PHYSICAL REVIEW D 109, 116012 (2024)

A, — P? factorization in QCD

Lei-Yi Li®,"*" Cai-Dian Lii®,"*" Jin Wang,"** and Yan-Bing Wei’"*
'nstitute of High Energy Physics, CAS, P.O. Box 918(4), Beijing 100049, China
*School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China

*School of Physics and Optoelectronic Engineering, Beijing University of Technology,
Beijing 100124, People’s Republic of China

® (Received 24 January 2024; accepted 14 May 2024; published 12 June 2024)

We calculate the form factors for the baryon number violation processes of a heavy-flavor baryon
decaying into a pseudoscalar meson and a lepton. In the framework of the Standard Model effective field
theory, the leptoquark operators at the bottom quark scale, whose matrix elements define the form factors,
are derived by integrating out the high energy physics. Under the quantum chromodynamics (QCD)
factorization approach, the form factors of the baryon number violation processes at leading power can be
factorized into the convolution of the long-distance hadron wave functions as well as the short-distance
hard and jet functions representing the hard scale and hard-collinear scale effects, separately. Based on
measurements of the baryon number violation processes by LHCb, we further impose constraints on the

new physics constants of leptoquark operators.
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I. INTRODUCTION

In the Standard Model, the baryon number (B) and the
lepton number (L) are strictly conserved. Sakharov’s three
conditions [1] state that the C and CP violation, the baryon
number violation and the deviation from thermodynamic
equilibrium can explain the matter-antimatter asymmetry
in the Universe. Therefore, the study of baryon number
violation is an essential topic in the search for new physics
signals. In new physics beyond the Standard Model,
such as the grand unified theory [2,3] and supersymmetry
theory [4], there do exist baryon number violation cou-
plings. Since the new physics energy scale is generally far
above the top quark mass, we usually utilize the framework
of Standard Model effective field theory (SMEFT), in
which heavy fields are integrated out to construct the
model-independent leptoquark operators [5-8].

Experimentally, these baryon number violation cou-
plings are searched through proton decay [9,10]. In
addition, experimental researchers have also started study-
ing baryon number violation processes in heavy flavor
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physics at colliders [11-16], thanks to the improvement of
experimental precision. The investigation of leptoquark
operators has attracted much attention in heavy flavor
physics. In Refs. [17-21], the introduction of leptoquark
operators aims to address the anomalies in R(D) and
R(D*). In the baryogenesis model [22-25], the form factors
of B meson decaying into proton and dark antibaryon have
been calculated using light-cone sum rules [24]. This
calculation seeks to explain baryon number violation and
the matter-antimatter asymmetry in the universe. Recently,
the BABAR experiment has provided the upper limit for this
process [26]. For processes involving the violation of
baryon and lepton numbers, Ref. [27] calculated the form
factors for the decay process D — pe™ using light-cone
sum rules, with the intention of providing theoretical input
for the BESIII measurements [28].

In Ref. [15], the authors measured the baryon and lepton
number violation process A, — Ku in the LHCb experi-
ment and provided an upper limit. To constrain the new
physics parameters in conjunction with the experimental
data, the theoretical exploration of these decays is indis-
pensable. For the A, — Ky decay, there exist A(B—L) =0
process [5] A, > K=¢* and A(B — L) =2 process [29]
A, = KT¢~. Our work computes the form factors of
spectator processes A, — P¢ for both A(B— L) =0 and
A(B— L) =2, with P = x, K denoting a light pseudosca-
lar meson. In the framework of the SMEFT, effective
operators of leptoquark at the m,; scale are obtained by
integrating out the heavy particles at the new physics scale.
The matrix elements of the leptoquark operators are
calculated in the QCD factorization approach [30-34],
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Leptoquark operators of A, — P¢ spectator processes below the m,, scale, with the bold lines representing heavy quark fields,

the thin lines representing light quark fields, and the dashed lines representing the lepton fields. The shaded blocks in gray color

represent the I" matrices connecting two fermion fields.

which is widely used in the semileptonic and nonleptonic
decays of B mesons. At leading power, our calculations
indicate that the form factors of the A, — PZ processes are
factorized into the convolution of hard function, jet
function, and wave functions without endpoint divergence.
The short-distance hard function and jet function, which
respectively correspond to the hard scale and hard-collinear
scale contributions, could be calculated perturbatively. The
form factors of baryon number violation processes can be
combined with experimental data to constrain the new
physics parameters of leptoquark operators. These form
factors can also serve as inputs for calculations in other new
physics theories.

The framework of this paper is as follows: In the next
section, we will introduce the effective Hamiltonian and
the leptoquark operators. In Sec. III, the form factors of
A, — P will be calculated in the QCD factorization
approach. In Sec. IV, the numerical result will be given.
We present our conclusions in the last section.

II. LEPTOQUARK OPERATOR

In the theory of baryon number violation, the introduc-
tion of leptoquark can be traced back to grand unification
theories [2,3], and the leptoquark operator theory [5-8]. In
the framework of the SMEFT, the new physics scale is
integrated out to obtain the effective Hamiltonian for the
A, — P spectator processes as follows

Hoew = Z Gnew,aOaH (1)

a=1

where G, , represents the effective new physics coupling
constants. The corresponding leptoquark operators of
spectator processes A, — P¢ are

0, = e*(d’T'b;)(¢Tsy), 0, = /X (5{Tb;)(¢Tdy),
O3 = €7*(d{T's;)(¢Tby), 04 = €7*(d;Tb;)(¢Tdy),
Os = €*(dSTd;)(¢Tby), O = €*(iSTh;) (uI?),
07 = €% (5T u;) (bTE), (2)

where ¢ = e, u represent the leptons. €% is a fully
antisymmetric tensor and the Latin letters of superscript
represent color indices. The violation of fermion flow often
occurs in the processes of baryon number violation.
Typically, people introduce eigenstates of charge conjuga-
tion to construct the leptoquark operators with the specific
form

pe=Cy',  pt=y'C, (3)
where C is the matrix of charge conjugation. In Fig. 1, the
bold lines represent a heavy quark field, the thin lines
represent light quark fields, and the dashed line represents
the lepton field. The shaded blocks in gray color represent
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the I" matrices connecting two fermion fields. The Lorentz
structures of leptoquark operators are represented by

I'= {117/5’7//47}/;4}/5’0/41/}7 (4)

where 6, = % [y,.7,]. For the leptoquark operators O, and
O, there exist two quarks with the same flavor, which will
result in an additional diagram from the Pauli principle. For
the convenience of distinguishing different decay channels,
we label the colors of u, d, b quark in A;, baryon as i, j, k
and m representing the color in the meson to distinguish the
different channel. The diagrams of leptoquark operators are
shown in Fig. 1, where diagrams (1)—(3) represent oper-
ators O ~ O5 respectively. Diagrams (4) and (5) represent
the s-channel and t-channel of O, operator, diagram
(6) represents the Os operator. Similarly, diagrams (7)
and (8) represent the s-channel and t-channel of the Og
operator, and diagram (9) represents the O, operator. The
leptoquark operators O; ~ O contribute to the process
of A, - KT¢7; O4 and Os contribute to the process of
A, = n7¢7; Og and O, contribute to the process of
A, — n~¢*. It is easy to see that the operators O; ~ Os
violate B — L number, while the operators Og and O,
conserve the B — L number.

III. QCD CALCULATION

In the last section, the leptoquark operators in Eq. (2) are
obtained at the bottom quark mass scale after integrating
out the high-energy physics. The decay matrix elements of
A, — P¢ processes are then the product of the A, — P
transition form factor and the lepton spinor. Since the
lepton spinor does not couple to the antisymmetric 6,,, we
will not consider the I' = 6, in Eq. (4). In general, the
A, — P transition form factors can be parametrized as
follows

(PH(P)|OalAy(pa,)) = [AT + BT P+ Cfluy, (pa,)-

a=1~15,
(P=(P)|OalNs(Pa,)) = uy, (Pa,)CIA™ + B~ P+ C 4,
a=6~17. (5)

According to the equation of motion p AU(PA,) =
my,u(py,) and the momentum conservation p,, = p +q,
where p and g represent the momenta of the final-state
meson and lepton, respectively, the scalar form factor A*
can be decomposed into form factor B* and C*. Therefore,
the leptoquark operators have only two independent form
factors B* and C*. The form factor C* does not contribute
to our semileptonic decays since the equation of motion
du,(q) = 0. The only left task for us is the evaluation of the
form factor £, _,p+, which is defined as

(P (D) (@)|0ul s (p) ~ Cne () 1, ().

a=1~35,

(P (P)E (@10l (Pa) ~ e, (P, )C 02 g).

a=6~17, (6)

where the Lorentz structure between the spinors is from
the leading power expansion of the meson momentum
p =i+ pi/2 in light-cone limit, and the definition of the
light-cone coordinate system is given in Sec. Il A.

For the processes below the m,, scale, the QCD factori-
zation approach [30-34] is employed to investigate the
hadron decay. The approach provides a factorization
scheme for decay amplitudes to be expanded in the power
of A~ Agcp/my,, which is widely employed in B meson
decay. Under the QCD factorization approach, the form
factor of heavy-to-light current at leading power can be
factorized as follows [32]

fil@?) =C;-&p(E) + s @ T; @ pp. (7)

In Eq. (7), the first term on the right-hand side of the
equation is the hard function C; times the soft form factor
&p(E) which absorbs the nonperturbative effects below the
hard-collinear scale. Trying to further factorize £,(E) into a
convolution of a jet function and light-cone distribution
amplitudes (LCDAs), one will encounter the well-known
endpoint divergence, which destroys the factorization. The
second term on the right-hand side of the equation
represents the hard-scattering kernel 7'; convoluted with
the LCDAs of the B meson and the light pseudoscalar
meson. We will show in the following that for the baryon
decay, the form factor could be factorized, thus the
factorization formula of the form factor only retains the
second term in Eq. (7) but with the B meson LCDA
replaced by the baryon one.

A. Kinematics

Since the A, baryon is very heavy, the massless final-
state meson and lepton in the baryon number violation
processes can be approximated to be on the light cone. In
the light-cone coordinate system, we will introduce two
light-cone vectors n and 7

n* =(1,0,0,1), " =(1,0,0,-1), (8)
which satisfy n> = 72> = 0 and n - i = 2. We choose the
large momentum component of the pseudoscalar meson
in the collinear direction as 7- p = m,, and the large
momentum component of the lepton in the anticollinear
direction as n - g = m,,. In the light-cone coordinate, the
momentum can be expanded as
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TABLE 1. Imput parameter at yg = 1 GeV.
my, = 5.6196 GeV [37] 75, = 1.471 ps [37]
wy = 0.2801003 GeV [38] 15 (o) = 0.030  0.005 GeV? [38]
[ =0.1304 £ 0.0002 GeV [34] fx = 0.1562 + 0.0007 GeV [34]
ai(uo) =0 [34] aZ(up) = 0.29 +0.08 [34]
ak (1g) = —0.07 £ 0.04 [34] ak (119) = 0.24 +0.08 [34]
o Gegenbauer moments expansion of the pseudoscalar meson
H=n- -k— he—
K=n-k 2 ek 2 + KL ®) is presented up to the first two orders in Table I. The

where we chose the convention k ~ (n - k, 71 - k, k, ). Since
the A, baryon involves a heavy bottom quark, we consider
it within the framework of heavy quark effective theory
(HQET) [35], defining the velocity of the heavy baryon

v = (1,0,0,0), (10)

satisfying »> = 1. For the heavy b-quark decay processes in
QCD, there exist five different momentum regions

hard: (1,1, 1)my,
hard — collinear: (4, 1, VA)m,,
collinear: (4%, 1,4)m,,
anticollinear: (1,42, 1)m,,
soft: (4,4, 4)my, (11)

Except for the heavy quark, the rest of the light degrees of
freedom in the baryon have soft momenta. The final-state
pseudoscalar meson and lepton represent the collinear
mode and anticollinear mode respectively. The interaction
between the collinear field and the soft field is mediated by
the hard-collinear field.

B. Light-cone distribution amplitude

To calculate the decay amplitude at leading power, we
need to introduce the definition of the LCDAs for the light
pseudoscalar mesons at leading-twist [32,34]

(P(p)l[a(mm)l4m, 0]1g(0)]5]0)

:UjTPﬁ‘P[gifs]BAAldxeiXtﬁ'p(f)P(X’ﬂ)’ (12)

where fp is the decay constant of pseudoscalar meson. The
leading twist pseudoscalar meson LCDAs can be expanded
in terms of Gegenbauer polynomials as

¢p<x,u>=6xx[1+ WP -] (13)

(9]
n=1

where x and X are the momenta fraction of the g quark and
the ¢ quark respectively in the meson, with X = 1 — x. The

definition of gauge link [36] is

[17,0] = Pexp {ig[dxﬁ -A(xﬁ)], (14)

connecting along the light-cone direction from O to #7 at the
coordinate space.

The definition of the LCDA for the A, baryon at leading-
twist is as follows [38—41]

(O[u;(211)]4[0, tyn][d;(t,1)] [0, t1][ R, 1 (0)] | Ay (0))

1 o
X/ dy em 0y, (y, @), (15)
0

where ff\zb) (u) is the decay constant of A, baryon. w is the

sum of the two light quark n-direction momenta. y and y
correspond to the momentum fraction of u and d quarks
respectively, with y = 1 —y. The two light quarks form a
di-quark structure [39] of the A, LCDA in Eq. (15). u,,(v)
is the Dirac spinor in HQET, satisfying

Pun, (v) = u, (v). (16)

The definition of gauge link [38] is

[0,2;n] = Pexp {—igAti dxn -A(xn)}, (17)

where i = 1, 2. The specific form of the wave function at
leading-twist [38—41] is as follows

_ o,
wa(y. @) = yyo? — e~/ (18)
[

where @, is a nonperturbative input parameter, whose
numerical value is given in Table L.

C. Ay — P? decay amplitude

To calculate the form factors of the spectator processes
A, — PZ, we need to construct the correlation functions
associated with the leptoquark operators. The leading order
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FIG. 2. Diagrams (a)—(c) are the leading order diagrams for the A, — P form factor.

Feynman diagrams of the quark field for the baryon number
violation processes are shown in Fig. 2. Each interaction
vertex in the diagram can be replaced by one of the
leptoquark operators from Eq. (2). In QCD, the interaction
vertex between quark and gluon is

Lin(x) = @ (x)gA(x)y (x). (19)

Since the operators in Eq. (2) involve eigenstates of charge
conjugation, we need to introduce an interaction vertex
with charge conjugation

L (x) = =y (x)gAT (x)i" (x). (20)

According to discrete symmetry, the Lagrangian is invari-
ant under conjugate transformations Ly, (x) = L (x). The
corresponding correlation function in Fig. 2 is

T, = / e dYT{04(0). iLin (). i)}, (21)

In the framework of QCD factorization, we can write down
the decay amplitudes for the Fig. 2(a) based on the
correlation function:

AL\, - PTE7) = Gnew,,,(ff\b_ﬂD+ X ity (q)Mguy, (v),

a=1~35,
AG(Ny = P7EY) = Grewall,_p- X up, (0)MGv,(q),
a=6~17. (22)

where the superscript a ~ ¢ means Figs. 2(a)-2(c), respec-
tively. The form factor {{ _ .. at O(ay) can be factored into
the decay constants fp and f, times the convolution of the
hard functions C%(x,y, w, ), jet functions J%(x,y, w, u),
and nonperturbative wave functions ¢p(x, o) and w (y, w)
at leading power

" ) 1 [+ 1 u
‘/:A,,ePi :fpff\b)/o dx/o dww/o dy C4L(x,y, @, p)

X J4L(x, 3, @, 1) pp(x, o)y (v, @). (23)
The perturbative hard and jet function receives contributions
from the hard mode and the hard-collinear mode, respec-
tively. At the tree-level, the hard function C% (x, y, w, u) = 1,
and the jet functions are

ma (W) T¢ 1

Jilxy, o) = 4n-p xyw®’
“ _ mag(W)Te 1 24
Ty p) =" (24)

where T¢ =2/9 represents the color factors of lepto-
quark operators. The difference between jet functions
J4(x,y, o, pu) and T (x,y, o, u) are the momenta fraction
y and y. In the form factors Cj’\b_) p+» the integral of the jet
function J4 (x,y, ®, u) in Eq. (24) and the wave functions
v, (v, w) in Eq. (18) with respect to y are

1 1
A dy T (x,y. 0. s (3, ) ~ / dy,

0

1 1
Adyja_(x,y,w,ﬂ)w(y,w%/o dyy, (25)

The momenta fraction y of u-quark and y of d-quark are
symmetric under the convolution of fol dyy = fol dyy, since
the light quarks of A, LCDA in Eq. (15) are symmetric in
heavy quark limit [41]. Therefore, the form factors can be
abbreviated as one (3 _p = P

For the decay amplitudes of the baryon number violation
processes, the spinor structures are formed by the lepton
spinor and the heavy baryon spinor. The difference of the
spinor structures between the processes A, - Pt#~ and
A, —» P~¢7 arises from whether the fermion flow of the
leptoquark operators in Eq. (2) is entirely broken. The
fermion flows in the lepton part of operators O ~ O5 are
not broken, hence the spin structure is the bilinear form
ity (q)Mgun,(v). On the other hand, the fermion flows in
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the lepton part of the operators Og and O, are broken,
resulting in a spin structure in the form of u/T\b (v)MSv,(q).

M¢ represents the matrix element between the heavy
baryon spinor field and the lepton spinor field

#

M =—M§=—M$/2 =27 pm)/ ZFEF,
M4 =M% =27 pm}\/szr{Fg}F,
M¢ = 4#i 1/24T ﬂ
6= n-pmAbF CEF’
M4 =27 pmy’ 2Tr{l“§} CT, (26)

1/2
A

where m, " is from the difference of the spinor between

QCD and HQET u,, (pa,) = my uy, (v). From Eq. (2) and
Fig. 1, one can see that for operators O3, Os, and O, the
Dirac fermion flow is a b-quark going to a lepton, while the
light quark in these operators combines with spectator
quark going to the final-state pseudoscalar meson via the
strong and the new physics interaction. The pseudoscalar
mesons are formed by the diquark structure, which is
similar to the semileptonic decays B — z£v [32] or
radiative decays B — Vy [42,43]. In this case, the calcu-
lation will give a contribution as a trace of the Dirac
matrices shown in the second column of Eq. (26). Because
of this trace in Eq. (26), only I' = y,, kind of operators can
contribute to our calculation, which is similar to the B
decay case [32,42—44]. For the other kinds of operators,
shown in the first column of Eq. (26), no trace is required,
such that all kinds of operators contribute except that for
I' =0, since the lepton spinor does not couple to the
antisymmetric ¢, at leading power.

Kinematically, the above calculation can be described by
the factorization diagrams for the form factors of the baryon
number violation processes, as depicted in Fig. 2(a). The
b-quark decays through new physics particle into two
antiquark fields and a lepton field, with one of the hard-
collinear antiquark fields annihilating with the soft quark
from the initial state to produce a hard-collinear gluon,
which converts the soft spectator quark into a collinear one.
The jet function in Eq. (24) is obtained when the hard-
collinear fields are integrated out, which gives a leading
power contribution.

Comparing Figs. 2(a) and 2(b), the light quark propagator
is replaced by a heavy quark propagator in the perturbative
calculation. Thus the contribution from Fig. 2(b) is sup-
pressed by Agcp/m;, compared with Fig. 2(a). We will not
consider this next-to-leading power contribution in the
present paper.

Based on the correlation function in Eq. (21), we can
similarly express the amplitudes of Fig. 2(c) as

Agt(Ab - P+f—> = Gnew,aélj\h_)pﬁa X EK(Q)MauAb(U)’

a=1~35,
AS(Ay = P7EY) = Groals o X 1 (0)ME0,(q),
a=6~17. (27)

It is easy to show that at leading power, the matrix element
M, between spinors for any of the effective operators for
this Feynman diagram are proportional to

Ma~§7f"§m§=§y”§m§=0- (28)
In fact, this diagram is similar to the one in semileptonic B
decay, which has the same power as Fig. 2(b). Remarkably,
the amplitudes of Figs. 2(b) and 2(c) are the major
contribution of the B meson heavy-to-light form factors
at leading power [32,43,44], which are power suppressed in
our baryon decay processes. As a result, only Fig. 2(a) will
contribute to the decay amplitudes at leading power and the
form factors in Eq. (6) are {,.p = ¢4 _p + O(4). The
baryon decay amplitudes are free of endpoint divergence
since the convolution of the jet function with the LCDAS in
Eq. (23) is convergent. At the endpoint region, the LCDAs

display the following asymptotic behaviors ¢Px:0x,

y—0,0— —1l,0—

w7 %w? and w," 775 w? which will compensate
the endpoint-divergent behavior J4 (x,y,w,u) ~1/(xyaw?)
and J%(x,y, w,u) ~ 1/(xyw?) carried by the jet function,
and thus the form factor in Eq. (23) is endpoint finite. This
conclusion is in agreement with the heavy baryon transition
form factors in the standard model case [45].

With the transition form factors in Eq. (23), we can get
the decay rate of A, — P¢ after the sum of spins of final
states and averaging over the spin of A, for each effective
operator. Since the form factors defined for vector current
in Eq. (6), we can get the decay rate for I' =y, of each
leptoquark operators in Eq. (2) as

3

nry
FX = ’ Gnew,agAb—ﬂ(F, a=1~2,
4mf\
FX = . |Gnew,aCAb—>K 2v a=3,
4mf\
FX = b |Gnew.a§1\b—>ﬂ|27 a = 4 ~ 7, (29)

with superscript V denoting I' = y,,. For effective operators
03, Os, and O, the trace term Tr{I'/#/2} in Eq. (26) is
equal to zero when I" = 1, y5, Yu¥ss which means that these
Lorentz structures will not contribute at leading power
for these three operators. For other operators, the I' =
1,75, 7,75 of leptoquark operators O, will also contribute,
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factor.

The input parameter w, dependence of A, — P form

thus the decay rates labeled S, P, A in superscript to denote
these gamma matrix, are

3

1 ny
Fg:rg:zraA:4—7;)|Gnew.a€Ah—>K|27 a=1~2,
1 3

m
S_TP__1A__ M
Fa - Fa - Zra - e ‘Gnew,aCAb—n‘:

2 a=46.  (30)

IV. NUMERICAL RESULT

In the previous section, we provided the factorized
formula of the form factors for the baryon number violation
processes. Taking into account the input parameters from
Table I, we can choose the strong coupling constant at hard-
collinear scale o, (4 = 2 GeV) ~ 0.3 and calculate the form
factors for the spectator processes A, — PT#~ and
A, = P~¢". The numerical results of {,, _x and {y,_.,
form factors are

Ca,—k = 1097078 x 1073 GeV,
Capon = 9:00135 x 107* GeV. (31)

It is easy to see that there is only one independent form
factor at the heavy quark limit for each kind of decay, just
like the B meson decays [32,42—44]. During the form factor
calculation, the primary source of theoretical uncertainties
in Eq. (31) originates from the nonperturbative input
parameter w, of the A, wave function. The dependence
of form factors ¢, .x and {,_, on this nonperturbative
input are shown in Fig. 3. It can be observed that the
influence of the nonperturbative input @, on the form factor
{a,—p is monotonically decreasing. In addition to the above
theoretical uncertainty from nonperturbative parameters,
the next-to-leading order QCD correction to the form factor
is at the order of a;/x ~ 10% and the power correction is
estimated at the order of 1/m; ~20%.

The LHCb experiments have ever searched for the
processes A, — KTy~ and A, - K~u*™ [15], with the
joint upper limit on the branching ratios of

TABLE II. Constraints of the new physics effective couplings
from LHCb experiments.

‘Gnew,a‘z[Gev_ﬂ F'=1Tor Vs I'= yﬂ = }/;4}/5 r= G;u/

a=1,2
a=3

<52x107"7 <13x107"7 <13 x 107V
<32x10°'8

[B(Ap = K=p") +B(Ay — Kt p7)]
-6
w0 950107 atcL=90%.  (32)
B(A, = pK™)
Combining the branching ratio B(A, - pK~) = (54 +
1.0) x 107% provided by the particle data group [37], we
can obtain the constraints of new physics couplings for
leptoquark operators. As stated in Sec. II, the leptoquark
operator O; ~ O contribute to the process of A, - K*£~.
Assuming that only one kind of operator contributes to the
corresponding decay channel, constraints on new physics
couplings Gy, for different Lorentz structures are pre-
sented in Table II. As discussed in the previous section,
only vector current contributes to the effective operators
O3, Os, and O, so the constraint to operator Oz only
occurs for the vector current case. The tensor structure does
not contribute to any kind of effective operators, so there is
no constraint from the current experiment. As for operators
0, and O,, we have two kinds of constraints: one is for 1 or
y5 operators, the other is for y, or y,ys currents.

V. CONCLUSION

In this work, we have introduced the factorization
theorems for baryon and lepton number violation processes
in heavy baryon decay. Within the framework of the
SMEFT, we integrated out the new physics particles and
absorbed them into effective new physics couplings G ey 4
obtaining leptoquark operators at the m,, scale. In the QCD
factorization approach, we factorized the form factors for
the processes A, — P¢ into the convolution of the hard
function, jet function, and wave functions. The combina-
tion of the effective field theory of the Standard Model and
QCD factorization allows us to understand the factorization
behavior of baryon number violation processes even in a
low-energy situation. We computed the numerical results of
the form factors for these effective operators, which can
also be applied to similar baryon number violation proc-
esses or serve as inputs for other leptoquark new physics
theories.

Finally, as an example of application, utilizing measure-
ments of A, — K*u¥T decays from LHCb experiments, we
derive constraints on some of the effective new physics
couplings of the leptoquark operators. With the upgrade and
renovation of the High-Luminosity Large Hadron Collider,
future experiments will be able to conduct more precise
measurements of baryon number violation processes.

116012-7



LI, LU, WANG, and WEI

PHYS. REV. D 109, 116012 (2024)

ACKNOWLEDGMENTS

We are grateful to Dong-Hao Li for helpful discussions. The work is partly supported by the National Key Research and
Development Program of China under Contracts No. 2020YFA0406400 and No. 2023YFA1606000 and the National
Natural Science Foundation of China with Grant No. 12275277.

[1] A.D. Sakharov, Pis’ma Zh. Eksp. Teor. Fiz. 5, 32 (1967).
[2] J.C. Pati and A. Salam, Phys. Rev. D 8, 1240 (1973).
[3] H. Georgi and S.L. Glashow, Phys. Rev. Lett. 32, 438
(1974).
[4] H.P. Nilles, Phys. Rep. 110, 1 (1984).
[5] S. Weinberg, Phys. Rev. Lett. 43, 1566 (1979).
[6] L. F. Abbott and M. B. Wise, Phys. Rev. D 22, 2208 (1980).
[7]1 F. Wilczek and A. Zee, Phys. Rev. Lett. 43, 1571 (1979).
[8] B. Mecaj and M. Neubert, J. High Energy Phys. 0l
(2023) 059.
[9] K. Abe et al. (Super-Kamiokande Collaboration), Phys.
Rev. D 90, 072005 (2014).
[10] A. Abusleme et al. (JUNO Collaboration), Chin. Phys. C 47,
113002 (2023).
[11] M.-G. Zhao (BESIII Collaboration), Proc. Sci. ICHEP2020
(2021) 294.
[12] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 101,
031102 (2020).
[13] P. del Amo Sanchez et al. (BABAR Collaboration), Phys.
Rev. D 83, 091101 (2011).
[14] R. Aaij et al. (LHCb Collaboration), Phys. Lett. B 724, 36
(2013).
[15] O. Griinberg, Search for A, — K~u* at LHCb, Ph.D. thesis,
Rostock U., 2017.
[16] R. Aaij et al. (LHCb Collaboration), Phys. Rev. D 108,
012021 (2023).
[17] M. Bauer and M. Neubert, Phys. Rev. Lett. 116, 141802
(2016).
[18] G. Ciezarek, M. Franco Sevilla, P.M. Hamilton, R.
Kowalewski, T. Kuhr, V. Liith, and Y. Sato, Nature (London)
546, 227 (2017).
[19] K. Cheung, Z.-R. Huang, H.-D. Li, C.-D. Li, Y.-N. Mao,
and R.-Y. Tang, Nucl. Phys. B965, 115354 (2021).
[20] Z.-R. Huang, E. Kou, C.-D. Lii, and R.-Y. Tang, Phys. Rev.
D 105, 013010 (2022).
[21] J. Gao, T. Huber, Y. Ji, C. Wang, Y.-M. Wang, and Y.-B.
Wei, J. High Energy Phys. 05 (2022) 024.
[22] G. Elor, M. Escudero, and A. Nelson, Phys. Rev. D 99,
035031 (2019).
[23] G. Alonso-Alvarez, G. Elor, and M. Escudero, Phys. Rev. D
104, 035028 (2021).

[24] A. Khodjamirian and M. Wald, Phys. Lett. B 834, 137434
(2022).

[25] Y.-J. Shi, Y. Xing, and Z.-P. Xing, Eur. Phys. J. C 83, 744
(2023).

[26] J.P. Lees et al. (BABAR Collaboration), Phys. Rev. Lett.
131, 201801 (2023).

[27] A. Bansal, arXiv:2205.13564.

[28] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 105,
032006 (2022).

[29] F. Wilczek and A. Zee, Phys. Lett. 88B, 311 (1979).

[30] M. Beneke, G. Buchalla, M. Neubert, and C. T. Sachrajda,
Phys. Rev. Lett. 83, 1914 (1999).

[31] M. Beneke, G. Buchalla, M. Neubert, and C. T. Sachrajda,
Nucl. Phys. B591, 313 (2000).

[32] M. Beneke and T. Feldmann, Nucl. Phys. B592, 3
(2001).

[33] M. Beneke and M. Neubert, Nucl. Phys. B675, 333
(2003).

[34] Y. Grossman, M. Konig, and M. Neubert, J. High Energy
Phys. 04 (2015) 101.

[35] A.V. Manohar and M. B. Wise, Cambridge Monogr. Part.
Phys., Nucl. Phys., Cosmol. 10, 1 (2000).

[36] T. Becher, A. Broggio, and A. Ferroglia, Lect. Notes Phys.
896, 1 (2015).

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

[38] Y.-M. Wang and Y.-L. Shen, J. High Energy Phys. 02
(2016) 179.

[39] P. Ball, V. M. Braun, and E. Gardi, Phys. Lett. B 665, 197
(2008).

[40] T. Feldmann and M. W.Y. Yip, Phys. Rev. D 85, 014035
(2012); 86, 079901(E) (2012).

[41] G. Bell, T. Feldmann, Y.-M. Wang, and M. W.Y. Yip,
J. High Energy Phys. 11 (2013) 191.

[42] T. Becher, R.J. Hill, and M. Neubert, Phys. Rev. D 72,
094017 (2005).

[43] H. Deng, J. Gao, L.-Y. Li, C.-D. Lii, Y.-L. Shen, and C.-X.
Yu, Phys. Rev. D 103, 076004 (2021).

[44] C. W. Bauer, D. Pirjol, and 1. W. Stewart, Phys. Rev. D 67,
071502 (2003).

[45] W. Wang, Phys. Lett. B 708, 119 (2012).

116012-8


https://doi.org/10.1070/PU1991v034n05ABEH002497
https://doi.org/10.1103/PhysRevD.8.1240
https://doi.org/10.1103/PhysRevLett.32.438
https://doi.org/10.1103/PhysRevLett.32.438
https://doi.org/10.1016/0370-1573(84)90008-5
https://doi.org/10.1103/PhysRevLett.43.1566
https://doi.org/10.1103/PhysRevD.22.2208
https://doi.org/10.1103/PhysRevLett.43.1571
https://doi.org/10.1007/JHEP01(2023)059
https://doi.org/10.1007/JHEP01(2023)059
https://doi.org/10.1103/PhysRevD.90.072005
https://doi.org/10.1103/PhysRevD.90.072005
https://doi.org/10.1088/1674-1137/ace9c6
https://doi.org/10.1088/1674-1137/ace9c6
https://doi.org/10.22323/1.390.0294
https://doi.org/10.22323/1.390.0294
https://doi.org/10.1103/PhysRevD.101.031102
https://doi.org/10.1103/PhysRevD.101.031102
https://doi.org/10.1103/PhysRevD.83.091101
https://doi.org/10.1103/PhysRevD.83.091101
https://doi.org/10.1016/j.physletb.2013.05.063
https://doi.org/10.1016/j.physletb.2013.05.063
https://doi.org/10.1103/PhysRevD.108.012021
https://doi.org/10.1103/PhysRevD.108.012021
https://doi.org/10.1103/PhysRevLett.116.141802
https://doi.org/10.1103/PhysRevLett.116.141802
https://doi.org/10.1038/nature22346
https://doi.org/10.1038/nature22346
https://doi.org/10.1016/j.nuclphysb.2021.115354
https://doi.org/10.1103/PhysRevD.105.013010
https://doi.org/10.1103/PhysRevD.105.013010
https://doi.org/10.1007/JHEP05(2022)024
https://doi.org/10.1103/PhysRevD.99.035031
https://doi.org/10.1103/PhysRevD.99.035031
https://doi.org/10.1103/PhysRevD.104.035028
https://doi.org/10.1103/PhysRevD.104.035028
https://doi.org/10.1016/j.physletb.2022.137434
https://doi.org/10.1016/j.physletb.2022.137434
https://doi.org/10.1140/epjc/s10052-023-11930-z
https://doi.org/10.1140/epjc/s10052-023-11930-z
https://doi.org/10.1103/PhysRevLett.131.201801
https://doi.org/10.1103/PhysRevLett.131.201801
https://arXiv.org/abs/2205.13564
https://doi.org/10.1103/PhysRevD.105.032006
https://doi.org/10.1103/PhysRevD.105.032006
https://doi.org/10.1016/0370-2693(79)90475-1
https://doi.org/10.1103/PhysRevLett.83.1914
https://doi.org/10.1016/S0550-3213(00)00559-9
https://doi.org/10.1016/S0550-3213(00)00585-X
https://doi.org/10.1016/S0550-3213(00)00585-X
https://doi.org/10.1016/j.nuclphysb.2003.09.026
https://doi.org/10.1016/j.nuclphysb.2003.09.026
https://doi.org/10.1007/JHEP04(2015)101
https://doi.org/10.1007/JHEP04(2015)101
https://doi.org/10.1007/978-3-319-14848-9
https://doi.org/10.1007/978-3-319-14848-9
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1007/JHEP02(2016)179
https://doi.org/10.1007/JHEP02(2016)179
https://doi.org/10.1016/j.physletb.2008.06.004
https://doi.org/10.1016/j.physletb.2008.06.004
https://doi.org/10.1103/PhysRevD.85.014035
https://doi.org/10.1103/PhysRevD.85.014035
https://doi.org/10.1103/PhysRevD.86.079901
https://doi.org/10.1007/JHEP11(2013)191
https://doi.org/10.1103/PhysRevD.72.094017
https://doi.org/10.1103/PhysRevD.72.094017
https://doi.org/10.1103/PhysRevD.103.076004
https://doi.org/10.1103/PhysRevD.67.071502
https://doi.org/10.1103/PhysRevD.67.071502
https://doi.org/10.1016/j.physletb.2012.01.036

