o, Fy(q*) + nFa(qz)} u(py.si)

- p p
= 02052) (DG ) + 22 Gale?) + Gl psulprcs). (1)

where B, , denote Z. and Z, respectively. The form factors F; and G; are related to f; and g; defined in Eq. (3) through

M, M, + M,
F, = . Fa="2(fa—f3), Fi=fi—-——2f
1=+ 2=, (f2—13) 3=/ M, /2
M, M, -M,
G, = , G, =—(9—93), G; = —— . 12
1 =% t9 2=, (92— 93) 3=aq1+t M, [75) (12)
In addition, helicity form factors are usually adopted by lattice QCD [12,29], and are related to the form factors in Eq. (3) as
follows
fo=f L A RSN
T M (M M) Lo M, ' O T M (M - M)
2 2
q M, —M, q
= — 0, = — 0, =g -——— 3. 13
I vy AL Tk ey vt Ut [ varyvasry v (13)
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In this work, the results of these helicity form factors are presented to make a close comparison with those of lattice QCD.
The following three-point correlation functions are defined to extract the form factors of 2, — =

i (p1. pa) = iz/ d*xdtye= PP (0] T{J5(y) (V. A,) (0)Iz, (x) }O), (14)

where V,(A,) = 5y,(7,rs5)c is the vector (axial-vector) current for the ¢ — s process. The correlation functions are then
calculated at the hadron level and QCD level.

At the hadron level, after inserting the complete sets of initial and final states and considering the contributions from
negative-parity baryons, the vector current correlation function in Eq. (14) can be written into

(7 +M;)(%FT+ +;[1)4—2§F2++ + 7, F30) (1 + M)
(p3 = M3?)(py — M)
(P + M) (2 F™ + 5 F3 40, F7) (# — M)

" (py. py) = A AT

+AFA7
/ (p3 = M3?)(p} — M7?)
e M) G Fro 4 52 F + nF37) (4 + M)
s (p3 = M3%)(p} - M{?)
(Fo = My) (G Fi™ + 54 Fy + 7, F57) (P — MY)
+ A7 A7 = - - + (15)

(p3 = M3?)(pt - M%)
In Eq. (15), M T((z_)> denotes the mass of initial (final) positive- (negative-) parity baryon, and F{~ is the form factor F| with

the positive-parity final state and negative-parity initial state, and so forth. To arrive at Eq. (15), we have adopted the
following definitions of pole residues for positive- and negative-parity baryons

OB (p.s)) = Acu(p,s),
(O1|B-(p.s5)) = (irs)A_u(p,s), (16)

and the following conventions for the 12 form factors F7=

_ Pi P2
(B (2 sDVBF (r.51)) = T ) | B P+ 222 P,y (150,

My My
_ _ P1 I 25) _ i
<B;(P2’52)|Vu|5i (P1.81)) = ”B;(P%Sz) [M_?FIL +M“li F; +J’uF§r ](WS)”B[(pl’Sl)’
: 2
_ _ . Py Py _
(B0 52VIBE (p150)) = T (pas2)rs) [T P 4 02 P, (1)
_ _ _ . Py o P2y S
<Bf<P2,Sz)|V;¢|Bi (P1,Sl)> = “B;(P%Sz)(l}’s) |:M_KF1 +M_§F2 +}’;4F3 ](WS)”B,‘(PDSl)- (17)
1

At the QCD level, contributions from up to dimension-6 four-quark operators are considered, as can be seen in Fig. 3. The
calculation results of the vector current correlation function in Eq. (14) can be formally written as

12
%P (py. py) = ZAieiu (18)
i=1

with
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FIG. 3. All the diagrams considered for the three-point correlation functions of 2, — Z at the QCD level.

(e1234), = {F2s 1} x {p1u} x {F1, 1},
(€5678), = 1W2s 1} X {py} x {#, 1},
(€9.1011.12), = {F2: 1} X {r,} x {p1. 1} (19)

The coefficients A; in Eq. (18) are then expressed as double
dispersion integrals

where the spectral functions p;(s;, s», g?) can be obtained
by applying Cutkosky cutting rules to the diagrams
in Fig. 3.

Equating Egs. (15) and (18), and using the quark-hadron
duality, one can arrive at 12 equations for 12 unknown form
factors F7-*. Solving these equations, and then performing
the Borel transform, one can obtain the following expres-
sions for F;":

2
pi(s1,52,9
i(p1.p3.9%) / dsl/ dSz L ) (20)
Pl (Sz—l?z)
|
AEXE(FH MY ) exp <_Ml+2 _M2+2> _ {MyM;. M5, M7, 1}.{BA,, BA;, BA;, BA; }
A 7 T3 (M} + M7)(M; + M3)
414 5 e (<M M2 _ MM M M5 1) Bk, B )
i 2 2 = - - ,
! T T3 (M} + M7) (M5 + M3)
/1-_0—/1-&-F++exp _MTz_M2+2 _ {M MZ’MZ’MI_’I} {BA9’BA1078A1158A12} (21)
A 2 T3 (M| + M7)(My + M;)
where
S10 520
BAiE/ dsl/ dszﬂi(shSz,qz)eXP(—Sl/T%) CXP(—Sz/Tg)’ (22)

are doubly Borel transformed coefficients, with 5(1) 5 the
continuum threshold parameter of the initial (final) baryon,
and T7, are the Borel parameters.

A. The leading logarithmic corrections

In this work, we also consider the leading logarithmic
(LL) corrections for the pole residues and form factors.
For this purpose, in the following, we will first briefly

summarize some key points of the operator product
expansion (OPE) technique.

For two operators O, and O, separated by a small
distance x, the product of these two operators can be
computed using OPE

(x)0,(0) =

ZC (23)
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where O, ,, are defined at some renormalization scale .
The calculated Wilson coefficient C,, should be multiplied
by a LL correction factor [30]

()
log(4*/ Njep)

where a is related to the anomalous dimension y» by

, (24)

gz
Yo = —00(47)2, (25)

and f, is the first coefficient of the QCD S function

2

Note that, after performing the Fourier transform as in
Egs. (5) and (14), the inverse of the squared distance 1/|x|?
is actually ~p?.

In Ref. [31], we explicitly calculated the LO anomalous
dimensions of the interpolating currents in Eq. (4), and
found that the two anomalous dimensions happen to be the
same, both equal to

7
(4m)>”

vy =—4 (27)

The anomalous dimension of yy can be found in any
standard quantum field theory textbook

92

Following loffe in Ref. [24], the LL corrections of the
Wilson coefficients for higher-dimensional operators are no
longer considered due to the following reasons:
(i) The contribution of these terms is comparatively
small.
(ii) The numerical values of higher-dimensional con-
densate parameters contain large ambiguity.
Some remarks on the OPE of three-point operator product

01(y)02(0)05(x) = > C,(x,5)0,(0)  (29)

are in order. If Eq. (29) is considered to have been
expanded twice using Eq. (23), one can easily check that
in the limit of

x| = [y, (30)

the corresponding LL correction factor, similar to that in
Eq. (24), is

<1og<1/|x|2Aé(:D>><an-al—az—as>/2ﬁo

log(ﬂz/A%)CD) GD)

For the B — # process, the approximation in Eq. (31) is
bad; However, as long as the mass difference between the
initial and final states is not very large, this approximation
should not be bad. 2. — E can be attributed to the latter
situation.

IV. NUMERICAL RESULTS AND
PHENOMENOLOGICAL APPLICATIONS

Numerical results will be shown in this section, and our
main results include the pole residues, the continuum
threshold parameters of E. and E, and the 2, — E form
factors. The main inputs include the condensate parameters
and quark masses. The condensate parameters are taken
as [28]: (gq)(1 GeV) = —(0.24 £ 0.01 GeV)?, (5s) =
(0.8 £0.2)(gq), (g2G?) = (0.47 £ 0.14) GeV*,
(49,0Gq) = mi(qq) and  (5g,0Gs) = mi(5s)  with
m} = (0.8 £0.2) GeV2. The following quark masses are
adopted [32]:

m.(m,) = 1.27 £0.02 GeV,
m,(2 GeV) = 0.093 = 0.009 GeV, (32)

and m,,; is taken to be 0.

When calculating the pole residues of =, and E, and the
form factors of E. — =, we take all the renormalization
scales at 4 = m,.. The following equation for the QCD
running coupling constant at the one-loop level has been

used

4z

= — 33
Polog(u?/ AZQCD) (33)

a(u)

and a,(my) = 0.118 [32] is taken as a reference point for
renormalization. The continuity of «; allow to find values

of Aglé]g for different . It turns out that: AgéD = 88 MeV,
Aglp =120 MeV, and Al = 143 MeV. Especially,
ag(m.) =~ 0.32 can be obtained. Then, the quark masses
and condensate parameters can be evolved through their
respective one-loop evolution formulas. For example, for
the quark mass, the one-loop evolution formula is

oM\

i) = mjn) <]0g(ﬂ%/A(2)CD)

As can be seen in Figs. 1-3 that, we have only
considered the tree-level diagrams—when cutting rules
are applied, there is no longer a loop diagram. For the
Wilson coefficients, we have only obtained the LO results.
As can be seen in our previous work [33], the error caused
by scale dependence plays an important role. To reduce the
dependence of calculation results on the renormalization
scale, in this work, we also consider the LL corrections to
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FIG. 4. The pole residues of Z, and = as functions of the Borel parameter 772 .. The blue and red curves correspond to the MS scheme
and the pole mass scheme, respectively. The extreme points on these curves correspond to the experimental value of the baryon mass.
The s, and T% corresponding to these extreme points can be found in Table I.

the Wilson coefficients. However, numerically these cor-
rections are small, the reason is given as follows.

In Egs. (24) and (31), the renormalization scale y = m,.,
and the inverse of the distance 1/|x| is exactly or close to
O(m,.) for the two-point correlation functions of E, and E,
and the three-point correlation functions of =, — E.
Therefore, all the LL correction factors are all close to 1,
that is, the LL corrections are small (only a few percent).

How to evaluate the contribution from the next-to-
leading order (NLO)? This is certainly a difficult question
to answer, and often only through detailed calculations at
NLO can a clear answer be obtained. The calculation of
the decay constants f’ B, in Ref. [34] are excepted to shed

some light on the contributions from higher orders. As
pointed out in Ref. [34], in the pole mass scheme, the
convergence is poor, while in the MS scheme, the
convergence is good. In the MS scheme, the contribution
from NLO is about 10%. Of course, this is only for the
bottom quark case and also limited to the two-point
correlation functions. The NLO correction for the charm
quark case should be larger.

Inspired by the pole mass scheme, in this work, we also
take m, and m, as the pole masses, and expand them to
the NLO [32]

(35)

o i1+ 49)

to evaluate the contribution from NLO. That is, in this
work, two sets of results will be presented

TABLE L

(i) LO +LL + MS mass, which is taken as the cen-
tral value;
(i) LO + LL + pole mass@NLO, which is used to
evaluate the contribution from NLO.
We find that, there are respectively about 20%, 15%
uncertainties between these two schemes, for the pole
residue of E., and the form factors of E. — E. These
numbers more or less meet the expectation above.
However, it is worth emphasizing again that this is only
a very rough estimate, and more accurate numbers can only
be known after performing the calculation of NLO.

A. The pole residues of Z, and =

The pole residues of =, and E are determined using the
sum rule in Eq. (9) using Eq. (10) as a constraint, and
the corresponding results are shown in Fig. 4 and Table 1.
Here is one comment. The experimental masses of EC*’O are
respectively 2.468 GeV and 2.470 GeV, while those of Z%~
are respectively 1.315 GeV and 1.322 GeV [32]. In Fig. 4
and Table I, we have actually used the experimental masses
of 20 and Z~. Note that our QCDSR analysis is blind to u or
d quark within the hadron.

B. The form factors of E, — 2
In this subsection, the sum rule in Eq. (21) will be
investigated. As the most important parameters in QCDSR,
the continuum threshold parameters s{ , of initial and final

states, are taken from corresponding two-point correlation
functions, see Table I.

Our predictions of the pole residues of E. and Z. Optimal s, and T2 are also shown.

E. (s4/GeV2, T2 /GeV?) 1, /GeV? E (s./GeV2, T2 /GeV?) 1./GeV?
MS mass (8.74,4.4) 0.0251 MS mass (3.22,2.4) 0.0424
Pole mass@NLO (8.70,5.0) 0.0203 Pole mass@NLO (3.24,2.4) 0.0426

116008-7



ZHAO, SUN, ZHANG, XING, and YANG

PHYS. REV. D 108, 116008 (2023)

055
~105F g
~060 g ~060f g
~LI0F 4
ffffff - e emmmeemecceeo
s s = L RS ES
I -065 3 2 065
~LISF 4
.
~070F g 1ok 1 ~070fF g
L n n n L L n n L L L m L n n L
0 10 20 30 40 0 10 20 30 40 o 10 20 30 40
T," | GeV? T,’ | GeV? 757 | GeV?
T g T
””” LR I L R e e LossfmT e .’."’T"A
~0.55 ° 4 100k ° 1 °
-1L0sF ] ~060f ]
_ 060t 4 - _
% 3 ] R S S R
3 S oo - femtREaafamo N Y s e W e e Y,
g g g -065F @ 4
I -065F 4 = =
= .
~LISF 1
~070fF g
=070 1
-120F j
L L L L L L L n n L L m L n n L
0 10 20 30 40 0 10 20 30 40 o0 10 20 30 40
T [ GeV? 7,2 | GeV? )% | GeV?
L,,,,,;,T‘L,i,,,.,5,5,¢A4,§,.,0,.,¢4 e e VT T 0§ 096600999 L,,,,,;,f%,,,,.,.J,LiA,d,LoJfofii
° ° -055| ° 4
~055F g
=100} 4
~0.60 4
% ool L] _m A = 1% 105 3 = - -
R e e T e e it R Rbh ob ) NCHRE 8 ey w W W EoR-t-w- - w-E-g-u-S-mm
B ] g g =
L . L 1 -065F @ 1
: i 32
=LI0F L 4
~0.65F 4
-0.70F 4
~LISE j
=070 4
L n n L L L L n L L L m L L L L
0 10 20 30 40 0 10 20 30 40 o0 10 20 30 40
7.’ [ GeV? 7.’ / GeV? 157 / GeV?
7050'L””’;’."ff"*.*.*‘*'*ff"*‘*‘*‘*’*f"- RSk SE o SRR R RE SR 2 R BT SRS o) L””’;"."""’.’.’."’f""""’.””’f‘
. ° ° ]
—o9sk ]
~055F g
_ ~ -Loop j ~060f g
% A R R W NG W W R R iR Ew s -y
5 3 - L] - = m w
Z -060F L] 4 2 L]
T . T -iosh 4 ossk @
< ] —o6sf ]
< = .
~0.65 - =110 4
-0.70 4
—LISE 8
oqolm s L L L | L L L s L. L L L L
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
75" [ GeV? T)*/ GeV? 75 [ GeV?
oo o008 6388 g gg-0-3-%3 T e SE e P o
~050f ° 4 ~090F ° 1 °
-055fF g
-09sfF 1
~055F 1
~ xR SE—— - o -060f 1
S - rEEgE T W w . Ll > SR EEE-E-g-E- T worCE-E R R WS
© 9 —roof [ 1 ¢
= ] = = "
3 3 2
g . 7 i
I -060f 13 E sk ® ]
= ° ~0.65
105 1
~065F g 070 ]
ok 1 0.70
A ] L L L L A ] n L L L L = L n L n
0 10 20 30 40 o 10 20 30 40 o0 10 20 30 40
7,* [ GeV? 7,7/ GeV? 7,7/ GeV?
VSRS SupuY S R 2 S YN Jup ST W3 0.5 e S T BT SF ~F = = =y mreper == PR B B S T T BT erer s
° .
~050 1 —oo0f ] ~055}F 1
B OSSp oy W AR TR R W W W CECETRT W W W] 3
o - o
Z - s
;f ° 5 -1.00 4 L]
_oeo| 1] . ~065F 4
-1.05 1
—070f ]
~065F g
L m s s s s B W s s s . . m s s s s
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
T>% | GeV? T>% | GeV? T,% | GeV?
.. 2 . 2 .
FIG. 5. The helicity form factors f, | o(¢*) as functions of the Borel parameter T5. The blue dots and red squares respectively

correspond to the results obtained using the MS scheme and the pole mass scheme. ¢> = 0.0, —0.1, ..., —0.5 GeV? are considered.

116008-8



SEMILEPTONIC FORM FACTORS OF E. —» =

I

IN ...

PHYS. REV. D 108, 116008 (2023)

2:(0)

£.(=0.1 GeV’

~02 GeV?)

S
s
I

84(-0.4 GeV?)

24(~0.5 GeV?)

-0 o o 6 6 0-0-0-9 35

n_m-u_m u a]

~048} il

050 4

e o 6 6 6-9-6-0-3

oo o & 06 6-0-0-0 93

a-s-m =8 = g5 mu .

-0.52
—0.60 - - -0.60 -
n
054 1
°
-065 4 osel 1 -065} 4
—070k, L L L e i L . L N 070k m L L . e
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
7, [ GeV? T,/ GeV?
y S T v e e e s s ee e ees R e SRR )
-0.46 4
-0.50 4 °
—048 . 1 -050 4
s g-w-s-8-0-0
-0.50
=
-052 1
~0.60 4 -
—060f ]
.
-0.54F 4
~0.65 4
~056 ] -0.65 ]
_o70 bt n n n L n n n n n ] n n n n
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
)% | GeV? T [ GeV? / Ge
S P P Y T 7 ST W Sy oy R R [ T S g ) N 7 N T Y )
045 4
~046 ]
-0.50 ] ° .
-048 B 4
a-m 5 g 5 BN N mm.nm
o - w-w-w N
0551 1% -0s0 i1z
a2 C ossk n ]
i 0.52 I
_osaf = 11
~0.60 F 4«
—0.60 | ° 4
—0.54 1 4
-0.65 4
~056 1 ossk ]
n n n s s . ® L L L ] n L L

-0.50

~0.60

-065

-0.50

~0.60

-065

~045

~0.50

-055

~0.60

-0.65

L
0 10 20 30 40

/GeV?

n
10 20 30 40

7,/ GeV?

é-eo-6-9-35 3]

K2 Bt 3K 3E 28 S5 I BRI R SR SIS

[ T S S e oy

~0.44
~04s5 ]
.
L ~046 ° 1
-E-m-8 8 B B -0.50 -8 -u-u
[
-055 4
L =
-0.52F 4 .
~0.60 4
L ] ~054F q
~065 4
. . . . . -0s6k, . . . e 0L, w . . . .
0 10 20 30 40 0 10 20 30 40 [} 10 20 30 40
)% | GeV? T2 [ GeV? T2 | GeV?
555 6 0 4.4 99579 66 0 0o+ 6-06-0-0-069
e e 6
~044 . ]
045 o 4
°
r 1 ~0.46 1
rE-E-E-E-E-
€ _o4s [ R o 050
13 3
= = =
3 ]
L -os0p 1 41
] L ]
< =
r 1 .
—052f 1
—060f ]
[ 1 ~0.54 4
N N " N N Ay " N " N ] N N N N
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Ty | GeV? T2 [ GeV? /Gev?
—e-o-o o & & & 4 4 5 ~0.42 Ce-o o o 6 6. 6. 9_6_8 & Ceo-o o o 6 6. 09909 9]
—0.44 1 .
° —04s | 4
F ] “oder ] -E = s -w-p-E-E-E-=
m-m-E-E- B2 ® m. ® I ] - - -u-m-a-
Ll L e < "
~048 1 & -osof 4
L 1 ° =
T
~050F = 1
F ] -055F o 4
-052f 1
F 4 054 4 —0.60 - 1
.
n n n n n n n n n n ] n L n n
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
37/ GeV? 57/ GeV? 7,/ GeV?

FIG.

6. Same as Fig. 5, but for g, | o.

116008-9



ZHAO, SUN, ZHANG, XING, and YANG

PHYS. REV. D 108, 116008 (2023)

—— . . . . . . .
1.0 This work r bl
t 0.70 1
LQCD E 1
09F 1 [ -1
F =] 0.65F - ]
f e r e ]
08 oZZ" 0.60F pe=m T 1
=%z b === -7 ]
< g7k /,////// 55 0_55;),,—"’7_ ”,”” ]
ooF ////// 0.50 F T 1
[ = 045F-~" "7 ]
05F~ =T F 1
[ 040 ]
0'4: 1 1 ! ! 1 t 1 1 1 1 1 1
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
T/ G @ [ Gas
D S . . . . . . .
H s 070 F ]
181 T ¥
[ == 0.65 F _==—
_ P L -
== e r S 2
16+ o= - ’ . ot
- P 0.60 P == ]
,”’(/ P == P
& -7 22 3 C === = : ]
<14t o - % gssL PO = 1
ok == 0.50 F o= b
F =TT 0asp__--=7" ]
1.0+ - [- ]
0.40 - -
L 1 1 n 1 1 1 3 1 1 1 1 1 1
-0.2 0.0 0.2 0.4 0.6 0.8 1 =02 0.0 0.2 0.4 0.6 0.8 1.0
T/ G @/ Gas
; . , . . , , o T
08 [ ]
L 0.8+ //A
I 77 ]
[ o ' Y ]
L .- o
07+ _- | t =% 7
L - == 0.7 - e -
_-7 - _-" //’
< _oziiemT g | T T
06k ’_/’/_'/;— 0.6: ,(/,/ //,/ -
[--—=7~ -~ osf-—"" = 1
osfF_--—"" =
04 J
i n 1 n n n 1 n n n 1 n n n 1 n n n 1 n n n 3 L n 1 n n n 1 n n n 1 n n n 1 n n n 1 n n n 1
-0.2 0.0 0.2 04 0.6 0.8 1.0 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
@/ Ghax @/ Gonax
FIG. 7. Our helicity form factors are compared with those of lattice QCD in Ref. [12]. All our form factors have been multiplied by a

minus sign.

Reasonable Borel parameters should satisfy 72 ~ O(M?)
and T3 ~O(M3) with M, the masses of initial and
final baryons [24,35]. In the following, we consider a
line segment 72 = 3.5T3 with T3 € [2,40] GeV? on the
T? — T5 plane. Relatively stable Borel windows can be
found, as can be seen in Figs. 5 and 6.

To access the ¢*> dependence of the 2, — = form factors,
we calculate the form factors for ¢* € [-0.5,0] GeV?, and
then fit the obtained values of (g2, f(¢?)) to the following
simplified z-expansion:

a 2
f(q*) = i)

__arodg) 36
1- qz/(mgole)z ( )

where

(37)

with 1, = (mp+mg)? and 1y = gha = (mz, — mz)*.

The pole masses m’ taken as

pole are respectively
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mgg]gL —2.112 GeV, m.;gle — 2318 GeV, mf)&'eﬂ —  TABLE IL. The fitted results of (a,b) for the E. — E form
2460 GeV, and m®,, = 1.968 GeV [12]. The fitted results o™
of (a, b) are given in Table II. In Fig. 7, our helicity form  MS mass (a,b) Pole mass@NLO (a,b)
factors are compared with those of lattice QCD. [12]. Qne 7. (<0642, 1.358) 7. (<0730, 1.362)
can see that, most of our form factors are consistent with _ _
_ irt fi (—1.208,2.919) fi (—1.267,2.329)
those of lattice QCD within error, except for f . fo (~0.524, —0.402) fo (—0.585, —0.796)
g, (—0.467,—0.050) 9. (—0.505, —0.628)
C. Phenomenological applications gL (—0.493,0.433) g1 (-0.514,0.050)
% (—0.538,1.017) % (—0.596,0.714)

Our form factors are then used to predict the semi-
leptonic decay widths. The polarized decay widths for
B, = B,lv are given by

& _ Gi|Vexml* @ p(1 = mp)?
dq? 3847 M?

(2 + ) (IH_yo* + [Hyo?) + 3 ([H_y, > + [Hy ) (38)

0T GhVela?p(1 = w22 (2 + )
dq* 384n°M?

(IHy |* + [H_y ). (39)

where 7y =m;/\/q*, and p=\/0,0_/(2M;) with QO = (M, +M,)* —q¢*, M, =mz, M, =mz. The helicity
amplitudes H,, ) = H/‘{z’ P Hﬁ‘z. 4> Where HXZ"QW can be written in terms of the helicity form factors

T . . NT
H%,o _ \\/7/6]2 (M, + M) .. H%,l =—i\/20_f. H%J = —i 2 (M| — M,)fo,
i}, - _i\/\/Q% (My=Ms)g,.  Hf =-i\/20.g..  H = _,'\/Q; (M + M3)gp, (40)
q V4q
and
HYﬂz,—/lw = HXz.AW» Héﬂz,—ﬂw = _Hfz,/lw' (“41)
Finally, we arrive at:
B(Eg — B e'y,) = (1.83 £ 0.45)%,
B(EQ N E—;ﬁyﬂ) = (1.77 £ 0.43)%,
B(Ef - E%ty,) = (5.58 £ 1.36) %,

TABLE IIl.  Our decay width of E. — Ee*v, (in units of 10713 GeV) is compared with experimental data, and
other theoretical predictions including lattice QCD (LQCD), light-cone sum rules (LCSR), light-front quark model
(LFQM), relativistic quark model (RQM), and SU(3) flavor symmetry [SU(3)].

This work LCSR [11] LFQM [5] LCSR [10] LCSR [9] SU@G) [8]
0.79 £ 0.19 1.21 £0.07 0.74 £0.15 0.80 & 0.24 4264 1.49 1.6 £0.1
RQM [3] LEQM [2] LQCD [12] ALICE [37] Belle [1]

1.40 0.80 1.02 +£0.19 1.04 +0.36 0.563 + 0.168

116008-11



ZHAO, SUN, ZHANG, XING, and YANG

PHYS. REV. D 108, 116008 (2023)

where 7(2f) = (453 +5) fsand 7(E?) = (151.9 +£2.4) fs
have been used [32]. The central values are obtained using
the MS scheme for the quark masses, and the uncertainties
are obtained by further considering the pole mass scheme at
NLO. One can see from Eq. (42) that, the NLO corrections
for the branching ratios may be around 25%. In addition,
Eq. (42) leads to

B(20 — E-etu,)/B(EY - E-ptv,) = 1.037 + 0.002,
(43)

which is in perfect agreement with the experimental value
1.03 £ 0.05 = 0.07 obtained by Belle [1].

Considering the lifetime of Z0 changing from around
112 fs in PDG2018 [36] to around 152 fs in PDG2022 [32],
in Table III, only the decay width is compared with those
from other theoretical predictions and experimental mea-
surements. It can be seen that, most theoretical predictions
are larger than the most recent experimental data from
Belle, and our result is consistent with those of ALICE and
Belle, and that of lattice QCD.

V. CONCLUSIONS

In this work, the . — = form factors are investigated in
QCD sum rules. To this end, the two-point correlation
functions of E. and E, and the three-point correlation
functions of E. — = are calculated. At the QCD level,
contributions from up to dimension-6 four-quark operators
are considered, and the leading order results of the Wilson
coefficients are obtained. As the most important parameters
in the calculation of form factors, the continuum threshold
parameters of E. and = are determined using the derived
sum rule for baryon mass. For the form factors, relatively

stable Borel windows can be found. In this sense, our entire
calculation has almost no adjustable parameters.

To reduce the scale dependence of our results, the
leading logarithmic approximation is considered. To
roughly estimate the contribution from the next-to-leading
order, we also take the quark masses as the pole masses,
and expand them to the next-to-leading order. The corre-
sponding results are then compared with those obtained in
the MS scheme. Finally, our form factors are then used to
predict the branching ratios of 2. - Z¢"v,, and we find
that the next-to-leading order corrections for the branching
ratios may be around 25%. Our predictions of the branch-
ing ratios are consistent with those of ALICE and Belle,
and that of lattice QCD.

In fact, a branching ratio itself is not enough for precise
comparison between theory and experiment. The form
factors contain more information. We suggest the exper-
imentalists directly measure the form factors of E, —
Ef"v,, and we believe that our work will also help resolve
the tension between the recent lattice QCD simulation and
Belle’s measurement.

ACKNOWLEDGMENTS

The author is grateful to Profs. Pietro Colangelo, Wei
Wang, Fu-Sheng Yu, and Drs. Yu-Ji Shi, Yu-Shan Su,
Qi-An Zhang for valuable discussions, and in particular, the
author would like to thank Prof. Wang Wei for his constant
help and encouragement. This work is supported in part by
a scientific research start-up fund for Junma program of
Inner Mongolia University, a scientific research start-up
fund for talent introduction in Inner Mongolia Autonomous
Region, and the National Natural Science Foundation of
China under Grant No. 12065020.

[11 Y.B. Li et al. (Belle Collaboration), Phys. Rev. Lett. 127,
121803 (2021).

[2] Z. X. Zhao, Chin. Phys. C 42, 093101 (2018).

[3] R.N. Faustov and V. O. Galkin, Eur. Phys. J. C 79, 695
(2019).

[4] C.Q. Geng, C. W. Liu, and T. H. Tsai, Phys. Rev. D 103,
054018 (2021).

[5]1 H. W. Ke, Q. Q. Kang, X. H. Liu, and X. Q. Li, Chin. Phys.
C 45, 113103 (2021).

[6] C.Q. Geng, Y. K. Hsiao, C. W. Liu, and T. H. Tsai, J. High
Energy Phys. 11 (2017) 147.

[7]1 C.Q. Geng, Y. K. Hsiao, C. W. Liu, and T. H. Tsai, Phys.
Rev. D 97, 073006 (2018).

[8] C.Q. Geng, C. W. Liu, T. H. Tsai, and S. W. Yeh, Phys. Lett.
B 792, 214 (2019).

[9] K. Azizi, Y. Sarac, and H. Sundu, Eur. Phys. J. A 48, 2
(2012).

[10] T.M. Aliev, S. Bilmis, and M. Savci, Phys. Rev. D 104,
054030 (2021).

[11] H. H. Duan, Y. L. Liu, and M. Q. Huang, Phys. Rev. D 106,
096011 (2022).

[12] Q. A. Zhang, J. Hua, F. Huang, R. Li, Y. Li, C. Li, C. D. Lu,
P. Sun, W. Sun, W. Wang, and Y. Yang, Chin. Phys. C 46,
011002 (2022).

[13] X.G. He, F. Huang, W. Wang, and Z. P. Xing, Phys. Lett. B
823, 136765 (2021).

[14] C. Q. Geng, X.N. Jin, C. W. Liu, X. Yu, and A. W. Zhou,
Phys. Lett. B 839, 137831 (2023).

[15] C.Q. Geng, X.N. Jin, and C.W. Liu, Phys. Lett. B 838,
137736 (2023).

116008-12


https://doi.org/10.1103/PhysRevLett.127.121803
https://doi.org/10.1103/PhysRevLett.127.121803
https://doi.org/10.1088/1674-1137/42/9/093101
https://doi.org/10.1140/epjc/s10052-019-7214-5
https://doi.org/10.1140/epjc/s10052-019-7214-5
https://doi.org/10.1103/PhysRevD.103.054018
https://doi.org/10.1103/PhysRevD.103.054018
https://doi.org/10.1088/1674-1137/ac1c66
https://doi.org/10.1088/1674-1137/ac1c66
https://doi.org/10.1007/JHEP11(2017)147
https://doi.org/10.1007/JHEP11(2017)147
https://doi.org/10.1103/PhysRevD.97.073006
https://doi.org/10.1103/PhysRevD.97.073006
https://doi.org/10.1016/j.physletb.2019.03.056
https://doi.org/10.1016/j.physletb.2019.03.056
https://doi.org/10.1140/epja/i2012-12002-1
https://doi.org/10.1140/epja/i2012-12002-1
https://doi.org/10.1103/PhysRevD.104.054030
https://doi.org/10.1103/PhysRevD.104.054030
https://doi.org/10.1103/PhysRevD.106.096011
https://doi.org/10.1103/PhysRevD.106.096011
https://doi.org/10.1088/1674-1137/ac2b12
https://doi.org/10.1088/1674-1137/ac2b12
https://doi.org/10.1016/j.physletb.2021.136765
https://doi.org/10.1016/j.physletb.2021.136765
https://doi.org/10.1016/j.physletb.2023.137831
https://doi.org/10.1016/j.physletb.2023.137736
https://doi.org/10.1016/j.physletb.2023.137736

SEMILEPTONIC FORM FACTORS OF E. - E IN ...

PHYS. REV. D 108, 116008 (2023)

[16] H. W. Ke and X. Q. Li, Phys. Rev. D 105, 096011 (2022).

[17] H. Liu, L. Liu, P. Sun, W. Sun, J. X. Tan, W. Wang, Y. B.
Yang, and Q. A. Zhang, Phys. Lett. B 841, 137941 (2023).

[18] H. Liu, W. Wang, and Q. A. Zhang, arXiv:2309.05432.

[19] X.Y. Sun, F. W. Zhang, Y. J. Shi, and Z. X. Zhao, Eur. Phys.
J. C 83, 961 (2023).

[20] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
129, 231803 (2022).

[21] Y.J. Shi, W. Wang, and Z. X. Zhao, Eur. Phys. J. C 80, 568
(2020).

[22] Z.P. Xing and Z. X. Zhao, Eur. Phys. J. C 81, 1111 (2021).

[23] Z.X. Zhao, R. H. Li, Y. L. Shen, Y.J. Shi, and Y. S. Yang,
Eur. Phys. J. C 80, 1181 (2020).

[24] B. L. Toffe, Nucl. Phys. B188, 317 (1981); B191, 591(E)
(1981).

[25] K.C. Yang, W.Y.P. Hwang, E.M. Henley, and L.S.
Kisslinger, Phys. Rev. D 47, 3001 (1993).

[26] Z.G. Wang, Eur. Phys. J. C 68, 479 (2010).

[27] Z.G. Wang and H.J. Wang, Chin. Phys. C 45, 013109
(2021).

[28] P. Colangelo and A. Khodjamirian, QCD sum rules, a
modern perspective, in At The Frontier of Particle Physics
(World Scientific, Singapore, 2001).

[29] W. Detmold, C. Lehner, and S. Meinel, Phys. Rev. D 92,
034503 (2015).

[30] M.E. Peskin and D.V. Schroeder, An Introduction to
Quantum Field Theory (Addison-Wesley, Reading, MA,
1995), ISBN: 978-0-201-50397-5.

[31] Z.X. Zhao, Y.J. Shi, and Z. P. Xing, arXiv:2104.06209.

[32] R. L. Workman et al. (Particle Data Group Collaboration),
Prog. Theor. Exp. Phys. 2022, 083C01 (2022).

[33] Z.X. Zhao, X. Y. Sun, F. W. Zhang, and Z. P. Xing, arXiv:
2101.11874.

[34] M. Jamin and B. O. Lange, Phys. Rev. D 65, 056005 (2002).

[35] M. A. Shifman, A.I. Vainshtein, and V. I. Zakharov, Nucl.
Phys. B147, 385 (1979).

[36] M. Tanabashi et al. (Particle Data Group Collaboration),
Phys. Rev. D 98, 030001 (2018).

[37] J. Zhu (ALICE Collaboration), Proc. Sci. ICHEP2020
(2021) 524.

116008-13


https://doi.org/10.1103/PhysRevD.105.096011
https://doi.org/10.1016/j.physletb.2023.137941
https://arXiv.org/abs/2309.05432
https://doi.org/10.1140/epjc/s10052-023-12042-4
https://doi.org/10.1140/epjc/s10052-023-12042-4
https://doi.org/10.1103/PhysRevLett.129.231803
https://doi.org/10.1103/PhysRevLett.129.231803
https://doi.org/10.1140/epjc/s10052-020-8096-2
https://doi.org/10.1140/epjc/s10052-020-8096-2
https://doi.org/10.1140/epjc/s10052-021-09902-2
https://doi.org/10.1140/epjc/s10052-020-08767-1
https://doi.org/10.1016/0550-3213(81)90259-5
https://doi.org/10.1103/PhysRevD.47.3001
https://doi.org/10.1140/epjc/s10052-010-1365-8
https://doi.org/10.1088/1674-1137/abc1d3
https://doi.org/10.1088/1674-1137/abc1d3
https://doi.org/10.1103/PhysRevD.92.034503
https://doi.org/10.1103/PhysRevD.92.034503
https://arXiv.org/abs/2104.06209
https://doi.org/10.1093/ptep/ptac097
https://arXiv.org/abs/2101.11874
https://arXiv.org/abs/2101.11874
https://doi.org/10.1103/PhysRevD.65.056005
https://doi.org/10.1016/0550-3213(79)90022-1
https://doi.org/10.1016/0550-3213(79)90022-1
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.22323/1.390.0524
https://doi.org/10.22323/1.390.0524

