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We investigate the potential for discovering new physics through the low-energy scattering processes
e~ p — e (u7)A,, which could be accessible in the forthcoming e p scattering experiments once adapted to
our proposed setups. In the framework of a general low-energy effective Lagrangian, we demonstrate that,
compared with the conventional flavor-changing neutral-current weak decays of charmed hadrons and the
dilepton productions at high-energy colliders, the low-energy scattering processes can provide more
competitive potentials for hunting the underlying new physics. In some specific leptoquark models, we also
show that promising event rates can be expected for both the scattering processes, and point out a possible
way to distinguish the experimental signals due to the scalar leptoquarks from those of the vector ones.
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I. INTRODUCTION

The absence of flavor-changing neutral current (FCNC)
at tree level in the Standard Model (SM) makes these
processes very sensitive to new physics (NP) beyond the
SM. The FCNC processes in the beauty sector are known to
be an ideal ground for NP searches due to their good
exposure to the short-distance effects [1,2]. However,
similar processes in the charm sector are generally hindered
by the pollution of long-distance hadronic contributions,
which obscures the short-distance NP contributions.
Therefore, to access the short-distance physics in the charm
sector, e.g., in the semileptonic decays of charmed hadrons,
one usually selects particular kinematic phase spaces, in
which the NP-induced rates are much larger than those due
to the hadronic resonance background [3-5].

For a more thorough analysis, however, one may prefer to
look at all the kinematically available regions in these rare
decays, and thus a special treatment of the long-distance
hadronic contributions becomes necessary. This can be
achieved by using, e.g., a Breit-Wigner shape to model
the resonance effect and then shifting it to the short-distance
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Wilson coefficients [4—8].1 Similar treatments of the had-
ronic resonance contributions in other charm decays can be
found in Ref. [4]. Nevertheless, it is known that such
treatments leave the nuisance parameters introduced to
describe the resonance effects undetermined, due to the lack
of experimental data [4-8].

Crossing symmetry offers a way to avoid the long-
distance pollution without invoking the kinematic cuts. To
this end, instead of the conventional charmed-hadron weak
decays mediated by the partonic-level ¢ = uZ~¢* tran-
sitions, we consider the low-energy scattering process
induced by the transition Zu — £c, whose amplitude is
unambiguously connected to that of the former because of
the crossing symmetry. Furthermore, due to its different
kinematics relative to the rare FCNC decays, such a process
is free from the long-distance pollution. To be more
specific, let us consider the process of a low-energy
electron scattered from a proton target and producing a
A, baryon, i.e., e"p — e~ A_, which can be considered as
the FCNC production of the baryon A, analogous to, e.g.,
the electroproduction of the baryon A(1236) through ep
scattering [11]. It is also noted that the high-precision data
of the Hadron-Electron Ring Accelerator have been
recently used to constrain the NP contributions to the
eeqq contact interactions [12]. The underlying processes
involved are essentially the partonic-level eq — eq

'For an alternative approach to this problem, see, e.g.,
Refs. [9,10], where the hadronic resonance contributions are
obtained through a dispersion relation, modeling the spectral
functions as towers of Regge-like resonance in each channel and
imposing the partonic behavior in the deep Euclidean.
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scatterings at high energy. However, only the interactions
with the same quark flavors have been considered [12].

Recently, thanks to the high luminosity accumulated at the
Large Hadron Collider (LHC), competitive constraints on
the short-distance NP effects in the charm sector can also be
set by recasting resonant searches in the high-p; invariant
mass tails of dilepton in the processes pp — £=¢* [13].
Being essentially the gg — £~ ¢ scatterings realized in the
high-energy regions, these processes are free from the long-
distance pollution as well. As demonstrated in Ref. [13],
there exhibits an interesting and pronounced complemen-
tarity between the constraints from pp — £=¢" high-py
invariant mass tails and those from the rare charm decays.

In this paper, we will show that, benefiting from the
development of electron beams, particularly those designed
for light dark-matter searches through electron fixed-target
experiments [14-17], the FCNC scattering process
e~ p — e~ A., once measured with a proper experimental
setup, could be competitive with the conventional charmed-
hadron weak decays and the high-p invariant mass tails, in
constraining the short-distance NP effects in the charm
sector.

Presumably, the simplest way to access the short-
distance NP effects while without worrying about the
long-distance pollution in charmed-hadron weak decays
1s to consider the null test observables, i.e., the observables
that are very small in the SM due to approximate sym-
metries and/or parametric suppression [7,18-20]. In this
respect, the lepton flavor-violating (LFV) FCNC process is
a sound candidate, since it contains practically no SM
contribution due to the smallness of neutrino masses. This
kind of process has been extensively studied in rare
charmed-meson weak decays [6,18-24]. Searches for the
rare FCNC decays of charmed baryons, such as A, and 2.,
have also been conducted experimentally [22,25,26], while
the corresponding detailed theoretical studies are still
developing [27]. The LFV FCNC processes have also been
explored by analyzing the high-p; dilepton invariant mass
tails in the processes pp — £¢' [28]. Similar to the lepton
flavor-conserving (LFC) case discussed above, the high-pr
invariant mass tails are generally found to offer better
insights into the short-distance NP effects. However, to
have a deep understanding of the whole picture, they must
also be complemented with the rare charm decays [28].

In this paper, we will also consider the process of a low-
energy electron scattered from a proton target and producing
a A, baryon and a muon, i.e., ¢e"p — p~A,. Interestingly
enough, such a LFV scattering process, together with the
LEC one discussed above, can be simultaneously accessible
with one experimental setup. Based on the setup, we will
show that our proposal of the low-energy LFV e p scattering
experiment can yield at least comparable constraints with
respect to those obtained at the high-energy collider [28].

Among the possible new degrees of freedom that can
mediate both the LFC and LFV scattering processes at tree

level, we will focus on the leptoquark (LQ) mediators, which
are expected to exist in several extensions of the SM, such as
in the Pati-Salam model [29] and in the grand unification
theories [30,31]. These hypothetical particles can convert a
quark into a lepton and vice versa and, due to such a
distinctive character, have very rich phenomenology in
precision experiments and at particle colliders [32,33].
Particularly, several anomalies observed recently in charged-
and neutral-current B-meson weak decays have attracted
extensive studies of the LQ interactions, due to their
potentials for explaining the anomalies simultaneously
(see, e.g., Refs. [34-50]). While most of these analyses
have been focusing on the LQ couplings to down-type
quarks, we will concentrate on the LQ interactions involving
the light leptons and up-type quarks. For completeness, we
consider both scalar and vector LQs, even though the vector
ones are more sensitive to the ultraviolet complete models,
which may in turn render the obtained limits on vector LQ
couplings less robust [51]. With the selected experimental
setup, together with the constraints from high-p; invariant
mass tails and the rare charm decays, we will show that the
observation of both the LFC and LFV scattering processes
mediated by the LQs can be expected.

The paper is organized as follows. In Sec. I, we start with
a recapitulation of the generic LQ-fermion interactions that
respect the SM gauge symmetry. To avoid the stringent
constraints set by the null results of experimental searches
for proton decays, we exclude the LQs that can induce tree-
level proton decays. We then present the general effective
Lagrangian that can mediate the two scattering processes. In
the established theoretical framework, we firstly consider in
Sec. Il the LFC e~ p — e~ A, and then in Sec. IV the LFV
e~ p — u~ A, scattering process, including both the kin-
ematics involved and the proper experimental setups. After
revisiting the currently existing experimental constraints, we
evaluate the prospect for discovering the potential LQ effects
through the low-energy scattering processes in various
aspects. Our conclusions are finally made in Sec. V. For
convenience, the helicity-based definitions for A, — p form
factors as well as the cross section and kinematics of the LFC
(LFV) scattering process are given in Appendixes A and B,
respectively.

II. THEORETICAL FRAMEWORK

A. Leptoquarks

We start with a brief summary of the LQ interactions with
the SM fermions. Based on their different representations
under the SM gauge group SU(3). x SU(2), x U(1),,
both scalar and vector LQs can be classified into five
different categories. Following the notation used commonly
for the LQs in the literature [32,33], we present schemati-
cally in Table I their interactions with the SM fermions,
where the left-handed lepton (quark) doublets are denoted as
Ly = (¢ (QF = (ub,di)T), while the right-handed

035007-2



PROSPECTS FOR DISCOVERING NEW PHYSICS IN CHARM ...

PHYS. REV. D 105, 035007 (2022)

TABLE 1. Scalar and vector LQ interactions with the SM
fermions, as well as their representations under the SM gauge
group SU(3) x SU(2), x U(1)y. Our convention for the hyper-
charge Y is given by Q., = T3 + Y.

Scalar LQ SM representation Vector LQ SM representation

$101L; (3,1,1/3) U, 0.r'L; (3,1,2/3)
Siuger Ul;,ElR}/”eR

RyligLy (3.2,7/6)  Voydgy*L  (3,2,5/6)
RyQper Vo, Orr'er

$30.Ly (3.3,1/3) Us, Q17" Ly, (3.3,2/3)
Sydrer (3.1,4/3) Uy, digyter (3.1,5/3)
RydgLy (3.2,1/6) Vo ugy'Ly (3,2,-1/6)

up-(down-)type quark and lepton singlets as u}, (d%) and ek,
respectively. Note that, for simplicity, neither the coupling
constants nor the Hermitian conjugation are explic-
itly shown.

It is known that not all the LQs can be assigned definite
baryon (B) and lepton (L) numbers, because some of them
can also couple to two quarks, which would then mediate
proton decays at tree level [52-54]. Here, given the strong
constraints on proton stability (or generally the |AB| = 1
processes) [55], we will focus only on the LQs that cannot
mediate these processes at tree level. This reduces the
number of LQs significantly, and leaves us with only one
scalar R, and three vector (U, Us,U;) LQs. One can
further reduce the number to one by forbidding dimension-
five proton decays as well—only U, would survive in this
case [54]. However, since the dimension-five proton decay
operators can be conveniently eliminated by embedding the
vector LQs into UV complete models or by imposing some
additional symmetry (such as a gauged U(1),_;) for the
scalar case [52,54], we will keep the LQs that can induce
dimension-five proton decays.

Since the vector LQ U; cannot mediate the scattering
processes e~ p — e~ (u”)A, at tree level, we will concen-
trate only on the remaining three LQs (R,, U3, U;), with
their relevant interactions fleshed out, respectively, as

L, D RI(AS) e, + (25) s ef] + Hee (1)

Ly, D U (A3 e} +He., (2)

Ly, D U3 (/1 )i uRy”eR—l-Hc (3)

where we have adopted the four-component spinors for
all the fermions such that, e.g., egr; = Pgre, with
Pr; = (1£7%)/2. Several necessary explanations are in
order. First, we have assigned in Eq. (1) two different
coupling constants (45);; and (25),;, with i, j=1, 2, 3
denoting the generation indices, to characterize the two

different interactions of R, with the SM fermions. Note that
there exists a minus sign difference between the couplings 13
in Eq. (1) and yX* defined in Ref. [32]. In addition, for the
LQ Us, our definition of the coupling 1Y in Eq. (2) differs by
a factor /2 from x4* introduced in Ref. [32]. Second, the
electric charges of the LQ components are characterized by
the rational superscript in each of the LQs, with the
convention Q.,, = 75 + Y. Finally, all the fermion fields
in Egs. (1)~(3) have been given in their mass-eigenstate
basis, which, in our convention, coincides with the flavor
basis of the left-handed up-type quarks and charged leptons.
With such a convention, the Ileft-handed down-type
quark and neutrino flavor states can be transformed into
their respective mass eigenstates through d; — Vd; and
v, — Uy, where V and U denote the Cabibbo-Kobayashi-
Maskawa and the Pontecorvo-Maki-Nakagawa-Sakata
matrix, respectively.

B. Effective Lagrangian

The general effective Lagrangian responsible for the
process Zu — £(¢')c can be written as

Lo = LM+ L3, (4)

where £3Y and £L2 represent the SM and the LQ con-
tribution, respectively. In contrast to the charmed-hadron
weak decays, to which both the short- and long-distance
effects from the SM can contribute, only the short-distance
ones play a part in the scattering processes. However, due to
the Glashow-Iliopoulos-Maiani mechanism, the SM short-
distance effects are strongly suppressed [4-7,19,56-61], and
thus we can safely neglect the contribution from ES}}/I , when
discussing the scattering processes.
The general effective Lagrangian [,

level exchanges of LQs is given by [51]

¢ induced by tree-

Lo = Al 2y, 1) @ ar)

i,j,m.n

+ [gER I (2, 1) (@ar ap)
+ (GBI (e, 7) (@57 a7 )
+ [ggR]l] o (ﬁe?’yﬂ )(QRV”QR)
+ [gh] I (oo ] ) (qR0,mq))
+ [gf1 (2, 0" € 1) (@7 0,4
+ [gé]”mn(ﬂ Z] 1)(aRar)
+ [gf10mn (23 %) (@7 aR) (5)

where i, j and m, n represent the flavor indices of leptons
and quarks, respectively. The effective Wilson coefficients
(WGCs) g resulting from different LQs will be explicitly
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determined case by case, and only the nonvanishing ones
will be shown hereafter.

After integrating out the scalar LQ R,, together with
proper chiral Fierz transformations (see, e.g., Ref. [62]) of
the resulting four-fermion operators to the ones given by
Eq. (5), we get the following nonvanishing WCs:

(J/S) (’g)jm ’
( )in u’/g)jm’

ijymn __ 4[A ]t/ mn
]

]

Jmn = 4[gf] e =
[-@%/R}ij’mn = _(Ag)TnO{g)]m’

] —(A3)in(3) jms (6)

where we have defined g = wg with the common factor
w = 1/(2M?). For simplicity, we will assume that all the
three LQs share the same mass M, which is of course not
necessary the case in nature. For tree-level exchanges of
the vector LQs U; and U 1, on the other hand, only one
nonvanishing WC survives in each case. Following the
same procedure, we obtain

[yt = =2(45) 5 (43) jm» ()
[P = =207 )i (A ) jns (8)

for U and U,, respectively.

The WCs and their relations given by Egs. (6)—(8) hold at
the matching scale ¢ = M. To connect the LQ coupling
constants A (1) to the low-energy scattering processes, we
must use the renormalization group (RG) equation to evolve
them to the corresponding low-energy scale. Since large
mixings of the tensor operators into the scalar ones can arise
due to QED and electroweak (EW) one-loop effects [63,64],
we take account of both QCD and EW/QED effects. To be
specific, we firstly match at the NP scale 4 = M the general
effective Lagrangian given by Eq. (5) to that of the Standard
Model Effective Field Theory (SMEFT), in which the
four-fermion operators are defined in the Warsaw basis
(see Table 3 in Ref. [65]), and then perform the RG running
from 4 = M down to the EW scale (1 = m ). Here we take
M =1 TeV as the benchmark for the LQ mass, since direct
searches for the LQs at LHC have already pushed the lower
bounds to such an energy scale [66-69].” Finally, we match
the four-fermion SMEFT operators to the low-energy ones
given at the EW scale, and continue the RG running down to
the characteristic scale y = 2 GeV. Taking into account both
the one-loop QCD and EW/QED effects [63,70], we obtain
numerically

’Note that the lower mass bounds for vector LQs have been
pushed roughly up to 1.8 TeV [69]. Nonetheless, we choose here
1 TeV for both scalar and vector LQs as a simple demonstration.

75(2 GeV)
d-(2 GeV)

~2.0¢4(1 TeV) — 0.5¢(1 TeV),
~0.8¢%(1 TeV), 9)

where y = L, R. We neglect the RG running effects of the
vector operators, since these operators do not get renor-
malized under QCD while their RG running effects under
EW/QED are only at the percent level. Note that our result
in Eq. (9) is slightly different from that in Eq. (6.4) of
Ref. [13], which results from the two- and three-loop
QCD effects [63] that have been neglected here.

Together with the result in Eq. (9), the scalar-tensor WC
relations, %(1 TeV) = 444 (1 TeV), in Eq. (6) would be
modified as

75(2 GeV)  9.4¢5(2 GeV), (10)
at the scale 4 = 2 GeV for R, the only scalar LQ that can
generate nonvanishing tensor and scalar effective operators
considered in this work.

The general effective Lagrangian introduced in Eq. (5) is
often presented in another operator basis (see, e.g.,
Refs. [6,19]). For the LFC case, the conversion relations
between the WCs defined in these two bases are given by

2w 2
Co 9= + ¢Eb), Csp= ,
910 2GFae( 97") s-P 2GFa69§
C@lo:ﬂ(mig ), C/SP: ﬂé’
' 2Gra, ’ 2Gra,
\/Eﬂ'
Crr, = _GFa ( ’T?:l:gé), (11)

where Gp is the Fermi constant and the fine-structure
constant a, = e?/4x. For the LFV case, the conversion
relations in Eq. (11) still hold and, to be distinguished from
the LFC case, all the C; (C}) will be replaced by K; (K).
Note that, for convenience, we will denote the g(2 GeV)
simply by ¢ hereafter.

C. Initial- and final-state hadronic effects

Before diving into explicit analyses of the two scattering
processes e p — e~ A, and e”p — u~ A, we now discuss
how to characterize the initial- and final-state hadronic
effects. Since the energy scale of the two processes is in a
few GeV region, it is unnecessary to invoke the parton
distribution functions, while the form-factor description is
sufficient. In fact, similar approaches have been adopted in
the asymmetrical electroproduction of the baryon A(1236)
by polarized ep scattering [11,71], in parametrizing the
parity violation in electron-nucleon scattering (see, e.g.,
Ref. [72]), and recently in evaluating the cross section of
inverse beta decay [73,74].
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We will adopt the helicity-based definition of the A, — p
form factors [59,75]. For details, we refer the readers to
Appendix A. The form factors can be calculated in quark
models [76-79], by QCD light-cone sum rules [80], or
through Lattice QCD (LQCD) [59]. We will follow the
following two criteria to select the proper methods: (i) the
form-factor parametrization must be analytic in the complex
g* plane, with cut along the real axis for ¢ > ¢, with
1. = (my, +my,)? (i) an error estimation for the form
factors can be provided. The first criterion is crucial, because
the kinematic range of a decay process is different from that
of a scattering process. For example, the kinematic range
of the semileptonic decay A, — p£~¢* is given by
0 < ¢* <t with t_ = (ms_—m,)?, whereas that of the
low-energy scattering process e~ p — e~ A, is restricted
to g*> < 0. Consequently, to warrant the application of
form-factor descriptions that are conventional for the
charmed-hadron weak decays to the low-energy scattering
processes, the form-factor parametrization must possess
analyticity in the proper g’ range. Remarkably, such a
parametrization scheme already exists. It was initially
proposed to parametrize the B — z vector form factor in
Ref. [81], and has been recently utilized in the LQCD
calculation of the A. — N (nucleon) form factors in
Ref. [59]. Given the LQCD calculation can also provide
an error estimation, we will thus adopt their latest results
[59] in this work.

II. LFC FCNC PROCESS e p — e~ A,

In this section, we evaluate the prospect for discovering
the LFC process e~ p — e~ A, mediated by the survived
LQs through low-energy scattering experiments. In this
context, based on the general effective Lagrangian given by
Eq. (5) at p = 2 GeV, we briefly discuss its kinematics and
cross section. The benefit of working in the framework of
low-energy L. here is twofold. First, the connection of the
low-energy scattering process to the high-energy LQ
models can always be established through the relations
in Egs. (6)—(8). Second, the low-energy result can be easily
generalized to other ultraviolet models. After building a
suitable experiment setup, we will show that, compared
with the charmed-hadron weak decays and the high-pr
dilepton invariant mass tails, the low-energy scattering
process can provide a competitive insight into the NP
effects in charm sector. Finally, taking into account the
constraints from charmed-hadron weak decays and high-py
dilepton invariant mass tails, we provide an event-rate
estimation for the LFC scattering experiment in the
survived LQ models.

A. Cross section and kinematics
The differential cross section of the scattering process
e (k) + p(P) = e (K)+ A (P'), with P =(m,,0),
P = (EAC,p’), k= (E.k), and k' = (E',k'), is given by

J 1 Sk 1 d&p1
o= —
4[(P - k)? = m2m2)V/? (2z) 2E' (27) 2E,
x [M|*(27)*6*(P + k— P — k), (12)

where the amplitude squared Wz is obtained by averaging
over the initial- and summing up the final-state spins, with
more details elaborated in Appendix B. Contrary to the
semileptonic charmed-hadron decays, the kinematics of the
scattering process is now bounded by

which indicates that the electron beam energy E must
satisfy condition

E > (my —my)/(2m,). (14)

B. Relevant experimental constraints

We here revisit briefly the most relevant and stringent
constraints on the effective coefficients [g]**“* from the
charmed-hadron weak decays and the high-p; dilepton
invariant mass tails.

(i) Constraint from D° — ete™

The expression of the branching ratio of D° — #+¢~
decay can be found, e.g., in Refs. [6,19], where it is usually
formulated in terms of C and C'. Using the experimental
limit on the branching fraction of D° — eTe~, B(D" —
ete”) <7.9x107% at 90% confidence level (CL) [82],
and neglecting the SM contributions as in Refs. [6,19], we
obtain

|Cs = Cx> + |Cp — C}|* £0.062, (15)

where terms proportional to Cyy and C), have been
neglected due to the tiny mass ratio m,m./m?%. Using
the relations in Eq. (11), we can rewrite the constraint as

”2
2 2
GF A

(1951” + 1g51*) < 0.062. (16)

(ii) Constraints from DT — z7eTe™ and A, — pete”
The differential decay distribution of D — P£*#~ with
P standing for a pseudoscalar meson has been discussed,
e.g., in Refs. [6,19].” Using the latest lattice result of
the D — x form factors [83,84], we update the constraint
on the WCs C; and C; set by the measurement of

3Note that the tensor matrix element in Ref. [19] is normalized
by mp + mp, rather than by mp as in Ref. [6]. Here, we adopt the
convention used in Ref. [19].
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DT — ztete™ decay. Currently, the best limit on the
branching fraction of Dt - ztete™ is B(DT—»ztete )<

1.1x107% in the full ¢? regions, i.e., v/¢*>€[0.2,0.95] GeV

and \/¢*> > 1.05 GeV, at 90% CL [22], which yields the

constraint

0.07|Cy + Cy|* +0.07|Cg + C)o|> +0.16|Cs + Ci[?
+0.16/Cp + Cp|> +0.02|Cr|> +0.02|Crs* £ 1. (17)

This translates into the following constraint on g:

2

T
s [0.16(1g5* + |95 1?) + 0.08(|g7[> + g7 1)
F
+0.07(lgy" | + lgv* > + |gv" |2+ lials
+2.0Re[gy" g3 + g gy D] S 1. (18)

In comparison with the D-meson weak decays, studies
on the rare FCNC decays of A, baryon are much fewer.
Currently, the only existing experimental constraint on
B(A. — pete™) is set by the BABAR Collaboration
[22]. Theoretical studies of A, - pete™ exist as well
[27,60,61]. However, no direct constraints on the NP WCs
have been set—the same observation also holds for the
LFV charmed-hadron decays. Therefore, we will concen-
trate on the constraint from D" — zteTe”

(iii) Constraint from high-p; dilepton mass tails

Due to the high luminosity accumulated at the LHC,
constraining NP through the analysis of the invariant mass
tails of the dilepton in pp(gg) — e*e™ processes at high
pr becomes feasible. Recently, the analysis from the CMS
Collaboration with 140 fb~! of 13-TeV data [85] has been
recast into the following constraints on g at 4 = 2 GeV and
at 90% CL [13]:

GF 27 GF A, GF ae

|g§’R| 54~777 | TRl <0.76——

|gv|<1 9
(19)

where i = LL, RR, LR, RL. Note that, due to the negligible
fermion masses involved in these processes, contributions
from the interference terms, such as gREgRR* and gk gk,
have been neglected [13,28].

We summarize in Table II the aforementioned constraints.
It can be seen that the most stringent constraint on gg results
from the measurement of D° — e*e~, which unfortunately
sheds no light on gy and gr. Such a deficiency can be
remedied by the measurement of D* — z"e*e™ decay and
the analysis of high-p; dilepton invariant mass tails in
pp(qq) - eTe™. Clearly, the latter can provide better
constraints than do the semileptonic D-meson decay.
Nonetheless, a complementarity between the D-meson
decays and the high-p; dilepton invariant mass tails can
indeed be established [13].

TABLE II.  Constraints on the WCs g at 90% CL from the LFC
(semi)leptonic D-meson decays, the high-p; dilepton invariant
mass tails, and the e”p — e~ A, scattering process in the
framework of a general low-energy effective Lagrangian speci-
fied by Eq. (5). Note that we have factored out the common factor
G2a2/z*. The entries with “\” mean that the processes in the first
column put no constraints on the corresponding WCs.

Processes |gLL RR‘Z |gLR RL|2 ‘gé,R‘z ‘g%.,R‘z
D% - ete [82] \ \ 0.062 \
Dt = ntete™ [22] 14 14 6.3 13
pp(qq) — ete™ [85] 3.6 3.6 22 0.57
e"p— e A, 0.035 0.083 0.17  0.0056

The model-independent constraints obtained thus far can
be translated into the LQ cases. To this end, we must take
into account the RG running effects (see Eq. (9)). For the
scalar LQ R,, we obtain

Gra?
RL,LR F
|gV |2 5 36( ”2 €>,

G
g5 > = 88|gf |2<0062< ) (20)

where the first one comes from pp(qg) — eTe™ and the
other one from D — eTe™. It can be seen that both
the scalar and tensor operators are severely constrained.
For the vector LQ U, (U,), on the other hand, we get

|LLRR|2<36<G > 1)
7’

C. Experimental setup

We consider the fixed-target scattering experiments,
whose event rate dN/dt is defined by

dN
E = Lo = ¢pTLJ, (22)

where the luminosity £ is given in units of cm™2s~!, and

the incoming beam is characterized by the flux ¢ (i.e., the
number of electrons per second), which is connected to
the intensity / through the relation ¢ = I/|e|, with the
electron charge e = —|e|. The target number densuy and
length are denoted by pr and L, respectlvely

As demonstrated in Eq. (13), the electron beam energy E
determines the maximal Q> (Q? = —¢?) of the scattering
process, which, in turn, implies that constraints on Q2.
restrict the E selection. As an explicit example, we have used
the condition Q2. = Q> =0 to obtain the minimal

min

*Note that pr = p/m,, where p is the density of the proton
target.
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FIG. 1. Ceriteria for selecting the electron beam energy E, where

the red line denotes the E — Q2 relation given by Eq. (13), the
blue line represents the condition Q? < 4 GeV? required by our
theoretical framework, while the green line corresponds to our
benchmark scenario with Q2 = 1 GeV2. The yellow region

indicates the eligible E with its corresponding [Q2. , Q%..].

requirement for £ of the scattering process (see Eq. (14)).
This condition is also visualized in Fig. 1 by noting the
intersection point of the E axis and the red line that
represents the E — Q2. relation. Besides the kinematic
constraint on QZ.., a limit from the theoretical point of
view must be taken into account as well. As mentioned
before, our analysis is carried out in the framework of L
given by Eq. (5) at the scale ¢ =2 GeV; to ensure the
validity of our results presented below, we must require Q2 ..
not to exceed Q% = 4 GeV?. Such a requirement, depicted
by the blue line in Fig. 1, indicates an upper bound
E <4.65 GeV, provided that the observables one is inter-
ested in, such as the total cross section, involve Q2.
Otherwise, E is not bounded as above—one can always
focus on the lower Q7 region, even though a high Q2. is
available due to a high E. In what follows, we will consider a
benchmark scenario with Q2. < 1 GeV?, which leads to an
upper boundary E <3 GeV, since only the total cross
section will be involved in both estimating the event rate
and constraining the Wilson coefficients. Eventually, we find
a proper beam with an intensity up to 150 A and a beam
energy ranging from 1.1 to 4.5 GeV, which has been used in
the APEX experiment at Jefferson Laboratory (JLab) for
hunting sub-GeV dark vector bosons [14,15]. To maximize
the event rate of the scattering process in our benchmark
scenario, we will set the beam energy at 3 GeV and keep the
beam intensity at 150 uA. Nevertheless, it is important to
point out that an electron beam with higher beam energy and
intensity, as will be shown in Fig. 3, is certainly favored, but
the analyses have to be conducted within the proper Q2
range established above.

For the proton targets, we favor a liquid hydrogen
target with density p = 71.3 x 1073 g/cm? at 20 K and

207-228 kPa. Such a target has been utilized in the
Qweak experiment at JLab with an electron beam of
E=1.16 GeVand I = 180 uA [17]. Itis well known that
the liquid target length is limited due to the heating
problem and, to break the limit, a cooling system is
necessary. Given that the energy (or heat) H stored in the
target as an electron beam passes through is given by
H = LpdE/dL [55], where dE/dL represents the mean
rate of the electron energy loss in units of MeV g~ cm?,
and the cooling power P is defined as P = HI, with a
3-kW cooling system, the Qweak experiment sets the
length of its liquid hydrogen target to be around
35 cm [17].

Assuming that the same cooling system can be applied to
our case, we find that the maximal length of the liquid
hydrogen target is about 40 cm. It should be noted that
more ambitious targets for future experiments have been
proposed. For example, the P2 target at Mainz will be
60 cm long and able to absorb 4-kW heat for a 150-uA
electron intensity [86], and the 150-cm-long JLab Mgller
target will be capable of absorbing 5 kW at 85 uA [87].
Finally, based on the aforementioned setup, we summarize
in Table III our preferred experimental parameters.

D. Competitive and complementary

Based on the experimental setup in Table III and for a
running time of 1 year (yr), the sensitivity to the effective
WCs of the low-energy L. is given by

2
G COUTE + 168) + 840108 + Lo P)
+ 0.30 Re[gRF gRR* 4 gbE gL+
+ 420198 + g5 ) + 124(19f  + 9 )
— 26Re[ghgf" + gkoi])

~ (Nevents\ (1 yr\ (2.1 x 1022 cm™3\ /40 cm
~ \ levent t o7 L
4 x10Mg! 1 1
y 94 x 10'*s 00% 00% ’ ( 23)
¢ €AC €

where €, and e, denote the detecting efficiency of the
generated A, and the scattered electron, respectively.” As
done in Sec. III B, once the interference terms are neglected,
we can obtain constraints on |gy|?, |gs|?, and |g7|* from
Eq. (23), which are also collected in Table II. It can be seen
that, compared with other processes except the leptonic
D-meson decay, significant improvements in constraining
the effective WCs can be made through the low-energy
scattering process. Meanwhile, this indicates that the scatter-
ing process can provide a further complementarity to the

>Note that it might be unnecessary to detect both the produced
A, and the scattered electron.
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TABLE IIL

Summary of the experimental parameters for the low-energy scattering experiments.

Electron beam

Liquid hydrogen target

Energy (GeV) Intensity (uA)

Length (cm)

Density (g/cm?) Luminosity (cm™2s!)

3 150 40

713 x 1073 1.6 x 10%

charmed-hadron weak decays and the high-p; dilepton
invariant mass tails.

It should be mentioned that our results can be weakened
by the non-100% detecting efficiency of the produced
particles. Especially for the A, baryon, it is hard to keep
track of all its decay products. In practice, one may focus
only on one of its decay channels, such as A, - pK~z™"
with its decay fraction of about 6.28% [55]. However, even
so, the scattering process can still provide competitive
results than from the semileptonic D-meson decay and the
high-pr dilepton invariant mass tails.

E. e p — e~ A, in the survived LQ models

Now we are ready to perform an event-rate estimation for
the scattering process in the survived LQ models. The total
cross section in the scalar R, model is given by

or, = [BA(Ig¥ > + 197**) + 2.8(1g§ > + g5 )]
x 107* GeV?, (24)

where the RG running effects in Eq. (10) have been taken
into account. Following the same procedure, we have also
computed the total cross section in the vector Us (U;)
model, with the final result given by

ouyoy = 2019y P x 107 GevE (25)

We will assume that only one nonvanishing WC con-
tributes to the process at a time, and take the upper limits in
Egs. (20) and (21) for each LQ. Then, supposing a running
time of 1 yr, we evaluate the expected event rates in units of
number per year (N/yr) in different LQ models. The final
results are given in Table IV. It can be seen that, if the
contributions from scalar and tensor operators dominate, it

TABLE IV. Summary of the event-rate estimations for e”p —
e~ A, in the three survived LQ models, where i = LR, RL and
LL (RR) for R, and U; (U,), respectively. Note that only one
nonvanishing WC is assumed to saturate the process at a time,
and the event rate is given in units of N/yr. The entries with “\”
mean that no estimations are available due to the absence of the
corresponding WCs in the LQ models.

Models g g5
R, 43 0.25
U, 103 \
U, 103 \

would be less promising to observe the LFC scattering
process, mainly because of the stringent constraints on
these operators from the leptonic D-meson decay. In
addition, the vector LQ models are expected to generate
more events than the scalar one.

Rather than the total cross section, one may be more
interested in how the differential cross sections vary in the
available kinematic region for the three different LQ
models. As shown in Fig. 2, after factoring out |g|?, the
differential cross section remains roughly constant in the
U, and U, models, whereas it decreases rapidly as Q2
approaches Q2. in the R, model. This is because the
operators jLJL, jRIR and jRJL, jEJR (see their definitions
in Appendix B) contribute differently to the differential
cross section. As can also be inferred from Egs. (16),
(18), (19), and (23), such a distinct phenomenon is the
unique feature of low-energy scattering process. This
suggests that, in contrast to the vector LQs Us and U,
searching for the scalar LQ R, is preferred to be con-
ducted in the low-Q? region. Furthermore, one may
exploit the unique feature to distinguish the scalar LQ
from the vector ones in future low-energy scattering
experiments. For example, if indisputable signals are
observed in both D™ — zteTe™ decay and e”p — e™A,
scattering, an analysis of dI'(D" — z7eTe™)/do(e”p -
e"A.) in their “common” kinematic region, say
0? €[0.04,0.9] GeV?, would indicate the presence of a
scalar or a vector LQ.

8 LFC: E = 3 GeV 1
3 -
~ 1or UiUs) : gI® = |gER)2(1gLt 2 ]
=
S 2, .
3 sl 2 /.9/2\ ]
‘: /*95?‘/2(
3 /9;%/9)

%0 o2 o4 06 o8 10

Q* (GeV?)

FIG. 2. Differential cross section do’/(dQ?%g*), with
¢ = (256am3E?)o, in the R, (red curve) and U, (T,) (blue
curve) models. Note that we have neglected the scalar and tensor
contributions in the R, model, because of the stringent constraints
from the leptonic D-meson decay (see Table II).
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FIG. 3. Differential cross section d&/(dQ?|gh"|*) in the LQ
model Uj, with different electron beam energies, where & is
defined as & = (256wm?%)o = o’/ E2.

We now explore the dependence of the differential cross
section on the electron beam energy E. Here we take the
LQ model Uj as an example. As shown in Fig. 3, along
with the increase of E, the available kinematic region of
Q? expands considerably. Meanwhile, due to the enlarged
Q? region, it becomes clear that the differential cross
section that remains constant in the £ = 3 GeV case falls
gradually—but still not as dramatically as in the R, model.
Such a trend becomes more prominent for a higher E.
Finally, it can be seen that a high beam energy clearly
favors a high event rate.

Before concluding this section, let us make the follow-
ing interesting comment. Given that, besides the vector
operators jb,J® and j&J%, both the scalar (j5J% and j&J%)
as well as the tensor (jiJL and jRJR) operators can
also contribute to the scattering process in the R, model,
it is tempting to ask if their contributions can be dis-
tinguished from those of the vector interaction through the
analysis of the differential cross section discussed above.
Unfortunately, this cannot be achieved at the moment,
because, on the one hand, it is difficult to separate these
contributions via the differential cross section and, on the
other hand, the scalar contribution is severely constrained
by the leptonic decay D° — e*e~. However, if the con-
straints on both the vector and scalar (tensor) contribu-
tions can reach a similar level in the future—so that both
contributions can equally matter—it would be possible to
fully distinguish the contributions from the operators
JhIB, BT, jEIE (kJ%), and jRIE (jRJ%) present in
the R, model through the low-energy polarized scattering
process e"p — e~ A, [88].

IV. LFV FCNC process e p — u~ A,

We now turn to discuss the LFV FCNC scattering
process e"p — u~A,.

A. Kinematics and beam energy selection

The total cross section of the scattering process e~ (k) +
p(P) - u~ (k') + A.(P') can be calculated in the same
way as for the LFC case. But, its spin-averaged amplitude
squared |/\/l|2 contains some additional terms induced by
the non-negligible muon mass m,,.

Due to the presence of m,,, the kinematics and the lower
bound on the electron beam energy E of the LFV scattering
process are also changed. We find that the variable g*> must
now satisfy the condition

a-E\/4, , a+E\/4
TV BT RV (26)
m, +2E m, +2E

with
aEE(mf\c —m3 +m2—2m,E)+m,ms,

Ay=miy + (my 4 2m,E—my)* =2m3 (my,+2m,E+m}).

This in turn indicates the beam energy condition

E> (mAL. + mu)z - m%} )

. (27)

p
Compared with Eq. (14), Eq. (27) produces a slightly higher
E..in, rendering a tiny difference of Q2,,, in the low-E region.
However, due to the small ratios m, /m,_and m,/E, such a
difference can be safely neglected. For our benchmark
scenario with Q2. <1 GeV?, we find that the 3-GeV
electron beam selected in the LFC case is also suitable
for the LFV scattering process. Thus, interestingly, one can
explore both the LFC and LFV scattering processes at the
same time with the same experimental setup.

B. Relevant experimental constraints

We give a brief survey of the best relevant constraints on
[g]#¢-<* from the LFV charmed-hadron weak decays and the
high-p; dilepton mass tails in pp(qg) — e*uT.

(i) Constraint from D° — e~ p*

We start with the LFV leptonic decay of the neutral D
meson. The branching fraction of D® — e~u* decay can be
found, e.g., in Refs. [6,19]. Using the experimental limit
on the branching fraction, B(D? — e~ ut) < 1.3 x 1078 at
90% CL [21], we obtain

Ky — K — 0.04(Ko — K)
+|Kp — Kp + 0.04(K,o — K')|* £0.01, (28)
which is consistent with the latest result presented in

Ref. [19]. With the relations defined in Eq. (11), we can
rewrite the constraint as
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2

G oz (008Relgk (o

- ") = g5 (gv" = gv)"]
+ |g§§|2 + |¢5*} < 0.01, (29)

where we have neglected the vector-vector interference
terms, due to the tiny coefficients associated with them.
(ii) Constraint from D™ — zte~pu™
Theoretical studies of the LFV semileptonic Dt —
ate~u™ decay have been conducted in Refs. [6,19].
Considering the experimental limit, B(D* — zte u") <
3.6 x 107% at 90% CL [22], we obtain the constraint

2.5(|Kg + K> + | K19 + K'?) +5.2(|Ks + K [?
+|Kp + Kp[?) + 0.72(|K7[* + |K7s[?)
+0.63Re[(Ko + Ky) K5 — (K10 + K}o) Kis]
+ 1.0Re[(K o + K}o)(Kp + K}
—(Ky + Ky)(K§ + K§)] < 100, (30)

which is consistent with the corrected result presented in
Ref. [19]. Rewriting them in terms of g, we get

2
T
G {5:2(19517 + 19§ 17) + 29197 > + |gF*)

+ 2518 P + 19V* > + [g§* > + 19V [?)
+ 2.0Re[gRE gRR* 4 gEL gLR]) — 1.0 Re[ght g&']
+ 1.2Re[gf g5* + gbh gR*]} < 100. (31)

(iii) Constraints from high-p; dilepton mass tails

Constraints on the effective WCs from the analyses of
high-p; dilepton invariant mass tails in pp(qg) — e*uT
have recently been worked out in Ref. [28]. They recast the
latest ATLAS analysis with 36.1 fb~! of 13-TeV data [89],
and obtained the following bounds at 90% CL:

giR| <0.4455%

GFae, |gL,R|<2 4GFae’
VA

(32)

where i = LL,RR,LR,RL. Note that the RG running
effects neglected in Ref. [28] have been taken into account.
Being the same as observed in the pp(qg) — ete™ case,
no sensible constraints can be set on the interference terms
as well.

TABLE V. Constraints on the WCs [g]#**“" at 90% CL from the
LFV (semi)leptonic D-meson decays, the high-p; dilepton
invariant mass tails, and the e~ p — u~A_ scattering process in
the framework of a general low-energy L. specified by Eq. (5).
Note that the common factor G%a2 /x> has been factored out. The
entries with ““\” mean that the processes in the first column put no
constraints on the corresponding WCs.

Processes ‘gLL RR|2 |gLR RL |2 |g§,R|2 ‘g%.,R‘z
DO — eyt [21] \ \ 0.010 \
DT = zte " [22] 40 40 19 34
pp(qq) — eTu* [89] 1.2 1.2 5.8 0.19
e"p - A, 0.039 0.091 0.18  0.0063

We summarize in Table V the relevant constraints on
the WCs [g]#¢“. It can be seen that the most stringent
constraint on gy comes from the measurement of the
LFV leptonic D-meson decay, which clearly constrains
neither gy nor gr. Compared with the LFV semileptonic
D-meson decay, on the other hand, the analysis of the
high-p; dilepton invariant mass tails in pp(qg) — eTu*
processes can set more severe limits on gy and gy.

Constraints on [g]*** in specific LQ models can
be read out from Table V straightforwardly. For the
scalar R, model, even with the RG running effects (see
Eq. (10)) taken into account, the constraint on gy is still
dictated by the LFV leptonic D-meson decay, whereas the
boundary of gy is determined by pp(qg) — eTu* proc-
esses. We thus obtain the following constraints for the R,
model:

|g€L,LR|2 <12 (Gpae)
72

G
g5 R =~ 88| gk |2<0010( ;“) (33)

For the vector U, (U,) model, we find

G2 2
ghHER2 < 2< ;f’) (34)

C. Competitive and complementary

Utilizing the same experimental setup, we can set limits
on the WCs through the LFV scattering process. In the
context of low-energy L., we make the same assumptions
as in the LFC case, and obtain the sensitivity
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1.472
S (IS P+ BF7) + 7708 P + L)
F%e

+ 0.28 Re[gflgi® + giF gb®*] + 3.9(|g8 1> + |45[%)

+ 4.4 Re[gR gBF* + gkgbt*] + 0.63 Re[gRgRE* + gk ghiF]
— 33 Re[gf g™ + grgv™] + 3.0Re[gf g8" + gfgt™]
+ 112(|gF1* + |971*) — 23 Re[g8oF* + 95951}

_ (Nevents) (2.1 x 102 em™\ (40 cm (1 yr
~ \ levent o7 L t
4 x 10 g1 1 1
X<9 x 10 s )(OO%)(OO%>’ (35)
¢ €a. Cu

where ¢, denotes the detecting efficiency of the muon
lepton generated in the LFV scattering process.

Focusing on the constraints on |gy|?, |gs|?, and |g7|*, we
compare in Table V our results with those obtained from the
D-meson weak decays and the high-p; dilepton invariant
mass tails. It can be seen that appreciable improvement on
the constraints can be made through the LFV scattering
experiment. Even the obtained limit of |gg|?, though not as
stringent as that set by the LFV leptonic D-meson decay, is
still very competitive.

As in the LFC case, our constraints can be weakened
by the imperfect detecting efficiency of the A, baryon,
€y,- However, even if the produced A, is solely detected
via the decay A, — pK~ ", our results are still compa-
rable to those from the high-py dilepton invariant
mass tails.

For both the LFC and LFV scattering experiments,
further improvement could be made by considering an
electron beam with a higher intensity, if available in the
future, and a hydrogen gas target working in more severe
conditions. Note that a gas target is free from the boiling
problem, and consequently its luminosity is not limited by
the cooling power. However, higher intensity or longer
target length would be preferred to compensate its rela-
tively lower number density.

D. e p - p~ A, in the survived LQ models

We now evaluate the total cross sections specifically in
the three LQ models. For the scalar R, model, we obtain

or, = [17(gF 1P + 196* 1) + 2.7(1g5 P + g5 )
+0.95Re[gRgRL* + gk gbR]] x 1074 GeV2,  (36)

where the RG running effects in Eq. (10) have been
considered. Note that the scalar-vector interference terms
emerge because of the nonvanishing m,. Similarly, the

TABLE VI. Summary of the event-rate estimations for e”p —
u~ A, in the three survived LQ models, where i = LR, RL and
LL (RR) for R, and U5 (U,), respectively. The entries with “\”
mean that no estimations are available due to the absence of the
corresponding WCs in the LQ models.

Models gy g5k
R, 13 0.039
U, 31 \
U, 31 \

total cross section in the vector Uj (U,) model is
computed to be

oy, = 1819 Y12 x 1074 GeV2. (37)

Let us give a simple event-rate estimation for the
scattering experiment in the three different LQ models.
As done in the LFC case, we ignore the contributions from
the interference terms, take the upper limits given in
Egs. (33) and (34) for each LQ model, and always assume
arunning time of 1 yr. It can be seen from Table VI that, in
comparison with the LFC case, fewer events are now
expected for the LFV scattering process, mostly because of
the relatively more severe constraints on the vector
operators.

We have also looked into the differential cross sections in
the allowed kinematic region. As shown in Fig. 4, they
behave in the same way as in Fig. 2. This is not surprising,
since these two scattering processes are identical in respect
of kinematics, except the mass difference between the
electron and the muon. Although a nonzero m, can indeed
induce nonvanishing interference terms, such as the last
term in Eq. (36) for the R, model, as well as additional
noninterference contributions, they are too small to make a
numerical difference.
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FIG. 4. Differential cross section do’/(dQ?g|?) in the LFV
case. The other captions are the same as in Fig. 2.
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V. CONCLUSION

We have investigated the potential for discovering NP
in the charm sector through the low-energy scattering
processes e"p — e~ A, and e”p — p~A,. Focusing on the
fixed-target ep scattering experiments, we have studied
the kinematics of both scattering processes. It has been
shown that, even though the corresponding minimal beam
energies vary due to their different kinematics, they can
be simultaneously detected with the same experimental
setup. Taking account of all the constraints on the beam
energies, we have eventually proposed an electron beam
with energy of 3 GeV. Meanwhile, to maximize the
chance of observing their signals, we have chosen a
liquid hydrogen target with a powerful cooling system. It
is intriguing to note that both the beam and the target have
already been utilized in different experiments.

Based on the selected experimental setup, we have
demonstrated in a model-independent way that, com-
pared with the charmed-hadron weak decays and the
high-p7 dilepton invariant mass tails, the low-energy
scattering processes can provide more competitive con-
straints and, at the same time, build a further comple-
mentarity with the charmed-hadron weak decays. On the
other hand, in the specific LQ models, we have shown
that promising event rates can be expected for both the
LFC and LFV scattering processes, with the most
stringent constraints on the corresponding WCs from
other processes taken as input.

We have also analyzed the differential cross sections in
the allowed kinematic region, and observed that they all
decrease gradually as Q? approaches to its maximum

2 . Interestingly, such a trend becomes more distinct
for a higher beam energy. Furthermore, we have found
that the decreasing rate in the scalar R, model is always
more dramatic than those in the vector U; and U, models,
which provides a potential way to distinguish the scalar
and vector LQs in future experiments.

Finally, we would like to remark that, since the majority
of our analyses are based on the general low-energy
effective Lagrangian, it is straightforward to generalize
them into other specific NP scenarios [88].
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APPENDIX A: DEFINITIONS AND
PARAMETRIZATION OF THE A, - p FORM
FACTORS

The form factors for A, — p transition can be conven-
iently parametrized in the helicity basis [59,75,90]. For the

vector and axial-vector currents, their hadronic matrix
elements are defined, respectively, by

(N*(p,s)|ay*c|A.(p'.s"))

_ q"
=ity(p.s) [ 0(‘]2)(”% - mN)?
mA(, +mN qﬂ
LAY (g (o, =) %)
S4 q
2m 2mA
+f1(q%) (7” — =L pi ——”p”ﬂ up, (p',s"), (A1)
and
(N*(p.s)|laryc|A(p'.s"))
- 5 2 q"
— a5}y [gow o, ) L
my, —my q"
+ 9+(q2)s— (P'” + pt = (m} - m}\,)?>
2m 2mA
+91(4%) <7” +S—NP/” —S—CP”)]MA,.(P',S/)v (A2)

where ¢ = p' — p and s, = (m,_+ my)* — ¢*. Note that
we have denoted the proton by N instead of p to avoid
possible confusion with the proton’s momentum. From
Egs. (Al) and (A2), we can obtain the hadronic matrix
elements of the scalar and pseudoscalar currents through
the equation of motion,

(N*(p.s)lac|A(p'.s"))
(m/\(, —my) 7ol

S — gy (p.s)up ('), (A3)
(N*(p.s)lay c|A(p'.s"))
f(m/\c_l_mN) 2\ - 5 o
= go(q*)ay(p. )P up, (P, 5'),  (A4)

me +my,

where m, denotes the u(c)-quark running mass.
Finally, the hadronic matrix element for the tensor current
is given by
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(NT(p.s)|uioyc|A(p'.s'))

! I m + m
_ b_tN(P, S) |:2/’l+ pﬂpus pupu + hL( Ac.q2 N
+

1 1
X (Q;ﬂ/y - qﬂ/ﬂ) - 2<_2 + >(pupu p;py))
q S+

Pu¥y)

2
+h <l6 _S_[m/\ (pﬂyl/

—my(puy, — Puvy) + Puby — p’ypﬂ])

~ mAL_—mN
+hy 5
q-s_
2

— (my, = my +¢*)(vupy

2

((m}, = my = ) (rupl = 1P))

- J/z/pﬂ)

T 2(ma, - my)(Pps — p;p,,»} un (Ps),  (AS)

where 6, = i[y,.7,]/2. These form factors satisfy the
endpoint relations

f+(0) = fo(o),

9+(0) = go(0),
9+ (Gmax) = 91 (Gmax)- h

I (Gha) = 1 (qha).  (AO)

where g, = (ma, —my)?. As the latest LQCD deter-
minations [59] of these form factors satisfy the two
criteria mentioned in Sec. II, we will adopt the results

provided in Ref. [59] in this work. Explicitly, the para-
metrization of the form factors takes the form [59,81]

Mmax

fg*) = Zan . (A7)
- / pole n=0
with the expansion variable defined as
Vit —q* = =1
2q’) == — (A8)

Vie—@F+ i =1

where 1, = (mp, + m,)? is set equal to the threshold of Dx
two-particle states, and 1, = g2, determines which value of
q* gets mapped to z = 0. In this way, one maps the complex
g* plane, cut along the real axis for ¢g> > ¢, onto the disk
|z| < 1. Furthermore, the lowest poles in Eq. (A7) have been
factored out before the z expansion. The quantum numbers
and masses of these poles in the different form factors, as
well as the values of the z-expansion parameters for both the
nominal (1, = 2) and higher-order (n,, = 3) fits,
together with the full covariance matrices can be found
in Ref. [59].

APPENDIX B: CROSS SECTION AND
KINEMATICS OF THE LFC (LFV) SCATTERING
PROCESS

In Sec. II, we have established that the effective
Lagrangian L.z at low energy can mediate both the LFC
and LFV scattering processes. Given that each of the four-
fermion operators in Eq. (5) consists of one leptonic (j) and
one hadronic (J) current, for the benefit of later discussions,
we rewrite it as Lo = D gopjod 5, Where

L:;PR’LK, J?L

(J'\Ii’L)” = ’?V’lPR,Lf’
(JFE = €0 Py L.

=qPr19.
(5 = qr'Pr1q.

(JREW = go**Prrq.  (Bl)

Obviously, for both the scalar and tensor interactions,
(a,p) = (R,R), (L,L), whereas for the vector operators,
(a,p) =(R,R), (L,L), (L,R), and (R, L).

The differential cross section of the LFC scattering
process e~ (k) + p(P) — e~ (u™)(K') + A.(P') is given by

1 &K 1 &p 1

do=— — IMPQ2r)*s*(P+k—P — K
o (27[)3 2E, (2].[)3 2EA[ |M| ( 7[) ( + )
1d3k’ 1
F(agpp MATOP? =) (B2)

where the flux factor F = 4[(P - k)* — m2m3]'/2, and we
have performed the integration over p’ by using the &
function in the second step above.

Since the electron mass m, is much smaller than those of
other particles and the beam energy E, it can be safely
neglected. Due to its relatively bigger mass m,,, the muon
remains, however, massive and its mass should be kept in
the LFV case. With the definition ¢ = k — k' = P’ — P, the
leftover 6 function in Eq. (B2) can be simplified as

5(cos @ — cos by)

P? — = B
5( ml\(:> 2EE/ ? ( 3)
with
2 ! !
mi —m?% —2m,(E—E') +2EE
Oy =—= , B4
Cos Uy 2EE/ ( )
for the LFC scattering process, and
5(cos @ — cos 6)
S(P?—m% )=~ B5
( mAl.> 2E|k/| ’ ( )
with
my —ms —my —2m,(E — E') + 2EE’
cosfy = —= , (B6)

2EK|
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for the LFV scattering process, where 6 is the scattering
angle between k' and k. One can then use the remaining
o functions (Egs. (B3) and (B5)) to get rid of the
angular integration in Eq. (B2). Meanwhile, from the
relation P = (¢ + P)* =mj , it is easy to find that
dE = dq2/2mp. Now the total cross sections for the
two scattering processes can be universally written as

1 / Timax AT
647[m127E2 Qrznin

The kinematic range of ¢’ can be determined through
the condition | cos §y| < 1, from which the corresponding
(@2, Goax) 0 both cases can be obtained (see Egs. (13)
and (26)).

Finally, in terms of the low-energy effective Lagrangian
Lett = Y GapJal p» We can write the amplitudes M for the
two scattering processes as

M= Z gaﬂ

(B7)

VK1)l (k. ) (AP ) glp (P, 5)),

(B8)

where r and s (7' and s”) denote the spins of the initial (final)
lepton and baryon, respectively, and the hadronic matrix
elements (A.(P',s")|J4|p(P,s)) are given by the complex
conjugate of (p(P, s)|J;|AC(P/, s’
metrized by the form factors defined in Appendix A. From
|

)), with the latter para-

[M[* = (Igi1> + g8 PIMI,, v, +

(1g6% P + g8 PIMIY, v, +
+ (195> + |gF 1) MI7, -7, + 2Re[gl i

the previous discussions of the kinematics, it is clear that a
scattering process generally occupies a different kinematic
region from that of a decay. Thus, to extend the form factors
that are commonly convenient for the A, weak decays to the
scattering processes, their parametrization must be analytic
in the proper g region, the first crucial criterion mentioned
in Sec. IL.

APPENDIX C: THE AMPLITUDE SQUARED
OF THE LFV (LFC) SCATTERING PROCESS

For the convenience of interested readers and future
discussions, we provide here the explicit expression of the
amplitude squared [M|* of the LFV scattering process

e (k) + p(P) - u (k') + A.(P") mediated by the general
effective Lagrangian L.; (see Eq. (5)). To this end, we
present it in terms of the kinematic variable g2, the transition
form factors (all being functions of g?), the electron beam
energy E, and the masses of the baryons (m,, and m, ) and
the muon lepton (m,). For the LFC scattering process
e (k) + p(P) = e (k') + A.(P"), on the other hand, its
amplitude can be straightforwardly obtained from above by
setting m,, to zero, since the electron mass can be safely
ignored in this case.

With all the operators in Eq. (B1) t taken into account, the
spin-averaged amplitude squared |/\/l| of the LFV scattering
process e (k) + p(P) — u~ (k') + A.(P’) is given by

2
(g5 + lg§ )M, s,
+ g NIMIY, v,

* *1T A A12 *
+ 2Re[gy 5" + g¥R 9§ 1My, s, + 2RelgiRg5" + gt g ]|M|vLR—SL
+ 2Re[gh g5+ + gR R*]|M|VLL—TL + 2Re[giR g5* + i R*]|M|VLR—TL

+ 2Re[g$ 97" + g5 95" ”M'SL—TL’

where the various subscripts attached to the different | M|*
on the right-hand side represent the possible interferences
between two operators. For instance, the subscript Vg
corresponds to the operator j5J%, while V;; to jLJ%. Then,
the reduced spin-averaged amplitude squared |M|%,LR_VLL
generated by the interference between the operators Vg
and V;; can be written as

[MIV, v, :%ZW‘(’(’) (P)\jyJ5|e (k)p(P))

spins

X (= (K)A(P)\jy Il (k)p(P))".  (C2)

(C1)

Note that, due to the chiral structures of the lepton and
quark currents involved, the reduced amplitudes squared
with different subscripts can be identical to each other, e.g.,
|M |%/LR_VLL =M |%,RL_VRR; in this case, only one of them is
presented in Eq. (C1). The amplitudes associated with other
interference terms that are not shown in Eq. (C1) are all
zero, which can be straightforwardly checked according to
the chiral structures of the lepton currents involved. For
convenience, explicit expressions of the reduced spin-
averaged amplitudes squared on the right-hand side of
Eq. (Cl) are given, respectively, as
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T2 _ mﬁ(mﬁ -q) 2 2 2142 2 2 212
My, —v,, = T{(m/\” —mp,)*[(mp, +mp,)* = q°|f5+ (mp, +mp)*[(my, —m,)* = q°|g5}

+ { (mAC + mp)2 f2 + (mAC B mp)z 92 }
8[(ma, +my)* —qlg*” " 8l(my, —m,)* —?lg* T
X {4mpq4(2E +m,)(2Em, + q*) + mﬁ(mf, +q*)? + mj‘\t_mﬁ(mﬁ -4%)
=2m} (mj = q*)[mi(m}, + ) = 4Em,q*] — myuq*[m, + 6m3q* + ¢*
1 i g ]
4 (mAC + mp)z - q2 (mAC - mp)2 - q2
X {Zmﬁmf, + mj‘\L_ (¢* - mﬁ) + Zmif(mﬁ - qz)(ZEmp + m%, +q%)
—mi(m3 + ¢*)(4Em, + m3 + ¢°) + ¢*[8E*m? + m}, + ¢* +4Em,(m3 + ¢°)]}

(= m})

K P
4 [m3, (m}; = ¢*) = my(m}, + ¢*) + ¢*(4Em,, + m}, + ¢*)]

+ 8Emp(m% + qZ)]} -

1
X (fof+ + 90g.) =5 ImA (mis = @*) = m(m3, + @) + ¢*(4Emy, + mi, + %) 191 (C3)

W%/LR = Miz; {(mAC - mp)2[(m,\£ + mp)2 - qz]f% + (mAC + mp)z[(m/\p - mp)2 - ‘]2]9(2)}

(mAC + mp)2 2 (ml\(- - mp)2 2 }
" {8[(’"&. +m,)* - ¢*|q* it 8[(mn —m,)? —qlg* "

X {4mpq4(2E +m,)(2Em, + q*) + mﬁ(mf, +q*)? + mj‘\mi(mﬁ -4%)

=Vir

= 2m3 (mj; — ¢*)[mi(m} + *) = 4Em,q°| = myq*[my, + 6myq® + ¢*
i 7 }
(mp, +mp)* —q*  (my —mp)* = ¢
x {2mym3, + mj‘\ﬁ(q2 —-m;) + Zm%C(mi —q*)(2Em, +m3 + ¢*)
—mi(m3, + q*)(AEm, + m3 + ¢*) + ¢*[BE*m3, + m}, + q* + 4Em,(m3, + ¢*)}

iy = m)

1
+8Em, (m} + )]} - 5

u
4q*

1
X (fof+ + Gog.) + 5 [m3 (m = @) = mu(my + %) + ¢*(4Em, + mj, + ¢*))f 19, (C4)

(3, (m}; = ¢*) = m(m}, + ¢*) + ¢*(4Em,, + mj, + ¢*)]

T (= my Pllma, +my P = U4 (ma, A m, P lma, = m,)* = Pl (C3)
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2h% 2h%
my +m)—q*  (my —m,)?—q

1, = ; [, 3+ )
+ 2m3\6 (m,% - qz)(4Emp + mf, +q%) + q2(4Emp + mf, +¢%)?
—mi[m} + 6miq* + g* + 8Em,,(m3 + ¢*)]}

{ 4h% (my, +m,)? 4l~12l(m,\c —-m,)?
[(mp, +m,)* = ¢*lg*  [(ma, —m,)* = ¢°lq

—mg*(m3 + ¢*)(4Em, + m? + ¢*) + m‘}\mﬁ( 2 —q?)

4}{2mp(2E +m,)g*(2Em, + ¢%)

+my(my, + q*) = 2m3 (mf; — ) [m(m; + q*) = 2Em ,q°]}

8m2(m% —m3) -
-2 P m} (m2 = q*) —mi(m} + @) + P (AEm, + m} + ¢*)|h b, .

q4
m2(m? — )
M, v, = % {(ma, = my)*[(ma +mp)* = @1f§ = (mp, +mp,)*[(my, —m,)* = ¢*lg5}
{ (m/\L + mp) fi _ (m/\(, - mp)z g%r}
8[(mp, +m,)* —q?lg*" " 8[(my, —m,)* ~¢’lg*
x {4m,q*(2E + m,)(2Em,, + ¢*) + my(mj, 4 ¢*)* + my_mi(m; — ¢*)
—2m3 (mj; = *)[my(m; + q*) — 4Em,q*] — miq*[mi, + 6myq* + ¢
1 /A 9
SE 2 2 __ L _ L
+ mp(mp +gq )]} 4 (mAL. I mp)2 _ q2 (m/\(. _ mp)z _ qz
x {2mymy, +my (¢* = my) +2m3 (m; — ¢*)(2Em, +m3 + ¢°)
— my(my, + ¢*)(4Em), + mj, + ¢°) + ¢*[8E*myy + my + ¢* + 4Em,(m; + ¢*)]}
my(my, —my)
- % [m3,(m — ¢%) — m2(m3 + ¢*) + q*(4Em, + m% + ¢*)|(fof + — 909+)-
—_ m
M5, = gz 1078, = )l (= ) = mi oy ) 4+ ¢ (4Em =+ m + )]

< (fof+ + 90g+) = (mi = @*)[(mp, = m, > ((mp, +mp)? = ¢°)f3
+ (mp, +my)*((my, = m,)* = ¢)gil}-

—_— m
M5, = gz (O, = m) o (0] = 07) = (o + ¢7) -+ g* (4Em, < + )

X (fof+ = 909+) — (mi = q*)[(mp, — m,)*((my, 4+ mp,)* = ¢*)f3

— (mp, +m,)*((my, —m,)* = q*)ggl}

TME, 1, = =35 (03,0} = %) = miim + ) + 4*(4Em, + i+ )
x [(mp, —m,)(fohy +2f 1hi) + (ma, 4+ m,)(gohy +2g1hy )]
— (m} = q»)[(ma, +m,)((ma, —m,)* = ¢*)(f1hy +2f 1h))
+ (mp, = m,)((mp, +m,)* = q*) (g hy +2g,h1)]}
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MY, o1, = —ﬁ {[mX (m2 = ) — m2(m3 + %) + ¢*(4Em,, + m3 + ¢%)]
x [(my, —m,)(fohy + 2f 1)) - (my, + mp)(gofu +2g,h))]

[
= (m; = @*)[(ma, +mp)((ma, -
= (ma, =mp)((mp, +my)* = q*)(gihy +29,h1)]}

my)* —q*)(fshe +2f 1hy)
(C11)

— 1
MR, s, =5, — {3 (3 = ¢7) = w3, + @) + P (4Em, + w3 + @)

c

X [(m, = mp)fohy + (mp +m,)goh.]}.

(C12)
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