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The present work deals with e*t-e™ production in the four-nucleon system. We first analyze the
process as a purely electromagnetic one in the context of a state-of-the-art approach to nuclear
strong-interaction dynamics and nuclear electromagnetic currents, that is derived from chiral effec-
tive field theory (xEFT). Next, we examine how the exchange of a hypothetical low-mass boson
would impact the cross section for such a process. We consider several possibilities, that this bo-
son is either a scalar, pseudoscalar, vector, or axial particle. The ab initio calculations use exact
hyperspherical-harmonics methods to describe the bound state and low-energy spectrum of the
A =4 continuum, and fully account for initial state interaction effects in the 3 + 1 clusters. While
electromagnetic interactions are treated to high orders in the chiral expansion, the interactions of
the hypothetical boson with nucleons are modeled in leading-order xEFT (albeit, in some instances,
selected subleading contributions are also accounted for). We also provide an overview of possible
future experiments probing pair production in the A =4 system at a number of candidate facilities.

I. OVERVIEW

The present work reports on a comprehensive analysis
of low-energy et-e~ pair production in the four-nucleon
system, both as a purely electromagnetic process and
by including the contribution of a hypothetical low-mass
boson. It is organized as follows. The present section
provides an overview of the complete study. Starting
from an up-to-date review of the current status of exper-
imental searches and theoretical analyses, we delineate
next the chiral-effective-field-theory (YEFT) framework
adopted here to describe nuclear dynamics and to model
the interactions of nucleons with the hypothetical bo-
son. We then proceed to a summary of the ab initio
predictions obtained for the differential cross sections of
the 3H(p, e*e™)*He and 3He(n, eTe™)*He reactions. We
close with some concluding remarks and a discussion of
possible future experiments at a number of candidate fa-
cilities. The remaining sections are meant to elaborate
more expansively on these various aspects of the calcula-
tions.

A. Motivation and current status

The possible existence of a new kind of low mass parti-
cle (at the MeV scale) is a problem of current and intense
theoretical and experimental interest (see, for example,

Ref. [1] and references therein). This interest is, in fact,
part of a broader effort aimed at identifying dark mat-
ter (DM). Its existence has been postulated to explain
a number of gravitational anomalies that have been ob-
served at galactic scales and beyond [2] since the 1930’s.
However, no conclusive experimental signatures of DM
have been reported up until now.

A few years ago, there were claims [3] that an unknown
particle (denoted as “X17”) had been observed in the pro-
cess "Li(p,eTe™)®Be at the ATOMKI experimental facil-
ity situated near Debrecen (Hungary). These claims were
based on a & 7o excess of events in the angular distri-
bution of leptonic pairs produced in this reaction, which
has a @-value of about 20 MeV. The excess—referred to
below as the “anomaly”—could be explained by positing
the emission of an unknown boson with a mass of about
17 MeV decaying into eTe™ pairs.

The search for bosonic DM candidates had already
started several years earlier, by attempting to establish
the possible existence of additional forces (beyond grav-
ity), mediated by these bosons [4], between DM and vis-
ible matter. To one such class of particles belongs the
so-called “dark-photon”, namely a boson of mass Mx
having the same quantum numbers as the photon, and
interacting with a Standard Model (SM) fermion f with a
coupling constant given by ¢ q¢, where gy is the fermion
electric charge. Following several years of experimen-
tal searches for dark photons, “exclusion plots” in the



e-Mx parameter space were produced, restricting more
and more the allowed region [1, 5]. One of the most
stringent limits was provided by the NA48/2 experiment,
which set ¢ < 8 x 107* at 90% confidence level [6]. Simi-
lar limits have been produced by assuming that the X17
is a pseudoscalar particle [7], that is, an axion-like parti-
cle. More recently, stringent limits were also set by the
NAG64 experiment at CERN [5]. Of course, the analysis
becomes more complicated and the ensuing picture far
less unambiguous, if the coupling constants are assumed
to be different for each of the SM fermions.

The claim of the ®Be anomaly by the ATOMKI
group [3] soon spurred several theoretical studies. In
Ref. [8], a number of alternatives—that the X17 could
be a scalar, a pseudoscalar, or a vector boson—were an-
alyzed. The first two were quickly dismissed, while the
possibility that the X17 could be a vector boson, that
is, a dark photon, was investigated in detail. In order
to circumvent the NA48/2 limit, it was conjectured that
the X17 could be “proto-phobic”, namely that it would
couple much more weakly to the proton than to the neu-
tron [8].

Soon after, the possibility that the X17 could be a
spin-1 particle interacting via axial couplings to the u
and d quarks was explored in Ref. [9]. In that work,
8Be ground- and excited-state wave functions obtained
in state-of-the-art shell model calculations were used in
combination with the ATOMKI data to constrain the
range of X17-quark couplings that could explain the ob-
served anomaly. Limits provided by the bounds deter-
mined by a number of other experiments were also an-
alyzed. In case of an axial coupling, the NA48/2 con-
straint does not apply, but other limits have to be taken
into account, for example, from the study of rare n and
¢ decays and proton fixed target experiments (see, for
more details, Ref. [9] and references therein).

More recently, the ATOMKI group reported a simi-
lar excess at approximately the same invariant mass in
the 3H(p, eTe™)*He reaction [10]. The authors of Ref. [8]
published a new study [11], considering both the ®Be
and *He anomalies and allowing for scalar, pseudoscalar,
vector, and axial coupling of the X17 to quarks and elec-
trons, with the intent of verifying whether the two results
were consistent. They concluded that the “7o anoma-
lies reported in [the] 8Be and *He nuclear decays are
both kinematically and dynamically consistent with the
production of a 17 MeV proto-phobic gauge boson” [11].
However, other studies have challenged the explanation
of a proto-phobic X17 emission in the ®Be experiment,
by taking into account existing "Li(p, v)®Be cross section
data [12].

In the following, we consider the more general case
of a Yukawa-like interaction between the X17 and a SM
fermion of species f (specifically, electrons) with the cou-
pling constant expressed as € e, where e (> 0) is the unit
electric charge. The X17 boson must decay promptly
in et-e~ pairs for these to be detected inside the ex-
perimental setup. This observation actually introduces

a lower limit to the possible values of .. These lim-
its are also established by various electron beam-dump
experiments (see, for example, Ref. [13] and references
therein). For Mx ~ 17 MeV, the most stringent lower
bound, €. > 2 x 10™%, comes from the SLAC E141 exper-
iment [14], while the the upper bound |e.| < 2x 1073 has
been set by the KLOE-2 experiment [15]. See Ref. [9] for
a comprehensive discussion of these and other constraints
regarding €.

If the X17 were to couple also to muons, then its exis-
tence would have consequences for the well known (g—2),
anomaly, namely the discrepancy between the measured
and predicted value of the muon anomalous magnetic mo-
ment. In this instance, a pure axial coupling to muons
would worsen this discrepancy, while a pure vector cou-
pling would reduce it [16]. Another interesting result
comes from new measurements of the fine structure con-
stant using atomic recoil of Rubidium [17]. Using this
measurement, the SM prediction for (g—2), too is in ten-
sion with the experimental value (at about 1.60). Also
in this case, a pure vector coupling of the X17 to the
electron with e, = (8 & 3) x 10~* [18] would resolve this
tension.

The observation of the ®Be and “He anomalies has
triggered a rapidly growing number of theoretical stud-
ies [19-28] and Ref. [29] for a critical review. On the
experimental side, there are several experiments (Dark-
Light [30], SHiP [31], and others [1]) planning specifically
to search for such a light boson. In addition, large collab-
orations, such as BellelI [32], NA64 [33], and others, are
dedicating part of their efforts in an attempt to clarify
this issue.

To date, the explanation of the 8Be and “He anoma-
lies remains an open problem. If the existence of such
a particle were to be experimentally confirmed, it would
have profound repercussions for the study of DM and for
beyond SM theories. It is worthwhile pointing out here
that most theoretical analyses so far have assumed that
the reactions proceed via a two step process. First, a
resonant state is formed in the collision of the incident
nucleon with the target nucleus and, second, this reso-
nant state decays to the ground state by emitting either
a photon or the hypothetical X17 boson.

This resonance-saturation approach permits the prop-
erties of the X17 particle to be inferred [8, 11] from the
quantum numbers of the decaying and ground states,
assuming conservation of parity and other symmetries.
While such a treatment may be justified in the case of
8Be where the initial state p + "Li populates the (rela-
tively narrow isoscalar and isovector) 1T resonances of
8Be, it becomes problematic in the case of *He, since the
low-energy p + 2H initial states may populate the fairly
narrow 0T and 0~ resonances of “He. Furthermore, con-
tributions from farther resonances or from direct (non-
resonant) capture cannot be excluded a priori, and should
be estimated. As a matter of fact, in Ref. [12], the con-
tribution of the direct p 4+ “Li capture in different waves
has been found important, if not, dominant. For future



reference, the low-energy spectrum of *He is reported in
Fig. 1. The energies and widths of the various resonances
have been determined in R-matrix analyses [34].
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FIG. 1. The low-energy spectrum of *He. The dashed lines
indicate the thresholds for the opening of the 14+3 and 2+2
channels, while the solid lines indicate the energies of the
various resonances with corresponding widths, and J™ and
isospin assignments to the right.

Recently, it was conjectured in Ref. [35] that the effect
of populating higher excited states might cause peaks
in the angular distribution of the final pair, and there-
fore mimic the resonance-like structure observed in the
3H(p,eTe™)*He ATOMKI experiment. However, such a
conjecture does not seem to be borne out by the present
analysis. Instead, our calculations, which are based on a
realistic and fully microscopic treatment of nuclear dy-
namics, indicate the absence of any such structure. In
particular, the J™ =17 scattering state, which plays a
dominant role, only yields a smooth behavior in the an-
gular correlation between the leptons, although this cor-
relation appears to be rather sensitive to the low-energy
structure of the *He continuum.

In a more recent paper [36]—see also Ref. [37] for a
similar study—the possibility that the peak seen in the
8Be experiment could be caused by higher-order QED
effects, beyond the one-photon-exchange approximation,
has been investigated. It has been found that the con-
tribution of these corrections increases with the opening
angle .. between the lepton momenta, and could explain
the observed behavior of the cross section. We should
point out that for the ®Be experiment the peak struc-
ture was observed around 6., = 160°. However, it seems
unlikely that such an explanation would remain valid in
the case of the *He experiment, where a sharper peak is
observed at a considerably smaller opening angle, around
110°.

B. Interactions and currents

Ab initio studies of few-nucleon dynamics can be car-
ried out nowadays with great accuracy [38], not only
for bound states but also for the low-energy portion
of the continuum spectrum, including the treatment of
resonances. This capability and the availability of con-
sistent models of nuclear electroweak currents—that is,
electroweak currents constructed consistently with the
underlying strong-interaction dynamics—make it possi-
ble to almost completely remove uncertainties associated
with the nuclear wave functions and/or reaction mecha-
nisms, and therefore to unambiguously interpret the ex-
perimental evidence. It is within this context that, in
the present paper, we provide fairly complete analyses of
the 3H(p, ete~)*He and 3He(n, e*e~)*He processes, with
and without the inclusion of the hypothetical X17 boson.
Below, we briefly outline the theoretical framework, and
refer the reader to the following sections for more ex-
tended discussions of various aspects of this framework.

The nuclear Hamiltonian is taken to consist of non-
relativistic kinetic energy, and two- and three-nucleon
interactions. These interactions are derived from two
different versions of chiral effective field theory (xYEFT):
one [39-41] retains only pions and nucleons as degrees of
freedom, while the other [42, 43] also retains A-isobars.
Both yEFT versions account for high orders in the chi-
ral expansion, but again differ in that the interactions
of Refs. [39-41] are formulated and regularized in mo-
mentum space, while those of Refs. [42, 43] in coordinate
space. As a consequence, the former are strongly non-
local in coordinate space.

The low-energy constants (LECs) that characterize
the two-nucleon interaction have been determined by
fits to the nucleon-nucleon scattering database (up to
the pion production threshold), while the LECs in the
three-nucleon interaction have been constrained to re-
produce selected observables in the three-nucleon sector
(see Sec. IT). However, the nuclear Hamiltonians result-
ing from these two different formulations both lead to an
excellent description of measured bound-state properties
and scattering observables in the three- and four-nucleon
systems, including in particular the *He ground-state en-
ergy and 341 low-energy continuum [38], germane to the
present endeavor.

Another important aspect of the theoretical frame-
work is the treatment of nuclear electromagnetic cur-
rents. These currents have been derived within the two
different yEFT formulations we consider here, namely
without [44-49] and with [50] the inclusion of explicit
A-isobar degrees of freedom. They consist of (i) one-
body terms, including relativistic corrections suppressed
by two orders in the power counting relative to the lead-
ing order; (ii) two-body terms associated with one pion
exchange (derived from leading and subleading chiral La-
grangians) as well as pion loops, albeit in the A-full
YEFT formulation the contributions of A intermediate
states have been ignored in these loops; and (iii) two-



body contact terms originating from minimal and non-
minimal contact couplings.

The subleading one-pion-exchange and non-minimal
contact electromagnetic currents are characterized by
a number of unknown LECs that have been fixed by
reproducing the experimental values of the two- and
three-nucleon magnetic moments and by relying on ei-
ther resonance saturation for the case of the A-less for-
mulation [49] or fits to low-momentum transfer data on
the deuteron threshold electrodisintegration cross section
at backward angles for the case of the A-full formula-
tion [50].

These interactions and the associated electromag-
netic currents lead to predictions for light-nuclei elec-
tromagnetic observables, including ground-state mag-
netic moments, radiative transition rates between low-
lying states, and elastic form factors, in very satisfac-
tory agreement with the measured values (for recent re-
views, see [51-53]). As an illustration of the validity of
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FIG. 2. Astrophysical factor for the capture *H(p,~)*He
(left panel) and total cross section for the capture
3He(n,v)*He (right panel), calculated in both the A-less
(N3LO500/N2L0O500) and A-full (NVIa/3NIa) xEFT formu-
lations considered in the present work. The experimental data
are from Refs. [54-57].

the present theoretical framework and the level of so-
phistication achieved in these ab initio few-nucleon cal-
culations, we present in Fig. 2 predictions for the low-
energy radiative captures of protons on 3H and of neu-
trons on He, compared to available experimental data.
We use bound and continuum wave functions obtained
with hyperspherical-harmonics (HH) methods [58], and
fully account in the n+3He initial state for its coupling
to the energetically open p+>H channel. Matrix elements
of the (complete) current are calculated with quantum
Monte Carlo methods [59] without any approximations—
the statistical errors (not shown in the figure) due to the
Monte Carlo integrations are at the % level.

In the energy regime of Fig. 2, these radiative captures
proceed primarily via M;- and Ej-transitions between,
respectively, the 35; and 'P; incoming states and the

4He ground state.! We should stress here that in the
lepton-pair production processes we consider below, ad-
ditional S- and P-wave channels play a prominent role,
in particular the 'Sy channel. Lastly, Fig. 2 shows that,
at least in the low-energy regime of interest in the present
work, the model dependence resulting from the two dif-
ferent YEFT formulations is weak.

C. Including the X17 boson

In the SM and one-photon-exchange approximation,
the eT-e~ pair production on a nucleus is driven by the
amplitude (in a schematic notation)

(ﬂ— /M U-i-) ]}2

Te: = 4mee
1 a* qy

(1)

where « is the fine structure constant, ¢ is the four-
momentum transfer defined as the sum of the outgoing-
lepton four momenta, u_ and v, are, respectively, the
electron and positron spinors, and j;ﬁi is the matrix ele-
ment of the nuclear electromagnetic current between the
initial and final nuclear states (here, either the p+3H
or n+>He scattering state and “He ground-state); a less
cursory description of this as well as the X17-induced am-
plitudes to follow is provided in Secs. IIT and V below.

We consider four different possibilities for the coupling
of the X17 to electrons and hadrons: scalar (.5), pseu-
doscalar (P), vector (V), and axial (4). The electron-
X17 interaction Lagrangian density reads

ox (@) = eece(x) I e(x) Xe(x) , (2)

where ¢ specifies the nature of the coupling and the as-
sociated Lorentz structure,

PSPVA = 1iP 141y (3)

e(z) is the electron field, and X.(z)=X(x) for ¢=S, P
and X.(z) =X, (x) for c=V, A represents the X17 field.
The single coupling constant e, is written in units of the
electric charge e > 0 (e? =4ra).

The hadron-X17 interaction Lagrangian densities are
derived in YEFT by considering only leading-order con-
tributions (and selected subleading ones in the vector
case). A fairly self-contained summary of this deriva-
tion is provided in Sec. IV for completeness. Here we

1 We use the spectroscopic notation 25t1L ;. where S and L are,
respectively, the channel spin and relative orbital angular mo-
mentum between the two clusters, and J is the total angular
momentum.



write them as

L3 (@)=e N(@)ln5 +nf m]N(@) X (@), @
LR (@) =enl (@) X (@) (5)
L5 (@)=e N@)lny +n 77" N(@) X,u(a) (6)

Tore M@)o+ wenl 7l N(@) i (a)
Ly (z) =e N(2)[ng' +nZ ms]"y° N(@) Xpu(2) (7)

where my is the nucleon mass, N(z) is the iso-doublet of
nucleon fields, 73 () is the third component of the triplet
of pion fields, and F, () =0, X, (x) — 8, X, (x) is the
X17 field tensor. The combinations of LECs (rescaled
by e) are lumped into the isoscalar and isovector cou-
pling constants n§ and 7. In the vector case, we have
included also the subleading term proportional to Flf,‘: (2)
and where
Ko = Kp+ Fn , Kz = Kp — Fn , (8)

kp and K, being the anomalous magnetic moments of the
proton and neutron, respectively. At tree level, there is
no direct pseudoscalar coupling of the X17 to the nucleon,
and the latter is mediated by the pion. On the other
hand, the tree-level £4 () contains an additional term
of the form 9#m3(x) X,,(x), which we have dropped.?

The X17-induced amplitude for emission of the eT-e~
pair is then obtained from

T¢X = 4ra e (@-Teuvy) jii{
X =

, (9)

q* qu — M%

where My is the mass of the X17 particle, and j§ repre-
sents the matrix element of the nuclear current, includ-
ing the coupling constants n¢ associated with the X17
particle. To account for its width I'y, we make the re-
placement

MX*)M)(*’L'F)(/Q. (10)

At the leading order we are considering here, the nuclear
current j°X(q) consists of the sum of one-body terms,

A
ch(q) — Z OfX eiq-l‘i , (11)
=1

where g is the three-momentum transfer (that is, the
sum of the outgoing-lepton momenta), and O$X involves
generally the momentum, spin, and isospin operators of
nucleon i—the specific operator structure obviously de-
pending on the nature of the coupling assumed for the

2 This term leads to a X17-nucleon current proportional to ¢#/m2
(for low momentum transfers) which, when contracted with the
lepton axial current, produces a contribution proportional to
me/m2, and hence negligible when compared to that resulting
from the X17 direct coupling to the nucleon.

X17—as well as the coupling constants 7¢.> As shown in
Fig. 1, the low-energy spectrum of “He consists of fairly
narrow resonant states. By varying the energy of the
incident beam, it might be possible to predominantly
populate a specific resonant state by exploiting the se-
lectivity of the transition operator, and therefore infer
the nature—scalar, pseudoscalar, vector, or axial—of the
(hypothetical ) X17 particle.

D. *H(p,e"e )*He and *He(n,e"e™)*He cross sections

The amplitudes T; and TJ?ZX generally interfere (ex-
cept when the X17 is a pseudoscalar particle) and the
resulting cross section has a complicated structure; it is
derived in Sec. VI. In the laboratory frame, the initial
state consists of an incoming proton or neutron of mo-
mentum p and spin projection m;, and a bound 3H or
3He cluster in spin state ms at rest. Its wave function
\Ilﬂlg,ml (p) is such that, in the asymptotic region of large
separation y, between the isolated nucleon (particle ¢)
and the trinucleon cluster (particles ijk), it reduces to

4
v L (p) — % ST o (i) (0) @5 (ye) L (12)
/=1

where ®4(y,) is either a Coulomb distorted wave or

simply the plane wave e’P'¥¢ depending on whether we
are dealing with the p+3H (y=1) or n+3He (y = 2) state.
The final state consists of the lepton pair—with the e~
having momentum (energy) k (¢) and spin s, and the e™
having momentum (energy) k' (¢/) and spin s'—and the
4He ground state recoiling with momentum p — k — k'.
Energy conservation requires

(p—k—-FK)

e+¢e + 5 M

= EO ) (]‘3)
where M is the rest mass of the “He ground state. Fur-
ther, we have defined Ey = T}, + By — B3 ~ 20 MeV,
where T}, is the kinetic energy of the incident nucleon,
and Bs and By are the binding energies of, respectively,
the bound three-nucleon cluster and “He.

After integrating out the energy and momentum J-
functions, the five-fold differential cross section, averaged
over the azimuthal quantum numbers m; and mg of the
nuclear clusters, and summed over the spins of the final
leptons, has generally the form

A A FA .

. S W Die b k' ) (e b b
——=0""(e, k, + o0y (e k, +oyx(ek, ,

de dk dk’ ( ) ( ) ( )

(14)

3 In evaluating the matrix elements j?i and j;f.(, we find it conve-
nient to have the current operators act on the final bound state,
namely to the left.



where ¢(7), ogg), and Ug;g( denote the contributions com-

ing solely from electromagnetic currents, the interference
between electromagnetic and X17-induced currents, and
purely X17-induced currents, respectively, and k and k’
specify the directions of the electron and positron mo-
menta. The positron energy € is fixed by energy con-
servation, while the electron energy e is restricted to the
range me < € < €paz, Wwhere the maximum allowed en-
€TgY €maz 1S Obtained from the solution of Eq. (13) cor-
responding to a vanishing positron momentum; in fact,
since the kinetic energy of the recoiling *He is tiny, €,,qz
is close to Ey. In the laboratory coordinate system, where
the z-axis is oriented along the incident beam momentum
P, the spherical angles specifying the k (IAc’ ) direction are
denoted as 6 and ¢ (6’ and ¢'), and

k-k' = cos e, = cosf cos 0 +sin 0 sin 6’ cos(¢'—¢) . (15)

Of course, the numerical results presented below for
the various cross sections depend on the mass Mx and
width I'x as well as on the values of the coupling con-
stants €. and nS of the X17 particle to electrons and
hadrons, respectively. We report these and, in partic-
ular, the values we have adopted for the LECs enter-
ing the combinations 7S in Sec. VII. It is important to
stress, though, that in this first exploratory study, we are
not interested in determining precisely these various pa-
rameters (as well as their associated uncertainties), also
in view of the fact that the experimental evidence for
the existence of the X17 boson is yet to be confirmed
unambiguously. Rather, our intent here is (i) to setup
the theoretical framework, and (ii) to investigate possi-
ble experimental signatures of the X17, in particular, by
establishing how its nature affects the behavior of the
cross section as function of the energy and lepton angles.

1. Numerical results: energy dependence

We assume the width of the X17 to come from its de-
cay into eT-e~ pairs. This width is easily seen to scale
as I'§ ~ x. ae? Mx with a numerical factor z.. of order
unity—its precise value depending on the assumed cou-
pling between the X17 and the electron. Current bounds
indicate £, < 1073, and therefore the expected width is
of the order of the eV or less, tiny relative to the typical
energies of the emitted electrons in the pair production
process.

As is apparent from Eq. (9), the cross section is most
sensitive to the X17 presence for momentum transfers
Q* = ¢*q, such that Q* ~ M%. For the kinematical
configuration corresponding to the electron and positron
being emitted in the plane perpendicular to the pro-
ton momentum (to be specific, we are considering the
3H(p, eTe™)*He process in the setup of the ATOMKI ex-
periment here), there is a critical angle 0%, ~ 112°, such
that for .. > 67, there are two electron energies €; and ey
that satisfy the condition above, see Fig. 3. For energies
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FIG. 3. Quantity Q%> — M% as function of the electron energy
€ for the configuration in which the lepton pair is produced in
a plane orthogonal to the initial proton momentum of energy
0.90 MeV, and for various values of f..; here, Mx =17 MeV.
Note that for f.. < 112°, the quantity Q* — M% is always
negative.

close to €;, we can approximate the X17 propagator—
rather, its magnitude square—as
1 _ oy 2

Q% — (Mx —iTx /22>~ (e —e)? + (MXFX/ai)Zlé)
namely a Lorentzian with a width given by MxT'x /|a;l;
here we have set Q% — M% = «a; (e —¢;). While this width
is magnified by the factor Mx|a;| ™1, it is still found to
be tiny in comparison to typical ¢; values.

Such a narrow width makes it very difficult to re-
veal the interplay between the electromagnetic and X17-
induced amplitudes, in particular to disentangle their in-
terference. However, the experiment has a finite energy
resolution, and folding this resolution with the calcu-
lated cross sections corresponding to the X17 theoreti-
cal width results in a broadening of the peaks. For the
sake of illustration, in Fig. 4 we show the five-fold dif-
ferential cross section for the process *H(p,ete™)*He as
function of the electron energy in the ATOMKI setup
(with proton energy of 0.90 MeV) for an effective, albeit
perhaps unrealistic, width T'S! =0.4 MeV. In the figure,
we have reported the results obtained at angles 6., of
115° (left panel) and 155° (right panel), where the con-
dition Q*= M#% is verified for two energies. The (red)
dotted curve represents the results obtained by including
only electromagnetic contributions; the (green) solid and
(black) dashed curves include the contribution of the X17
particle interacting with nucleons either via a scalar or
a proto-phobic vector coupling. We have taken Mx =17
MeV with the remaining coupling constants chosen arbi-
trarily.

By inspecting the figure, we see that there is a strong
interference between the electromagnetic and vector X17-
induced amplitudes. This interference is weaker for the
case of a scalar X17. The energy dependence of the differ-
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FIG. 4. The five-fold differential cross section for the pro-
cess *H(p,e"e")*He in the ATOMKI setup as function of
the electron energy, for the configuration in which the e™
and e~ momenta are at angles .. of 115° (left panel) and
155° (right panel) between them. The (red) dotted curve
represents the results obtained by including the electromag-
netic contribution only; the (green) solid curve and (black)
dashed curves represent the results obtained by including a
X17 boson interacting via a scalar and vector coupling, re-
spectively. Here Mx =17 MeV and I'*® =0.4 MeV, see text
for further explanations. The calculations are based on the
N3LO500/N2LO500 interactions and accompanying electro-
magnetic currents.

ential cross section for pseudoscalar and axial couplings
is similar to that obtained for the scalar coupling, and
the corresponding results are not shown in Fig. 4; in
particular, for a pseudoscalar exchange, the interference
(between electromagnetic and X17-induced amplitudes)
vanishes identically. Unfortunately, at angles .. = 110°
the differential cross section is rather small (of the order
of pb): its accurate measurement would be experimen-
tally very challenging.

2. Numerical results: angular correlations

In order to compare with the ATOMKI data for the
3H(p, e~ e™)*He reaction reported in Ref. [10], we con-
sider the four-fold differential cross sections obtained by
integrating over the electron energy, with the remain-
ing kinematical variables in the same configuration above
(that is, the momenta of the lepton pair in the plane
orthogonal to the incident proton momentum). Since
the ATOMKI cross section measurements are unnormal-
ized, we rescale them to match the calculated values for
f.e < 90°, where the cross section is dominated by the
purely electromagnetic amplitude.

We report the calculated cross sections for both
SH(p,eTe™)*He and 3He(n,ete”)*He reactions at a
number of incident proton and neutron energies in Fig. 5.
In computing them, we have taken the width I'x from
the X17 decay into et-e~ pairs; however, we have folded

the resulting calculated values with a Gaussian, in order
to account for the finite angular resolution (see Sec. VII).
For each of the assumed couplings, we constrain the com-
binations n¢ by fitting the ATOMKI data obtained at
an incident proton energy of 0.9 MeV and in the range
Oce > 90°, where the (purported) X17 signal has been
observed (we take as before Mx =17 MeV). The ex-
tracted values of the coupling constants are reported in
Sec. VIIB: they depend on the parameters chosen to
perform the angular smearing of the theoretical cross sec-
tions.*

In Fig. 5, the incident proton energies of 0.40 and 0.90
MeV correspond to energies Ey in Eq. (13) of 20.12 and
20.50 MeV, respectively. Referring to Fig. 1, we see that
the lower 20.12 MeV corresponds to the energy of the first
0T excited state, while the higher 20.50 MeV (the energy
selected in the ATOMKI experiment) is just below the
n+3He threshold. The incident neutron energies of 0.17,
0.35, 0.70, and 2.0 MeV correspond to Fy values of 20.69,
20.82, 21.08, and 22.08 MeV, and the first three are close
to the energy of the 0~ excited state, while the last is on
top of the 27 excited state.

This structure of the *He low-energy spectrum and the
selectivity of the X17-induced transition operator are re-
flected in the results of Fig. 5. Referring to Eq. (11) and
setting aside the isospin dependence generally of the form
n§+mnS 7,-, the operator structure O is: 1 (proportional
to q-o;) for a .S (P) boson exchange, and 1 (p;-o;) for the
time component and p; or g X o; (o) for a V (A) boson
exchange. The S operator (specifically, its isoscalar com-
ponent) connects the (predominantly isoscalar) J™ =0"
resonance to the *He ground state. This transition is
responsible for the prominent low-energy peak seen in
Fig. 5; this peak rapidly fades away as the energy of the
incident proton increases in the H(p, e~e*)*He process.
It is barely visible in the *He(n, e~e™)*He process, since
the n +3He threshold is already relatively far away from
the 0" resonance energy, see Fig. 1.

The (purely isovector) P operator has a small matrix
element between the (predominantly 7' = 0) 0~ reso-
nance and “He ground state. Above the n + 3He thresh-
old, the 27 scattering state gives in fact a larger contri-
bution due to the presence of a T'=1 resonance. How-
ever, these matrix elements turn out to be small and only
weakly dependent on the proton or neutron incident en-
ergy. In order to fit the ATOMKI data, an (unrealisti-
cally) large value for the coupling constant n!” is needed.
Assuming that subleading pseudoscalar components in
the X17-induced current are negligible, we find that the
resulting peak structure due to this transition does not

4 We anticipate here that both the 8Be and 4He anomalies can be
consistently explained by the hypothesis of a vector X17, while
for an axial X17 the coupling constants are found to be incon-
sistent with each other. For the scalar and pseudoscalar case
it is more difficult to draw any firm conclusion. This issue is
discussed in more detail in Sec. VIIB.
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)*He and *He(n, e e’)*He processes at six different incident

nucleon energies for the configuration in which the e™ and e~ momenta are in the plane orthogonal to the incident nucleon
momentum and as function of the angle .. between them. The curves labeled S, P, V, and A show the results obtained by
including the exchange of a scalar, pseudoscalar, vector, and axial X17, respectively. In all cases, we have taken Mx =17 MeV
and I'x as given from the X17 decay in e~ e™, see text for further explanations. The coupling constants have been adjusted so as
to reproduce the ATOMKI *H(p, e~ e™)*He cross section data at the incident proton energy of 0.90 MeV, rescaled as discussed in
the main text. The calculations are based on the N3LO500/N2LO500 interactions and accompanying electromagnetic currents.

show any particular increase for the *He(n,e~e®)*He
process for neutron energies suitable for populating the
0~ resonance.

The time component of the V operator has the same
structure as the S operator. Its space component, how-
ever, produces large electric dipole (E;) matrix elements
between the 1~ scattering state and *He ground state
(note in Fig. 1 the two wide 1~ resonances located at
energies close to the d + d threshold). These F; matrix
elements are found to be much larger than the matrix
elements due to the 0t — 0% transition, and are the
same for both photon and X17-induced amplitudes (mod-
ulo coupling constants, of course) [12]. Once the values
of n¢ and 1Y have been constrained to reproduce the
ATOMKI data, the height of the peak in the full cross
section is nearly constant relative to that in the purely

electromagnetic cross section for all energies considered
in this work. By contrast, the 17 scattering-state contri-
butions are suppressed since they have magnetic-dipole
(M;) character. Moreover and most importantly, in this
35, wave the Pauli principle prevents the four nucleons
from coming close together. Even though there are well
defined and fairly narrow 2~ resonances, the associated
transitions, having M, character, are suppressed.

The time component of the A operator, which now has
both isoscalar and isovector terms, induces big matrix el-
ements between the 0~ scattering state and *He ground
state. In fact, this transition yields the dominant con-
tribution, since now the 1= — 0% transition is M; and
therefore suppressed by ¢ relative to the 0~ — 0T one
above. The 17 — 0% transition is E;, but again in-
hibited by the Pauli repulsion. As a consequence, in the



axial case the X17 peak is more pronounced for energies
at which the 0~ state is populated, as can be seen by
inspecting Fig. 5.

Next, we explore the dependence of the four-fold dif-
ferential cross sections as function of the polar angles
and @’ formed by the directions of the lepton momenta
with respect to the incident beam momentum p. We
only consider configurations where 8 =6’. The condition
Q? — M% is found to be satisfied for 55° < 6 < 125°
(Mx = 17 MeV). Therefore, outside this range the X17
peaks do not appear in the cross section. Furthermore,
moving away from 6 =90°, the difference A¢ = ¢’ — ¢
for which the condition Q? — M% = 0 is verified, tends
to increase, while the values of the parameters |a;| in the
expansion of the X17 propagator tend to decrease. One
would therefore expect the X17 peak to be located at
larger and larger values of A¢, and its height to increase
as |a;| 71, see Eq. (16).

These expectations are generally borne out by the ac-
tual calculations, as shown in Fig. 6. There is a clear
dependence on the assumed nature of the X17 boson.
However, it is worthwhile pointing out that for the pseu-
doscalar case the large increase observed in the cross sec-
tion is (probably) unrealistic: it comes about because
of (i) the artificially large value of 7’ needed to fit the
ATOMKTI data, and (ii) the kinematically enhanced con-
tribution of the pseudoscalar charge mulipole connecting
the 2~ state with the *He ground state.’

E. Experimental perspective

The experimental study of the 3H(p,e*e™)*He reac-
tion performed by the ATOMKI group seems to indicate
the existence of a X17 boson. However, it is difficult
to establish its quantum numbers, since the data were
limited to a single proton energy (0.9 MeV) and only
leptons emitted in the plane orthogonal to the beam line
were detected. Furthermore, under certain conditions
the data may be consistent with standard electromag-
netic processes alone [36], without the need for invoking
the creation of a new particle.

In order to clarify the current ambiguous state of af-
fairs, our calculations suggest to perform an experimen-
tal study that covers a wide range in angle and energy,

5 In the notation of Sec. VI, the corresponding term in the
cross section is proportional to (1 + 3 cos? 84) |C312(q)|?, where
C312(q) is the reduced matrix element associated with the tran-
sition between the 2~ and 0T states and 6y is the angle between
the incoming nucleon momentum p and the momentum transfer
g=k+ k'; for 6=0" we have cos0y = (k + k') cosf/q. At the
X17 peak, the condition Q27M)2( =0 and energy conservation
in Eq. (13) lead to

(k+k')/qm[1 - (Mx/Eo)*]"/* ~2

for Eg ~ 20 MeV, and hence cos 84 ~ 4 cos . The resulting cross
section behaves as 1+12 cos? 6, rapidly increasing as 6 =6’ move
away from 90°.
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FIG. 6. The four-fold differential cross section for the

3H(p,e”eT)*He process at 0.90 MeV incident proton energy
for the configuration in which the et and e~ momenta are
emitted at angles # =6 with respect to the incident proton
momentum, and as function of the difference A¢p = ¢’ — ¢.
The curves labeled S, P, V, and A show the results obtained
by including the exchange of a scalar, pseudoscalar, vector,
and axial X17, respectively. In all cases, we have taken
Mx =17 MeV and I'x from the decay in e~ et. The cou-
pling constants have been adjusted so as to reproduce the
ATOMKI *H(p,e"et)*He data at § = 8’ = 90°, rescaled as
discussed in the main text. The calculations are based on the
N3LO500/N2LO500 interactions and accompanying electro-
magnetic currents.

to fully scan the 07, 07, 27, 1~ excited levels shown
in Fig. 1. Such a study would allow us to either con-
firm or exclude the existence of the X17, and ultimately
study its properties, if its existence were to be corrobo-
rated. Although the excess of pair-production events as
a function of the energy depends on the X17 quantum
numbers (i.e., on the nature of its coupling to electrons
and nucleons), an experimental setup in which only par-
ticles orthogonal to the beam axis are detected might be
hindering our ability to discriminate among these differ-
ent quantum numbers, and hence uniquely identify the
X17 properties. This limitation can be appreciated by in-
specting Fig. 5, where the predicted trend of the excess is
found to be quite similar for the pseudoscalar and vector
case. However, as shown in Fig. 6, the use of a detector
with a large angular acceptance would make it possible
to discriminate among different options since the angular



distribution of the emitted pair depends appreciably on
the X17 quantum numbers (a comprehensive analysis of
different kinematical configurations will be reported in a
future publication). A dedicated detector could also pro-
vide a measurement of the pair four-momenta as well as
particle identification, to ascertain that the pair is truly
an ete” one.

A prerequisite to realize such a program is the avail-
ability of high intensity proton and neutron beams. Con-
cerning the 3H(p, e*e~)%*He reaction, a promising facility
is the LUNA-MYV accelerator that will soon be operative
at the underground Gran Sasso Laboratory (LNGS). At
the LNGS the cosmic ray induced background is many or-
ders of magnitude lower than at overground facilities, and
the proton beam intensity is a factor hundred higher than
at the ATOMKI facility. Thus, LUNA-MYV is well suited
to perform accurate measurements in the proton energy
range approximately (0.2-1.0) MeV, and in a relatively
short time. In this energy range lies the 0T resonance lo-
cated 0.53 MeV above the p+2H threshold. The maximal
proton energy is determined by the onset of the huge pro-
duction of neutrons due to the charge exchange reaction
3H(p,n)>He for proton energy > 1.02 MeV. The experi-
mental setup could be based on the use of a novel RICH
(Ring Imaging Cherenkov) detector with large angular
acceptance, surrounding the tritium target [60]. The
RICH detector, currently under study, consists of aero-
gel radiators producing rings of Cherenkov light when
crossed by a relativistic particle, which is collected by
an array of Silicon Photomultiplier (SiPM). Such a de-
tector is blind to non-relativistic particles (e.g., the scat-
tered protons of the beam) and is almost insensitive to
high energy gammas (e.g., the ~ 20 MeV photons pro-
duced by the *H(p,y)*He radiative capture) because of
the large radiation length of aerogels. In practice, only
positrons and electrons exceeding MeV kinetic energies
are detected. The RICH detector mentioned above is es-
pecially well suited to measure the *He(n, e*e~)*He cross
section. A good site for this measurement is the CERN
n_TOF facility, which provides a pulsed neutron beam in
a wide energy range (E, = 1 — 10® eV). However, the
energy of each interacting neutrons can be accurately
derived with the Time-of-Flight (TOF) technique [61].
Even though the dominant channel induced by neutrons
is the 3He(n, p)3H charge-exchange one (with a Q value
of 764 keV), the RICH is completely blind to the non-
relativistic protons produced by this reaction, in the
whole n_TOF range. This neutron-induced experiment
would allow us to extend the *He de-excitation study
up by several MeVs, including the energies reported in
Fig. 1. Finally, the cross section measurement of both the
3H(p,eTe™)*He and (for the first time) *He(n, eTe™)*He
conjugate reactions could reveal possible peculiarities of
the hypothetical proto-phobic fifth force mediated by the
X17 boson.

10
F. Concluding remarks

A major objective of the present work has been to pro-
vide an accurate treatment of the et-e~ pair produc-
tion process in the four-nucleon system, based on the
one-photon-exchange approximation and a state-of-the-
art YEFT description of nuclear interactions and electro-
magnetic currents. The initial 3 + 1 scattering-state and
4He bound-state wave functions have been obtained from
HH solutions of the Schrodinger equation. In particular,
these solutions fully account for the coupling among dif-
ferent (energetically open) channels and for the presence
of resonances observed in the A =4 low-energy spectrum.

In the kinematics of the ATOMKI experiment where
the et-e~ pair is detected in the plane orthogonal to
the incident nucleon momentum, the predicted cross sec-
tions for the 3H(p, ete~)*He and *He(n, e™e™)He have
been found to be monotonically decreasing as function of
the opening angle between the electron and positron mo-
menta, albeit flattening as these momenta approach the
back-to-back configuration, and to increase as function
of the incident nucleon energy, see solid (black) lines in
Fig. 5.

In the low-energy regime of the ATOMKI experiment,
these cross sections are dominated by the transitions from
the 07 (1Sp) and 1~ (1P;) scattering states to the 0T
ground state via Cy, and C7 and FE; multipole operators.
The model dependence from the two different yEFT im-
plementations we have adopted (without and with ex-
plicit A-isobar degrees of freedom, and formulated in ei-
ther momentum or configuration space) appears to be
negligible. These results should provide a reliable and
accurate baseline for the analysis of current (and possi-
bly future) experiments in the four-nucleon system.

Next, we have considered how the X17 boson with a
mass of 17 MeV might affect the pair-production pro-
cess. A quick glance at Fig. 5 suggests that the behavior
as function of both the opening angle and electron en-
ergy is not drastically different depending on whether
the X17 is assumed to be a scalar, pseudoscalar, (proto-
phobic) vector, or axial particle. Clearly a systematic
study of this behavior as induced by a S-, P-, V-, and
A-X17 exchange in kinematical configurations other than
the ATOMKI one might allow us to discriminate among
these different hypotheses and possibly identify the X17
nature, as shown in Fig. 6. Such a study is planned for
the 3H(p,ete™)*He and 3He(n, ete™)*He experiments,
currently in the feasibility and development phase at,
respectively, the LNGS LUNA-MV and CERN n_TOF
facilities.%

Lastly, in order to further investigate the robustness
of the currently predicted electromagnetic cross sections,

6 We are of course available to provide theoretical support in the
analysis and interpretation of these as well as the new ATOMKI
experiment [62].



we also plan to go beyond the one-photon-exchange ap-
proximation and include higher-order QED corrections
in our treatment of pair production in the A =4 system.

II. HAMILTONIANS AND WAVE FUNCTIONS

The nuclear Hamiltonians consist of non-relativistic ki-
netic energy, two-nucleon (2N) and three-nucleon (3N)
interactions. In order to estimate the model dependence
of the various predictions, we have considered interac-
tions derived from two different yEFT formulations. In
the first [39, 40], nucleons and pions are retained as ex-
plicit degrees of freedom and terms up to next-to-next-
to-next-to-leading order (N3LO), in the standard Wein-
berg counting, are accounted for. The resulting interac-
tion is formulated in momentum space and is regularized
with a cutoff A set to 500 MeV; it will be referred to as
N3LO500. In particular, as a consequence of this regular-
ization procedure, this interaction is strongly non-local in
configuration space.

The second formulation, developed in Refs. [42, 43],
retains nucleons, pions, and A-isobars as degrees of free-
dom, but utilizes a “hybrid” counting rule according to
which terms from contact interactions are promoted rela-
tive to those resulting from pion exchange. The 2N inter-
actions that have been constructed in this formulation,
consist of a long-range component from one- and two-
pion exchange, including A-isobar intermediate states,
up to next-to-next-to-leading order (N2LO), and a short-
range component from contact terms up to N3LO. A dis-
tinctive feature is that they are formulated and regu-
larized in configuration space so as to make them local
in this space. In this paper we use the version NVIa
with cutoffs for the short- and long-range components of
the interaction given, respectively, by Rg=0.9 fm and
RL =1.2 fm.

Along with the N3LO500 2N interaction, we include
the 3NV interaction that has been derived up to N2LO [41]
in the YEFT formulation based on pions and nucleons
only. It consists of two-pion exchange and contact terms,
the former proportional to (known) LECs that enter the

subleading w/N chiral Lagrangian Efg,, and the latter
proportional to the (unknown) LECs, in standard nota-
tion, ¢p and cg. This interaction is regularized (in mo-
mentum space) with a cutoff A=500 MeV. The LECs
cp and cg have been determined by reproducing the ex-
perimental values of the 3H binding energy and Gamow-
Teller (GT) matrix element in the 8 decay of tritium.
The original determination of Ref. [63] used the erro-
neous relation between ¢p and the LEC that character-
izes the contact axial current. Consequently, cp and cg
have been refitted in the present work, and their values
are listed in Table 1.

In the xEFT formulation which also includes A iso-
bars, the 3NV interaction at N2LO receives an additional
contribution from a two-pion exchange term with a sin-
gle A-isobar intermediate state [43]; it is characterized
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by known LECs. This as well as the two-pion-exchange

term from Efji, and the contact terms proportional to cp
and cg are regularized in configuration space in a way
that is consistent with the NVIa interaction; in particu-
lar, ¢cp and cp have been fixed by reproducing the same
observables above [63] and their values too are reported
in Table I.

Results obtained with these two Hamiltonians, referred
to hereafter as N3LO500/N2LO500 and NVIa/3Nla,
should provide an indication of the sensitivity of the low-
energy matrix elements and cross sections of interest in
the present work to different dynamical inputs. A more
systematic study of this sensitivity—for example, to in-
teractions and currents constructed using different cutoffs
and chiral orders—is deferred to a subsequent publica-
tion.

Hyperspherical harmonics (HH) methods, as described
in considerable detail in Refs. [38, 58, 64], are used to
calculate the A =3-4 bound- and scattering-state wave
functions. In this and following subsection, we provide
a summary for completeness. We begin by discussing
bound-state wave functions very briefly.

TABLE I. The combinations of 2N and 3N interactions used
in the present work and the (adimensional) fitted values for
the LECs ¢p and cg corresponding to each of these combi-
nations, along with the 3H, *He, and *He calculated binding
energies in MeV (experimental values are reported in the last
line). The values for 1/my used in the calculations corre-
sponding to the N3LO500/N2LO500 and NVIa/3NIa Hamil-
tonians are 41.47 and 41.47107 in units of MeV-fm?, respec-
tively.

Model cp CE SH | °He [ *He
N3LO500/N2LO500 || +0.945|—0.0410|8.471|7.729|28.34
NVIa/3NIa +0.560| +0.460 ||8.482|7.714|28.53
Exp 8.480(7.718(28.30

The 3H, 3He, and *He wave functions are written as
an expansion over spin-isospin-HH states times hyperra-
dial functions, which are themselves expanded on a basis
of Laguerre polynomials. The Laguerre-expansion co-
efficients are then taken as variational parameters (see
Ref. [58] for a more comprehensive discussion),

V= Zcﬂ (I)M ’ (17)
I

where 1 denotes collectively the quantum numbers speci-
fying the combination ®,, of spin-isospin-HH states. The
Rayleigh-Ritz variational principle,

(6.V|H — E|¥) =0, (18)

is used to determine the expansion coefficients ¢, in
Eq. (17) and bound state energy E. The variational en-
ergies obtained for ®H, 3He, and *He with the nuclear
Hamiltonians considered here are reported in Table I. We



note that the predicted energies for the helium isotopes
(the 3H energy is fitted) are close to the experimental
values.

A. The p+>H and n+ 3He wave functions

We use the index v to specify the asymptotic cluster-
ization under consideration: y=1 for p + 3H and v =2
for n +3He. Of course, depending on the relative energy
between the 1+3 clusters, the states p + 3H and n + 3He
may be coupled; however, coupling of these to 2+2 states
will not play a role for the energies we will be consider-
ing below. We also find it convenient to introduce the
following asymptotic wave functions with relative orbital
angular momentum L, channel spin S, and total angular
momentum .J,

1< ) .
Vis0. = 7 2 [Vl ©16,(38) @ (0]
(=1 ®
y Fr.(ny, pyye) (19)
P~Ye ’

Q'CY;LS,JJZ = % ; [YL(QE) ® [¢y(ijk) ® X'y(g)]Si| .
X*GL(WPVW)Q(W)

: 20
P~Ye ( )

where yy is the 1-3 separation with ¢jk and ¢ denoting the
particles in the bound cluster and the isolated nucleon, p,
is the magnitude of the relative momentum between the
two clusters, ¢ (¢2) is the H (3*He) bound-state wave
function, x1 (x2) the proton (neutron) spin state, and F,
and G, are the regular and irregular Coulomb functions,
respectively. The function g(y,) modifies the G (pys) at
small y, by regularizing it at the origin, and g(y,) — 1
as yp 2 10 fm, thus not affecting the asymptotic behavior
of QE;L s.77. (see Ref. [38]). The parameter 7, is defined
as

2

ey
Ny = —, 21)
Uiy (

and e? is taken as 1.43997 MeV-fm. For v = 2, there is
no Coulomb interaction, and the functions Fy, and G,
reduce to

Fr(n.py) | in(ow) Gr(n,py)

— —yr(py) ,
Y Py

(22)
where j;, and y; are the regular and irregular spherical
Bessel functions, respectively. Lastly, the total energy of
the scattering state in the center-of-mass frame is

E=—-Bs+T, , (23)

where T = p2 /(2/1y) is the relative kinetic energy and p.
is the 3+1 reduced mass.
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The scattering wave function of total angular momen-
tum J with an incoming cluster v having orbital angular
momentum L and channel spin S (with S=0 or 1) is
written as

v _gC F
Vs, =Y s 00, T 508,70, (24)
Z J a . AF
+ T’yLS,’y'L'S' (Q'Y/L/S/7JJz+ZQ'Y/L/S/1JJz> s
’Y’LIS/

where the term UC vanishes in the limit of large inter-
cluster separations, and hence describes the system in
the region where the particles are close to each other and
their mutual interactions are strong. The other terms de-
scribe the system in the asymptotic region, where inter-
cluster interactions are negligible (except for the long-
range Coulomb interaction in the *H + p case). This
asymptotic wave function is expressed in terms of T-
matrix elements, that is, it consists of a (distorted) plane
wave plus an outgoing wave. The core wave function
VY is expanded as in Eq. (17), and the expansion co-
efficients along with the T-matrix elements T:YJLS,V’ s
are determined by making use of the Kohn variational
principle [38].

The more technical aspects in the application of this
technique and, in particular, the issues relating to conver-
gence and numerical stability are discussed thoroughly in
Ref. [38]. The convergence of the HH expansion is gener-
ally not a problem for chiral interactions, except for the
p+3H J7 = 07 state below the n + 3He threshold. In
the following, the calculation of matrix elements that are
significantly affected by the contribution of this state will
be discussed in detail.

Accurate benchmarks between the results otained with
the HH method and those calculated by means of the
Faddeev-Yakubovsky equations (solved in momentum
and configuration space) were reported in Ref. [65] for
n + 3H and p + ®He elastic scattering, and in Ref. [66]
for p+3H and n + 3He elastic and charge-exchange reac-
tions. These calculations were limited to energies below
the threshold for three-body breakup. The good agree-
ment found among these drastically different methods at-
tests to the high accuracy achieved in solving the A=4
scattering problem.

In reference to the model dependence of the nuclear
Hamiltonian, it is weak for scattering observables at ener-
gies above the n+ 3He threshold. By contrast, the model
dependence—especially, that originating from the cutoff
used to regularize the 2N and 3N chiral interactions—
becomes strong at energies below this threshold, in par-
ticular for the 0T state [38]. We have speculated that this
effect might be related to a critical dependence of the po-
sition and width of the resonance representing the first
excited state of “He upon the 3N interaction. Experi-
mental studies of this resonance are currently in progress
using electron scattering on *He [67].

Finally, in calculating transition matrix elements we



utilize the wave functions \I/mml (p+), defined as

\Ilg;lys)ﬂﬂl (pV) = Z

SS.LMJJ,

gt .
x 4mit €L Y 0 (py) ‘I’%)JJZ , (25)

1 1
(5magmilSS)LMSS.|TJ.)

where p, is the relative momentum between the two
clusters, ms (m1) is the spin projection of the trinu-
cleon bound state (isolated nucleon), and ¢5-j) is the
Coulomb phase shift o, for y=1 or simply vanishes for
~v=2. These wave functions are normalized so that in

the absence of inter-cluster interactions they reduces to
Eq. (12).

III. ELECTROMAGNETIC CROSS SECTIONS

In this section, we report on the calculation of the
3H(p,eTe™)*He and *He(n,ete™)*He cross sections in
the one-photon exchange approximation.

A. The cross section

The relevant transition matrix element in the lab frame
reads

) - 4o
fi = grq,

Ues oy (T — il (@) ¥ . (D), (26)

where /# denotes the matrix element of the leptonic
current, U (p) is the initial 143 state with the inci-
dent nucleon having momentum p, ¥(p — q) is the fi-
nal *He ground state recoiling with momentum p — q,
and j*(q) is the nuclear electromagnetic current oper-
ator.” We have defined the four-momentum transfer
g =k* + k'* = (w, q), where k" =(e, k) and k' = (¢', k')
are the outgoing electron and positron four momenta
with corresponding spin projections s and s’, and the
leptonic current matrix element as

Upo gy = UK, 8) Y 0 (K, 8") (27)
where we have chosen to normalize the spinors as
uwtu=vlv=1.

After enforcing momentum conservation, the unpolar-
ized cross section follows as

o 1 s

mami ss’

where v, =p/my is the relative velocity (mpy being the
nucleon mass), the phase-space factor d¢ is

Pk A3k

d¢ = 26(E; — Ey) @ @

(29)

7 The relation between the nucleon lab momentum p and the rel-
ative momentum p-, of the previous section is p, = (1 /mn) p.

13

and F; and Ey are initial and final energies, respectively.
Carrying out the sum over the lepton-pair spins yields

dSa™ 1 a?kk
dkdk’ — (27)% Q* v,
where we have defined Q? = ¢ ¢,,, and have introduced
the nuclear electromagnetic response Ry; (the superscript
(7) is understood). In terms of matrix elements of the
current, denoted schematically below as j;fi = (pfiJri),
this response reads

Ry; = Z [—(m2 +k-K)j5i-dri — 1P jgil?/2]

ma3mi

6(E; — Eg) Ry, (30)

(31)
where m, is the lepton mass and P* = k#*—k'#. Of course,
in the expression above, we made use of current conser-
vation, that is, ¢ - j; =0. Lastly, conservation of energy
leads to Eq. (13).

In order to make the dependence on the lepton pair
kinematics explicit, we introduce the basis of unit vectors

e=d, e=po o G=égxe, ()
where the incident nucleon momentum p defines the
quantization axis of the nuclear spins. Then, the nuclear
electromagnetic response can be written as

6
Rfi = Zvi Rl s (33)
i=1

where the v; only involve the lepton kinematical variables
and the reduced response functions R; denote appropri-

ate combinations of the nuclear current matrix elements,
as specified below. We find

o= (Q"/q") e + kK —m?) .
vy = —Pyle—¢ — (w/q) P.]/V2,
vy = —Pyle— € — (w/q) PJ/V2 , (34)
ve=—(P;+P))/d+mi+e —k-K,
US:(PJ%—P;)/27
v = —FPp Py ,

and

Ry = Z ‘,Dfi|2 )

m3,mi

Ry= > Relp} (jf; —ip)],

m3,mi

Rs = Z Im [ p}; (J + 7)1 (35)

m3,mi

Ry= > (lifilP+1inl)

m3,mi

Rs= > Re(j}i"ip)

m3,mi

Ro= Y Tm(j};"ip) .

ms3,mi



where P, denotes the component of P = k—k’ along e,
and the matrix elements are defined (schematically) as
pri = (WO . = (wler - 5T, (36)
where e = F(é,+ié,)/V2. Integrating out the energy-
conserving J- function in Eq. (30) relative to the positron

energy yields the five-fold differential cross section (in the
lab frame)

FUA 55(7)
o (e, k, k') = d({ — =
de dk dk’

o? kK Srec
@rp QF v, i G7)

where have defined the recoil factor as

!

1 €
—1 _
=14 M(k/ —pcost + kcos (‘)ee)? (38)

Here 6’ is the angle between the directions of the positron
and incident nucleon momenta, and 6., is the angle be-
tween the momenta of the two leptons defined in Eq. (15).
The electron energy is in the range m,. < € < €42, Where
€maz Would be simply given by Ey — me ~ 20 MeV—see
Eq. (13)—for the energies under consideration here, were
it not for a small correction due to the *He recoil energy,
which we account for explicitly. Given €, the positron
energy € is fixed by energy conservation.

The four-fold differential cross section integrated over
the electron energy is given by

d4 (’Y) €max PN
ﬁ :/ dea ™ (e, k, k') . (39)

Me

Finally, the total cross section follows from

o = /dic/dic// dea (e, k, k') . (40)

These integrations can be accurately carried out numer-
ically by standard techniques.

B. Nuclear electromagnetic current

Nuclear electromagnetic charge (p) and current (j)
operators have been constructed up to next-to-next-to-
next-to-next-to-leading order (N4LO) within the two dif-
ferent YEFT formulations we have adopted here, with-
out [44-49] and with [50] the inclusion of explicit A-
isobar degrees of freedom. They consist of one-body
terms, including relativistic corrections, and two-body
terms associated with one- and two-pion exchange (OPE
and TPE, respectively) as well from minimal and non-
minimal couplings. From a power counting perspective,
one-body charge and current operators come in at LO
and NLO, respectively; one-body relativistic corrections
to the charge operator and two-body OPE current oper-
ators from the leading 7N chiral Lagrangian both enter
N2LO; two-body OPE charge operators and one-body

14

relativistic corrections to the current operator in the A-
less formulation contribute at N3LO; in the A-full formu-
lation, however, there is an additional N3LO contribution
to the current operator associated with a OPE term in-
volving a A-isobar intermediate state; lastly, two-body
OPE (from subleading 7N Lagrangians), TPE, and con-
tact terms in both the charge and current operators come
in at N4LO. We should stress that the present A-full
formulation ignores the contributions of A intermediate
states in the pion loops.

The TPE charge and current operators contain loop in-
tegrals that are ultraviolet divergent and are regularized
in dimensional regularization [45-48]. In the current the
divergent parts of these loop integrals are reabsorbed in
the LECs of a set of contact currents [45, 48], while those
in the charge cancel out, in line with the fact that there
are no counterterms at N4LO [46-48]. Even after renor-
malization, these operators have power law behavior for
large momenta, and need to be regularized before they
can be sandwiched between nuclear wave functions. This
(further) regularization is made in momentum space [49]
or in configuration space [50] depending on whether the
charge and current operators are used in combination
with the N3LO500 or NVIa interactions.

An important requirement is that of current conserva-
tion q - j(q)=[H , p(q)] with the two-nucleon Hamilto-
nian given by

H=[TCY 4 )4 0@ 0@ 4 0@ 4 o® 1] (41)

with T' denoting here the kinetic energy operator, and
the charge and current operators having the expansions

p= p(_3) + p(—l) 4 p(o) =+ p(l) +o (42)
j=70D 40 450 4 50 4 (43)

where the superscript (n) specifies the order P™ in
the power counting with P denoting generically a low-
momentum scale, and the - - - indicate higher-order terms
that have been neglected here. Current conservation then
implies [45], order by order in the power counting, a set
of non-trivial relations between the j(™ and the T,
v™, and p(™ (note that commutators implicitly bring
in factors of P3). These relations couple different orders
in the power counting of the operators, making it impos-
sible to carry out a calculation, which at a given n for
4T ™) and p) (and hence “consistent” from
a power-counting perspective) also leads to a conserved
current.

Another aspect is the treatment of hadronic electro-
magnetic form factors. In the e -e™ processes, these
form factors enter at momentum transfers Q2 =q'q, >
0, that is, in the time-like region. While they could
be consistently calculated in chiral perturbation the-
ory, here we extrapolate available parametrizations ob-
tained from fits to electron scattering data, as detailed
in Refs. [49, 50, 68], in the time-like region. In fact, the
relevant Q2 in the processes we are considering are close
to the photon point Q2 =0.



C. Reduced matrix elements

Because of the low energy and momentum transfers of
interest here, in the multipole expansion of the charge
and current operators only a few terms give significant
contributions. In the case of interest here, these expan-
sions read [69, 70]

(W pt(q) | W2,, ) =
Var (=) ()7 D7 ;. o(~dq, 04, 6) CF57 (q) (44)
(e -5Tq) | v5e,,) =
*m(*i)J(*)Jﬂ]ZDiJz,—A(*d’qv *aq, qu)

x [AMEFS7(q) + EES (q)] (45)

where A==£1, and Cfs", Ejv‘s‘], and MJLSJ denote the
reduced matrix elements (RMEs) of the charge (C),
transverse electric (E), and transverse magnetic (M)
multipole operators, defined as in Ref. [69]; the (addi-
tional) superscript v is understood. Since the spin quan-
tization axis of the nuclear states is taken along the in-
cident nucleon momentum p = p 2 rather than the three-
momentum transfer g=gé,, in order to carry out the
multipole expansion, these states need to be expressed as
linear combinations of those with spins quantized along
q . This is accomplished by the rotation matrices DL{; I
in the standard notation of Ref. [71], where the angles 6§,
and ¢, specify the direction of g in the lab frame (with
p along 2).

We report in Table IT the RMEs contributing to the
transition from an initial 2t1L; 3 4 1 state to the final
4He ground state with J™=0%. In the long-wavelength

TABLE II. The RMEs contributing to the lepton-pair pro-
duction processes considered here.

state| 2°TTL; charge multipoles current multipoles
0+ ISO C(())OO _

0~ 3P0 — —

1T [%51,°Dy — M5t

1- 1p 3P LSt ELS1

2% [TDy, %Dy CLs? EL5?

27 |3, %Ry - MES?

approximation of relevance here, Siegert’s theorem [72]
relates the electric and Coulomb multipole operators, re-
spectively Ejar(q) and Cyar(q), via [69]

J+1AFE
Erm(q) = S Crm(q) , (46)

J
where AE = E; — Ey is the difference between the ini-
tial 1 + 3 scattering state and *He ground state energies.
This relation implies a relationship between the corre-
sponding RMEs EL57(q) and CL57(g) of Table IL. It is
worthwhile stressing here that Siegert’s theorem assumes
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(i) a conserved current and (ii) that the initial and final
states are exact eigenstates of the nuclear Hamiltonian.
Equation (46) provides a test—indeed, a rather stringent
one—of these two assumptions, see Ref [50] for a discus-
sion of this issue in the context of the chiral interaction
NVIa and accompanying electromagnetic currents.

Finally, we note that the total cross sections for the
3H(p,v)*He and *He(n, v)*He radiative captures in Fig. 2
follow from

2
(n_8ma g [ LSJT (|2 LSJ( \[2
o = E q + M q :|>
O T, 2 [EF WP v )
(47)
where ¢ is the momentum of the outgoing photon and
the sum only includes transverse RMEs.

D. Results for the electromagnetic RMEs

We report in Table I1II the absolute values of the RMEs
contributing to the 3H(p,e*e~)*He process for an inci-
dent proton energy of 0.90 MeV. They have been cal-
culated with the N3LO500/N2LO500 chiral interactions
and accompanying electromagnetic current operator for
3 + 1 states with J < 2. The results in the columns
labeled LO-wf4 and LO-wf5 are obtained with the LO
charge and NLO current operators (in the notation of
Sec. IIIB) and, respectively, a smaller and a larger num-
ber of HH states included in the “core” part \Ifgs’ 7. of
the 3H+p scattering wave function for each channel LS.J
(see Ref. [38] for a comprehensive discussion of various
technical issues relating to the calculation of these wave
functions (note that the basis sets wf4 and wf5 are defined
in Sec. ITTa of that paper). These results demonstrate the
high degree of convergence achieved in the calculation of
the RMEs, even for a “delicate” channel like 'Sy in which
the 0T resonant state plays a dominant role.

The columns labeled LO-wf5 and N4LO-wf5 in Ta-
ble III show the effect of including the complete set of
N4LO charge and current operators. While terms be-
yond LO in the charge give tiny contributions, those be-
yond NLO in the current generally lead to a significant
increase in the magnetic and electric RMEs. The relation
E1SY = V2(AE/q) CH5' ~ /215 (since here ¢ = 0.1
fm~! ~ AF) is reasonably well verified given that the cal-
culated ratio |E1%|/|C1%| &~ 1.30 (of course, this value
corresponds to including the full transition operator at
N4LO).

From Table III we see that the largest RMEs are CJ%,
C19 and E{°', the first involving the 07 — 0 tran-
sition, and the last two the 1= — 0% transition. The
importance of the CJ°° RME simply reflects the fact that
at an incident energy of 0.9 MeV the process proceeds
via the formation of the first excited state of *He—the
01 isoscalar resonance, mentioned above—and its subse-
quent decay to the *He ground state via the Cy multipole.

At the higher end of the *He spectrum there are a
couple of fairly wide J™ =17 resonances (one isoscalar



TABLE III. RMEs in absolute value (in fm®/?) corresponding
to channels with J < 2 in the *H+p scattering wave func-
tion, obtained with the N3LO500/N2LO500 chiral interac-
tions and accompanying electromagnetic charge and current
operators. The incident proton energy is 0.9 MeV and the
three-momentum transfer ¢ is 0.1 fm~'. See text for further

explanations.
RMEsx10%[channel | LO-wf4 LO-wf5 N4LO-wf5
Cy™] TSo 16.33 16.09 16.02
MY 381 0.48  0.48  0.63
MY 35Dy 0.01 001  0.02
C1oT] P 2521 25.37 25.54
|C1H P 2.65 2.66  5.06
| B10Y P 27.95 28.13 34.94
| Bt 3P 2.05 206 3.83
|C3%%| "D, 082 0.82 0.82
|C212| 3D, 001  0.01 001
|E202| 'D, 070 070  0.73
|E202| 3D, 004 0.04 0.04
[ M3 3Py 311 312  3.32
| M3*2] SRy 0.00  0.00  0.00

and the other isovector) associated with the (coupled)
channels ' P;-3P;. In previous studies [8, 11], they have
not been considered to be important. We find otherwise.
The ' P, channel gives, in particular, a large contribution.
As a matter of fact, the RMEs C1% and E{% are even
larger than the Cy RME, discussed above.

Also, the corresponding C1!! and E}'! RMEs are not
negligible, as Table III indicates. These RMEs are signif-
icantly smaller than those from the 'P; channel. While
the F operator can connect the large S-wave component
having total spin S =0 in *He to the ! P, scattering state,
it cannot do so to the 3P; scattering state because of or-
thogonality between the spin states (the C; and F; op-
erators are spin independent at LO). Consequently, this
transition proceeds only through the small components
of the *He ground state (these components account for
roughly 15% of the “He normalization).

By contrast, the M; transition from the 3S; chan-
nel is suppressed since the Pauli principle forbids iden-
tical nucleons with parallel spins to come close to each
other. Higher-order transitions with J =2 are even more
suppressed by powers of the three-momentum transfer ¢
which is close to < 0.1 fm™!, the only exception being
the My transition involving the 3P, channel, whose im-
portance (in relative terms) is somewhat magnified owing
to the presence of a couple of 27 resonant states in the
4He spectrum.

In order to understand the relative magnitude of the
dominant RMEs C{% and E{°!, it is helpful to consider
in more detail their dependence on q. At LO CJ% in-
volves the matrix element of the isoscalar Cy multipole
operator proportional to ), jo(qr;) between the domi-
nant (isoscalar) 3H+p 0T resonance and the (isoscalar)
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4He ground state. In the g-expansion of the spherical
Bessel function, the leading term gives a vanishing con-
tribution to the matrix element because of orthogonality,
and hence the CJ°° RME is proportional to ¢?. By con-
trast, the C1°! RME is linear in ¢q. Using the relation
given in Eq. (46), we observe that E1°1 ~ C15!/q, and
therefore the £; RMEs are independent on ¢q. This ex-
pected g-scaling is well verified by the calculated RMEs,
as shown in Fig. 7. We note that in the limit ¢ =0 the
only non-vanishing RMEs are the two E;’s. This fact im-
pacts the behavior of the pair-production cross section at
backward angles, see below.
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FIG. 7. The dependence on the three-momentum trans-
fer ¢ of some C%¥%/ RMEs (solid circles); the calculations
are at incident proton energy of 0.9 MeV and use the
N3LO500/N2LO500 chiral interactions. The solid (dashed)
lines show fits of the calculated values using linear (quadratic)
parametrizations.

One would naively have expected |C§°] >
|CIOL||Ef0l]) since the energies involved are closer
to the 07 than to the 1~ resonance. However, the
further suppression with ¢ (¢?) of C§% relative to
Ci0l (E1%1) is responsible for inverting the expected
trend. As a matter of fact, the 1~ scattering state
plays a very important role in the 3H(p,e~e™)*He and
3He(n, e~e*)*He processes.

Figure 8 shows the behavior of selected RMEs as
function of the incident proton energy. At the lower
end (S 0.4 MeV), the 0" resonance is very promi-
nent, but quickly fades away with increasing energy (see
C§%); by contrast, as the energy increases (exceeding the
n + 3He threshold) the 1~ resonance becomes progres-
sively more and more dominant (see F1°!). The RMEs
E{'" and M3'? increase monotonically with increasing
energy, peaking at around about 3.5 MeV.

Finally, in Table IV we report the RMEs obtained
with the chiral interactions N3LO500/N2LO500 and
NVIa/3NIa, and calculated in all cases using the largest
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FIG. 8. The dependence on the proton incident energy
of some RMEs (solid circles); the calculations are at a
fixed three-momentum transfer of 0.1 fm™' and use the
N3LO500/N2LO500 chiral interactions. The lines are to guide
the eyes only. The change of slope at the relative energy of
about 0.74 MeV is due to the opening of the n + 3He asymp-
totic channel.

TABLE IV. RMEs in absolute value (in fm®/?) corresponding
to channels with J < 2 in the 3H4p scattering wave function,
obtained with either the N3LO500/N2LO500 or NVIa/3NIa
chiral interactions and accompanying electromagnetic charge
and current operators at N4LO. The incident proton energy
is 0.9 MeV and the three-momentum transfer ¢ is 0.1 fm~!.

RMEsx 107 [p 4 *H wave [N3LO500/N2LO500 NVIa/3NIa
|C3%] TSo 16.02 17.21
[ MO 35 0.63 0.14
MY 3Dy 0.02 0.03
Civ =) 25.54 25.36
|1 3P 5.06 4.53
|E10Y| P 34.94 37.47
Eit 5P 3.83 3.27
C3%% D, 0.82 0.82
|C3'?] 3Dy 0.01 0.09
| E302| 1D, 0.73 0.66
FE3%2| 3Dy 0.04 0.44
My 3P, 3.32 3.64
| M52 3Fy 0.00 0.00

number of HH states for full convergence. The model de-
pendence is weak. In particular, in the CJ°° RME we do
not observe any critical dependence on the input Hamil-
tonian. This is in contrast to what happens in the case
of the corresponding phase-shift [38], which is fact very
sensitive to the Hamiltonian model.

E. Results for the electromagnetic cross sections

Here we report cross-section results obtained for the
internal pair conversion processes. The calculations use
fully converged bound- and scattering-state wave func-
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tions (with the largest allowed number of HH states) and
the complete N4LO set of electromagnetic charge and
current operators.

In Fig. 9 we show the *H(p,e~et)*He four-fold dif-
ferential cross sections corresponding to the kinematical
configuration in which the lepton pair is emitted in the
plane perpendicular to the incident proton momentum
(=0"=90°) and as function of the relative angle 6.,
that is, the angle between the electron and positron mo-
mentum. The model dependence is weak, and the curves
obtained with the N3LO500/N2LO500 and NVIa/3NIa
chiral interactions (and corresponding set of electromag-
netic transition operators) essentially overlap, a result we
could have anticipated on the basis of the RMEs listed
in Table IV.

O1g \ \ \

[ N3LO500/N2LO500 (0" only)
001 -~~~ N3LOS500/N2LO500 (1" only)
E — NB3LOS00/N2LOS500 (full)

NVIa/3NIa (full)
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0.0001

d*6/dQdQ’ [ubls]
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1e-07
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FIG. 9. The four-fold differential cross section for the process
3H(p, e_e+)4He calculated at an incident proton energy of
0.9 MeV; the kinematical configuration corresponds to the
lepton pair being emitted in the plane perpendicular to the
proton incident momentum, and .. is the angle between the
electron and positron momenta. Results obtained with the
N3LO500/N2LO500 and NVIa/3NIa Hamiltonian models and
under different approximations are shown. See text for further
explanations.

In Fig. 9 we also show the differential cross sections
corresponding to the individual 'Sy and 'P; transitions
(again obtained with the N3LO500/N2LO500 model
Hamiltonian). In terms of the response functions defined
in Eq. (35), we observe that for the 1S transition only
R, is non-vanishing,

Ri('S0;q) = 167 [C%(q)]* . (48)

In this respect, it is interesting to note that in the cross
section the response function R; is multiplied by vy, see
Eq. (34). In the limit ¢ — 0 (corresponding to the config-
uration in which the electrons are emitted back-to-back
with the same energy), it is easily seen that this kinemat-
ical factor is proportional to 1/¢?; however, this singular-
ity poses no problem, since |C{%(q)|* o ¢*. For the ' P



transitions, the only non-vanishing response functions are

Rl(lPl; q) = 4872 cos? 0, |C’%01(q)|2 ,

Ro(' P13 q) = 1677 sin(20,) cos ¢ Re [C%Ol*(q) Ellm(q)] ,
R3('Pr;q) = 1677 sin(26,) sin ¢,Re [C}Ol*(q) B0 (@)] .
Ry('P1;q) = 247° sin” 0, |[E1" (q) (49)
Rs(' P15 q) = —1277 sin® 0 cos(264)| E1™ (9)* ,

Rg(*Py; q) = 120% sin® 0, sin(2¢, ) | E1%" (q)*

where 0, and ¢, are the spherical angles of the three-
momentum transfer ¢ = k + k' in the lab frame. For the
kinematical configuration in Fig. 9, we have §, =90° and
hence only R4, Rs5, and Rg contribute.
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FIG. 10. The five-fold differential cross section for the pro-
cess *H(p, e~ e™)*He calculated with the N3LO500/N2LO500
Hamiltonian model at an incident proton energy of 0.9 MeV as
function of the electron energy and for selected angles 6..; the
kinematical configuration is otherwise the same as in Fig. 9.

In Fig. 10 we show the five-fold differential cross section
as function of the electron energy € with m. < € < €42
(approximately 20 MeV) for selected angles fe.. The
lepton-pair kinematics is the same as in Fig. 9. For elec-
trons and positrons emitted collinearly (6. small) the
cross section is large and almost constant. As .. in-
creases, the cross section decreases. Away from the end-
points at e =m, Or €4z, it is fairly flat. In the limit
Oce — 180° (leptons emitted back-to-back) the cross
section remains essentially constant except for e values
close to €42/2, where it is can easily be seen to be sup-
pressed by a factor (m./e)?.

The cross sections at incident proton energies other
than 0.9 MeV display the same qualitative features dis-
cussed so far. At lower energies, the contribution of the
C§% RME becomes more important, while at higher en-
ergies (above the n + 3He threshold) the cross section is
completely dominated by the Ci%! and E{°* RMEs.

Total cross sections for the *He(n, e~et)*He process,
calculated with the N3LO500/N2L0O500 and NVIa/3NIa
Hamiltonian models, are provided in Table V at a num-
ber of incident neutron energies. For comparison, total
cross sections are also reported for the radiative capture
process *He(n, v)*He. We note that pair production cross
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sections are suppressed by a factor of approximately 500
relative to radiative capture cross sections.

IV. X17-NUCLEON INTERACTIONS

In this section we obtain, within YEFT, the La-
grangians describing the interactions of the X17 with nu-
cleons. We consider, in turn, the cases in which the hy-
pothetical X17 is either a scalar, pseudoscalar, vector or
an axial boson. Conventions and notations are as in Ap-
pendix A, where we summarize the yEFT formulation in
the SU(2) framework (with up and down quarks), albeit
we only include couplings to scalar, pseudoscalar, and
vector source terms. The extension of this framework to
SU(3) (with up, down, and strange quarks) as well as
the inclusion of an axial source term are briefly outlined
below.

A. Scalar or pseudoscalar or vector X17

Assuming conservation of parity, the Lagrangian de-
scribing the interactions of a scalar X17 boson with up
and down quarks is taken as

Lix@ =Y e T F@) @) X@),  (0)

f=u,d

where X (x) is the X17 field and A is an unknown high-
energy mass scale. Note that we have chosen to rescale
the coupling constants by the unit electric charge e, and
have introduced explicitly the quark masses in order to
have renormalization-scale invariant amplitudes. This
Lagrangian is more conveniently written in terms of the
isodoublet quark fields, defined in Appendix A, as

LS y(@) =e %@(ﬂf)(éo +em)q(@) X(z),  (51)

where we have introduced the coupling constants

Ag my €, +mgeq

€0 A 2my, ’ (52)
As my €, —Mmyeq

L= Mufu 7 53

¢ A 2my, (53)

and a new scale Ag which we set (arbitrarily) at 1 GeV.

We have also defined
mg = (Mmy +mgq)/2, dmg = (my —mgq)/2 . (54)

From Eq. (51) we identify the isoscalar and isovector

scalar sources sg(z) and s3(x), including quark mass con-
tributions, as

so(z) =mg —e %eo X(z), (55)
s
sg(x) =dmy —e %ez X(xz), (56)
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TABLE V. Total cross sections (in ub) for the processes *He(n, e~ e™)*He and *He(n, v)*He calculated at a number of incident
neutron energies E,, (in MeV) with the N3LO500/N2LO500 and NVIa/3NIa Hamiltonian models. Note that due to the slightly
different *H and 3He binding energies obtained with the two Hamiltonians (see Table I), the calculations have been performed
at different neutron energies. This is the reason for the apparently different cross section obtained at the lowest energies. When
plotted, the results obtained with the two Hamiltonians agree very well, see for example Fig. 2.

E, 3He(n,e e")*He *He(n,~)*He

E, 3He(n,e e")*He *He(n,~)*He

N3LO500/N2LO500 NVIa/3NIa
0.17 0.0454 21.4 0.14 0.0342 16.3
0.35 0.0645 30.7 0.31 0.0554 26.7
0.70 0.0930 44.4 0.66 0.0842 40.6
1.00 0.109 52.1 0.98 0.104 49.9
2.00 0.148 70.3 1.99 0.141 67.1
3.50 0.161 75.1 3.47 0.155 72.5

and s1(x) =s2(z)=0.

In the chiral Lagrangians (see Appendix A) these
scalar sources enter via x(z) =2B. s(z), where the LEC
B. is the quark condensate and m, B. =m?2 /2, with m,
denoting the pion mass. Retaining only up to quadratic
terms in the expansion in powers of the pion field yields
the Lagrangian

ﬁf,x(l’)

N(z)[8 Bcc1 so(x) + 4 Be s s3(x) 73] N(x)
— Beso(x) () . (57)

We find it convenient to introduce the coupling constants

2
S 461 mx S

2c5m2
o = — AS €0 n, =—

As

€, (58)
in terms of which the nucleon-X17 interaction Lagrangian
reads simply as in Eq. (4).

The case in which the X17 is either a pseudoscalar or
vector boson can be treated similarly. In the former case
we consider the quark-level Lagrangian

Lhx@) =Y e T F@)(iv") f(@) X(2) ,  (59)

f=u,d

from which we read off the isoscalar and isovector pseu-
doscalar sources po(z) and psz(x) as

po(x) =€ T—:eo X(x), (60)
pale) = e he X(a) (61)

where €y and €, are the combinations of Egs. (52)—(53).
These pseudoscalar sources enter the chiral Lagrangians
via the term 2iB.p(x); however, at leading order the

only contribution is owing to £ (),

LY x(x) = 2fxBeps(x) m3(x) . (62)
We define the coupling constant
fxm2

= (63)

Ag €z

in terms of which the pion-X17 interaction Lagrangian is
then obtained as in Eq. (5).
In the vector boson case, we have

Z Cef ?(x)fyﬂf(x) X}t(x) )

f=u.d

E;/,X (z)

(64)

where X, is the X17 vector field, and which can be rewrit-
ten as usual as

E};X =eq(z) (60 + e, Tg)’Y”(](.’L’) Xu(z) . (65)
The parameters ¢y and €, are related to the coupling
constants of the X17 to the up and down quarks via

_ €y + €4 €y — €d
60 - 2 bl 62 2 M

(66)

The (non-vanishing) vector sources are then given by

v (z) =3eeo Xyu(z) , (67)
vusl@) = ce X,(a) (69)

and the ensuing nucleon-X17 interaction Lagrangian (at
leading order) follows as

LY x(@) = N(@)y" [v;(2) + vu,3(2) 7N (2) (69)

+ 4“0 N(@)[0,05 (x) =00 ()] 0 N ()
my

+4RZ N(z)[0,vy,3(x) —Opvy3(x)| 0" 3N (2) |
my

which can be expressed as in Eq. (6) by defining the cou-
pling constants

77(‘)/:360, n;/:ez. (70)

We note that the case of a “proto-phobic” coupling of
the X17 corresponds to ny ~ —nY.

B. Axial X17

Because of the anomaly, isoscalar axial sources are ab-
sent in the flavor SU(2) Lagrangian of Appendix A. In



order to circumvent this difficulty, we extend the theory
to flavor SU(3) [73] by also including strange quarks,

Y eer flap™y fl@) Xu(x) . (T1)

f=u,d,s

Ef?,x(ﬂ?) =
and define the field ¢(z) as
q(z) = d(x; . (72)

If we ignore strange-quark components in the nucleon,®
(N[3(z)y,7°s(x)|N) =0, (73)

we can then identify the isoscalar axial-source term with
one of the SU(3) axial currents, conserved in the chiral
limit where the masses of up, down, and strange quarks
vanish, that is,

(Nfa(z)y7 u(@) +d(@)y,7°d(@)|N) — <N\au,8($)\fzf> ;
74
where the current a, g(z) is

5 @) =) () + A d(z) — 25(@) 35 (a)
=V3q(x)7.7 A q(z) | (75)

and Ag is the Gell-Mann matrix

L (100
M=—1[01 0
V3 \oo

—2

(76)

The relevant piece of the flavor SU(3) quark-level La-
grangian reads

Lix =q(x) au(x)y"° q(x) | (77)
where
an(®) = ap3(w) Az + aus(®) As (78)
and

a8(x) = V3eeX ()

(79)
with ¢y and €, defined as in Eq. (66). The Gell-Mann
matrix Ag is the SU(3) extension of the Pauli matrix 73,
namely

au3(z) =ee, Xu(x),

100
As= 10 -10 (80)
000

8 The contribution of the strange quark to the axial form fac-
tor of the nucleon has been recently calculated in LQCD, see
Ref. [74]. However, experimental knowledge of this contribution
from parity-violating electron scattering at backward angles and
from neutrino scattering is rather uncertain at this point in time.
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At the hadronic level, the flavor SU(3) chiral La-
grangian is written in terms of the baryon-field matrix

20/V2+ A/V6 o+ p
B= ¥ —%0/v/2 4+ A/V6 n ,
E- g0 —2A/V6
(81)

and meson-field matrix

T +n/V3 mtim  V2KT
d=| m—im -m+n/V3 V2K° , o (82)

VZK-  V2KY 293

where ©F, K+, etc., are the fields associated with the
various strange baryons and mesons. The building blocks
are 3 X 3 matrices, defined as

i 1
=14 —P— — D2 +...

U +f7r 272 +e (83)

D,B=0,B+[,, B], (84)

with the remaining auxiliary fields u, u,, I',, and ij,
as given in Eq. (A10). Here, we specialize to the
case of an external axial current only, and therefore set
ru(z)=—£,(z) =a,(x), with a,(z) as in Eq. (78). In
this extended framework, the meson-baryon Lagrangian
at leading order reads

1 B/s D—
Loy = (BlinuD" ~ Mp)B + By {u . B)

5 BY" [y, Bl) (85)
where (---) indicates a trace in flavor space, Mp is the
mass matrix of the baryon octet, and D and F are LECs.
Expanding in powers of the meson fields ¢ and consider-
ing only pion-nucleon-X17 interaction terms, we obtain

Ly x(x) = (D + F) N(x)y"7°3 N(x) au3(z)

%N(@“) YN () ayg(x) , (86)

which can be cast in the form of Eq. (7) by defining the
coupling constants

m =@BF—-D)e, ni=(F+D)e.. (87

We note in closing that the term (V,UTVAU) in the
meson-meson Lagrangian at leading order also generates
an interaction term involving the direct coupling of the
pion to the axial field of the form 0*ms(z) X, (x). As
mentioned in Sec. I C, we ignore it here for simplicity.

V. X17-INDUCED NUCLEAR CURRENTS

The pair production amplitude on a single nucleon
T,‘éf( (N) induced by each of the (leading order) La-
grangians in Eqgs. (4)—(7) can be easily calculated, for



example, in time-ordered perturbation theory. The gen-
eral structure is as given in Eq. (9) with ]}f( replaced by

the single-nucleon current j]%f( (), that is,

ccti(ks) T v(k's') j5X (N)

T¢X(N) = dra , 88
(N) a2 (88)
where?

J7X (V) :ﬂ(p’SE\z)U(psN)XI/N P vy (89)
PX _a(p'sy)v* s iquulpsny) v ppx

Jri (N) = P — Xy P77 Xen 5 (90)
Jf(N) = (p siv) 7 ulpsw) Xl P (91)

VX
Smin u(p'sy) ot g u (psN)x;VP Xin s

JN (V) = —u(p'si) Y s ulsn) xly P xey o (92)

and X¢y and X, denote the initial and final nucleon
isospin states, respectively. We have defined the isospin
operators

P =g 4027, (93)
and similarly for PV* and PAX with the n5 and n?

replaced by the corresponding set of coupling constants,
and

pPX _ g4 p 94
2f7-r nz T3 I ( )
P = ko) + ol T (95)

The nuclear currents follow by retaining the leading-
order term in the non-relativistic expansion of j*X(N)
and by summing over the individual nucleons (impulse
approximation). We define matrix elements of these cur-
rents between the initial 341 scattering state and final
4He ground state as in Eq. (26)

i = (T - @i (@) ,..(p) . (96)

where where the j°¥(q) are single-nucleon operators
which in configuration-space can be written in terms of
the following operator structures, stripped of the cou-

9 We should note here that the vector and axial amplitudes ob-
tained in time-ordered perturbation theory also include a con-
tact term of the form ~ (T~° v)jgffi/M)z(, involving the time
components of the electron and nucleon currents. This term is,
however, exactly cancelled by a corresponding term present in
the interaction Hamiltonians of the X17 vector and axial boson
with electrons and nucleons [75], not shown in Egs. (6)—(7).
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pling constants 7§ .,

PNa) =Y o [ pi ], P (99)
ljl

JVA(q) _ Z; 2;”\[ [elq T p ]+Pf\ 7 (100)

i) = EA: L caTigx o, P, (101)
= 2mn
A

i) =) e e, P (102)
=1

where A = £ with P;" =1 and P, =73, p; is the mo-
mentum operator, and |- - -]+ denotes the anticommuta-
tor. Note that the operators are defined to be adimen-
sional.!?

In the calculation we have retained the space and time
components of, respectively, the vector and axial cur-
rents, even though they are suppressed in the power
counting relative to the corresponding time and space
components. As a matter of fact, these terms give im-
portant contributions by connecting the 3+1 ' P, and 3P,
continuum states to the *He ground state via E; (V) and
Co(A) multipole transitions.

VI. X17-INDUCED CROSS SECTIONS

In this section we compute the cross section including
the contribution of the X17 boson. This cross section
consists of a purely electromagnetic term, which we have
already analyzed in Sec. I1I, an interference term between
the virtual photon and X17 amplitudes,

DD

m3m1 ss’

szsz + c.c.

dox = do (103)

10 The scalar-exchange current follows as jSX = 77(? pSt 4+ nf p5,
and similarly for the time component of the vector-exchange,
and for the time and space components of the axial-exchange
currents. The pseudoscalar-exchange and space component of
the vector-exchange currents read, respectively,

.PX _ P q P—
.] 7nz q2+m727

)

and

. . =V+ LV — V-
iV =nd (JV++HOJ )+n,‘! (JV + k2] ) -



and a term associated with the X17 exchange,

TDIPIL

m3m1 ss’

dO‘XX = (104)

where T; and Tﬁf are the amplitudes given in Egs. (1)
and (9), the phase-space factor d¢ has been defined in
Eq. (29), and the superscript v identifying the initial 341
nuclear state (p+>H or n+3He) is understood. Standard
trace theorems are used to evaluate the lepton tensors
entering these cross sections. Noting that I'¢T = ~0T¢40
we find

e for the scalar case:

Me

Sl s = o (W= k) (105)
1

Zzié k’s/élgs*k’s’ = - (k ' k/ - mg) ; (106)
’ ’ €€

ss’

e for the pseudoscalar case, the mixed trace and
hence the interference term in the cross section van-

ish, while

1
D s lhosrss = ?(k%’—&-mﬁ) ;

ss’

(107)

e for the vector case, the mixed and direct traces are
of course the same, and

o+ v * = i
ks,k’s’ “ks,k's’ — e

ss’

[kuk/l/ + kl;tkl/

—g" (k- K +m2)]; (108)
e for the axial case:
v A * i 76}
Z/€Zs,k’s/ gks,kz’s’ = Q e ﬁkak‘/ﬁ 5 (109)
VA* 1 S RI% / v
ng:s ks kst = ?[k’ K"+ E*E
—g"(k-k —m?)]. (110)

In analogy to the purely electromagnetic case in
Eq. (37), we express the interference and direct five-fold
differential cross sections as

2 /
27 «@ kk frec R
- > 111
ox(e k) (2m)3 Q2 v, [QQ M?JrCC 111)
2 /
oxx(ek k)= RE. Jrec 2R, (112)

(2m)? Q% — M%[? v,
where ¢, is the coupling constant of the electron to the
X17 particle, and R¥; and R7;* denote the nuclear re-

sponses associated with, respectively, the interference
and direct terms (the former one is generally complex).
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Note that, when accounting for the X17 width, we make
the replacement of Eq. (10) in the X17 propagator, yield-
ing a complex function of the mass Mx and width I'x.
Of course, the full cross section results from Eq. (14).

The interference and direct nuclear responses can be
conveniently cast into the forms

12
= E Ui

XX XX 2 XX
E :”U 60]%100 +26062Ri,0z R’L zz) )

(o RY) +€:RY,) (113)

where the v:¥ and v;¥¥X involve the lepton kinematic vari—
ables and the reduced response functions R;%, and Rl B
denote appropriate combinations of the matrlx elements
of the electromagnetic and X17-induced currents, as in-
dicated in Tables VI and VII for the various possibilities
(S, P, V, and A). Note that we have made explicit the
dependence of the reduced response functions on the cou-
pling constants ¢y and €, of the X17 to the quarks. As
a consequence, the combinations of nuclear matrix ele-
ments only depend on the LECs of the YEFT Lagrangian,
see Eqgs. (58), (63), (70), and (87).

Since the vector and axial X17-induced currents are
not assumed to be conserved, in the reduced response
functions listed in Tables VI and VII there is a contribu-
tion involving the longitudinal component of the current,

i = (le. - 5 T(q) ey (114)
which is of course absent in the purely electromagnetic
case. The matrix elements of the charge and those of
the transverse components of the current are expanded
in RMEs of multipole operators as in Eqgs. (44)—-(45). The
longitudinal current matrix element has a similar expan-
sion

G = Var(=)! ()" D2; (6, -0,6) L5 (q) .
(115)
Of course, the multipole parities for the S and V' currents
are opposite to those of the P and A currents.

Lastly, the contribution resulting from the contraction
of the g" ¢ /M% term in the propagator of the X17 boson
with the leptonic tensor vanishes in the vector case and

is neglected in the axial case, since it is proportional to
(me/Mx)? = 0.0009.

VII. RESULTS INCLUDING THE X17 BOSON

In this section we provide further numerical details in
support of the cross section results reported in Sec. ID.
We begin by analyzing the relevant RMEs contribut-
ing to the transition mediated by the X17 boson. The
RMEs contributing to the purely electromagnetic transi-
tion have already been analyzed in Sec. IIID.



TABLE VI The reduced response functions R
factors v;X
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with A =0 or z entering the interference cross section ox and the kinematical
. The matrix elements p 7i and ] f of the time and space components of the electromagnetic current are defined as in

Eq. (36). The matrix elements pfl and j i /\ are defined similarly with the X17-induced current replacmg the electromagnetic

one; of course, since the X17 current is not assumed to be conserved, a longitudinal matrix element j 7 fl is also present (see text).
Note that there is no contribution to the inference cross section in the case of a pseudoscalar X17. We have defined u=w/q
and the spherical components Py = F(P, +i P,)/+/2 with P =k —k’. Lastly, the second column specifies the character—purely
longitudinal (L), purely transverse (T), or longitudinal-transverse (LT)—of the given R;%,.

i |Character ng ¥
S 1% A
1 L S g Pi PRin Mme (Po —uP.)| (Po—uP:)Po/2+ (m2+k-k')
2 L Sy P I —(Py —uP,)P./2 —u(m? + k- k)
3 LT Sy Pri I (Po—uP.)P-/2 —-Q*P-/(2q)
4] LT S gmn i J7in (Po — uP:)Py/2 Q*Pi/(29)
5| LT namy i PFin —me Py —PyPy /2 —qP: /2
6| LT Smam Jri PFin —me P- ~PyP_ /2 gP_ /2
7| LT Sy I5 765 P.Py/2 WP, /2
8| LT S g dri 105 P.P_J2 —wP_ )2
9 T S, GE IR +ir7070) (P2+ P2)/4—k K —m?
0] T |, GRS — 05" d50) (Poq— P.w)/2
11 T Sy I3 7N —P2%)2
12 T Sy 7 IR —P%/2

A. Numerical results for the RMEs

The relevant operators are given in Egs. (97)-(102).
The RMEs associated with a .S or V' exchange are those
in Table II (except that the longitudinal RMEs are not
listed; they connect to the same states as the charge
RMESs), while the RMEs contributing to a transition me-
diated by a P or A exchange are listed in Table VIII. In
the following figures we consider separately the isoscalar
(4+) and isovector (—) components of the operators as
given explicitly in Egs. (97)—(102). The correspond-
ing RMEs carry a superscript + or —. Of course, the
isoscalar and isovector terms in the S operator are iden-
tical to the corresponding ones in the V' charge operator.
However, the isovector P operator and isovector term in
the A charge operator differ, the former involving ¢q - o;
and the latter involving p; - 0.

In Fig. 11, we show the RMEs, as functions of the rela-
tive energy, calculated with the V' operators. The results
are similar to those shown in Fig. 8. However, since we
separate the isoscalar and isovector components of the

transition operators, we can observe the effect of the dif-
ferent isospin content of the various initial states. For ex-
ample, in the low-energy regime only the RME associated
with the isoscalar component of the V' charge operator
displays a resonant behavior, confirming the predominant
T =0 character of the 0T resonance. At higher energies,
by contrast, the dominant contribution is from the RMEs
induced by the isovector V charge and current o erators
(specifically, the RMEs O~ L1 101= "and E1 ), at-
testing to the dominant T =1 nature of the 1~ resonance;
indeed, the corresponding isoscalar RMEs are roughly an
order of magnitude smaller. This is also related to the
fact that, for small g, the electric dipole operator is dom-
inated by the isovector component [76].

In Figs. 12 and 13, we show the RMEs, as functions of
the relative energy, calculated only with the A and P op-
erators. Note that the charge RMEs are calculated using
the operator of Eq. (98) for P-exchange and the opera-
tor of Eq. (99) for A-exchange. These RMEs are qualita-
tively similar. The resonant behavior of the C’110+ RME
in both figures, due to the transition from the 1n1tial 3Py



24

TABLE VII. The reduced response functions Rfﬁ/ with A, \’ =0 or z entering the direct cross section ox x and the kinematical

factors v~ ; remaining notation as in Table VI. The upper and lower signs in the v;** correspond to the S/V or P/A cases,
respectively.
i |Character Rf;g\, v XX
S, P V, A
1 L > mgm, R (P pi'(i,k’) E-E Fm? 2¢e — k- k' Fm?
X X,z X X,z
2| L g Re (P70 5350 + RN 3703) /2 —wq+ PP
3] L Smgmi Re (G737 7750) (¢° = P2)/2+ k- K £ m
4| LT |3, Re[ofin U —ipin) +efin Grax —drin)]/2 —PoP./V2
« (X, X,— (X, X, —
5 LT Zm3m1 Im [P;(M (in,; +sz,x) +pfmx (in,;r JFin,A)]/Q —PoPy/V?2
X,z (X, X,— X,z (X, X, —
6 LT Z7n3m1 Re I:]fzi\ (-]fzi—’ _-]fz,)\’) +-7fij\’ (-]fz,-)': _jfz,)\)]/z Pzpﬂl”/\/i
T U g I U3 G700+ d70n0) + 9705 07X+ 7)1/ P.P/v2
8 T ZTTL377L1 Re (-];i:-)’:* ];(1:-)’:’ +.7;i:;* .];i:;/) —(P§+P;)/4+kk/img
X, 4+ X, — X4k X, —
9 T gy Re (X" g a0 07 ) /2 (P2 —P))/2
10 T PN (N (S PSSV PR PR VP _P,P,
02 000+
—o |C
TABLE VIII. The RMEs contributing to a transition medi- | ||
ated by a pseudoscalar or axial X17 exchange. . ‘L:mm‘
015 o, |
state| 2FTL; charge multipoles current multipoles L — 1™
0+ ISU — — 5; ‘Clmlr‘
0~ 3P, co Lo 5 0 el :Z:\ 4
17 [5.°D, CrsT EFST I5T z o ||
1~ 1P17 3P1 _ Mlle I()l—‘
2+ IDQ, 3D2 _ M2LS2 m+‘
2= 3P, 3R, CLs? ELS? [ LS? |
7|12+‘
ZHZ—‘ [

state to the final ground state, is evident. This behavior
is related to the presence in the *He spectrum of a 0~
resonance just above the opening of the n+3He channel.
The very broad peaks in the C2LS2jE and EQLS2jE RMEs,
connected to the presence of 2~ resonant states in the
4He spectrum, should also be noted.

Lastly, in Fig. (14) we report the dependence on the
three-momentum transfer g of some of the RMEs associ-
ated with pseudoscalar- and axial-exchange.

B. Further comments on cross section results

Cross section results for the processes *H(p, eTe™)*He
and *He(n, e*e~)*He have been presented and discussed
in Sec. ID. Here, we only report the values we have

FIG. 11. RMEs (in absolute value) resulting from V-induced
transitions, see text for additional information. The C§SJi
(L557% ) EES7E and MES7%) RMEs come from matrix ele-
ments of the isoscalar (+) and isovector (—) charge (current)

operator. The calculations are for the 3H(p, ete” )4He process
and are based on the N3LO500/N2LO500 interactions.

adopted for the isoscalar and isovector combinations, re-
spectively n§ and n¢, of coupling constants modulo the
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FIG. 13. Same as in Fig. 11 bur for P-induced transitions.

unknown €y and e,

%9/60 = f4micl/A5 ~ 0.085 ,

no Je. = —2mies/As ~ 0.0038 ,
(9a nf/fw)/ez =gamz/As = 0.175 |

77(‘)//60 =3,

77;//62 =1,

noJeo =3F — D ~ 055,

ndje,=F+D~1.25.

The value of the LEC ¢; =—1.10 GeV~! is taken from
Ref. [77], where it has been extracted from an analysis of
mN scattering data. The value of the LEC c;5 is related to
the n-p mass difference dms** induced by the strong inter-
actions [78], that is, c5 = dm, dm** /(4 B,) ~ —9.9x 10~°
GeV~!, where dmg =my — mgq. The values of Im** and
dmg are taken from the Lattice QCD FLAG compila-
tion reported in Ref. [79]. Note that 1o /e, < 15 /eo.
The combination 73 /€ is actually related to the so-called
oxn term, that is, 15 /eo = 0xn/As. The adopted value
is equivalent to approximating o, = —4m?2c; which rep-
resents the LO contribution as determined in a xPT anal-
ysis. Since this expansion is poorly convergent for oy,
perhaps a better approximation would be to use the em-
pirical value, as derived from the analysis of 7N scat-
tering data or directly from LQCD calculations. This

(116)
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FIG. 14. The dependence on the three-momentum transfer ¢
of some RMEs for the pseudoscalar (solid squares) and axial
operators (solid circles); the calculations are at incident pro-
ton energy of 0.9 MeV and use the N3LO500/N2LO500 chiral
interactions. The solid lines show linear fits of the calculated
values. The other RMEs not shown in this plot are negligible.

would give a value for 13 /ey that is about 30% smaller
from that reported in Eq. (116). Given that we have
no knowledge of the coupling constants of the X17 to the
electron and nucleon, such an uncertainty is of no import
at the present time.

In computing the four-fold differential cross section,
special care must be exercised in carrying out the inte-
gration over the electron energy, particularly when the
width 'y of the X17 is small. The origin of this diffi-
culty is easily understood. The interference and direct
pieces of the cross section are proportional to powers of

1 1 1
H Ei
Q?— M% Q?*— M2 +iMxT'x — Dx’

(117)

where it has been assumed I'% < M%. When the lepton-
pair kinematics is such that Q% ~ M%, the X17 propaga-
tor reduces to —i/(MxT'x), and this behavior is at the
origin of the peaks observed in the five-fold differential
cross section for large 6... We elaborate on this aspect
of the calculations in the following.

1.  Energy and angular dependence of the cross section

In general the five-fold differential cross section can be
schematically written as (we only indicate explicitly the



energy dependence)

dsia = U(E) + & |:

de dk dk’ “l Dx

e [Rx(€) D% + c.c.] + €2 Rxx/(e)
|Dx|? ’

+ c.c} ‘e 5

where o(€), Rx(€), and Rxx (€) denote, respectively, the
purely electromagnetic term, the interference term be-
tween electromagnetic and X17-induced amplitudes, and
the purely X17 term. Note that we have made explicit
the dependence on the coupling constant e..
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FIG. 15. Example of the folding of the four-fold differential
cross section for the process *H(p, e"e™)*He calculated with

the N3LO500/N2LO500 Hamiltonian model at an incident
proton energy of 0.9 MeV.

Using the Lagrangians given in Eq. (2), the width of
the X17 is obtained (in first-order perturbation theory)

as
M2 — 4m? 4m?2
ry =ae?2 =X "¢ [1— c
X 2My M3
MX 4m2
FP — 2 1— e
X T\ T Mg

M2 +2m? 4m?2
Y =ae2 X _— ¢ [1-—¢ 119
M% —4m? 4m?
Iy =aqe2 =X _"Te [1_ZTe
X 3Mx M2
In the limit M% > m2, the width I'S, reduces to
I =r.ae My =e2q% , (120)

where x. is a numerical factor of order unity. Available
current bounds on €, suggest I'S, < Mx.
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As noted in Sec. ID, the condition Q=M% is sat-
isfied by two different values, €; and es, of the electron
energy, and according to Eq. (16) for € close to ¢; we can
approximate 1/|Dx|? as

1 T 1

w% 6(6_67;).

_ 121
o] 2275 Mx (121)

In such a limit, in the cross section of Eq. (118), the
interference and direct terms are proportional to é(e—e;)
with the electron energy argument evaluated at ¢;. It
is worthwhile pointing out here that in the direct term
proportional to Rxx the dependence on &2 is removed
(of course, in the present tree-level treatment of the X17
width). It turns out that for e, ~ 1073 the interference
contribution (proportional to Rx) is always negligible
relative to the direct one.

In order to obtain the four-fold differential cross sec-
tion, the integration over € is carried out numerically for
the electromagnetic term, and analytically for the inter-
ference and direct terms. We account roughly for the
finite angular resolution of the detector employed in the
experiment by folding the .. dependence of this (four-
fold) cross section with a normalized Gaussian of width
A. The cross sections plotted in Figs. 5 and 6 have been
obtained in this way, using typical values of A around
3-5°. In Fig. 15, we show an example of a folded and
non-folded cross section. In principle, we should have
accounted for the finite resolution in the determination
of the individual electron and positron angles 6 and ¢’
(rather than 0..). However, in this first study we are not
concerned with refinements such as this.

2. Determining the X17 coupling constants

We now turn to the comparison with the ATOMKI
data for the 3H(p, ete™)*He process at E,=0.90 MeV.
As noted earlier, the cross section is essentially indepen-
dent of ., but does depend on the mass Mx and the
coupling constants n5. We have taken Mx =17 MeV,
while we have fixed the n¢ by fitting the ATOMKI data
in the peak region (the X17 contribution is negligible
for .. < 90°) as follows: for S-exchange, we have deter-
mined only 775, and have set 2 =0, since (i) this coupling
constant, being proportional to the LEC c5, is expected
to be much smaller than 75, and (ii) matrix elements
of the isovector S current are much smaller than those
of the isoscalar one; for P exchange, we have determined
the single isovector coupling constant 7%’; for V exchange
we have taken 1Y = —n} (proto-phobic assumption) and
have determined 7} ; for A exchange, we have determined
ng', while setting n = 0, since isoscalar matrix elements
of the A current are much larger than isovector ones, see
Figs. 11 and 12. The values of the coupling constants



resulting from the fits'! are reported in Table IX. These
values also depend on the choice of the parameter A of
the Gaussian; those in the table correspond to a A of 3°.

TABLE IX. Values of the coupling constants €y and €, ob-
tained either from the fit of the ATOMKI angular distribution
(columns 2 and 3) or from the fit of the branching ratio Bx
(columns 4 and 5). The values in boldface have been fixed as
discussed in the main text; furthermore, Mx =17 MeV and
€¢=1073. The relations between these parameters and the
coupling constants 7, are given in Egs. (58), (63), (70), and
(87). Note that the proto-phobic condition is equivalent to
requiring 3eo9 + €. =0.

Case €0 € €0 €z

S 0.60 x 10° 0 0.32 x 10° 0

P - 4.16 x 10° - 0.72 x 10°
Vo 1264x107% —8eg; [1.68x107% —3¢g
A 1.92x 1073 0 1.36 x 1072 0

An alternate, possibly more reliable, procedure, which
has also been used to investigate the ®Be anomaly, is
to extract the value of the coupling constant by repro-
ducing the X17-to-gamma branching ratio Bx =ox /0,
where o, is the cross section for the radiative capture
3H(p,v)*He and ox is cross section for ete™ produc-
tion, which only includes the X17 contribution, that is,
with the purely electromagnetic contribution subtracted
out. Using a branching ratio Bx =9.6 x 1075 [10], we
obtain the coupling constants listed in columns 4 and 5
of Table IX. The values resulting from the two different
procedures—fit of the ATOMKI angular distributions or
fit of the branching ratio—are of the same order of mag-
nitude.

3. Comparing to previous determinations of the X17
coupling constants

Of course, the coupling constants reported in Table IX
are rather uncertain (they depend on the specific values
assumed for Mx and ., on unquantified uncertainties in
the experimental data, etc.). Nevertheless, we can com-
pare them to previous determinations, where available.
In Ref. [8] the coupling constants €, and €4, entering V'
exchange, were obtained by fitting the branching ratio
for the 8Be anomaly, with typical values of the order
~ 1073, The values for €, 4= (o £ €,)/2 inferred from
Table IX are consistent (order of magnitude) with those
reported in that work.

For the case of A exchange, we can compare the results
of our fit with the ¢, 4 extracted in Ref. [9] (again, from

11 There are 19 data points; however, one of these points is excluded
from the fit, since it is used for the rescaling the experimental
cross sections in the region of small fcc.
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the ®Be anomaly); there, they were reported to be of
order 107°-10~%. We find them to be at least one order
of magnitude larger than in that work. For the case of
P exchange, on the other hand, in the analysis of the
8Be anomaly of Ref. [24] only the isoscalar coupling ey
was considered, which, however, we have ignored, since
it is expected to be suppressed in the chiral counting.
The exchange of a scalar X17 was already excluded by
the analysis of the ®Be anomaly in Refs. [8, 24]; we have
been unable to find any estimates in literature.

We conclude that both the ®Be and “He anomalies
can be explained simultaneously by the exchange of a
proto-phobic vector X17. For an axial X17 exchange, the
coupling constants appear to be inconsistent with each
other. A pseudoscalar X17 exchange also seems to be
excluded, although this conclusion relies on taking into
account only the LO isovector current, which has small
matrix elements between the dominant isoscalar 0~ res-
onance in the scattering state and the *He ground state.
In order to clarify the present confused situation, we be-
lieve it would be very helpful to have more accurate mea-
surements of these pair-production cross sections, by per-
forming experimental studies in a wider range of energy
and eT-¢~ angles, as outlined in Sec. I E.
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Appendix A: Chiral Lagrangians

The QCD Lagrangian £,(z) in the SU(2) formulation
with up and down quark flavors and including couplings
to external scalar, pseudoscalar, and vector sources is
written as'?

£4(o) = L) +0) 2" [040) + 3 050 a0
— () [s(0) — 7" p(@)a(a) (A1)

where [,2(33) is the Lagrangian for massless quarks, ¢(z)
is the two-component flavor vector

(A2)

12 For the treatment of axial sources in the extended flavor SU(3)
framework, we defer to Sec. IV B.



and u(z) and d(x) are the up and down quark fields, re-
spectively. The external scalar, pseudoscalar, and vector
sources s(x), p(x), and v, (x) have the flavor (or isospin)
structure

3 3
:ZTiSi(x) ) :Zﬁpi(fﬂ) ) (A3)
i=0 i=0
and
3
= Z Tivpi(x) (A4)

where 7y is the identity matrix (in isospin space) and
7; are standard Pauli matrices. The external (isoscalar)
vector source v;, () is multiplied by the identity matrix
70. Quark masses are reintroduced as part of the scalar
source s(x) = Mg+ --- via

Mq(”éu n2d>mq7'o+5mq7'3, (A5)
where mg = (m,, +mgq)/2 and dm, = (m,, — mg)/2, and

m,, and my are the up- and down-quark mass, respec-
tively.

The chiral Lagrangian £, (z) consists of terms L, (x)
and L.y (x) describing, respectively, the interactions of
pions and those of pions with nucleons. These terms have
the expansions

‘Cmr(x) _‘C(Q)( )+ ) (AG)
Lon(x) =LY (@) + LR (@) + -,
where
2
£2 = Iz TV LJUTVRU + xTU 4+ xUTY

ESK, = N(m“D# —mpy T+ ?AW“W%IJN , (A7)

2 T v
E;&:N(C1<X+>+"'+% O

N

where f; ~ 92.4 MeV is the pion decay constant, ga =
1.26 is the nucleon axial coupling constant, my is the
nucleon mass, and (- - - } denotes a trace over isospin. The

+

HVFS
4mNU 'LW+
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isotriplet of pion fields is denoted below with 7r(x), while
the isodoublet nucleon field N(z) is given by

(A8)

In the previous expressions we have omitted terms not
relevant in the present work; the complete ESW can be

found in Ref. [80], and the complete EW and EWN in
Ref. [81]. Here, we adopt the notation and conventions
of this latter work for the various fields and covariant
derivatives, which we summarize below:

V#UzauUfzr#UszUE#,
u=VU,

D,N = (0,+T, ZUZ)N,
u,, = i(u'Ou —udut) +ulr,u—ul,ul,  (A9)
r,= %(uTﬁﬂu +udyul) — %(uTr#u +ul,ul),
e =ulxul +uxtu,
F;itu :uTFﬁuqulfyuT .

For the cases of interest in the present work, we have

X =2B.(s+1ip),
Fl =Fr =00, —
81} -0

s
}l.l/ VU/L .

Ty =40, =v,,

Oyvy —ilv,, v], (AlD)

The parameters B,, c1, etc., entering the Lagrangians are
the so-called low energy constants (LECs), to be deter-
mined from experimental data and/or (possibly) lattice
QCD calculations.

The nucleon and pion fields (in interaction picture)
read

1 . )
Ni(z) = Z NG {bps’f upse” """ + d;rrst Ups ezp-w} )

ps

1 —ik-x ik-x
x):z’;m[akae k —}—a};aek ], (A11)

where the various momenta are discretized by assuming
periodic boundary conditions in a box of volume €, by
and dps; are the annihilation operators of, respectively, a
nucleon and antinucleon having spin and isospin projec-
tions s and ¢ (¢ =1/2 for a proton and ¢t = —1/2 for a neu-
tron), u and v are the corresponding Dirac spinors with
the (non-standard) normalization ufu=vTv=1, and a,
is the annihilation operator of a pion of isospin projection
a.
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