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Abstract: We present an improved calculation of the strong coupling constants gp.p, and gp-p, in light-cone sum

rules, including one-loop QCD corrections of leading power with p meson distribution amplitudes. We further com-

pute subleading-power corrections from two-particle and three-particle higher-twist contributions at leading order up

to twist-4 accuracy. The next-to-leading order corrections to the leading power contribution numerically offset the

subleading-power corrections to a certain extent, and our numerical results are consistent with those of previous stud-

ies on sum rules. A comparison between our results and existing model-dependent estimations is also made.
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1 Introduction

This study aims to provide a more precise determina-
tion of D*Dp and B*Bp coupling in the framework of
light-cone sum rules (LCSR). These couplings describe
the low-energy interaction between heavy and light
mesons, which are important in understanding QCD long-
distance dynamics. The coupling is a fundamental para-
meter of the effective Lagrangian in heavy meson chiral
perturbative theory (HMyPT) [1-4], which plays an im-
portant role in the study of heavy meson physics. Phe-
nomenologically, it describes the strength of the final
state interactions [5], which are important in the genera-
tion of the strong phase in B decays [6,7]. Moreover, the
coupling relates the pole residue of D(B) to p form factors
at large momentum transfer by the dispersion relation,
which is helpful to gain a better understanding of the be-
havior of form factors.

Various theoretical approaches have been suggested
to evaluate the coupling. First, with the D(B) to p form
factors obtained in a certain region of the momentum
transfer from LCSR [8-10] and the lattice QCD [11], the
corresponding pole residue that relates to the coupling is
extracted with appropriate extrapolation of the form
factors. The simplest approach to perform this extrapola-
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tion is the vector meson dominance (VMD) hypothesis,
which neglects continuum spectral characteristics. In ad-
dition to the VMD approximation, certain other modified
parameterizations for the form factors were proposed in
[12-15]. In addition to the above method, the coupling
can also be estimated from HMyPT with the VMD ap-
proximation, as performed in [16-19].

Another strategy to obtain the strong coupling is cal-
culation from first principles of QCD. We study the
strong coupling constants gp-p, and gp p, in LCSR using
the double dispersion relation. The LCSR was proposed
in [20-22] based on the light-cone operator-product-ex-
pansion (OPE) relative to the conventional QCD sum
rules (QCDSR) method. There have been several studies
addressing the couplings gp.p, and gp-p,, starting from
[23] with the inclusion of two-particle p DAs corrections
up to twist-3 at leading order (LO). Years later, [24-27]
improved the formal calculation by considering the two-
particle twist-4 corrections [28] at LO. Meanwhile, gp p,
is also calculated with three-point QCDSR by taking into
account the dimension-5 quark-gluon condensate correc-
tions under flavor SU(3) symmetry [29]. In previous
studies, coupling estimations showed a wide range of val-
ues. The results from LCSR studies [24-27] yield values
that are smaller than those in other estimations; hence, we
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must perform a more accurate calculation to confirm
whether this difference arises from radiative and power
corrections. Moreover, the inclusion of NLO corrections
can also decrease the scale-dependence. In this work, we
present a calculation including O(ay) corrections to the
leading power contribution with the resummation of large
logarithm to next-to-leading logarithmic accuracy (NLL).
For the subleading-power corrections, our results also in-
clude the three-particle twist-4 corrections at LO.

The paper is organized as follows: in Section 2, we
calculate the leading power contributions up to NLO. The
procedures for analytic continuation and continuum sub-
traction are similar to the ones presented in [30,31]. Sub-
leading-power corrections, including two-particle and
three-particle corrections up to twist-4 at LO, are calcu-
lated in Section 3. Section 4 presents our numerical res-
ults and the phenomenological discussion. We summar-
ize this work in the last section.

2 Leading power contributions
2.1 Hard-collinear factorization at LO in QCD
The strong coupling constant gy-p, is defined by

(P(PJI*)H(QNH*(P"'C],S)):—gH*Hpquna, (1)

With €,gps = €uvap P ¢" 1" 8. Here, we choose H* and H to
represent the D*~(B**) meson and D°(B*) meson, respect-
ively, and p is p~. €, and 5, are the polarization vectors of
H* and p mesons, respectively. We use the conventions
€123 =—land D, =0, —ig,T* Af. The couplings of differ-
ent charge states are related by isospin symmetry, for ex-
ample,

8oy = &p-pop =~ V28D - ()

We construct the following correlation function at the
starting point

I,(p,q) = f d*xe PO o™ (p, ") | T{d(x) Yy Q(),

0(0)ysu(0)}10), A3)

where vy, =vy,— #/2n,— ##/2n,, O is the heavy quark
field. We introduce two light-cone vectors n, and 7, with
n-n=n-n=0,n-n=2. For the momentum, we choose a
coordinate to have ¢, = 0. Within the frame of the LCSR,
the p meson is on the light-cone, and its momentum is
chosen as

p="E (4)

On the hadronic level, taking advantage of the follow-
ing definitions for decay constants

(H*(p+q,€)1d¥" Q|0) = fy my-£™,
2

_ ., my
(01QysulH(p)) = —ifu—>. (5)
mo

the correlation function (4) can be written as
2

[ghad _ guHp fu fu m2, my.
H P9 [m%{ —(p+q)2—i0][m§,—q2—i0] mg €upan
ff pl'(s,s")dsds’ e
[s" = (p+9?](s—q?) ’
(6)

where the second term counts the contributions from
higher resonances and continuum states. The ellipses de-
note the terms that vanish after the double Borel trans-
formation.

After the double Borel transformation, we obtain the
hadronic representation of the correlation function

fu fr- myympy: e

Hzad(p’ q) = gH‘Hp e

€upqn

+ff dsds’e_%ph(s,s'). 7
b

For the boundary of the integral ¥, we take s+ =2sp
with sg as the threshold of excited and continuum states.
The Borel parameters associated with (p+¢)*> and ¢* are
quite similar in magnitude; hence, we set the same value
M>.
On the quark level, the leading-twist tree diagram is
displayed in Fig. 1. The correlation function reads
h-q
2 ug? +i(p+q)* —uiim?; — sz
Xqup)yur #ysq(ip)
i ni-q
2ug*+a(p+q)* -
Xq(up)yur #ysq(ip)
Agep
+0 — |- (8)
o
Using the definition of the leading-twist p DA [28] in

Appendix A, we obtain the leading twist tree level factor-
ization formula

0
O, q) =

1
1
Q0. o) =—fT (w) e fdu u,
(P q) fp (1) €upgn 0 ¢ (u. ) U@+ (p+q)t—m2
)
Vul up
ﬁ -

Fig. 1. Diagram of leading-order (LO) contribution.
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The result (9) can be written in the form of double
dispersion relation

HbT’(O) (P,q)=- pr('“) Eupqn ff dsds

P Os, ')
[s=¢*1[s' = (p+@)*1’
where the double dispersion density p*T(© is defined as
1 ! :
PO (s, 5 = = Imy T, f dy 2+ S ()
n 0

us+us’ —m
[0}

The expression of wave function ¢, (u,u) in terms of
Gegenbauer polynomials can be written as

(10)

¢ () = 6uii Za (1) C3*2u - l)—Zbku (12)
n=0
where by is the function of Gegenbauer moments a(u).
The spectral density can be obtained as follows [30]

0 1 k

1 u
pLT’(O)(t,v): E bk—21msf Im, f duﬁ
el 0 us+ius' —my,

) (_1)k+1 1 m2Q _ k @ 1
_;bk k! 2k+1t[ ' V] 0 (V 2)
XO(vi—mp).
13)
We defined two variables t=s+s',v= == in Eq. (13),
which are similar to those in our previous study [32].
Equating (6) and (10) and applying the double Borel
transformation, then subtracting the continuum states us-

ing the quark-hadronic duality, we obtain the leading-
twist strong coupling constant at LO

gro- e oy, (L)

foH m mpy
g, +my,, =2y, my+m;,. —2s,

x[e” a —e” | (14)

2.2 Next-to-leading order corrections

The one-loop diagrams are shown in Fig. 2. The loop
calculations are similar to those in [32]. We borrow the
results from [32] and take the asymptotic form of wave
function in Eq. (12) as ¢, (u) = 6ui for feasibility of cal-
culation. Subsequently, we adopt a similar procedure to
derive the double dispersion spectral densities and apply

A

(a) (b)

the double Borel transformation and continuum subtrac-
tion to obtain the result. Here, we omit the detailed pro-
cedures for simplicity, and the explicit operations with fi-
nal results are provided in our previous study [32].
Combing the NLO result from [32] with Eq. (14), we
obtain the leading-twist sum rules up to O(ay), and the

coupling constant reads
m miy e,
LT Q ST
=———e I

fu fu- m2,my-

[——m( H)EF e B FTO] (1)

where
25,-2
ry _Cry o2
g {meo doe™ 7 g(o)
+A g, mp)}, (16)
and
2
¢(0") =3Lis(~0) +3Lis(~0 — 1) — 6L12(——) 3
6 1)?
+31n(o-+1)ln(0'+2)—mln(a'+1)
(c+2)3
3(70* +5002 + 1000 + 64) e
4(o+2)3 2

3. 0+2 3(110%+280+24)

+-1 +

2" 8(0+2)?
2 9 2 2

—3ln———1 V—Q—%,
mQ u

2 e
Ag(VP,m3) =3 [4+3 In “—2) mhe W .
Mo

17)
For the scale dependence, we use
dln,qu(‘u) -
£ =- “CFf w. (18)
dln,u P P
and we obtain
d 2
ding ——¢"T=0+0()), (19)

It is evident that our result is independent of the factoriza-
tion scale u at the one-loop level.

T, T,
3

() (d)

o

Fig. 2. NLO QCD corrections of leading-twist contributions.
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3 Subleading-power corrections at LO

We perform the subleading power corrections to
coupling constants, which are involved with two-particle
and three-particle corrections up to twist-4. The higher
twist (up to twist-4) (Q-quark propagator in the back-
ground field is adopted [33]:

(OIT{Q(x), 0(0)}10)

: d4k —ik-x ! UXy v
28 | G fo d”[kz GH 0y
]é+mQ y
S O | 0

For the two-particle corrections, inserting the first
term of Eq. (20) into the correlation function (4) and us-
ing the DAs of p meson, we gain the higher twist two-
particle corrections

1 1
HIZAP‘HT(p’CI)__ Eupqn f du

~2mg fom, ") + £ (wym? Ar(u)
[ug? +i(p+q)* —m)?
L T2mofy Gom Arw)
[ug? +a(p+q)* —my)?
The twist-3 g(“) corrections are suppressed by
O(Aqcp/myg), and twist-4 Az corrections are suppressed
by O(Agcp,/my) compared with the leading-twist correc-
tions (10). To maintain consistency, we must also con-
sider the subleading-power corrections of leading-twist.
According to Eq. (8), the correlation function reads
)
uum

TILTNLP ) =—ir‘z~ o
i a=y q[uq2+ﬁ(p+q)2—mé]2

Xqup)yur hysq(iap)
1
== pr €upgn \fo‘ dug (u,p)
uum

L . 22
><[uqz+b‘t(p+q)2—sz]2 @

@n

Similar to the leading-twist LO case, after applying
double Borel transformations and subtracting the con-
tinuum states using quark-hadronic duality, we obtain the
strong coupling constant for two-particle subleading-
power corrections at LO

» mg o

g = ¢ M2
fu fu- m3,my-

(% ;w5 4)
2

1 m, 1
2"“)+mpfp (ﬂ)(z MZ)AT(Z H)]
(23)

Considering three-particle corrections at the tree

_mepg( (

level, the correlation function of the three-particle ggg
corrections can be written as

I (p.g) = igs f d*x f Bk i
U ) s (271_)4

1
_ w3 UXx
x f du(p™(p N Y [ 57— 7
0 k —my,
]é+mQ

- = af
22y Top] G (ux) y5 9(0)10).  (24)

Employing the conformal expansion of the three-particle
DAs in Appendix B, we obtain

3P _ g
fu [ m,zqu
21 - 15
x|( —4m2)f00 - so0] - (29)

Collecting Egs. (15), (23), and (25), the final LCSR
reads

m.\;
:,:N

N

g f (/t)m

mo -
— M2
8HHp = B € M
Ju fu-mymy.

x{f7 (u)[——(l 7 )+—]¢L(1,u)

@ oom 1
+f @ FTO e —TQmpfng (54)

m2 1
f (H)[ (2 Mz)AT(z )
21 - 15
+(§ ~4n2) o(u) - < 00 (26)
where 71T is defined in Eq. (16).

4 Numerical analysis
4.1 Input parameters

The masses of quarks in the MS scheme and the val-
ues of decay constants are listed in Table 1. The paramet-
ers in p DAs are listed in Table 2, which are extracted
from the method of QCDSR [9,28].

The solution to the two-loop evolution of the Gegen-
bauer moment a;-(u) is

T G0a G = RSO o) + S(’“ZE (w0

x df.,,(1,10) | £ (o) ay (o) 27)

where the explicit expressions of Er, and dr, can be
found in [39]. The scale evolution of other non-perturbat-
ive parameters to leading logarithmic accuracy is listed in
Appendix B.

The factorization scales are taken as u. €[1,2] GeV
around the default choice m,. and u;, = m;,fZ: P for radiat-
ive p* and B* decays, respectively. For the Borel mass
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Table 1. Heavy quark masses [34,35] and decay constants [9,36-38], with scale-dependent quantity pr given at g = 1.0 GeV.

i1, () GeV 15 (77ip)/GeV £,/MeV 17 (uo)MeV fp/MeV fo/MeV f3/MeV fa/MeV
1.288+0.02 4.193+90%2 213+5 160+7 209.0+2.4 2253+8.0 192.0+4.3 1824462
Table 2. Non-perturbative parameters in DAs at scale ug = 1.0 GeV.
ag(ﬂo) ay (uo) &3(po) ) wY (o) w¥ (uo) 2T (uo) 2T (o) «COONwo)  KOINWo) (O (o)
0.17£0.07 0.14£006 0032+£0010 -21+1.0 38+18 7.0+70 010£005 -0.10£0.05 —0.15+0.15 0 0

M? and the threshold parameter sy, we assume the follow-
ing intervals [40,41]

50 =6.0+0.5 GeV?, e
{M2=4.5i1.OGeV2, for D" Dp:

50 =34.0+1.0GeV?, .
{ M- 18.0£3.0Gev?, ©TB B ()

which satisfy the standard criterions [42].
4.2 Theory predictions

The coupling constants for D*Dp and B*Bp are listed
in Table 3. It is apparent that the perturbative QCD cor-
rections decrease the tree level leading power contribu-
tions of coupling constants by 10% and 20% for D*Dp
and B*Bp, respectively. Meanwhile, contributions from
tree level sub-leading power corrections have evident
compensation effects, which increase the leading twist
contributions by approximately 20% and 30% for D*Dp
and B*Bp, respectively. We also note that three-particle
sub-leading power corrections have more minor effects
compared with two-particle sub-leading power correc-
tions, particularly for the coupling of B*Bp, which is con-
sistent with the validity of OPE.

Table 3. Results of gg+pp (GeVh). gL corresponds to the tree-level leading power contributions with resummation at LL accuracy; g

The uncertainties are also included for separate terms
of coupling constants in Table 3. The uncertainties are es-
timated by varying independent input parameters, and the
individual uncertainties are presented in Table 4. To es-
timate total uncertainties, we add them in quadrature to
obtain the final results. From Table 4, we can see that the
primary uncertainties stem from the Borel mass 2 and
parameter a; both for D*Dp and B*Bp. The second Ge-
genbauer moment a, refers to transversely polarized p
meso twist-4 LCDA, which is indicated in Appendix A,
B. The quasi-distribution amplitudes (quasi-DAs), which
are based on the large-momentum effective theory
(LaMET) [43,44], along with the simulation from lattice
QCD [45] are also capable of extracting meson LCDA
[46,47] other than QCDSR. In the future, a more precise
determination of the p meson LCDA will be helpful to
decrease the uncertainties of couplings.

Next, we compare our results of coupling constants
with those obtained in other studies using sum rules, as
shown in Table 5. Among them, the LCSR studies
[24,26] did not take the perturbative QCD corrections and
3-particle corrections into account, and the QCDSR study
considers the dimension-5 quark-gluon condensate cor-

LT.NLL corres-

ponds to the leading power contributions up to NLO with resummation at NLL accuracy; g?>' and g3 are from 2-particle and 3-particle sub-lead-
ing power corrections at LO separately.
gUTLL gUTNLL gPLL gPLL Total
; +0.54 +0.53 +0.17 +0.09 +0.59
D*Dp 3615 3187523 0472516 014750 3807525
055 +0.38 +0.23 +0.013 052
B*Bp 3.59%023 291755 0.96%13 0.0227¢015 3.897 075

Table 4.  Central value and individual uncertainty of gg+p, (GeV™!) due to variations in input parameters. We only list numerically significant uncer-

tainties.

Central value A fr Amg AM? Au A jfoT Aay
g np 3.80030 i Byt 03 o +0.11 +0.32
85 38903 b 28 0 b 0.2 2024
Table 5. Numerical values of coupling constants gx+#, (GeV™") from several studies via sum rules.
This work LCSR [24] LCSR [26] QCDSR [29]
8D Dp 3.80%032 4.17+1.04 3.56:£0.60 4.07+0.71
8By 3.89%032 570+1.43 - -
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rections [29]. As mentioned above, the NLO effects of
leading power almost cancel the subleading-power cor-
rections; hence, it is expected that our results are close to
those of previous sum rules studies within the errors.

Next, we extract the B*Bp coupling from form
factors. The B — p form factors V(¢*) and T;(¢?), which
are related to gp g, are defined as

(p~(p.)|dy,b|B (p+q)) = V(G) €uppg »

mp+my,
(P~ (PN dicuyq" bIB (p+9)) = =2T1(q") €unpq -
From the dispersion relation of the form factor F;(¢?)

29

rl 00
Fi(g") = ﬁ +f L;) (30)
I-g /mB* (my+m,)? S —{q~ —1€

the strong coupling relates to the pole of the form factors
at the unphysical point ¢> = m2,. Then, we have the rela-

tion
. mp+m
r{/ = lim (1 —qz/mé) V(g = 3 £
q>—my, m

— /B 8B'Bp>
B

. 1
lim (1 —qz/mé‘)Tl (@) = Ef; &B'Bp»

G —nl,

(31)

T _
Vl =
where f}. is the tensor coupling of the B* meson, and it is
defined as

(32)

Using Eq. (31) and choosing the size f}. = f5, we extract
several numerical values of the coupling gg 5, from re-
cent LCSR studies [9,10], which we list in Table 6.

As shown, our central value is smaller than the extra-
polations from LCSR form factors. To explain this dis-
crepancy, on the one hand, uncertainties from the para-
meterizations of form factors to obtain the un-physical
singularity may be underestimated. On the other hand, for
the double dispersion relation, the Borel suppression is
not sufficient to neglect the isolated excitation contribu-
tions, according to the discussion in [48]. Apart from

(01b0yyq| B (q,€)) =1 [} (€ qv— € qu)-

B — p, the B* — B and B* — p form factors can also be
used to extract the coupling. To the best of our know-
ledge, there are no relevant studies that address corres-
ponding form factors in LCSR. A future study could veri-
fy whether different choices of form factors are consist-
ent across the coupling extractions.

Finally, we analyze our study and compare it with
other model-dependent studies. The HMyPT effective
Lagrangian to parametrize the H*HV coupling can be
written as [1]

Ly =iATr[Hy 0 Fuy(p)pa Hal, (33)

with

Fyv(p) =appv_avpy+[p,u,pv], 8

Pu=1=—"7"pPu, (34
w= G (34
where p is a 3x3 matrix for light meson nonet, and the
heavy H,H* mesons are represented by the doublet field
H, with the conventional normalization. The parameter
gv =my,/ fr. In the chiral and heavy quark limits, we have
the following relation for the coupling 4
21
1 V2

—— ——8H'Hp-
4 gy g

We find the coupling A =0.23+0.03GeV~! at leading
power from our value of gg-p,.

In Table 7, we compare this value with other model
estimations. Similar to the estimations from form factors,
our result is smaller than the model predictions.

One possibility for this discrepancy may be that the
model predictions have potentially larger errors. Con-
sequently, in principle, the LCSR is more credible.
However, in addition to the possible influences of excita-
tion contributions mentioned above, the values of NLO
corrections to higher twists and the sub-sub-leading
power contributions are unknown, which may likewise
represent sources of the discrepancy. Improvements in
the calculations of both the sum rules and models
may help better understand such discrepancies in the future.

(35)

Table 6. Coupling gp+p, (GeV™") from the residue of B — p form factor ¥ and T in LCSR fit and compared to our result.

This work Vig*) [9] Ti(q*) [9] V(g*) [10] Ti(q*) [10]
3.89707% 8.50+1.73 8.02+1.59 604139 7257078
Table 7. Central value of coupling A (GeV~") from model estimations compared to our result.

This work VMD [19] CQM [49] CQM [50] QM+VMD [51]

0.23 0.56 0.60 0.47 0.33

5 Conclusion

We compute the D*Dp and B*Bp strong couplings to
subleading-power in LCSR. Long-distance dynamics are

incorporated in the p DAs. We calculate the O(a;) correc-
tions to leading power of the sum rules. The subleading-
power corrections are calculated at LO by accounting the
two- and three-particle wave functions up to twist-4. The
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analytical results of the double spectral densities are ob-
tained, and in accordance with the previous study, we
also perform a continuum subtraction for the higher-twist
corrections. The LO results are independent of the choice
of the duality region because of the special form of the
double spectral density.

The NLO corrections reduce the numerical tree-level
results by 10% and 20% for D*Dp and B*Bp, respect-
ively. However, the subleading-power corrections at LO
can give rise to values about 20% and 30% for D*Dp and
B*Bp, respectively. Summing all the contributions, our
values are consistent with the predictions from previous
sum rules studies. Moreover, we also predict the coup-

Appendix A: p meson DAs

ling A in HMyPT at leading power. The central value of
our result is smaller than the existing model-dependent
estimations. Possible explanations for the discrepancy are
potentially large errors within models and influences of
excitation contributions in LCSR. Moreover, radiative
corrections to higher twists and sub-sub-leading power
contributions may also be sources of error. A better un-
derstanding of this discrepancy will prove beneficial to
shedding light on long-distance QCD dynamics in the fu-
ture.

We are grateful to Prof. Cai-dian Lii and Prof. Yue-
long Shen for helpful discussions.

Here, we collect the p meson DAs up to twist-4, which are defined in [28]

2
14

— N7 U*‘x : iup-x X
(p (P,Tl)ld(x)wu(o)lo):fpmp{ﬂpufo due P [y () + 16

1

1 * 1
4« iup- - X iup-
Al [ g - 5, o [ e} @

- 1 re
(P_(P’U*)W(X)Vu’ys u(0)|0> = prmp E‘HWXL duelupxggl-l)(u)’ (Az)
_ 1 ) m%x2 nex 1 ) o
<p*(p,n*>|d(x)awu(0)|0>=—iﬁ,’{<niﬂpv—n’1vpy) fo due!""™ (g, )+ — Ar(u)]+(pva—pvxu)WM5 fo dueP* " u)
1 M =My X roy
+E%mf} fo due'””’)‘hg(u)}, (A3)
. 1
_ P 1 « iup-
(o~ ()1 u©)10) =~ 1 1 ~x>mﬁf0 due! P hi ), (A4)

X
X

(P~ (P)d(x) 85 Gy (vX) Ya y5 u(0)|0) == fymp pa [Py sy = Pl ] f [Dale! @+ P> FAa) - f,m} ’;— [Pu 8av = Pv 8o

X f[Da] ei((rq-#vag)p-x q")(a) _fbm;’; (Z - x))CZ Pa [p,u Xy _pvx,u] f[Da] ei((rq-#v(rg)p-x (I’/(a/)’ (AS)

Ly

(P~ (P)d(x) 85 Gy (V) iy u(0)[0) == fomp, po [Pyt = Py ] f [Dale! P> Y (a) - f,m) ';—x [Py 8ay = Pv8ay]

X f [Da]e“%*""s””@(a)—fpmz%pa [P = Py 3] f [Dalel @t Pop(a), (A6)
px

R n-x i(ag+vag) p « *
(o~ (p.1y )|d(x)gSG,N(vx)aaﬁu(0)|o>:ﬁ,Tmﬁm[papygjy—pppugéy—w<—>v)] f [Dale! @ OPS T (@) + (T 12 [pary, 8, — PR L8k — (1 o V)]

% f (Dale! @ OPX T (@) + £ 1y [P 85, — Putlp 8oy = (1 = )] f [Dalel @t P ()

T2 (17;1 Xy = Py x,u)(pa 771,; —Pp ULY

) .

+f m? o f [Da]e! @@ P TV (q)

(Pa X8 = PpXa) (Pulsy — Pyil,) }
+ T m? o s Pp “p.p)‘:"” Py f [Dalel a0 T® q), (A7)
(0~ (P d(x) g Gy (vx)u(0)[0) = =i £ m2 [, Py =1, Pu) f [Da]el e HaPTs (a), (A8)
(o~ (P01 d(x)igy Guy(vx)ysu(0)[0) =i £ m [, pv =1, Pul f [Da]e! @ )PE§(a), (A9)
where
P 1

Gqﬁ: Eaﬂp-erT. (AlO)
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Appendix B: Conformal expansion of p DAs

Here, we list the conformal expansion for these higher twist

DAs involved in our calculation [28].

(@)

The chiral-even twist-three DA g reads

g(j’)(u):mu{u[j1 +2 53(1—% A %%V)](sgz—l)}, (BI)

with & = 2u - 1. For the chiral-odd twist-four DA A7, we have

AT(u):30u2ﬁ2[§(1+%a§+E41—?21)
s 4@%)05/2@]
18,

_[=2 2 225 oM
1 2§3w3+ 55 <<Q »
70 audr - _
+p (@ W|lua@+13um)
+2u3 (10— 15u+6u) Inu
+2i> (10— 15 +6%) Ini]. (B2)
For the twist-4 three-particle DAs,
3
S(ozi):30(1/§[soo(l—ag)+slo[ag(1—ozg)—i(a§+a(2])]
+ 501 [ag(l—a/g)—6aqaq]},
~ 3
S(a,-):30(t§[500(1—ag)+§10[a/g(l—a/g)—i(a§+a$)]
+ 501 [, (1 —(zg)—éa,;aq]},

4
Ti )(a;) =120t10 (g —@g)azagaq,

1
757 (@) ==30a; (g - ay) [ 500 + 5 5105 ag=3)+50 g,
T (@) = - 120710 (ag - ag) g
3 (@) o (aq aq)aqaqag»
1
Ty () = 3007 (e — g) [ 500+ 5 S10(5 g =3)+ 501 @l (B3

The eight parameters in three-particle DAs can be written as

so0 =5 oo = 247,
3
$10 == 55 @y = —a —<<Q<”>>+ <<Q“>>>+ <<Q<5>>>
3
S10=05 a3 - 743 -5 <<Q“)>> <<Q<”>>+ <<Q<‘>>>
3
S0l =g7 4 g 43 Wl + m«Q“))) <<Q(3)>>+ §<<Q(5)>>,
3 7
S == a4ty 4“3 Wl - m((Q“))H <<Q<3>>>+ —<<Q<5>>>,
9
no=—ﬂa;—gg’3 T—%«Q(”)) <<Q<‘>>>
. 9 3
flo=g; 0~ 1g Bwi+ ﬂ 3 oMy + <<Q“>>> (B4)

The scale evolution of non—perturbatlve parameters to leading
logarithmic accuracy is as follows

ab() =L Podl o),
() =L 3B £y ),
W (o) =LE Er2Ca) B T (),
@8+ E ) =LAV (T 1 T ),
(€f =2 @) =LECA=EP oL — 2T (o),
(OO =L 5 EalBo ( 0y ),
(O () =L ¥ CFB (0D up),
€O () =L FEFHSC)Bo (0O g, (B5)
where L = a(u)/ay(uo) and By = 11-2ny/3, ny being the number of
flavors involved. The scale-dependence of a)‘y/ )

wy-wi@w \_ rw/,gn( W} (10) — w4 (o) )
( V() + () )‘L V(o) + ) (B6)

where T, is given by

r _( 3Cr-3Cs  icr-%icy )
w — .

B7
%CF—%CA %CF+CA ( )
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