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Higher twist corrections to B-meson decays into a proton and
dark antibaryon from QCD light-cone sum rules
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The B-mesogenesis framework anticipates decays of B mesons into a dark antibaryon ¥ and various
Standard Model baryons. Here, we focus on the exclusive decay process B — p¥ observed as a proton and
missing energy in the final state and determine the decay width by employing the QCD light-cone sum rule
framework. We include all contributions up to twist six to the nucleon distribution amplitudes in order to
parametrize the nonperturbative effects in the operator product expansion. We obtain the decay width and
branching fraction with respect to the mass my of the dark antibaryon V.
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I. INTRODUCTION

Although the Standard Model of particle physics (SM) is
up to date the best established theoretical framework to
describe particle interactions, it lacks explanations for
many observed phenomena like the baryon asymmetry
or the dark matter abundance of the Universe. Hints on the
matter-antimatter asymmetry of the Universe can, for
instance, be deduced from measurements of the cosmic
microwave background [1,2] or big bang nucleosynthesis
[3,4]. In general, there exist many different theoretical
approaches in the literature which try to address these
problems from a theoretical point of view. However, the
typical scales involved in these scenarios lie around the
Planck scale and are, therefore, hard to verify experimen-
tally. The B-mesogenesis model proposed in [5-8] has
emerged as an elegant solution to these puzzles, as its
features become apparent at measurable energy scales.

Previous studies suggest that the decay B — hadrons +
Y is expected to possess appreciable branching fractions
with an inclusive width of the order of 10~* [5,6,8,9]. To
explore the feasibility of detecting these modes, a deeper
investigation of separate exclusive decay channels becomes
important. The original work in [6] roughly estimated the
ratios of exclusive to inclusive widths utilizing phase-space
counting of quark states. But as it has been shown in [10] for
the two-particle decay B — pV¥ and later for different decay
channels in [11], the QCD light-cone sum rule (LCSR)
approach is well suited to provide estimates for these
exclusive decays.
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LCSRs were initially introduced in [12—-14] and sub-
sequently applied to various hadronic matrix elements. In
[10], the hadronic B — p transition posed the central
challenge in the computation. In order to address this
problem, the authors have rather investigated the p — B
transition, as it differs only by a global phase to the desired
B — p decay. The advantage of inverting this transition lies
in the fact that they need to employ nucleon distribution
amplitudes to parametrize the nonperturbative contributions
in the LCSR approach, which are studied in greater detail in
[15-19] than B-meson distribution amplitudes. In addition
to that, similar computations have already been carried out
in the calculation of form factors for the A, — p transition
[20], which are also applicable for the desired B — p
transition. However, only the leading-twist contributions
have been considered in order to obtain a first estimate for
the corresponding branching fractions.

Following the approach from [10], we also focus on the
specific two-body decay B™ — p +W¥ but include all
contributions to the nucleon distribution amplitudes up to
twist six. This allows us to perform a dedicated study on the
reliability of the leading-twist contributions and the impact
of higher twist corrections on the decay width and branch-
ing fractions. Moreover, we obtain an estimate on the
convergence of the operator product expansion (OPE) itself.

This works is organized as follows: In Sec. II, we
introduce the formalism including the basic features of
the B-mesogenesis model relevant for the B — p transition.
Therein, we state the input parameters of the model as well
as the effective four-fermion operators with the new dark
matter particle . Furthermore, Sec. III is devoted to the
derivation of the LCSRs, while Sec. IV illustrates the
computation of the various OPE contributions. This leads to
the expressions for the various form factors, which we
extrapolate to the physical timelike region in Sec. V.
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Section VI introduces the parameters of the nucleon
distribution amplitude and their dependence on the renorm-
alization scale p and subsequently shows the numerical
evaluation of these form factor expressions in Sec. VI A
and of the branching fractions in Sec. VIB. Finally, we
conclude in Sec. VII. Appendixes A and B provide further
supplemental information.

II. EFFECTIVE OPERATORS

As we have already pointed out, the decay B — p¥ is
one of the simplest decay channels which lead to the
introduction of a dark sector restoring baryon number
conservation by considering the combination of the SM
and the dark sector. In order for the dark matter particle ¥ to
be observable and not to decay into SM particles immedi-
ately, it is allowed to only interact gravitationally with the
SM or via a heavy color-triplet scalar field Y with a mass of
the order of a few TeV. However, the hypercharge of the
scalar mediator particle Y is not unique; there exist, in
general, two different possibilities with Qy = —1/3 and
Qy = 2/3. Throughout this work, we focus on only the
model with Qy = —1/3 for simplicity, because these
considerations can be similarly applied to the second case.

The part of the Lagrangian governing the additional
interactions of the Y field with SM quarks and the dark
matter field ¥ is given by

Lgy—-1/3) = =Yua€ijeY " Thdt — yup€in Y kb
— YV, WAy — yy, V¥ + He, (1)

with ¢(R) denoting charge conjugated (right-handed)
fields, gz =4 (1 +ys)g, while i, j, and k indicate the
color indices of the quarks in fundamental representation.
Notice that we expect a completely antisymmetric combi-
nation of color charged fields in the interaction of Y with
SM quarks in order to preserve gauge invariance [5].
Additionally, the quantities y,;, Yy, and y,;, Yy, represent
the (antisymmetric) Yukawa couplings between the dark
sector and the SM sector.

Similar to [10], we exploit that the mass of the interaction
particle Y, My, is much greater compared to the typical
momentum transfers of this decay k ~ myp and, therefore,
integrate out the heavy mediator Y. Effectively, the propa-
gator turns into

Lo <1+k2+ >~ L ©
P -M; M3 M5 M5

such that we obtain the following effective Lagrangian
including four-fermion interactions:

(P+q)

FIG. 1. Diagram for the p — B transition taken from [10],
which differs from the B — p transition describing the B — p¥
decay by an unobservable global phase. The mediator particle Y
has been integrated out such that we obtain an effective four-
fermion interaction containing the new dark matter particle P.

YubYwd . Ty i\ (=] 1c
Lgy=-1/3) = e i€ (Wdg) (b
Y

VaoWd - riei i Te
+ ]f,lzlydleijk(bR”fe)(de‘P)+{d<—>b}. (3)
Y

We depict the corresponding Feynman diagram for the
effective interaction in Fig. 1.

From the expression in Eq. (3), we can immediately read
off the effective Hamiltonian

YubYWd . T sciN /=]
Higy=173) == 72 i€ (V) (ipbif)
Y
VubYwa
M3

i€i,jk(5;§i“£)(a§klp) +{d<b}. (4)

For the extraction of the effective three-quark operators
from the four-fermion interaction in Eq. (4), it is useful to
employ the Fierz identity [21]

PdS, = dg'¥°, ds¥ = Pedy. (5)
After that, we factorize the field ¥ from the effective four-
fermion interaction and obtain

Higy—-1/3 = =G@)0ia)¥ = Gy ¥O) + {d < b} (6)

with the effective four-fermion coupling G4 = (YurYwa)/
M3 and define the local three-quark operator and its
conjugate

@(d) = i€ijk(ﬁ§eb;j>a§e’ O(d) = i€ijkd§e(l_7;]u§e)' (7)
It is also possible for the b quark to couple to the dark matter
particle ¥, which leads to the following operators:

Oy = i€ pdy )bk, Oy = i€eiubip(diug).  (8)
In the remaining analysis, we consider the operators in
Egs. (7) and (8) as two individual versions of the
B-mesogenesis model and call them (d) and (b) model,
respectively. This is in analogy to [6], where these operators
are referred to as “type-II” and “type-I” operators. These
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operators in Egs. (7) and (8) constitute the central elements
of our framework, since the correlation function includes
these operators for the determination of the B — p¥ decay.
The decay amplitude for this particular decay in the (d)
version of the B-mesogenesis model is given by

Ay (Bt = p¥) =Gy (p(P)¥¢|Oy)| BT (P +q))
=G4 (p(P)|O)| BT (P+q))us(q) (9)

and similarly for the () model if we replace the operator in
Eq. (9) by the corresponding operator from Eq. (8). We
choose the momentum assignment according to Fig. 1 such
that the on-shell conditions read (P + ¢)* = mj, p* = m3,
and ¢*> = m},. Furthermore, we decompose the B — p
transition into the four different form factors

(p(P)|Ow|B* (P+q)) = Fy., (¢*)it, x(P)
+FY ()i, 1 (P)

~(d _
+F (¢P)ii, r(P)

~(d _
+FY (qP)i, . (P) (10)

EJSEI

Note that we introduce the factor 1/m, for the last two Dirac
structures to ensure that the form factors share the same mass
dimension. After replacing (d) — (b), we obtain the cor-
responding form factors for the (») model. These set of form
factors will be determined via the light-cone sum rule
approach in the following sections.

III. DERIVATION OF THE LIGHT-CONE
SUM RULES

The correlation function plays the key role in the
derivation of the light-cone sum rules, since it directly
connects the physical timelike region with the perturba-
tively calculable spacelike region via the quark-hadron
duality (QHD). Therefore, we begin this discussion by
stating the form of the correlation function which corre-
sponds to the effective framework introduced in the last
section:

n9(P.q) =i / dxe "0 T{ jp(x), Oy (0)} p(P)).
(11)

where jz(x) = im,b(x)ysu(x) is the B-meson current. For
the second version of the B-mesogenesis model, the
operator O, needs to be replaced by O, from Eq. (8).
Contrary to the discussion above, we investigate the p — B
transition rather than the necessary B — p transition for the
decay B — pWY. These transitions differ at most by a global

phase which does not alter physical observables like decay
widths or branching fractions. One advantage is that we can
parametrize the long-distance contributions in terms of
nucleon light-cone distribution amplitudes (DAs), which
are better known than the B-meson DAs [15-19,22].
Especially the parameters of the nucleon DAs have been
determined to better accuracy by advanced lattice compu-
tations and sum rule analyses such that we can perform our
analysis to twist-six accuracy. In this context, the second
advantage is that we can closely follow the analysis for
A, = p form factors from [20]. Although the currents
inside the correlation function differ for this problem, the
computation of the form factors requires one to use the same
distribution amplitudes. We state the decomposition of the
nucleon matrix element, its transformation into distribution
amplitudes of definite twist, and the relevant shape param-
eters in Appendix A.

The next step is to make use of the unitarity condition
and the Schwarz reflection principle. While the former
corresponds to the insertion of a complete set of states
inside Eq. (11), the latter expresses this correlation
function in terms of a dispersion relation in (P + ¢)°.
As is usually the case for transitions involving B mesons,
we can easily separate the ground state contribution in the
form of a B-meson pole. Beyond the threshold cutoff
s, = (mg + 2m,)?, we observe hadronic contributions like
excited states and continuum contributions, which we
incorporate into the hadronic spectral density p"(@.
Employing the hadronic dispersion relation in (P + g)?,
we can access the form factors via

(01js|B* (P + q)) (BT (P + q)|Oq)|P(P))

9P, q) =

my — (P +q)*
by h(d)
p" (s, P,q)
+ [ dstV— T 12
/ss—(PﬂLq)2 (12)

Sp

Notice that we ignore possible subtraction terms in this
context, as they vanish during a Borel transformation,
which additionally suppresses the continuum contributions
and leads to a better convergence of the sum rules. The
correlation function in Eq. (11) consists of different
kinematical contributions, which are given by all possible
Lorentz-invariant amplitudes:

9P, q) = Y (P + )% ¢*)up x(P)
+ T (P + 9)2, ¢*)u, . (P)
+ T (P + 9)% ¢t (P)
q°)

L(P). (13)

(
+ (P + 9)2 a2y (

Here, we use that the Dirac spinors u, g )(P) are
the right-handed and left-handed components of the
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Dirac spinor u,(P), i.e., u,g}(P) = Prryu,(P)=
I(1 £+ ys)u,(P). Furthermore, contributions involving
structures like Pu, (g} can be included in the first two
lines of Eq. (13) due to the Dirac equation.

Based on the decomposition into different kinematical
contributions, we can derive individual dispersion relations
for the various form factors in Eq. (10). For this, we insert
(13) into Eq. (12) and group contributions according to
their different Dirac structures such that we can directly
access the individual form factors. For example, the

dispersion relation for the form factor F 1(_,;_), . (g%) reads
m2 o F9 2y h(d) 2

ﬁf)((PJrq)z,qz):—B{B B*”R(qz)Jr/dsipR (s.q )2,
my—(P+q) s—(P+q)

Sh

(14)

where we exploit that (0|jz|B*) = m%f. In addition to
that, we decompose the hadronic spectral density p"(@
in terms of the decomposition in Eq. (13). The other
form factors can be obtained similarly by the following
replacements:

g -, ﬁﬁf), i,

Fd Fd -1f -1f

B( —>) Pr 3< —’> pr’ 1 B( —’) PR’ 1 B( —’) pL’
h(d h ~h(d) ~h(d 5
pR( ) pL( ) pR( )’pL( >' (1 )

Note that we introduce a factor of 1/m,, in front of the form
(d)

B prs (g?) to obtain the correct mass dimensions.

factors F

Before heading to the calculation of the correlation func-
tion, which will be covered in the next section, we need to
find a proper expression for the hadronic spectral density.
All results from the next section can be expressed via a
dispersion relation of the OPE contributions, which we
compute in the deep spacelike region by employing
perturbative methods. For the amplitude ngd), it takes
the form

L,OPE
Ity " (s, ¢?)

(d),OPE 2 oy ] /
I P+q).q7)=—|[ ds . (16
PR g) = [ @R (16)
ﬂ’li
where we write p§d>*OPE = %ImH;d)’OPE. In order to remove

the hadronic spectral density, which is hard to describe
from a theoretical point of view due to its complicated
structure, we replace the integral over the hadronic spectral
density p"@ by an integral over the spectral density
obtained from the OPE 1 ImIT-OPE ysing the (semilocal)
quark-hadron duality

ImIT P (5, )
s—(P+q)*

gy hd) (o 2
/dsip’2 5. :l/d (17)
s—(P+q)? =

Sh Sg
This step introduces the effective threshold s5, which needs
to be determined in the numerical analysis, as it is an input
parameter in the sum rule framework.

Finally, we substitute Eq. (16) into Eq. (14) and perform
a Borel transformation in the variable (P + ¢)? to arrive at
the desired form of the sum rules:

S,

/ dse=s/M ImITe O (s, 42).

2
b

g
1

T

d _
m}fpFy., (¢%)e /M =

(18)

As we have previously discussed, we obtain the other form
factors with the replacements from Eq. (15).

IV. CORRELATION FUNCTION

Now that we derived the form factors in terms of the sum
rules corresponding to Eq. (18), we can evaluate the OPE to
the desired twist accuracy and to leading order in aj:

H(d)(P, q) _ —isijkmb / d4xei(1’+q)-x

x (O|T{[b(x)rsu(x)].
di(0)[(u(0))" CHE(0)]}[p(P)). (19)

In order to apply light-cone sum rules, we need to work in
the phase-space region where (P + ¢)> < m7 and ¢*> < m3,
are valid, which means that the momenta of the involved
particles are far off shell. According to Fig. 1, the b quarks
inside the correlation function in Eq. (19) are connected to
form a b-quark propagator. This leaves us with a proton-
to-vacuum matrix element containing two uncontracted
u-quark fields as well as a d quark, which encodes the
nonperturbative information in the p — B transition.
Following the usual procedure of the light-cone sum rule
approach, we replace this matrix element by nucleon DAs by
decomposing the matrix element in terms of different
Lorentz structures based on Lorentz invariance and parity
invariance. We obtain in total 24 structures if we consider all
contributions up to twist-six accuracy, which can be sub-
sequently related to distribution amplitudes of definite twist.
We provide all details regarding this procedure and the
further parametrization of the shape of the distribution
amplitudes in the conformal expansion in Appendix A.
Contrary to previous investigations [10] (see also [11]),
we consider all contributions up to twist-six accuracy
including the O(x?) corrections to the leading-twist con-
tributions. O(x?) corrections to twist-four contributions,

055049-4



HIGHER TWIST CORRECTIONS TO B-MESON DECAYS INTO ... PHYS. REV. D 109, 055049 (2024)

TABLE 1. Integration over the position variable x with additional factors of x, starting at twist-four
accuracy. For brevity, we introduce the notation @ = 1 — a.

Twist 3 [ dixekxeitPralre=itar — (27)d5(d) (k + g + Pa)

J d¥xetkxel(PHa)cg=iPaxy — _j(27)? 0@ 8D (k + q + Pa)

fddxeikxei(P+q)xe—iPaxxﬂxb _ ( ) (2”)[1@2} 02” 5((1) (k +q+ P(_Z)

fd‘%e”‘xg"wﬂ)xe‘ipaxxﬂx” = (-i)?(2n)' % 3G 95 (k4 g + Pa)

Twist 4, 5, 6

which correspond to a twist-six effect, are numerically negligible [16] and not considered in this work. By including this set
of contributions, we are able to estimate the reliability of the leading-twist analyses from [10], since we can study the
convergence of the OPE and observe the impact of higher twist corrections on the branching fraction of the B — pW¥ decay

itself. We start the computation by reproducing the known leading-twist results from [10]:

1
my, 1—am +P- q)(V1+A1)(a)
H(d)( |: 7/ l_a)P+q)2—mi :|MP,R(P), (20)
1
mym, (1 =a)m,(Vy 4+ Ay)(a) = 3m,T,(a)
ne(p,q) = [ 2 [da (I —aP+qr—n ]uP,R(P)
1
Ty Vi +41)(a)
{ - [da 1—a)P+q) mg}‘é”l’*(’))' (21)

In general, the nucleon DAs introduce three different
variables a;,3 representing the momentum fractions of
the individual quarks inside the proton. In Egs. (20)
and (21), we have integrated over @, and a3 and renamed
a = a;. Moreover, we observe that for the (d) model only
one form factor contributes, while there is an additional
contribution for the (b) model from the Lorentz structure
du,(P). We state the leading-twist distribution ampli-
tudes Vy, Ay, and T; in Appendix A, where we also
elaborate on the other higher twist distribution amplitudes
in more detail.

Scalar products of the form P - g are not suitable for
Borel transformations; hence, we replace them by

2P-q=(P+q)*—mj,—q*. (22)

This allows us to cancel the (P + ¢g)? dependence in the
denominators of Eqgs. (20) and (21) after rewriting

(1=a)P +q)* = (1 -a)(P+q)* + ag’ — a(l —a)m}.
(23)

Constant terms independent of (P + ¢)? vanish under
the subsequent Borel transformation.

Higher twist corrections become more involved, because
they explicitly show x dependencies in the expressions. First

of all, they occur as explicit factors x, in our calculation,
which we rewrite according to Table I as derivatives acting
on the momentum-conserving ¢ distribution. Besides that,
we deal with scalar products of the form P - x, which need to
be introduced in order to relate the 24 invariant functions S;,
P:, A;, Vi, and 7T ; in the decomposition in Eq. (Al) to
distribution amplitudes of definite twist; see Appendix A
and, for instance, [15,16] for more details. An additional
partial integration with respect to the variable @ removes
these factors, and we additionally notice that the occurring
surface terms vanish.

With these steps in mind, we can perform a similar
derivation of the form factors as in [10]. We intend to bring
the contributions from Egs. (20) and (21), including now all
contributions up to twist six, into the form of an dispersion
integral. For this, we perform the following substitution
after using Eq. (23):

2 _ 2 1= 2
S = mb x4 1+ 0(( a)mp . (24)
4

Finally, we need to perform the Borel transformation to
obtain the final form of the LCSRs for the form factors

1 B 1 L k=1 —s/M? (25)
Wi+ (k—1p\amz) ¢
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where B,,> denotes the Borel transformation. In our case, we identify 0= —(P—l—q)2 and we encounter the cases k=1, 2, 3.
This is related to the fact that the denominators in Eqgs. (20) and (21) occur to higher powers if we consider the higher twist
corrections. Ultimately, this leads to a suppression of these factors in powers of 1/M?. Performing all these steps, for

(d)

52>, (q%) form factor, results into

instance for the F

2 =s(@) [ 2 2 _ 2
FO (q) = 21 /dae BMZ(){m_Z <1 M k| > Vi +_1;\1)(a) _mym, Pl(a)ﬂ_LS1(a)
mgfp / 4 my a 2 a
2 3.0 0 5 2-2_ 2 2,3 % %
myn, mymy, Vi (@) — Az (@) mpa” —¢q m,m, Spy(a) = Py (a)
\% —A 1
Ty (V3(a) — A3(a)) + 4M? a’ + m3, T aM?
_ mypm Viags (@) + A jaas (@) 1+ mj, n mym; (A —pmy (1 4 q° —mya’ + mj
4 a aM? 4> V! ! aM>

: mymy V —A 2
+ my, (qz_mz&z _mi)) 4 b2 p 123456 (@) 123456 (@) (1 N m? >}

We state the relevant notation and various functions in
Appendix A. Notice that we introduce the notation

a

V(a) = / 'V (), (27)
0
V(a) = [ do/ [ da"V(a") (28)

to denote the distribution amplitudes which we integrate in
a once or twice in order to remove the scalar product P - x.
With the replacements from Eq. (15), we can derive similar
expressions for the other form factors. It turns out that
the (d) model receives additional contributions for the

Fl(gdlm(qz) form factor such that we end up with two

different form factors in each model. However, we note that
the 7 structures in the proton matrix element in the
decomposition (A1) result into sizable effects for the (b)
model, while they vanish in the (d) model. We provide the
remaining form factor in the (d) model and the form factors
for the (b) model in Appendix B.

V. EXTRAPOLATION TO THE
LARGE my REGION

In the last section, we have obtained the form factors for
both the (d) and (b) models, which ultimately enter the
decay width for the process B — pW. These form factors
are valid in the limit g << m? since we have used the light-
cone sum rule approach, meaning that we are still working
on the light cone with small distances. However, the
kinematics of this two-particle decay shows that the
upper bound of the particle mass my is given by
mg—m,~ 4.34 GeV, while the lower bound lies around

aM? aM? (26)

m,, in order to prevent proton decays [5,6,8]. Hence, the
mass of the dark matter particle W is theoretically allowed
to be in the range my ~ my,.

In order to extract reliable results from the form factors
expressions derived in the last section, we perform an
extrapolation of Egs. (26) and (B1)-(B3) using the
Bourrely-Caprini-Lellouch version [23] of the z expansion
[24]. For this, we perform a conformal mapping of the
variable g*> onto the complex variable z:

z<q2>=< r+—q2—m)/(m+m>

(29)

with 1= (mg+m,)-(\/mz—/m,)* and 1, = mp £ m,.
While 7, is a default parameter, usually chosen as above, in
order to minimize the truncation error of the z expansion, 7.
are set by the physics of the decay. The parameter r_ =
mpg — m,, is precisely the upper bound on my dictated by
the two-particle decay of the B meson at rest, and 7, =
mpg + m,, constitutes the threshold for multiparticle states
and higher resonances. Starting from this threshold, the
timelike form factors become imaginary, which is also
represented by the variable z developing an imaginary part.
However, the choice of 7, introduces another subtlety,
namely, an isolated pole due to the A, baryon at g* = mj .
The treatment of these particular issues is further described
in [23] such that we finally end up with

(d)
(d) ( 2) _ FB_’[’R(O)
B—pr 1— qz/mlsz

+ e - 207 |

102, () -0

(30)
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TABLE II. Input parameters in the LCSRs from the references in this table.
Parameter Interval References
b-quark MS mass iy (3 GeV) = 447500 Gev (28]
Renormalization scale u =3.03 GeV
Borel parameter squared =16.0 +4.0 GeV? [25,26]
Duality threshold s§ =39.071% GeV?
B-meson decay constant fp=190.0 %+ 1.3 MeV [27]
Nucleon decay constant Fa(u=2GeV) = (3.54700) x 1073 GeV? (22]
Parameters of nucleon DAs @10(u =2 GeV) = 0.18270:021 [22]
@11 =2GeV) =0.1 18f8"8§§
Ai(p =2 GeV) = (=44.97}1) x 1073 GeV?
do(p =2 GeV) = (93.4718) x 1073 GeV?
mo(u = v2GeV) = —0.0397 -0 [19]
mi(e = V2GeV) = 0.14700/¢
£io(n =2 GeV) = -0.042:533 (17]

Here, it is sufficient to truncate the z expansion to O(ZZ),
because the allowed range for the mass my results in small
values of z in the interval 0.077 > z > —0.083. This leaves
us with two free parameters which we need to determine
further. These two parameters are given by the form factor
evaluated at g = 0, which we can determine directly from

Egs. (26) and (B1)—~(B3), and the slope parameter bB_, -
which we get from the fitting procedure in the next section.
For the other form factors, one just has to perform the
replacement rule in Eq. (15) and additionally (d) — (b).

VI. NUMERICAL ANALYSIS

The input parameters for the LCSRs are given in Table II.
We perform our analysis at a renormalization scale of
1 =3 GeV. This particular choice is in accordance with
recent studies on the B — z transition or B*Bx strong
couplings [25,26], because these analyses indicate that this
scale and its uncertainty are optimally suited for B-meson
interpolating currents. Additionally, we adopt the b-quark
mass in the MS scheme and use the B-meson decay
constant obtained from recent lattice QCD computations
with ny =2+ 1+ 1 [27].

As Table II shows, the input parameters for the nucleon
distribution amplitude are extracted from different sources.
For example, a recent lattice calculation [22] determines
some input parameters at the scale yy = 2 GeV, whereas a
LCSR computation [19] works at py = V2 GeV. There-
fore, we make use of the following Renormalization Group
Equation (RGE) to run these parameters to required scale
u =73 GeV:

d
dlnpu

(P<,U) = _J/(p(/’(/l), (31)

with y,, being the noncusp anomalous dimension for the
DA parameter ¢. Its solution to one-loop order is given by

A

1n</40/AQCD)) Yo

ln(ﬂ/AQCD) (32)

o) = (P(ﬂo)<

where 7/2, denotes the one-loop anomalous dimension. The
value for Agcp = 0.288 GeV is taken from [29] for
ny = 4. Analogously, Eq. (32) can be used in order to
run the remaining nucleon DA parameters to the desired
scale u =3 GeV. This requires the one-loop noncusp
anomalous dimensions yg, for all parameters, which we
give in Table III following [19].

These parameters can be related to the parameters of the
conformal expansion via [19]

Al =@+ ons
L I
1% =37 %0 +§(ﬂ11,
3 1f 1
fi= N+ Mo — 5 M1s

10 64 '5 3
1 1fy 3 1

fl lo—gz—gﬂlo 3’711,
4

d _

/5= 15+5510

TABLE III. One-loop noncusp anomalous dimensions for
different parameters of the nucleon DA in Table II.

Parameter ¢ fy @10 @ Mo ot A A &

4 40 16 40 20
I ;3 9 0% 9 8 4 4 3
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TABLE IV. Parameters of the z expansion in the case the (d)
model form factors (in GeV? units) including all contributions to
the nucleon DA up to twist six.

TABLE V. Parameters of the z expansion for the (b) model form
factors (in GeV? units) including all contributions to the nucleon
DA up to twist six.

d d =(d d b b =(b b
Fy) (0) by () by Fy., (0) by FY(0) by,
0.02279013 446107 0.0057 0007 227705 00417001y —2.0053%  —0.007055  —2.85704]

For the effective threshold range and for the Borel window,
we follow the choice from [10], which is based on the latest
analyses of other LCSRs with B-meson interpolating
currents (e.g., [25,26]). Note that sg is an effective thresh-
old which is correlated with the Borel parameter and fitted
to reproduce the B-meson mass mp in Table II. For the
B-meson decay constant, we use a lattice average which is
in agreement with two-point QCD sum rules determined in
[30-32]. In the following, we determine the Borel window
and the range of s§ for each sum rule individually and
verify that the values in Table II are indeed proper choices.

A. Form factors

Next, we determine the uncertainties around the central
values of the form factors. This requires one to consider the
form factors before their z expansion, and we individually
introduce variations to each input parameter within its
predefined range of uncertainty. Subsequently, we perform
a z expansion for each parameter variation, yielding two

(@) and the

sets of parameters for the slope parameter by_,

normalization F %dl e (0), namely, the upper and lower

bound on these parameters with respect to the input
parameter variation. The values in each set are then added
in quadrature to obtain the possible parameter range for

0.0300

---- OPE for s§ =38.0 GeV?
—— OFPE for s§ =39.0 GeV? |
---- OPE for s§ = 40.5 GeV?

0.02751

0.02501

0.02251

in GeV?

0.0200+

(d)
B - pr

0.01751

F

0.01501

0.01254

0.0100

5 10 15 20 25 30
M2 in GeV?

FIG. 2. Analysis for the form factor F (d)

both fitting parameters. Apart from the usual correlation
between the threshold parameter s5 and the Borel param-
eter M? and the impact of the y variation on the renorm-
alization-scale-dependent parameters, we assume that the
remaining parameters are completely uncorrelated. We
state the slope parameters and the form factor at ¢ = 0
within their uncertainties in Table IV for the (d) model and
in Table V for the (b) model.

Now one can use these input parameters to extrapolate
the four different form factors and obtain these for the two
models.

Figures 2-5 show the form factors with respect to the
Borel parameter M2. The right panel depicts the individual
twist contributions to the different form factors such that a
direct comparison between the higher twist corrections and
the leading-twist-three contribution becomes possible.
These leading contributions have been previously exam-
ined in [10] and can also be found in [11]. In this context, it
is notable that the leading contribution to the form factor
Fl(gd_),m(f) starts at twist-four accuracy, contrary to the
other three form factors. Nevertheless, the OPE shows, in
general, good convergence for all form factors, which is
in accordance with other sum rule analyses including
B-meson interpolating currents.

0.06 75
i ---- Twist 3
N} .
Y ---- Twist 4
A ---- Twist 5
[ . }
0.04 (I ---- Twist 6
(BN T
Lo
‘I _________________________________
\
0.027 %
\
\
\
\,
.
0.00 -_______________'_‘_‘:::::::::::::-:-:-:-:-:-:-:-:-
/”’
//
!
-0.021
1
1
1
1
I
1
1
-0.04 M
5 10 15 20 25 30

M2 in GeV?

B pk(qz) in the (d) model for different Borel parameters M?2. The left plot shows all twist

contributions combined for various choices of the threshold parameter s&, while the right plot illustrates each twist individually. The
mass of the dark matter particle my is set to the benchmark value my = 2 GeV [6].
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0.06
0.0141 ---- OPE for s§ =38.0 GeV? | ---- Tw?st 4
—— OPE for s§ = 39.0 GeV? 0.05 --=- Twist5
---- Twist 6
—_—— = 2
0.0124 OPE for sg =40.5 GeV* |
T T 0.04
0.010
% 0.03
[
O
£ 0.008 0.02
=
S
™ 0.006 0.01
0.00
0.004 1
-0.01
0.0021
. . . . . — —0.02 . . . . : .
5 10 15 20 25 30 5 10 15 20 25 30
M2 in GeV?

M2 in GeV?

FIG. 3. Similar analysis as in Fig. 2 for the form factor ngpb(qz).

the threshold parameter s§ based on the upper and lower
bounds specified in Table II. Given the small fluctuations of
the form factors with respect to different Borel parameters
across varying thresholds, we see that the sum rules for the
four form factors remain stable at the reference value
my = 2 GeV, thus ensuring their reliability.

The choice of the Borel parameter range M? aligns with
the specifications from Table II and is in agreement with the
findings in [10]. Furthermore, an alternative validation of

In the left panel, we investigate the complete form factor ~ this Borel window can be performed by considering the
expressions including all contributions up to twist six at the  form factors over a broader range of the Borel parameter M?
benchmark value my = 2 GeV. At this stage, it is interest-  and determining the Borel window based on the stability of
ing to compare these expressions for different choices of  the sum rule with respect to M>. As illustrated in Figs. 25,

Although the OPE shows good convergence for all form
factors, we observe at the benchmark value my =2 GeV
that the (b) model exhibits a substantial twist-four correc-
tion, violating the typical hierarchy of the OPE since the
twist-four contribution is larger compared to the leading-
twist contribution. This has its origin in the significant 7, 4
contributions in the (b) model, which vanish in the
(d)-model computation. Nevertheless, the convergence of
the OPE is still well established beyond twist four.

-0.030
---- OPE for s =38.0 GeV2 || 0.02 ---- Twist 3 |
-0.035 —— OPE for s6=39.0 GeV? | -m=- Twist4
OPE for s8 = 40.5 GeV? " TwistS
) o ) ---- Twist 6
—-0.040 0.00 {emmmmm e L —
% -0.045 P ot i e N
-0.02{1 /
£ -0.050 ! /
IS [
§J} TN R A I I NN
. —0.055 ',’ /,—’
—0.044 +
[l
—0.060 i
]
|¥]
¥l
it
—0.065 —0.06]
n
n
—0.070 !
5 10 15 20 25 30 5 10 15 20 25 30
M? in GeV?

M?2 in GeV?

FIG. 4. Analysis for the form factor F g’l pk(qz) in the (b) model for different Borel parameters M?2. The left plot shows all twist
contributions combined for various choices of the threshold parameter s5, while the right plot illustrates each twist contribution

individually. The mass of the dark matter particle my is set to the benchmark value my = 2 GeV [6].
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-0.004
---- OFPE for s = 38.0 GeV?
—— OPE for s§ =39.0 GeV?
—0.006 ---- OPE for s§ = 40.5 GeV? |
vy, —0.008
(]
G}
£
§ -0.010
~1
Sq
T
-0.012
-0.014

5 10 15 20 25 30

M? in GeV?

FIG. 5.

it is evident that the sum rules remain stable within the
specific Borel window defined in Table II. Additionally, this
choice of the Borel parameter window ensures that con-
tinuum and excited states are reasonably suppressed and
contribute approximately around 20%—-30%. Consequently,
our findings are not excessively influenced by the QHD
approximation.

Moreover, the determination of the threshold parameter
sB is accomplished by calculating the derivative of the sum
rules presented in Eq. (18) with respect to —1/M?. By
taking the ratio between the derivative outcome with
Eq. (18), we obtain an approximation for the B-meson
mass mp, which is subsequently adjusted by choosing the
value of sg such that mp fits existing literature data [4].

0.010
---- Twist 3
---- Twist 4
0.005 ) ---- Twist 5
\ ———

Twist 6

0.000

—-0.005

-0.010

-0.015

-0.020 , . . ! } I
5 10 15 20 25 30
M? in GeV?

Similar analysis as in Fig. 2 for the form factor P (%)

B—p;

The stability of the sum rules in Figs. 2—5 shows again the
validity of this approach.

So far, our discussion has been centered around the
chosen value my =2 GeV. Since the LCSR approach
works in the limit ¢> = m}, < m?, we naturally assume
that the OPE also converges when mygy remains below
2 GeV. It is important to understand the applicability of the
OPE across higher values of my, especially at which point
the OPE starts to break down. This analysis is shown for the

(d) model in Fig. 6, focusing on the form factor F gj_), o (%)

in the left panel and on the form factor F E;d_), o (g%) in the
right panel. For this investigation, it is useful to introduce

the ratios

1.50
(d) Bld)
Rbspwi3 || 1.2 Rbpia |
d Bl
1.25 — Ra — Ris
— R
1.00 b-p; 6
0.75
0.50
0.25
0.00
0.2
-0.25
-0.50 = - - - - - - 0.0 - }
1.0 15 2.0 2.5 3.0 3.5 4.0 1 2 3 4 5 6
my in GeV my in GeV

FIG. 6. Plot for the ratios Rgd_), i and kgil pLii
contains the ratios for the form factor F E;dl »

" while the left panel shows the contributions from the form factor F

defined in Eqgs. (33) and (34) with respect to the dark fermion mass my. The right panel

(d)
B—pp*
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(d)
gi) — Fbppi .
— PR3l d ’
Y {3,4,5,6}F§5’—)’Pkii
7(d)
»(d) o FB_’/]L;i (33)
B-ppi — =(d) ’
Zie{4,5,6}FB—>pL;i
(b)
)(_!;b) o B—ppsi .
—prii b ’
‘ Zie{3,4,5,6}F1(3—)>pR;i
7=(b)
~ F —pril
IO =Y B (34

=(b
Yiepaset E;lm;i

where F pi and F @ oo

tion of the form factors F gll », and F gll L
Using (33) and (34), we derive an approximation for my
where the OPE diverges. The underlying notion here is that

when the higher twist contributions grow, which is indicated

by increased ratios R%dl i and I?l(gd_), »,.:i» these contributions

become dominant and spoil the convergence of the OPE, in
general. Our observations reveal that, for the form factor

ng_), pR(qz) in the left panel in Fig. 6, the convergence is

spoiled around my =~ 3 GeV. In comparison to that, the form

factor F g]_)) -

tigation. Nonetheless, for the earlier considered benchmark
value of 2 GeV, the convergence of the OPE remains robust.
It is important to note that probing my beyond 6.2 GeV is
unfeasible, since we cross the multihadron threshold at 7.,
which results into complex z-parameter values.

A similar examination can be carried out for the (b)
operator, and this is shown in Fig. 7. This underlines that

belong to the twist i contribu-

(%) turns out to be insensitive to this inves-

the hierarchy in the twist expansion remains intact for both
form factors, confirming that the expansion retains its
convergence throughout the entire kinematical range
of My.

B. Branching fractions

Before calculating the branching fraction, we need to
obtain the decay amplitude of the considered BT — p¥
decay. Following [10], we start with the amplitude
A()(B" — p'¥) from Eq. (9) and insert the decomposition
into form factors for the B — p transition from Eq. (10):

A (BT = p¥) =G g)it, g(P) [AD + BDyslug(q),  (35)

with

1 d My ~ (4
by AL+ 2D )] @)
p

We have expressed the decay amplitude through the four
different form factors and the ratios of the proton mass m,,
as well as the dark matter particle mass my. In order to
obtain the two-body decay width, one has to square the
amplitude from Eq. (35) and multiply this expression with
normalization factors

1.50 1.6
- RI(JIZZPR;S I ﬁ£>b—)>;:m;3
1.251 R, o[ 14 RE. 4
(b) R(b)
1.00] T R";”";S 12 T 5";"“5
- Rl(i—sz:G - RL—)pr:G
0.751 i e
0.501 0.8
0.251 0.6
0.001 0.4
-0.251 0.2
-0.50 : : : : : : 0.0k : . , ! ,
10 15 20 25 30 35 40 1 2 3 4 5 6
my in GeV my in GeV
FIG. 7. Plot for the ratios Ry, . and Ry . defined in Egs. (33) and (34) after replacing (d) — (b) with respect to the
dark fermion mass ny. The right panel contains the ratios for the form factor F Egbl »,» While the left panel shows the contributions from

(b)

the form factor Fy_ , .
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1
(B = p¥) = 5. [ e - p0p. )

The phase-space integration for a two-body decay can be

carried out analytically, yielding the Kéllen function

L (BT = p®) =[G PlIAY [ (my — (m, — my)?)
+ [BY (i = (m), + my)?)):
A2, i)

3
8rwmy

(39)

The final expression for the decay width in terms of form
factors is given by

3 . (40)

In comparison to the corresponding expression in [10,11],

the form factor F Egd_)) - (g*) contributes here due to higher

twist contributions. Since this form factor already appears
in the (b) model at the leading-twist approximation, a
simple exchange of (d) with (b) allows us to derive
corresponding relations for the second model.

The observable of interest is the branching fraction for
this decay. This parameter can be derived by dividing
Eq. (40) by the total width of the B meson. Alternatively,
we can also multiply Eq. (40) by the B-meson lifetime
7p+ = 1.638 £ 0.004 ps from [28]:

Bl'(d)(B+ Ed plP) = F(d)(B+ - plP) cTp*. (41)

As shown in Fig. 8, we present the branching fraction for
the (d) model incorporating contributions to the nucleon
distribution amplitudes up to twist six and compare them to
the leading-twist contribution from [10,11]. Within my
values up to 3 GeV, we identify that both computations
agree very well within their uncertainties. This observation
aligns with our earlier observation in Fig. 6 that at
my = 3 GeV the higher twist corrections become domi-
nant and ultimately affect the convergence of the OPE.
Generally, the uncertainties on our twist-six calculation
turn out to be larger compared to the previous leading-twist
evaluation. This disparity arises due to the larger error
estimates on input parameters of the distribution ampli-
tudes in the conformal and next-to-conformal expansion.

— Up to Twist 6

--- Total uncertainty |
— Twist 3

------ Error Twist 3

o
s

w
s

-

Br)(B* - py)- 103
1/

N
L
-

(i T T T T = t
1.0 15 2.0 2.5 3.0 3.5 4.0 4.5
my in GeV
FIG. 8. Branching fraction for the decay B — pW¥ in the (d)

model with respect to the dark matter particle mass my. In our
analysis, we set the effective four-fermion couplings to
|G))* = |G )[* = 107"* GeV™. The blue line with the blue
dashed error band illustrates the original twist-three computation
from [10], while the black curve shows the computation including
contributions up to twist six. The dashed red curves represents the
uncertainty on this calculation.

In particular, the parameter &, introduces large uncertain-
ties, as we assume a conservative error of 50% based on the
value from [17]. Nonetheless, we affirm, in general, that
the leading-twist outcome constitutes a reliable approxi-
mation for the branching fractions within the my range up
to 3 GeV.

However, a significant discrepancy between the twist-
three calculation from [10,11] and our computation arises
for the (b) model, as we show in Fig. 9. In this case, the
branching fraction increases by roughly a factor of 20, and
the two computations do not agree within their uncertain-
ties. This deviation can be attributed to the substantial 7 4
contributions at the twist-four level which we observe for
both form factors, as is evident from Figs. 4 and 5. Different
works like the analysis of B — light meson form factors
[33] indicate that it has already been observed that higher
twist contributions might constitute the dominant contribu-
tion, but it turns out that the different hierarchy in the OPE
does not spoil the twist expansion.

Similar to the (d) model, the uncertainties on the twist-
six computation are notable and share the same origin as for
the (d) model. Particularly, the upper bound uncertainty
becomes enhanced once my > 3 GeV. This behavior
illustrates that the branching fraction loses its reliability
as m2, ~ m2, thereby violating a crucial requirement for the
light-cone expansion.

Consequently, we conclude that the leading-twist analy-
sis from [10] for this specific model falls short, as higher
twist corrections shift the value of the branching fractions
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30
— Up to Twist 6
25/ ——- Total uncertainty |
— Twist 3 -
20— Error Twist 3 ‘ 7T,
: ' . . PR \

Brip)(B* = py)-10°

1.0 15 2.0 2.5 3.0 3.5 4.0 4.5
my in GeV

FIG. 9. We show the same as in Fig. 8 but for the (») model.

considerably and spoil the hierarchy of the OPE. However,
the branching fraction now lies with these additional
contributions in the sensitivity range of Belle-1I, estimated
to be around 3 x 107° [6].

VII. CONCLUSION

The SM plays a crucial role in modern particle physics,
although there are effects like dark matter or the baryon
asymmetry of the Universe which are not incorporated
into this theory. As there are strong experimental hints
for the existence of dark matter, several models are
proposed of which we have studied the recently proposed
B-mesogenesis model [5,6,8]. It is particularly interesting
for experimental facilities like Belle-II, since it predicts
new dark matter particles at energy scales which are, in
principle, within its sensitivity range.

We have focused here on one allowed decay mode within
this model, namely, the decay B — pW. For this, we have
used the light-cone sum rule approach to determine the
branching fraction of the decay B — p¥. While the leading-
twist contributions have been obtained in previous works
[10,11], we include higher twist corrections up to twist six
into our analysis in order to check the reliability of the
leading-twist analysis and the convergence of the operator
product expansion, in general. Thus, we have followed the
procedure from [10] and computed the branching fractions
of the two considered versions [the (d) and the (b) model] in
the B-mesogenesis scenario, where we set the effective four-
fermion couplings |G(,[* and |G |* to 10713 GeV ™.

We observe for the two form factors of the (d) model,
which contribute to the respective branching fraction, that

higher twist contributions become increasingly smaller in
the parameter range 0.94 GeV < my < 3 GeV, indicating
that the OPE converges and that the leading-twist contri-
bution is dominant. This shows that the higher twist
corrections have a minimal impact on the branching ratio
in this parameter range and that the behavior mostly
follows [10].

Beyond 3 GeV, we see that the higher twist corrections
start to dominate and, therefore, that the OPE breaks down.
This behavior is expected, since the light-cone approach
requires that m3, << m?, which starts to get violated beyond
3 GeV. Hence, we conclude that the branching fraction
estimate from [10] is reliable in the regime my < 3 GeV
and in agreement with the results from this work.

In contrast to that, the twist-four contributions tend to be
the dominant contribution in the (b) model, albeit the OPE
converges beyond this twist correction. This has the
consequence that the branching fraction for this model is
significantly increased, namely by a factor of 20. This
observation has a direct impact on experimental searches,
since both versions of the B-mesogenesis model are now in
the sensitivity range of Belle-II.

From an experimental point of view, the decays B —
AY¥Y - pr¥ or B - AY — prV¥ are, however, more easily
accessible, as they see two SM particles in the final state
combined with the new-physics particle ¥ in the form of
missing energy in the detector. But the necessary distri-
bution amplitudes for the A and A baryons are less known,
and only a leading-twist analysis is available in the
literature. Nevertheless, ratios of these decays with the
computed branching fraction B — pV¥ in this work would
be independent of the couplings G, and G, and, hence,
reduce the number of input parameters.
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APPENDIX A: NUCLEON DISTRIBUTION
AMPLITUDE

Generally, the hadronic matrix element from the previous
discussion can be decomposed into different Lorentz
structures based on symmetry considerations like
Lorentz covariance, spin, and parity of the proton [15]:
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4(0le 7 ul (@ x)up(arx)df(azx) | p(P)) = SimyCop(ysuy(P)), + Somy Cap(#rsuy(P)), + Pimy(15C)us(u, (P)),

2,2

P2 (15C) oy 1, (P)), + (vl L W) (PC)oplrsuy(P)),

4

+ VZ’"p(PC)aﬂ(xySup(P))y + V3mp<7uc)a/}(7ﬂy5up(P)>y
V4 (HO) (11t (P)), + Vs (1,C) 0" 5,75, (P)),

2,2

Ve (£C) o trsiny (P)), + (Al L Ai”) (PrsC)upluy (P)),

4

+ -Azmp(}bySC)aﬁ(xup<P))y + A3mp(7yysc>aﬂ(7ﬂup(P))y
+ Ay (fr5C)ap(p (P)), + Asmy (1,15C) (i x, 1, (P)),

At 815l (P), + (T 4

2,2
x“my,

4

’]'11”) (P”iG”DC)aﬁ

X (y”75up(P))y =+ TZmp (xﬂpyiduvc>aﬂ(75up<P))y =+ T3mp(o-/wc)a/;'

X (G”DySMp(P))y + T4mp(Ppguyc)aﬁ(almxpySMp(P))
+ TSm?)(xyiaﬂvc>a/}(y”75up(P))y + T6m%7(xﬂpyiayvc)aﬁ(x}’sup(P»

On the left side of Eq. (A1), we investigate a proton to
vacuum matrix element with an on-shell proton of P?> =
m? in the initial state. The quark fields u(x), u(0), and d(0)

14

14

T Tom3(0,,C) (0 drsity (P)), + Tamh(0,,C) (05,150, (P)),. (Al
|
F Integrand on rhs of (A2)
Vi Vi
.Al Al
T, T,

correspond to the valence quarks inside the proton. The
Greek letters a, 3, and y denote spinor indices, while Latin
letters i, j, and k are color indices. Gauge link factors
between each valence quark are suppressed rendering the
expression in Eq. (Al) gauge invariant. According to the
previous discussion in [10], we can set a; = 1 and a, =
a; = 0 in our case and note that the matrix C is the charge
conjugation matrix defined as C = y,y, and u,(P) is the
proton spinor. The tensor o, is defined in terms of
O = 51

As Eq. (Al) indicates, there are in total 24 invariant
functions S;, P;, A;, V;, and 7 ;, which we cannot assign a
definite twist.

These calligraphic quantities can be related to the twist
amplitudes in the following way:

F(ay,asr, a3, (P-x)) = /daldazda35(l - —ay —a3)

x e~ IPDY i (). (A2)
The variables a; , ; denote the momentum fractions of the
different quarks inside the proton. We start with twist-three
contributions and relate the calligraphic quantities appear-
ing in Eq. (Al) with Eq. (A2) to the definite twist
amplitudes:

In the above table, the definite twist distribution ampli-
tudes are given by

Vi(a;) = 1200 a05[¢h + 3 (1 = 3a3))].
Ay (a;) = 1200 p05(; — ay) 3,

T ) = 120 | 8 5 (45~ 93)(1 = 3a)|. (A3)

At leading twist, there are in total three coefficients q’)go’i),
which can be parametrized through the parameters f, the
normalization factor in leading conformal spin, and A} as
well as V¢, which belong both to the next-to-leading
conformal spin:

21
¢3 = ?fNAlld'
(A4)

7
= fns ¢3+:§fN(1_3thi);

The remaining contributions can be classified according to
their twist and specify their tensor structure [15]:
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Twist 3 Twist 4 Twist 5 Twist 6 F Integrand on rhs of (A2) Abbreviation

Vector Vl Vz, V3 V4, VS V6 Sl Sl

Pseudovector Al Az, A3 A4, A5 A6 Pl Pl

Tensor T, Ty, T3, T; T4, Ts, Ty Ty 2V, Vs

Scalar Sy S, 245 As

Pseudoscalar P, P, 27, T
2(P-x)V, Vi—Vy—-V; Vi
2(P-x)A, —Ap+ A —A; 123
2(P-x)T, T\ +T,—-2T; T
2(P . X)T4 T| - T2 - 2T7 T127

Based on these considerations, we can order the calli-
graphic quantities in Eq. (Al) into the different twist
contributions.

Thus, the calligraphic quantities contributing to twist
four are

For brevity, the renormalization scale dependence is
dropped in the following discussion. Moreover, we follow
the notation from [15-17,20]. The twist-four DAs in the
conformal expansion are given by

Vao(a;) = 24y [ + ¢ (1 — 5a3)], Ay(a;) = 24a a5 (ay — oy )y,
Ty(a;) = 0‘10‘2[54 +§4 (1= 5a3)],
As(a;) = 1205(ay — o) (W] +wi) +yi (1= 2a3)],
Vi(a;) = 053[‘//4(1 — ) + i (1 —a3 = 10a2) + wi (o] + af — a3(1 — a3))].
Ts(a;) = 6a3((99 +wl + ED(1 = a3) + (¢F +wi + &)1 — a3 = 10aa;)
+ (5 vy +&)(a + 3 —as(1 —a3))],
T7(a;) = 605[(¢ + v = E)(1 —a3) + (@] +yi —&7)(1 — a3 — 100 @,)]
+ (7 —wi = &)t + a5 —a3(1 = a3))],
Si(a;) = 6az(a — a))[(¢3 +wi + &3 + by +wi +&) + (#r —vi +&)(1 - 2a3)]
Py(a;) = 6as(ay — a)[(3 + v — &+ ¢y +wi — &) + (¢7 —wi — &) (1 = 2a3)], (AS)
where we introduce additional parameters:
1 1
#=3Un+a) df =3 (FnG=10V]) + 43 - 10£):
5
¢ZI—Z(fzv(l—2AT)—/11(1—2ff—4fﬁ’)); (A6)
1 1
=SUw=2) vl = =g (n(2+5AY =5V =212 = 57 = 57);
5
Wi =3 (2= AT =3V = L2 =77 + 1)) (A7)
50_11. §+_L/1(4_15fd>.
4 *6 > + 71677 2
& = 2 ha(4=157)) (A8)

For the purpose of a coherent discussion, we group them based on whether they belong to the leading or next-to-leading

conformal spin [18]:
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Leading twist

Higher twist

Leading conformal spin Iy A1 A
Next-to-leading conformal spin Al V4 Frd rs
For twist five, we have
F Integrand on rhs of (A2) Abbreviation
4(P - x)Vs Vi=V; Vi3
4(P - x)As Az — Ay Azy
2(P-x)T5s T +Ts + 2T} Tss
4(P-x)T T;-Tg T
2(P ')C)Sz Sl —S2 S12
2(PX)P2 P2—Pl P21
4(P . x)V4 =2V, +V3+V,+2Vs Vi34s
4(P-x)A, —2A, — A; — Ay + 2A5 Ajzss
4(P-x)*T, 2T, —2T3 — 2Ty + 2T + 2T, + 2Ty Ta34578
vy vy
Al Al
7Y Ty
Valay) = 3[y8(1 —a3) +y3 (1 — a3 = 2(af + @3)) + w5 (2a10y — a3 (1 — 3))],
Ag(ar) = 3(ar = o) [=y5 + w5 (1 = 2a3) +y5 a5,
3
Tala) =55+ w5 + &)1 —a3) + (b5 +y5 + &)1 - a3 = 2(a + @3))]
+ (95 —w5 +&5)2aay — as(1 — a3)),
3
Ty(ar) =S¢5 +ws = &) (1 =) + (¢5 +y5 —&)(1 - a3 = 2(af + @3))
+ (45 —v5 + &) 2o —a3(1 - a3))],
Vs(a;) = 6a3[¢8 + ¢3 (1 = 2a3)], As(a;) = 6a3(ay — a1) 5,
Ts(a;) = 6a3[£2 + &5 (1 = 2a3)],
3
Salar) =5 (a2 = an)[=(@5 +ws +£5) + (ds +ys +&5)(1=2a) + (d5 —ys5 + &5)as).
3
Pa(ay) = (e — ) (09 + v2 — &) + (@ + v —ED(1—2a5) + (95 =5 — &)
The new parameters in the twist-five DAs can be expressed in the conformal expansion:
o_1 + S d d
¢5=§(f1v+/11)3 bs :_8[ NGB 4V =4 (1 -4f)));
5
¢s = =3 (1 =247) =4 (f{ = F1)]; (A9)
0 1 + 5 u d d u
Vs :E(fzv—/h); ws = _8[ N(5 4247 =2V§) = A (1 =27 = 2f1)];
5
w5 =312 =AY =3V + 4 (Ff = f1)l: (A10)

3
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1 5 . 5
8= 8/12; & = %/12(2 = 9f3); &= _ZAng' Vela) =2[g + ¢ (1 =3a3)],  Ag(a;) =2(ar — 1) b5,

I ) =208 -5 0¢ - 451 -3as).

Finally, for twist six we obtain the following contributions:

The corresponding parameters read

F Integrand on rhs of (A2) Abbreviations

4(P'X)ZV6 —V1+V2+V3+V4+V5—V6 V123456 +:1 1_4Vd -2 (1=2 d
4(P-x)°As Al —Ay+ A3+ A - A5+ A Alo3ase & 2[ w D=4l fil
4(P . x)2’78 _T1 + T2 + T5 - T6 + 2T7 + 2T8 T125678

|
APPENDIX B: FORM FACTORS

In this section, we state the remaining expressions for the form factors before the z expansion.

- 1 aB mi—s(a} 2.,2 S‘ _ P
P (@) = [ a5 {0 1 0) = g 4 P PR )

B-p; m%fB o 2 (_XZMZ
L Apgs(a) = Vigs(a) 1 — mpa’ — g% + mj I mym;, 1 my
4 a2 aM? 2 aM?
‘7123456 (a) - A123456<a)
x a*M? ’

1 a @ (mim, (m 3
AL () = [ a5 {0 (200 4 ) ) - 271 @))

m%;f B

mp
m2m, Py(a) + S;(a) +6-T,(a) m,m?>
+ b4 p 1( ) l(a) 7( )+ 5 p(A3(a)—V3(a))
" mym3, Vigs(a@) = Ajps (@) 14 g’ —mya _ mym, Typ3(a)
4 @ aM? 8 a’
(1 my —q* —mpa*\  3mym; Asy(@) + Vas(a) . m?
aM? 8 @ aM?
mym;, Pyy (@) = Six(a) _ 3mymy 2 - Trg(a) + Tiss(@)
4 aM? 4 aM?
27 Y 2 4 2
mpmy, Vizs(a) + Ajzgs(a) m mpm m 1 &
T - a b azvﬁz + 45¢M§ b alvfz (AT = Vi ()
3mym;, TV _ mym, Tiy7(a) S 1— mj = q* _ my
4 M 4 a 2a aM? 2M?
3”";‘3’”% T125678(a) mbm;A123456(a) - ‘7123456(‘1) 1+ m[27
4 > M* 4 aM? aM?
_ mim;, Tyzaszs(@) 1— mya’ = q* = mj
8 a>M? aM? '
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me —=s(a 2
=(b) . 1 0‘5 3@ mym
P, (@) = o [ e T )4 Ay ) +

a

m%mf, le(a) — 3'12(0‘)

mbmp

mbmp
2a

(A3(a) = V3(a))

4 a*M? 402

_ 3mym;; 2 - Tog(a) + Tiss(@)

aM?

(1 + q =y mi) (Vis(@) = App3(a))

mbm,,

4 a*M?

(1 2 ) i) - V)

mymy, Ty (@) | mymy Ajyzuse(@) = Vipsase(a) (1 n mj, >
aM?

2 a*m? 4 a’M?
_ mymy; Tozszs(a) 1— ma® = q* +mj _ mymy, T3 (a) (B3)
4 am? 2aM? am? @
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