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1 Introduction

The possibility that New Physics (NP) will manifest itself in the form of light and weakly
coupled new states is nowadays raising more and more interest. This is mainly due to
the null results from the LHC in searching for signs of TeV scale beyond the Standard
Model (BSM) physics motivated by, e.g., the standard paradigms of compositeness or



supersymmetry. While high—pr searches will continue to investigate these scenarios and,
in the case of no discovery, further constrain them, it is of paramount importance to exploit
any other experiment that can test the validity of the SM and ultimately falsify it. In this
respect low energy and/or high intensity experiments provide an important probe.

Among the various processes that can be investigated, rare nuclear transition can provide
a good handle to observe NP appearing at the MeV scale, since they can significantly be
affected by BSM physics even if this is very weakly coupled. A nuclear transition occurs
when an excited nucleus decays into a lower energy level of the same nucleus. Within the
SM only electromagnetic (EM) interactions can mediated nuclear transition, which can
mainly proceed through the following channels

e ~y—emission, where the nucleus decays emitting a real photon,

o Internal Pair Creation (IPC), where the nucleus emits a virtual photon which then
decays to an eTe™ pair.

In recent years the ATOMKI collaborations has reported various anomalous measure-
ments in the IPC decays of excited ®Be [1, 2], “He [3, 4] and, more recently, 12C [5] nuclei.
These anomalies appear as bumps for both the invariant mass and the angular opening
of the ete™ pairs and have a high statistical significance, well above 50. The ATOMKI
collaboration has proposed to interpret them as due to the on-shell emission of a new boson
X from the excited nuclei, subsequently decaying to an eTe™ pair. The best fit mass for
the hypothetical new particles is estimated to be ~ 17 MeV. Although to this day no
independent confirmation of these results has arrived, given the multitude of processes in
which these anomalies have been observed the ATOMKI results have attracted a consid-
erable attention from the particle physics community. Many theoretical interpretation of
the X boson in terms of a new scalar or vector degree of freedom have been put forward,
possibly unaccounted SM effects have been investigated and experimental searches have
been proposed and/or are taking data with the goal of further investigating this anomaly.

In view of the latest experimental results recently released by the ATOMKI collaboration,
we critically re-examine the possible theoretical interpretation of the anomaly in terms
of a new BSM state. To this end we employ a multipole expansion method and give an
estimate for the range of values of the nucleon couplings to the new light state in order
to match the experimental observations. We will focus on the ®Be and “He anomalies and
comment on how the measurement of the anomalous signal in 2C transitions impact our
results. Our conclusions identify the axial vector state as the most promising candidate,
while other spin/parity assignments seems disfavored for a combined explanation. However
the axial nuclear matrix element of the 2C transition is currently unknown and, as we will
show, our findings regarding the compatibility of an axial vector candidate with the '2C
anomalous transition are based upon an order of magnitude estimate. Before being able
to draw a definite and solid conclusion, the relevant matrix element must be evaluated.
Intriguingly, an axial vector state can also simultaneously accommodate other experimental
anomalies, i.e. the KTeV anomaly in 70 — ete™ decay while being compatible with the
conflicting measurements of the anomalous magnetic moment of the electron (g — 2). and



other constraints on the electron couplings of the X boson. The PADME experiment will
completely cover the relevant region of the parameter space, thus allowing for a strong test
of the existence of the X particle.

The paper is structured as the following. In section 2 we review the anomalous
measurement of the ATOMKI experiment and the theoretical interpretation proposed so far.
In section 3 we describe the multipole expansion formalism while in section 4 we present
the results of the decay rates of the ®Be, “He and '2C resonances for the various spin-parity
assignment of the X boson. We present our results in section 5 and we then conclude in
section 6. We also add some appendices with more technical details. In appendix A we
report some tables with the numerical values used throughout our analysis. In appendix B
we apply the multipole formalism to the electromagnetic case of real v emission and IPC,
while in appendix C we derive the effective nuclear couplings from the X boson couplings to
quarks. In appendix D we present how our results change by considering also the ®Be(17.64)
excited state. In appendix E we report useful formulee for the cross section of nuclear
resonance production. Finally in appendix F we collect the experimental bounds for the
spin-1 case relevant for our study.

2 The ATOMKI anomaly

The ATOMKI experiment [6] consists in a proton beam colliding a target nucleus A at
rest, with the aim of producing an excited nucleus N* and measure its IPC transition to a
ground state IV, i.e.

p+A—=N*"—= N+ete . (2.1)

The list of nuclei used by ATOMKI and their main properties are reported in table 5 and
table 6 in appendix A. In 2015 the ATOMKI group studied the TPC decay channel from
the 8Be(18.15) and ®Be(17.64) excited energy levels of Beryllium nuclei [1]. To populate
the two states, a beam of protons was prepared in order to collider with target "Li nuclei at
rest. By varying the energy of the incident proton beam, the collaboration was able to scan
across the ®Be resonances. As a results they observed an anomalous peak corresponding
to an opening angle for the eTe™ pairs of ~ 140° for the IPC correlation distribution,
in striking contrast with the QED prediction of a rapidly falling one. This has been
interpreted as due to the decay of a short-lived neutral particles decaying into an eTe™
pair, which would produce the observed peak at large angles. The observed deviation had a
significance of 6.8¢. In order to confirm the anomalous origin of the signal, the collaboration
repeated the measurement varying the energy of the incident proton beam. They found
that the anomaly disappeared off the resonance peak, leading to the conclusion that it was
probably originated by the decay of the ®Be excited energy level. The best fit mass for
the hypothetical X neutral boson has been estimated to be mx = 16.70 & 0.35 £ 0.5 MeV,
where the former uncertainty corresponds to the statistical error, while the latter to the
systematic one. In 2018 the ATOMKI collaboration repeated the experiment with an
improved setup [2], which confirmed both the presence of the anomaly and the compatibility
with the previous measurement.



N N* ST I I'(keV) I'y(eV)
8Be 0t | 0 |557+£0.25
8Be(18.15) | 1T | 0* | 138+6 1.9+0.4
8Be(17.64) | 17 | 1* | 10.7+0.5 | 15.0£1.8
1He 0t | 0 Stable
4He(21.01) |0~ | © 0.84 0
4He(20.21) | 0F | O 0.50 0
2¢ 0t | 0 Stable
2c(17.23) |17 | 1 1150 44

Table 1. Spin-parity J™ and isospin I quantum numbers, total decay widths I" and ~-decay widths
I, = I'(N* — N~) for the nuclei used in the ATOMKI experiment: 5Be [7], “*He [8, 9] and
12C [10, 11] nuclei. Asterisks on isospin assignments indicate states with significant isospin mixing.

Later in 2019 the ATOMKI group replicated the experiment using *He nuclei [3], with
the aim of searching for the anomalous signal in a difference source. The excitation energy
was chosen to lie between two different resonances: the 4He(20.21) state, with J™ = 07,
and the “He(21.01) state, with J™ = 0~. In this case the decay widths of the two excited
states are large enough so that they can substantially overlap, so in the experiment both
the excited states were populated, although off the resonance peak. In this case the IPC
process was only possible for the “He(20.21) states, while it’s forbidden for the *He(21.01),
because of parity conservation in electromagnetic interactions. The group again found a
rather sharp bump in the e*e™ angular opening analogously to what has been observed
in the ®Be case, with a significance equal to 7.2¢. Interestingly, the peak was found to be
located at an angle of ~ 115° which is compatible with the kinematics arising from the
decay of the hypothetical X boson with a best fit mass of mx = 16.98 +0.16 + 0.2 MeV.
Also the anomaly in the “He channel was later confirmed by a second measurement, at
different energies of the proton beam [4]. More recently, the group has released a new
analysis, where the experiment has been replicated using now ?C nuclei [5]. Also in this
case an anomalous signal has been observed, with a peak at a larger value of the eTe™
opening angle ~ 150° — 160°, again compatible with the kinematic of the X particle, with
a best fit mass of mx = 17.03 £ 0.11 + 0.20 MeV. In table 1 we list all the ground and
excited states considered in the ATOMKI analyses, together with their main properties:
spin-parity assignment S, isospin I, total decay width I" and v-decay transition width I',.

Clearly, new and independent measurements are needed in order to confirm, or disproof,
the results of the ATOMKI collaboration and test the consistency of the X particle
hypothesis. The MEG II experiment [12] at PSI has the possibility to repeat the ATOMKI
measurement on ®Be nucleus. At present time, the first dedicated data taking has recently
been completed and data analysis is ongoing [13]. A similar experiment is also being set up
at the Montreal Tandem accelerator [14] with data taking that should take place in early
2023, and at the Van-de-Graaff laboratory [15]. Finally, also the PADME experiment [16, 17]



in Frascati is in its data taking phase, and dedicated analyses will completely test the
available parameter space for the coupling of the X boson to electrons relevant for the
explanation of the ATOMKI anomalies [18, 19].

These results and the interpretation given by the ATOMKI collaboration in terms
of a new BSM particle comprehensibly attracted the attention of the theory community.
However there also exist the possibility that the anomalous signal is due to unknown and/or
underestimated SM effects. In this respect, after the publication of the 8Be measurements,
an attempt has been made in order to explain the anomaly with effects arising from known
nuclear physics. In [20] it has been proposed an improved nuclear physics model of the
experiment, inspired by the so-called Halo Effective Field Theory (EFT) framework [21],
showing that the nuclear form factor needed to explain the anomaly suggests an unrealistic
large length scale on the order of 10 fm for the ®Be nucleus. Other Authors investigated the
possibility of new exotic bound states [22-24] as possible SM explanation of the ATOMKI
anomaly while, on less exotic lines, it has been claimed in [25] that the experimental results
can be reproduced within the SM by carefully considering the full set of next-to-leading-order
corrections and the interference terms to the Born-level decay amplitudes, also proposing
experimental improvements in order to test this hypothesis. All together it is fair to
say that no firm explanation of the ATOMKI measurements in terms of SM effects has
been established.

As regarding possible BSM interpretation, the observation of the 8Be and “He transitions
restrict the X boson to be either a vector, an axial vector or a pseudoscalar state, under
the assumption of definite parity. These options have been all investigated in recent
literature both from a model independent and/or effective parameterization and from a
more ultraviolet (UV) completed perspective. Among all the possibilities the one of a spin-1
boson stands out as an appealing one, since it could be related to a new symmetry of Nature.
This scenario has been deeply analyzed in [26-28], where, by working within an EFT
framework, it has been found that a combined explanation of the 8Be and *He anomalies in
terms of a new vector states is possible, with the main constraint on this explanation coming
from the search for a dark photon vp in 7 — v ~p decay by the NA48/2 collaboration [29],
whose non observation requires the X boson to be protophobic. Subsequently in [30] it has
been pointed out that the contribution from a protophobic vector boson with mass around
17 MeV to direct proton capture processes, i.e. to processes which do not proceed through
an intermediate resonance, would be dominant with respect to the contribution from the
resonant ®Be(18.15) state, in sharp contradiction with the experimental observation that
the anomaly disappears off the nuclear resonance [1]. However a new experimental result
from ATOMKTI [31] claims to have observed the anomaly at different energies of the proton
beams, opposite to their previous results. The group explains that this difference is due to
a wrong estimate of the background in the previous analyses and then reopens the window
for a protophobic vector scenario. The case of a pure axial vector has been investigated
in [32] where the authors applied a multipole expansion method to the anomalous nuclear
decay rates and evaluated the related nuclear matrix elements by ab-initio calculation using
realistic nuclear forces. Their estimation concludes that the X axial coupling to quark
should be order O(10~% — 107°) to explain the anomalous signal in the ®Be transition.



Vector with mixed parity have also attracted attention, especially in the case of more specific
BSM UV construction, see e.g. [33-35]. Lastly, the possibility of a light pseudoscalar has
been considered in [36], where the authors made a rough estimation of the range of the
values of the Yukawa couplings, assuming a nuclear shell model for the ®Be nucleus. The
strongest constraints they reported come from flavor changing neutral current interactions
as K — mX, which however can be satisfied simultaneously explaining the ATOMKI ®Be
results. The interesting possibility of the QCD axion being responsible for the ATOMKI
anomalies has been entertained in [37, 38], see also [39]. Here the Authors focus on a axion
candidate with dominant coupling to the first generation of SM fermions and piophobic,
e.g. with suppressed isovector coupling. It has subsequently however been pointed out
in [40] that for such a scenario a large pion decay rate for 7 — 3X — 3e*3e™ of O(1073) is
expected, exceeding the SM double-Dalitz decay by a factor of thirty. There has been no
direct measurement of this process so far, although it is reasonable to assume that such a
large decay rate would have been noticed.

2.1 Process kinematics

The ATOMKI anomalies show simple but well defined features, which are:

« the excesses are resonant bumps located at the same eTe™ invariant mass for all the
8Be and *He transitions,

o the eTe™ opening angles of the anomalous peaks are around 140°, 115° and 155°—160°,
respectively, for the ®Be, *He and '2C,

« the anomalous signal in the ®Be transition have been observed only inside the kinematic
region given by |y| < 0.5, where y is the energy asymmetry of the lepton pair, i.e. the
ratio between the difference and the sum of their energies.

As we review below, closely following earlier results appeared in [27, 28], these features are
naturally explained by the hypothesis of resonant production of a new particle.

In the experimental setup the target nucleus A is at rest in the laboratory frame, while
the proton beam energy FEj is of the order of MeV, so that the colliding protons are mostly
non relativistic. The Center of Mass (CM) energy Ecy is then given by

m

Ecym = \/(mp +ma)? +2maEy =~ mp,+ma + mipAEb, (2:2)

P
where m,4 = (m;l1 +m,; 1)~1is the reduce mass of the proton-target system. The experiment
calibrates the beam energy in order to populate the N* state, which is produced almost
at rest in the CM frame, and then measure its IPC transition to the ground state N.
Regardless on whether the resonance is (fully) populated, the collision between the proton
and the target leads to the production of the N nucleus via the emission of a boson of mass
m, which could be a real or virtual photon or an hypothetical BSM particle. In the CM
frame the boson energy w is given by
_ Biy +m?—mi

N mpA
= ~F —F 2.3
w 2ECM th + m, b ( )
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Figure 1. Values of the eTe™ opening angle #4 as a function of the energy asymmetry y for
three values of the boson mass: mx = 16.8 MeV (dot-dashed line), mx = 17 MeV (solid line) and
my = 17.2MeV (dotted line) for the cases of the ®Be, “He and 12C transitions.

where the threshold energy Eiy, = mj, +ma — my is the energy gap between the N nucleus
and the proton-target system. Note that the boson energy roughly only depends on the

Te~ pair, whose

beam energy. Once produced the (real or virtual) boson decays into an e
angular correlation is the main observable measured by the ATOMKI experiment. In the
CM frame the total energy of the leptons is given by w = Ey + E_, where E,(FE_) is the
positron (electron) energy, while we label the opening angle between the leptons with 6.

The decay of the boson into the eTe™ pair is controlled by the energy asymmetry

B, E_

= _T 24
P (2.4)

)

while the opening angle is given by

o —l1—yP+ 82+ 207
0, = ! , 2.5
+ = cos (\/(1 S Bry) Py (2.5)

where 0 = 2m,/w (0 < < 1) and

v=4/1- (m>2 (2.6)

w

is the boson velocity. For an hypothetical X boson with mass mx = 17 MeV, the maximum
value of the energy asymmetry and the minimal value of the opening angle are respectively

Ymax =~ VX and ORI ~ cos1(20% —1). (2.7)

In figure 1 we plot the opening angle as a function of the energy asymmetry for different
values of the X boson mass around 17 MeV for all the transitions studied by ATOMKI.
Note that the signal region for the ®Be case is all contained in |y| < 0.5 in agreement with
the ATOMKI experiment. We then show in figure 2 the normalized distribution of 64,
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Figure 2. Normalized distributions of the e*e~ opening angles from the ®Be (blue), *He (orange)
and 12C (purple) nuclear transitions.

integrated over the asymmetry y, for the three nuclei considered by ATOMKI in the spin-0
boson hypotheses case, where the distribution only depends on phase space quantities. In
the spin-1 case there is a dynamical dependence due to the polarization state of the X
boson which can modify this distribution, which is however expected to be qualitatively
similar to the spin-0 case. As we see the opening angle distributions peak at the lowest end
with peak values compatible with the ones reported by the experiments. We further report
in table 7 in appendix A the predicted values for the opening angle at the signal peak for
the various transitions investigated by ATOMKI. Lastly, from eq. (2.5) the invariant mass
of the lepton pair reads

2

mge:% 1—y2+52—0089i\/(1—52+y2)2—4y2 ) (2.8)

where here cos 0y is now a free parameter independent on the energy asymmetry.

3 Signal computation: overview

In this section we describe the multipole expansion formalism used in order to estimate the
anomalous nuclear decay rates relevant for the ATOMKI experiment, see also [32].

3.1 Nuclear states and processes

We describe the interaction of a spin s X boson to nuclear matter through the Hamiltonian

[d37 S(7) X(7) ifs=0,
JBFT(AXHF) ifs=1,

s
int —

(3.1)
where the nuclear scalar density S and the nuclear current J# = (J 0, j ) are quantum

operators containing all the information of the matter fields. In the case of electromagnetic
interaction the nuclear current J), is replaced by the electromagnetic current J,), which
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Figure 3. Real v-emission (left), IPC (center) and real X-emission (right) processes for the excited
N* decay.

allows for y—emission and IPC processes. At the lowest order in the interaction picture,
the nuclear matrix element for the X emission is given by

(f| [d37 S(F)e= i) if s=0,

s = (f, X Hy i) = g i
7}1 <fa | int |Z> <f| fdgf[eg(k)]*ju(f)e—lk'r ‘Z> ifs=1 y

(3.2)

where k is the boson momentum, the index a = 0,%1 labels the polarization of the
vector boson and |i) and |f) indicate the nuclear matter initial and final states which are
\f) = |N; JJpMy) and |i) = [p+ A; JpMy,; JaMa; pon), where pon is the proton momentum
in the CM frame. We employ the narrow width approximation and factorize the excited
resonance production from its decay, thereby assuming that the initial state is described by
lix) = |N*; JoM,). In the following we want to compute the decay widths of the excited N*
states for real X emission in order to compare to the experimental results on this quantity
reported by the ATOMKI collaboration. To make the calculation, it will turn out to be
useful to expand the nuclear matrix elements in terms of spherical tensor operators, which
will allow to also compute the electromagnetic real y-emission and IPC processes, which we
report in appendix B. The diagrams for these three processes are shown in figure 3. To
perform the calculation we will expand the nuclear matrix elements in terms of spherical
tensor operators through a multipole expansion.

3.2 Multipole expansion

Spherical operators O jys are irreducible tensor operators which satisfy the Wigner-Eckart
theorem [41]

(-1
V2J +1

The reduced matrix element (J¢||Os||J;) contains all the physical information of the

(JyM§|Og—pf| JiM;) = (JpMys; Jiy =M |y Ji; J, —=M) (J¢||Og|| i) . (3.3)

operator while its behavior under rotation is completely set by the Clebsh-Gordan coeflicient

Cjﬁ\% Ji—;- We define the spherical operators’

Grus — / &7 iy (k) Yo (P)S(7) | (3.4)

YW, js(x) and Y jen (7) are respectively the spherical harmonics, the vector Bessel functions and the
vector spherical harmonics, see [41].



M = / &7 5y (kr)Y a0 () TO(7) (3.5)

Lon = % [ &) Yon )] - F ). (36)
Tihe = ¢ [ @79 x stk Yo ()] - 7). (37)
Tiie = [ 7l k)Y auae(P)] - T (33

where r = || and expand the nuclear matrix elements as a sum of reduced matrix elements
of spherical operators. In the case of interest of the emission of the X boson in the process
N* — N + X one finds

T = > (=)VaARCTRE . (F1Gallie) DY o(6,6, ), (3.9)

J>0,
|M|<J

. k w .
Tih = Y (=)VaAr6wCy g . (Sl [MJ—AJ} ix) DY _o(6,6.8)
750, m m
|M|<J

= 3 (VRO (AT AT i) DY), 4(6,6.8), (3.10)

J>1,

|M|<J,

A==1
where here the indices J and M denote the total angular momentum of the emitted boson
(sum of its spin and relative angular momentum with the N nucleus) and its projection.
The rotation D matrices play the role of the wave function,? whose moduli squared give the
probability for the X boson to be emitted in the (¢, #) direction with S defining a rotation

along this direction.? An explicit calculation for the unpolarized decays gives

_ k
riozzjﬂ{z <f|gJ||z'*>|2}, (3.11)

J>0

2k
Fs:lz
X 2J*+1{Z

J>0

KM= |

[z}

(3.12)

In the case where the vector boson is coupled to a conserved current, i.e. 0*J, = 0, a

+ 3 [t
J>1

simplification occurs. By assuming the nuclear initial and ﬁnal state to be eigenstates of
the nuclear Hamiltonian the continuity equation V.J=-2 ylelds

w (flIMllix) = k(L ]i) (3.13)

and the partial width for the emission of a vector X boson then reduces to

o1 2k < ) { ol
I _2J*+1{ JZ;O! FIMllE1 + ‘fHTI [li)

J>1

AT

(3.14)

2See [41] for the definition of the D functions.
3For the emission of a real boson, the angle 3 is unphysical since it vanishes once the amplitudes are
squared. It become physical in the IPC process.

~10 -



Process X boson spin parity

N* = N ST=1" ST=1T ST=0" ST=07
8Be(18.15) — ®Be 1 0, 2 1 /
8Be(17.64) — ®Be 1 0, 2 1 /
“He(21.01) — *He / 1 0 /
4He(20.21) — *He 1 / / 0
120(17.23) — 12C 0, 2 1 / 1

Table 2. Relative angular momentum between the X boson and N in the various decays, based on
its possible parity-spin assignments. Note that parity conservation prohibits a pure scalar solution
to the Beryllium anomaly.

The above results are equally useful for the electromagnetic processes once we substitute
the electromagnetic current in the spherical operators and put m, =0, i.e. k= w.

Selection rules. The angular momentum conservation law, encoded in the Clebsh-Gordan
coefficient of eq. (3.3), states that the matrix element of the spherical operators vanishes
unless the following conditions are satisfied

|Jp—Ju| < J < Jp+ Js,
M =M, — M;. (3.15)

Moreover, if the X boson has a definite parity mx, additional constraints on the matrix
elements come from the requirement of parity conservation. By denoting the relative angular
momentum between the boson and N as L, one has

me = mmx (—1)E. (3.16)

We report in table 2 the relative angular momentum between the X boson and N in the
various decay processes, based on the S™ spin-parity assignments. One sees that a pure
scalar solution to the ®Be anomaly is excluded, while a pseudoscalar state can explain
only the ®Be and “He anomaly, if the latter is dominated by the *He(21.01) excited state
transition, but not the '?C one. On the other side a vector or axial-vector candidate can
simultaneously explain all the three anomalies, but again only one of the two *He resonant
states can contribute to the signal process.

3.3 Long wavelength approximation

The nuclear radius is approximately given by R ~ ROA% ~6.1x 107345 MeV~! [42], which
implies that in all the cases of interest the nucleus size is significantly smaller than the
boson wavelength k=1 ~ (10 MeV)~!. We can thus expand the spherical Bessel function for
small kr as

Y
jJ(k‘T‘):( (kr)

2J + I (3:.17)

- 11 -



with higher order corrections giving a contribution of order (kr)% ~ 1% with respect to the
leading one for the cases of interest, which can therefore be neglected. For the spherical
operators M jar, Ly and Gar the expressions of eq. (3.4), eq. (3.5) and eq. (3.6) then read

G =~ WH”/CF’THYJMS(*) (3.18)
M (2J+ D /d3rrJYJMj0(*) (3.19)
1 k=1 3. J

An exception occurs for the monopole case Ly, since it identically vanish at this order.
The first contribution thus arises at the next order in the kr expansion and is given by

" o
Loo =~ E/cl?’ YooV - T (7). (3.21)

The second order expansion is also needed for the Mgy monopole expression in the case
of a conserved current. This is due to the fact that in this case the integral over space of
JY(7) defines the generator @ of the symmetry associated with it. Then, with |i) and |f)
orthogonal eigenstates of the Hamiltonian, one as (f|Q|i) o< (f]i) = 0. It follows that the
first contribution to the operator Mgy is given by

2
Moo =~ —% / Yy T (7) . (3.22)

Let’s now consider the operators T}, and 7,,7° of eq. (3.7) and eq. (3.8). By using the
identity
LYy = —i(FX 6)YJM = J(J+ 1)YJJM, (323)

they can be rewritten at the first order in the kr expansion as [42]

i1.J
mag ik J+ 1/ 3 { 1 . } .
T = (2J+1 u\/» T T X eV Yom), (3.24)
J+1 k2 =
el 3 e . ;
Tinm =~ 2J_|_1 \/»/d {V T (F) + T V- [Fx ,u(f')]}r Yiv, (3.25)

where the vector current has been split into an irrotational field j{rr and a solenoidal field

V x il as j = j;rr +V x i in virtue of the Helmholtz’s theorem. For a conserved current,
the matrix element expression of 7}61 can be simplified to

k7 [J+1

/ d3{ Y a TO(F) — —F *(ﬁ-[Fxﬁ(rJYJM)]}u*), (3.26)

J+1

by again using the continuity equation.
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Spin-1 case

| J() | imm | *(F)
Cyppy"'p + Crityn Yik1 Cidrr, St s B, 0} | Ll oGy,
apP'y°p + aniyty’n POy %j{@ “ Py O, } YL 4667, /
L (PoHp) + -0, (Ro'n) / / ZJ 1 gnij 07 7,

Spin-0 case

[ S(7)

_ _ A
2pPp + zZnnin =1 2j0r

i + i || Sy - Ve

Table 3. Leading term of the non relativistic expansion for the relativistic vector current, the
relativistic axial current and the anomalous magnetic moment terms (upper table) and for the scalar
and pseudoscalar density (lower table). 077 = d(7" — 7).

3.4 Non relativistic expansion for nuclear operators

Through statistical considerations [43], the maximal kinetic energy E. per nucleon in the
nucleus is estimated to be around 30 MeV, implying that a nucleus can be then modeled as
a quantum mechanical system of non relativistic point-like nucleons [42]. One can then take
the non relativistic limit of the nuclear operator and write it in first quantization formalism.
The nuclear operator is given by

A
=207, (3.27)
=1

()(

imation. We want to match the expression of eq. (3.27) with its relativistic counterpart,

with the single particle operator @) —75) o< §(F — 7;) in the nucleon point-like approx-
where the nucleons are described in terms of quantum fields p(z) and n(z) and the nucleon
operators are bilinears in p(z) and n(z). We report in table 3 the leading terms of the non
relativistic expansion for the vector current, axial current, anomalous magnetic moment,
scalar and pseudoscalar densities. For operators which are even or odd under parity, as it
is in our case, higher order terms in the expansions are of order of ~ 6 x 1072 with
respect to the leading one, and can then be safely neglected. For the spec1ﬁc case of the
pseudoscalar density one also has that

lim % (p/ )y u(p) =0, (3.28)

p'—=p
where u are the spinors which enter the quantum field expression. Hence the non relativistic
expansion of the pseudoscalar current only contains terms proportional to k= p —p. Since
for the effective non relativistic operator it holds the substitution [42]

iV >k (3.29)
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the non relativistic expansion of the pseudoscalar density only contains operators given by
a total divergence, meaning that the pseudoscalar density is a derivative coupling. The
monopole operator Ggy then vanishes at first order in the long-wavelength expansion and
the leading contribution is then given by

k‘2
Goo = — / Brr2YooS (7). (3.30)

The techniques introduced in this section will be implemented in the next to derive the
theoretical decay rates of the nuclear transitions.

4 Signal computation: X dynamics

With the formalism described in the previous section we are now ready to describe the
BSM dynamics of eTe™ emission from the X boson, illustrated in figure 3. We refer to
appendix B for the details of the SM processes of real «v emission and IPC. We parametrize
the interaction of the X boson with the scalar density S for the spin-0 case and the nuclear

current J* for the spin-1 cases in terms of effective couplings as?®

Lgr—og+ = 2pppX + zpnnX , (4.1)
ihpﬁ’y5pX + ihaynX ,

ESW:07
K K
Lgr—1- = Cppy*pX, + Cpiy'n X, + ﬁ&/(ﬁa’“’p)Xﬂ + ﬁ&,(ﬁa’wn)){u, (4.3)
P

n

Lgr_1+ = appy* 7’ p Xy + aniy"y"nX,, (4.4)

see appendix C. Although the pure scalar hypothesis is not able to explain the anomaly
observed in the ®Be decay, we’ll present for completeness explicit expressions also in this
case, since it can anyway affect the “He and '2C decays, see table 2 and it can be relevant
in the mixed parity hypothesis. The effective matching between these effective interactions
and the UV interactions of the X boson with quark and gluons are reported in appendix C.
Once the X boson is produced from the nuclear collision, it decays to an eTe™ pair with a
branching ratio which depends on the size of the X coupling to electrons.

4.1 Spherical operators

In the non relativistic and long wavelength approximation the spherical operators with
J = 0,1 for the various S™ assignment for the X boson are given by

4Effective nucleon operators are in principle also function of form factors F(g?). In all practical cases
however the transferred momentum is much smaller than the hadron scale Aqcp, so that we approximate
the form factors as constants.

SWe neglect electric dipole moment (EDM) operators since, by naive counting analysis, they would
contribute at a higher order than the axial current ¥y"~°1). Moreover, they can only be generated by EDM
effective quark operators, so that they will generally be suppressed by loop effects.
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Scalar case S™ = 0T. For the J = 0 term we go here beyond the leading order in the
long wavelength and non relativistic expansion since leading order term proportional to the
identity gives an identically vanishing contribution. One has®

A 2 2,.2
1 P k*r
QOO ~ — z 1 — = — s 5 (45)
Vir ; ’ 2m3, 6
k3 &
glM ~ g e ZsTs * €M, (46)

where z; = 2, (25 = 2p) if the s-th nucleon is a proton (neutron). A similar notation is
adopted for the rest of the section.

Pseudoscalar case S™ = 0~. For the pseudoscalar case the relevant spherical operators

are
k2 k2 -
7 d) = hy + ho)dZ 4 (hy — h)d3], (4.7
Goo 6m/\/\/ﬂz 0 12mN\/4E[( + )0+<p )ds3] (4.7)
Gin ~ — ,/ Zhgs o= —— 3 n 6® 1 p 6™ (4.8)
6mN 6mpa V drt M M2

where for Gyg we have split the expression among the isoscalar and isovector contributions.

Vector case S™ = 17. In this case conservation of the vector current implies a relation
between the operator £y and M sy, c.f.r. eq. (3.13), and one has

ek2
Moy =~ —= \/EZor oK) (4.9)
MlM_k\/ Zcrs z%d(M), (4.10)
ﬂM_\fw\/ ZCS*S eu z‘[ew a0 (4.11)

ma 2k /3 . 2k
71Mg = Zf Z (C + /{s) s] €M “/»3/”\/”5\2() . (4'12)

3 2mN

Axial vector case S™ = 11. Finally the spherical operators for the axial vector case

read
Moo ~ Myps ~0, (4.13)
. A .
Zk‘ 1 RN ik 1 J0 Jo
Loo =~ 3 ,747r as( Ts - Os) E\/T—W[(ap + an)dg + (Clp —an)d;], (4.14)
i [3& i 3. (n)
3 Z S L A (p ~(n
Lim 3Var s=1 As0s - EM = 3 W[apUM tanoy ]’ (4.15)

~15 —



Te Z\f ~ \[ ~ ~(n
To, ~ —= \/ Zasas ey = —5 4—[%05@) + anagw)] , (4.16)

ma N ik 3 .
[y \/72 (Ts X Fs) - ém = 6\f [(ap + an)DOM + (ap —an)D3p] -

4.2 Decay rates

We can now express the decay rates for the various spin-parity assignment of the X boson in
the case of the ®Be, “He and '?C transitions. We report them table 4, expressed in function
of nuclear matrix element of the relevant operators involved in the transition. Symmetry
consideration allow to express these matrix elements in function of known ones. We list
here the relevant relations

Beryllium matrix elements. Assuming the static quark model x, ~ —k,, >~ 2(C, —C),),
see appendix C for the details. From isospin symmetry then one has

Cp+Ch C,—C,
(8Be| 1| PBe(17.64)) = oy (1’6>M1}:0+(ﬁl+a15)< - )M1} L (418)

Bl FBe(18.15)) = (—an +516) (L a4 (DT gy, @)

where the corresponding values are reported in appendix B.1, while we take from [32]

(Be||6™)||®Be(18.15)) = —0.047(29), (Be||6(™||®Be(18.15)) = —0.132(33)
(Be||6™)||®Be(17.64)) = 0.102(28),  (Be||6\™[|®Be(17.64)) = —0.073(29).  (4.20)

Helium matrix elements. Isospin symmetry allows to relate

C,+C
(*He||p“®)||*He(20.21)) = (I’t”) (*He||p")||*He(20.21)) , (4.21)
H sBe \ 1He \ 12¢
‘He(20.21 3
o+ / (020) L w2
2h(zp + 20)? |22 p<v>>+—<K>
4
0 || o (16 4 hs) P He(21L.01) /
N W(h + hn)?[{(dF) 7
2 3 ‘He(20.21 o, 2
1- 4u$/7k | (u0) 2 mzk?’a( " )2 1bw§7kw (1 + ;717) | (dCOy |2
5 (P |
2 ‘He(21.01) s "
| £ (24 %) [(ap6® + ane™) 2 25 . o (ap — an)?[ (D) |2
s (2 53) A (ap + an)?| (dF) 2 e ’

Table 4. Decay rates for the ®Be, “He and '?C nuclear processes for the various spin assignment
of the X boson. In the case of the Helium transition for each spin-parity possibility we indicate
the 1He excited state involved. In the expressions (O) represents the matrix element between the
ground state and the excited nucleus of the corresponding operator, e.g. for the 2C transition in
the 0T case (||d)|]) = (*2C||d"||**C(17.23)). For the “He and '2C cases we only report the non
vanishing isoscalar and isovector contributions respectively.
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where again the electromagnetic matrix element is reported in appendix B.1 while we take
from [44]
| (*Hel|dg||*He(21.01)) |2 ~ 15.5 fm? ~ 4 x 10~* MeV 2 (4.22)

but no uncertainty has been given. We will arbitrarily assume a 10% error on the matrix
element in our calculation. Finally, to the best of our knowledge, the matrix element of the
operator K = S p?/2m; has never been evaluated so far.

Carbon matrix elements. Isospin symmetry allows to relate
121 (X)) (12 Cp = Cn\ 124 1(7) 112
(F°Cld“ |2 C(17.23)) = — (*°C||d|]**C(17.23)) (4.23)

whose values is reported in appendix B.1, while the axial matrix element ﬁg has not been
evaluated, to the best of our knowledge.

5 Results

We present in this section our main results, deriving the possible range of the nucleon
couplings to the X particle that can explain both the ®Be and “He anomalies, further
commenting on the possibility of simultaneously explain the '>C one. We analyze all the
scenarios where the X boson has a definite parity, which implies that the pure scalar
boson case is ruled out since it cannot explain the *Be anomaly. The best fit value for the
anomalous decay rate for the ®Be transition is [2]

['(®Be(18.15) — ®Be + X)
['(5Be(18.15) — 8Be + 7)

BR(X —efe”)=(6+1) x 107°. (5.1)

The ATOMKI collaboration observed no anomalous signal in the 8Be(17.64) transition in
the first experiment [1] but later they reported a non vanishing best fit for this anomalous
decay rate in a contribution to the proceedings of International Symposium Advances in
Dark Matter and Particle Physics 2016 [45]. In the following we will consider only the
8Be(18.15) anomalous decay and we present the results with both the ®Be transitions in
appendix D. For the case of the *He transition the total cross section is given by the sum of
the two states populated in the experiment
ox I'(*He(20.21) — *He + X) o_I'y T'(*He(21.01) — “He + X)

— 2
opo  T'(*He(20.21) — 4He + eTe™) * o4T'_T'(*He(20.21) — “He + ete™)’ 5:2)

where T is the total width of the 0% excited state of Helium nucleus and
op =o(p+H—*"He(20.21)),  o_ =o(p+°H— He(21.01)). (5.3)

The ratio o_ /o can be evaluate by the relation of eq. (E.6) in appendix E in the narrow
width approximation. The ATOMKI collaboration reported ox = 0.2 ogo,” while no

"Differently from this work, the Authors of [28] took as experimental input the ratio of decay rates
calculated in the experimental paper [3].
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uncertainty is associated with this measurement. We then arbitrarily associate a relative
error to the Helium best fit equal to the one from Beryllium measurement of eq. (5.1).
Different spin parity assignments contribute to the rates of the two “He excited states, see
table 2. If the X boson is a vector or a scalar state one has

['(*He(20.21) — “He + X)
I'(*He(20.21) — *He +ete™)

BR(X — ete™) =0.20 +0.03, (5.4)

while if it’s a pseudoscalar or an axial vector the best fit is

['(*He(21.01) — *He + X)

BR(X — eTe™) =0.87+0.14 :
I'(*He(20.21) — *He + ete™) R(X —eTe”) =087+0.14, (5.5)

with I'(*He(20.21) — *He + ete™) = (3.3 £ 1.0) x 10~*eV [9]. For the case of the 12C
transition the recent results [5] find the derived branching ratio for X emission with respect
to the v one to be ~ 3.6(3) x 107, i.e.

r(2C(17.23) — 2C + X)

BR(X te™) = 3. 1076, )
T(EC(1723) 5 G 1 ) DR = e'eT) =36(3) x 10 (5.6)

We now present our findings for the regions in the effective nucleon couplings parameter
space for the various spin-parity assignments for the X boson. In presenting our results
we assume, for simplicity, BR(X — e*e™) = 1. For different BR assumptions the derived
allowed space in the nucleon effective couplings will be rescaled according to eq. (5.1),
eq. (5.4) and eq. (5.5). We stress that our analysis relies on various assumptions, as the
hypothesis of narrow width approximation for the nuclear production of the excited states.
Other potential contribution, as for example direct capture processes, could potentially
change the conclusions of our analysis.

5.1 Pseudoscalar and mixed parity scenario

We summarize the results for the pure pseudoscalar scenario in figure 4, where the shaded
blue and orange areas represent the 1o and 20 compatibility regions with the ATOMKI
8Be and “He anomalies respectively. We also overlay in red the region of parameter space
satisfying the SINDRUM bound from 7+ — e*v. X decay [37, 46]. This is given in term of
the pseudoscalar-pion mixing angle, linked to the isovector nucleon coupling as

(5.7)

where g4 ~ 1.27 is axial nucleon factor and f; ~ 93 MeV is the pion decay constant, and

reads
1074

Oxx| < .
fxxl 3 VBR(X — ete )

All together we see that the ®Be and *He anomalies can be simultaneously satisfied for

(5.8)

a range of effective nuclear coupling h,, , of O(1072). However, the recent observation of
an anomalous signal in the '2C transition would, if confirmed, exclude by itself the pure
pseudoscalar scenario, see again table 2. It’s then interesting to entertain the possibility
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that the scalar X boson has both scalar and pseudoscalar couplings. As already mentioned,
because of parity conservation the scalar contribution to the ®Be transitions vanishes, so
the latter processes only set a constraint on the range of the pseudoscalar couplings, which
as we have shown in figure 4 are required to be of order of O(1072). On the other side
the “He decays acquire a contribution from both the spin-parity state, although related
to different nuclear resonances, see table 2. As discussed in section 4.2 the value of the
matrix element (*He||K||[*He(20.21)) is unknown. By neglecting its contribution one finds
that the pure scalar contribution is dominant over the pseudoscalar one with a similar value
for nucleon couplings 2, hpn ~ 1072, ie.

2
T'(*He(20.21) — “He + X) ~ 6 x 10~V (Zq;rin) , (5.9)
hy + hn \
T'(*He(21.01) — *He 4+ X) ~ 9.7 x 10~ %V (11;_2) : (5.10)

so that the theoretical predictions for the He transition is too large to match the ATOMKI
results. We expect that this assertion holds even once (*He||K||*He(20.21)) is also included.
Hence, one is forced to conclude that the scalar isoscalar coupling z, + 2, is suppressed, at
least respect the pseudoscalar one, leaving us with almost the same configurations as the
pure pseudoscalar one of figure 4. This conclusion is in agreement with earlier results [28].
On the other side for the '2C transition, the scalar isovector coupling would give

r(12C(17.23) — 12C + X)
['(12C(17.23) — 12C + )

2
Zp — %
~24x 1070 (22 ) 5.11
<107 (23] (5.11)
in agreement with the order of magnitude of the ATOMKI fit (5.6) if z,—2y, =~ hyp, ~ O(1072)
and all the three anomalous measurements can be simultaneously satisfied.

5.2 Vector and axial vector scenarios

We summarize the results for the spin-1 cases in figure 5, with the same color code as
figure 4 for the regions satisfying the ATOMKI anomalies. In the upper panels we show
the results for the S™ = 1~ assignment for the X boson. Here in the left and right plot we
assume & = 0 and & = 0.549 respectively, where £ represents non perturbative contribution
to isospin breaking effects in the ®Be case, see [27] and appendix B.1 for details. For the
vector case the strongest bound comes from the non observation from the NA48 experiment
of the 7 — vX decay in dark photon searches [29]. This process receives two different
contributions. One from the axial anomaly and a non anomalous one. The non anomalous
contributions is proportional to the small quark masses [47, 48] and can be neglected, while
the anomalous one is proportional to the anomaly trace factor. One gets the bound

Gyl x /BR(X — ete) $2.5x 1074, (5.12)

which implies a protophobic nature for the X boson. We show in figure 5 in red the region
of parameter space where the protophobia constraint is satisfied. Another relevant bound
comes from observations of the angular dependence of neutron-lead scattering. The exchange
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Figure 4. Regions of the h, , effective nuclear couplings of a pure pseudoscalar states where the
8Be (blue) and “He (orange) anomalous ATOMKI transition can be explained at 1o or 20. Inside
the red region the SINDRUM bound is satisfied.

of new, weakly-coupled boson produces a Yukawa potential® acting on the neutron, whose
contribution has been constrained for the 2°Pb-n scattering as [49)

126 82
—C

1Ch 502°" + 208

Cp| 3.6 x107°. (5.13)
We show in figure 5 in gray the region of parameter space where the 2°®Pb-n scattering
constraint is satisfied. As it can be seen for both £ assignments, a combined explanation of
the ®Be, blue region, and “He, orange region, anomalies at 1o is in tension with the NA48
constraint, while it is possible at the 20 level. Regarding the '2C ATOMKI anomaly in the
case of a ST = 1~ state the relevant matrix element is known. In this case one then gets

r(20(17.23) — 2C + X)
(12C(17.23) — 12C + )

—6 Cp - Cn 2
~ 2.64 x 10 (W) : (5.14)
in agreement with the order of magnitude of the ATOMKI fit (5.6) if C), — C,, =~ O(1073).
The 1o and 20 bands related to the 2C transition are shown in purple in the upper panels
of figure 5. Note that, if confirmed, the 12C ATOMKI anomaly is in tension with a combined
explanation of the 8Be and *He anomalies and the protophobia constraint.

On the other side an axial vector S™ = 17 state can explain both the ®Be and “He
ATOMKI anomalies, as shown in the lower panels of figure 5, with axial couplings to the
nucleon of O(10~%). Within the green shaded area the KTeV anomaly in 7° — eTe™ decay

8The non-relativistic limit of the vector bilinears is spin independent, see table 3, so the nucleon
contributions of a nuclear state are added coherently, while they are spin dependent and are added incoherently
for the axial and pseudoscalar cases. We then expect negligible contributions for the S™ = 07,17 cases,
especially when considering a nucleus with null spin like 2°Pb.
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Figure 5. Upper panels: Regions of the C,, ,, effective nuclear couplings of a pure vector state where
the ®Be (blue), “He (orange) and '2C (purple) anomalous ATOMKI transition can be explained at
1o or 20. Inside the red and the gray region, respectively, the NA48 and the 2°®Pb-n scattering
bound are satisfied. In the left and right panel we assume & = 0 and & = 0.549 respectively, see
appendix B.1 for details. Lower panels: Regions of the a, , effective nuclear couplings of a pure
axial vector state where the ®Be (blue) and *He (orange) anomalous ATOMKI transition can be

explained at 1o or 2¢. In the green region the KTeV anomaly in m — ete™ decay can be satisfied,

by assuming a positive (left panel) and negative (right panel) value for the C'§ axial coupling of the
X boson to electrons that can explain the anomalous (g — 2)., see main text for more details.

— 21 —

7ST(€20C) COddHD



can be explained for positive and negative values for the axial X coupling to electrons
C9, see section 5.2.1 for details. As regarding the possibility of also explaining the 2C
ATOMKI anomaly the relevant nuclear matrix element, see table 4, is currently unknown.
While no definite claim can be made until it becomes available, we can make an order of
magnitude estimate on the size of the f)g and speculate on the possibility of a combined
explanation of all the three ATOMKI anomalies with an axial vector state. We can expect
that the isovector spin dipole would be of the order of the nuclear radius times the number
of nucleons inside the nucleus. We can then estimate

(12C||Dg|)*2C(17.23)) ~ A x R~ 12 x 2.75fm ~ 1.7 x 10" MeV L. (5.15)

For a range of nucleon parameters ap, ~ (’)(10*4), as suggested by figure 5, one get an
estimate for the anomalous '2C transition mediated by an axial X boson of

r(*c(17.23) - *C+X) _
(12C(17.23) — 12C +4) —

0(1079), (5.16)

which is in order of magnitude accord with the ATOMKI result which predicts a value of
3.6(3) x 1076 for this rate [5]. We stress again that this conclusion strongly depends on our
order of magnitude estimate of the Dg matrix element, which seems to indicate that an
axial vector state might be favored for a combined explanation. However to properly test
its consistency with the '2C anomalous transition, the relevant matrix element must be
properly computed. Until then no definite conclusions can be drawn. In a general scenario
where both vector and axial couplings to nucleons are present, the decay width for the real
X emission is the direct sum of the two contributions. Assuming vector and axial couplings
of the same order of magnitude, the axial contribution would typically dominate over the
vector one.

Intriguingly, for the case a pure axial boson S™ = 17, in the parameter space where the
4He and ®Be anomalies can be explained, other experimental anomalies can be simultaneously
satisfied, while being compatible with current constraints on the electron couplings of the

0

X boson. This is the case of the KTeV anomaly in 7 — ete™ decay [50], inside the green

region in figure 5, and the anomalous magnetic moment of the electron (g — 2)., as we will
explain in the following.

5.2.1 KTeV anomaly and anomalous (g — 2).

The lowest SM contribution to this decay is a one loop process with two photons as
intermediate states. The KTeV-E779 Collaboration reports the measured value [50]

BR(7" = ete )exp = (7.48 £ 0.29 + 0.25) x 1075, (5.17)

where they extrapolated from a selected kinematic region to the entire one. The most recent
calculation of SM prediction is [51]

BR(7” — eTe™)sm = (6.25 +0.03) x 1075, (5.18)
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The discrepancy of 3.2¢,° could be explained assuming a BSM contribution from a light
axial boson [54]. The actual best fit from the data reads as [51]

— a.)O¢

(% = a)Ch _ 5 6+130 10710 Mev—2, (5.19)

gamx
where C'q is the axial coupling of the X boson to the electron, see eq. (F.1). A light vector
contributes to the anomalous magnetic moment of the electron. The SM prediction from
the measurement of the fine structure constant a from Cs atoms [55] and the more recent
prediction based on the measurement of o from Rb atoms [56] are in contradiction among
themselves. By asking that the BSM contribution from the X boson given by [57]

5alBSM— CXQ/ m% 1/t QTTL%(ZQ(Z—U Cﬁ m% 1 1 423m%—|—22m§((4—5z+22)

i b —Aa k- 5

_47r2m§(2 0 mgf(z—l)—m%z2 47r2m§(2 0 mX(z—l)—m§z2

)

(5.20)
doesn’t overshoot the discrepancy between the central values of the SM prediction and the
experimental measurement [58] one obtains two different constraints, depending on the
choice of the SM prediction

5aB3M(Rb) ~ 7.6 x 107°C%2 — 3.80 x 107°C5% € [0 — 0.48 x 10712, (5.21)
6aBM(Cs) ~ 7.6 x 107°C¢* — 3.80 x 107°C4? € [-0.88 x 1072 — 0. (5.22)

The Cs atoms SM prediction naturally suggests a pure axial boson and the discrepancy
observed in the electron anomalous magnetic moment would be resolved at 1o with an
electron coupling

C4 =+(1.52+0.31) x 1074, (5.23)

By fixing this value for C'4, we have shown in figure 5 the parameter space of the nucleon
couplings which can explain the KTeV anomaly see eq. (5.19), for the two distinct cases
C%>0and C§ <0.

Allowing instead for both a vector and axial contribution to the electron coupling,
in the upper panel of figure 6 we show the values of the isovector nucleon axial coupling
ap — ap able to explain the KTeV anomaly at 1o and assuming the discrepancy observed
in the electron anomalous magnetic moment to be resolved for the Cs atoms (blue) and
Rb atoms (orange) SM prediction for the two distinct cases C4 > 0 and C§ < 0. In
the lower panel of the same figure we show instead the most relevant bounds on this
scenario with generic X vector couplings to electrons, again for BR(X — eTe™) = 1, which
arise from the measurement of eTe™ scattering from the KLOE experiment at DA®Ne
collider [59], measurements on parity violation in Mgller scattering at SLAC [60] and beam
dump experiment at NA64 [61, 62], see appendix F for details. Interestingly, the PADME
experiment will completely cover the region between the NA64 and the KLOE exclusions
thus allowing for a strong test of the existence of the X boson [18, 19].

9Using the latest radiative corrections from [52, 53], the full branching ratio extrapolated from the KTeV
measurement is BR(7° — eTe™ )exp = (6.85 £ 0.27 & 0.23) x 1078, thus reducing the discrepancy to 1.80.
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Figure 6. Upper panels: Values of the isovector nucleon axial coupling a, — a, able to explain the
KTeV anomaly at 1o varying the ratio of vector and axial electron coupling for the two distinct
cases C'q > 0 and C'q < 0. Lower panel: Bounds on the vector and axial couplings of the electron
to a spin-1 boson with mass mx ~ 17MeV. The gray regions are excluded by NA64 and KLOE
searches, while the region inside the red contour is excluded by Mgller scattering. Here we assume
BR(X —efe™) =1

5.2.2 Minimal SM extension with a new U(1) gauge symmetry

A common proposal in order to include a light vector X in a SM extension is by enlarging
its gauge group Ggn = SU(3). x SU(2)y x U(1)y with a new abelian symmetry U(1) x.'°
In a minimal scenario, it is natural to assume that the SM Lagrangian is symmetric under
U(1)x. It follows that the U(1)x charges are a linear combination of the hypercharge Y

10The resulting model is typically not anomaly free, leading at low energy to stringent constraints for a
light vector boson [63, 64]. A possible way out has been described in [65].
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and all the accidental symmetries of the SM: the baryon number B and the three lepton
family numbers L., -. When the gauge group Ggm x U(1)x is broken to SU(3). x U(1)g,
the X field mixes with the other neutral gauge bosons in order to compose the physical
states: the photon v, the Z° boson and the light boson X. Moreover, once the symmetry is
broken, the X charges acquire a contribution from the diagonal weak isospin Tyy,. In the
quark sector, the X couplings are then a linear combination of three independent charge
assignments: B, Y = ) — Ty, and Tyy,. The baryon number B and the electric charge )
are vector symmetries so only the weak isospin Ty, induces an axial coupling. Thus, the
axial couplings of the light quarks satisfy

C%=—-C4=-C5=-05=Ca (5.24)

while the vector coupling for up and down quarks are independent. The nucleon couplings
are obtained from the quark ones by eq. (C.3) and eq. (C.11). However, the results from
atomic parity violation experiments [66], see appendix F, strongly constrain these couplings,
and require for them (product of) values so small that the ATOMKI anomalies cannot
be explained, see eq. (F.9). A way to avoid this bound is to assume somehow a magical
cancellation between the up and down vector couplings, which is

188
d _ u
Cy = —2110‘/, (5.25)
thus
55
C, = —%Cp ~—0.7C,. (5.26)

Hence, we are left with two independent couplings, C, and C4. However, as we show in
figure 7, there is no possible simultaneously explanation of the ®Be and *He anomalies in the
minimal BSM scenario considered here for both choices of the isospin breaking parameter &,
which produce almost indistinguishable results.

6 Conclusions

Motivated by the latest experimental results recently released by the ATOMKI collaboration,
we have critically re-examined the possible theoretical interpretation of the observed
anomalies in ®Be, “He and '2C anomalies in terms of a BSM boson X with mass ~ 17 MeV.
After having reviewed the current status of the ATOMKI results and the kinematic of
the observed excesses we have employed a multipole expansion formalism to compute
the anomalous decay rate for the decay of the excited nuclei into an eTe™ pair via an
intermediate on-shell BSM state. Our results identify an axial vector state as the most
promising candidate to simultaneously explain all the three anomalous nuclear decay, while
the other spin/parity assignments seems disfavored for a combined explanation. However, the
axial nuclear matrix element of the '?C transition is currently unknown and our conclusions
are based on an order of magnitude estimate for its value. Before being able to make a
definite claim regarding the possibility of combined explanation of the ATOMKI anomalies
with an axial vector state, this matrix elements need to be evaluated. Intriguingly, the
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Figure 7. Regions of the C, — C4 couplings for the minimal SM extension with a new U(1)x
symmetry where the ®Be (blue) and “He (orange) anomalous ATOMKI transition can be explained
at 1o. Inside the red region the NA48 bound is satisfied. In the left and right panel we assume
& =0 and & = 0.549 respectively, see appendix B.1 for details.

hypothesis of an axial vector state can also simultaneously accommodate other experimental

0 — ete™ decay, while being

anomalies, as the one observed by the KTeV experiment in 7
compatible with the conflicting measurements of the anomalous magnetic moment of the
electron (g — 2). and other experimental constraints. The independent experimental tests
that will be performed by the MEG II experiment [12] at PSI and the by the Montreal
Tandem accelerator [14] will definitely answer the question regarding the nature of the
ATOMKI results and tell us whether these anomalies are merely due to unaccounted SM

and/or experimental effects or else are the first signs of the long sought new physics beyond
the Standard Model.
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A Additional tables and input parameters

Here we report the numerical values for the nuclear transition of interest used throughout
our analysis.
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E, MeV] A ma [MeV] mpa/m, N~ mpy+ [MeV] vy /¢
1.03 Li  6533.83 0.87  ®Be(18.15)  7473.01  0.0059
0.45 Li  6533.83 0.87  ®Be( ) 747250  0.0039
1.59 SH 2808.92 0.75 4He(21 01) 374839  0.0146

(20.21)
( )

0.52 SH  2808.92 0.75 1He(20.21 3747.59 0.0084
1.40 HB  10252.54 0.92 12¢ 11192.09  0.0046

Table 5. Proton kinetic energy Fj, mass of the target and of the excited nucleus, reduced proton-
target mass and velocity of the excited nucleus produced by the collision in the lab frame at the
resonance peak (Ecpy = my+) for all the measured N* states.

N* my [MeV]  Ey, [MeV] w [MeV] vy
8Be(18.15)  7454.86 17.24 18.15  0.350
8Be(17.64)  7454.86 17.24 17.64  0.267
4He(21.01)  3727.38 19.81 21.01  0.588
‘He(20.21)  3727.38 19.81 20.21  0.541
12¢(17.23)  11174.86 15.95 17.23  0.163

Table 6. N mass, threshold energy Fyj,, boson energy w in the CM frame the velocity vx of
an hypothetical boson of mass mx ~ 17MeV emitted in the CM frame at the resonance peak
(Ecym = mp~) for all the measured N* states.

N* 6 Ymax O[]
8Be(18.15) 0.056 0.351  139.0
8Be(17.64) 0.058 0.267 149.0
“He(21.01) 0.049 0.589 107.9
4He(20.49) 0.050 0.559 112.1

( )

( )

1He(20.21) 0.051 0.542 114.4
12(17.23) 0.059 0.163 161.2

Table 7. § parameter, maximum energy asymmetry ¥ma, and minimal opening angle 67 for an
hypothetical boson of mass myx = 17 MeV emitted in the CM frame.

B Electromagnetic dynamics

With the formalism described in section 3 we can describe the dynamics for the SM
processes pictured in figure 3 of real v emission and IPC. The nuclear electromagnetic
current, including the anomalous magnetic moments, is given by

_ 3 er) b er) .
T = eQuiyup + eQuiyun + P L 8" (pouwp) + o0 (0,wn), (B.1)
mp mpy
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where k, = +1.792847351(28), k, = —1.9130427(5) [42] and Q) indicates the electric
charge of the nucleon in units of the absolute electron charge. The magnetic momenta of
the nucleons are

Hpn = (Qpn + K0 ) 1n s (B.2)

where pupn = e/2mys is the nuclear magneton. The conservation of the electromagnetic
current implies that only three independent spherical operators have to be considered,
c.f.r. eq. (3.13). In the non relativistic and long wavelength approximation the spherical
operators with J = 0,1 are given by

ek?
Még) = —?P(V) ) (B.3)
ek
Mk =y (B4)
1 2ew

where we have defined the electromagnetic monopole p(?), the electric dipole dg\}) and the
()

magnetic moment j,,/ operators as

pl \/EZQS 2, (B.7)

(v _ /7 S 4
dM = 471_;@57'3 EM , (B8)
3 A
i =) 5 DoIQu( x ) + (Qs + K1) - ear (B.9)
s=1

Real v emission. The rate for the process with a real « emission can be readily computed
from eq. (3.14) by fixing m., = 0. In this case, due to the transversality of the photon, only
processes with J = 0 are allowed which are

o electric type transitions E.J from the contribution of T§! with parity 7(EJ) = (—1)7,

+ magnetic type transitions M.J from the contribution of 7,"** with parity 7(MJ) =
(_1)J+1.

The F1 and M1 decay rates are equal to

M= fﬂi%mWWmﬁ (B.11)

9(2J.+1)
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Internal pair creation. At lowest order the IPC process involves the emission of a
virtual photon decaying into an eTe™ pair. The differential decay rate with respect to the
energy asymmetry y and the opening angle 61 is given by

2
s w o {fM<y, cos0s.,8) 3 |(f1I My lin)?

dy d cos 0+ - 2J*+1E

=0 (B.12)
. 2 ma, .
+ friscoste,) - ([T + 1T i) ] } ,
J>1
where the faq7(y,cosfy,d) functions are
VI =62+y2)2—4y2 [1—y? =02 +c/(1— 62 +y2)2 — 492
fmly,e,6) = { 5 }, (B.13)
[1+y2—52+c\/(1—62+y2)2—4y2]
1 162+ y%)? — dy?
Frgne.s) = s VUZCAVP Ay

{1—1—3/2—(52+c\/(1—52+y2)2—4y2}
{(1—33/24—362—c\/(1—62—|—y2)2—4y2) <1+y2—52+c\/(1—52+y2)2—4y2> +4y2}

2
[1-32 482~ e/ T2+ 72— 4]

X

(B.14)

Note that IPC processes acquire a contribution also from the longitudinal modes, absent in
the real v emission case. Hence, processes of pair production are of three types:

o longitudinal type transition LJ from the contribution of M ; with parity =(LJ) =
(_1)J’

o electric transition E.J from the contribution of 7§ with parity 7(EJ) = (—1)7,

« magnetic transition M.J from the contribution of 7;"*® with parity 7(M.J) = (—1)7*1,

with differential decay rates'!

d2 Fio a2w5

dydeosOs _ T2(2J. 1 1)CQ(y, 8,¢08 0+) fra(y, cos b, 8)| (fl[p7]]i) 2, (B.15)
STy a Bl

dydcosfy Tar 0 W, 8, cos0x) fa(y, cos O, )T, (B.16)
d2FE1 o

m = 3 7 (y:cos 0, LT, (B.17)
dQFMl o

m = 87((3;,5, cos 04) fr(y, cos 01,5)Ff\y41. (B.18)

We show in figure 8 the theoretical distributions of the angular correlation, obtained after

integrating the above expressions over the asymmetry y.

He(y,6,cos04) =14 y* — 62 —I—cosﬁi\/(l — 02 +y?2)? — 4y2.
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Figure 8. Normalized angular correlation distributions of the eTe™ pair from the various multipole
contribution to the IPC process: L0 (blue), L1 (orange), E1 (green), E1+ L1 (red), M1 (purple).

The reduced invariant mass of the lepton pair is a function of the energy asymmetry
and opening angle. Given the (normalized) distribution function f(y,cosf4,d) of the pairs
over the plane defined by y and cos 64, the (normalized) distribution function g(s,d) of the
reduced invariant mass is given by

g(s,0)= / dy/ dcos@i5<s—1+y 52—|—COSHi\/1 62 +y?)? 4y2> f(y,cos64,0)
146

(2 8)(s— 262 /23 1 1—9y2+62—s
/ S E— 0 5. (B19)
(2—s)(s—262) /23 \/(1—5 +y ) —4y \/(1_6 +y ) —4dy

where s = 2:}—;6 (262 < s < 2) is the reduced invariant mass. For the J = 0,1 multipoles

we calculated, the integration over the energy asymmetry is easily performed since the
integrand turns out to be polynomial in y. Hence, one finds

g0(s,8) = N7o(6) (2 — 8)3/2573/% (s — 262) Y2 (s + 6?)

with  Nzo(d) = ;dx (2 — 2)%2232 (2 — 26°)' /2 (x + 67), (B.20)
g (s,6) = /\2/L1(5) (2 — 5)Y/2573/2(s — 26%)1/2(s + 62)

with N1 (0) = /2 ;dx (2 — 2)Y2273/2 (2 — 202)/2 (2 + %), (B.21)
g7 (5,0) = Np1(0) (2 — 8)' /25752 (s — 20%)1/2(s + 6%)

with  Ng(6) = /;dx (2 — 2)Y2272 (2 — 262)V/2 (2 + %), (B.22)

g (5,8) = N1401(6) (2 — 8)/%s752(s = 26%) /(s + %) (s + 4)

with  Ng1ir1 = (6) /Z ;dac (2 — 2)Y22752 (2 — 262) 2 (2 + 6%) (x + 4), (B.23)
g™ (5,6) = Nari(6) (2 — 5)/%s75/(s = 26%) /2 (s + 6%)

with Ny (6 / dx (2 — )32~ (2 — 2622z + 62). (B.24)

We show in figure 9 their theoretical distributions.
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Figure 9. Normalized invariant mass distributions of the eTe™ pair from the various multipole
contribution to the IPC process: LO (blue), L1 (orange), E1 (green), E1+ L1 (red), M1 (purple).

B.1 Isospin mixing and electromagnetic nuclear matrix elements

The ®Be(18.15) and ®Be(17.64) states, close in energy and with same spin-parity assignment,
presents a significant isospin mixing. In general, given a doublet of nuclear energy levels of
spin J with mixed isospin, the physical states (denoted with a and b) are given by a linear
combination of states with fixed isospin

U = a0+ B85V, U = —a;V{_, +B,V], (B.25)

where a labels the lowest energy level between them. The coefficients oy and §; are real
and satisfy a?] + 63 = 1. For the ®Be nucleus, the values of the mixing coefficients have
been evaluated through Quantum Monte Carlo simulation [67]. The result for the J =1
doublet is

a1 = 0.21(3), By = 0.98(1). (B.26)

According to this, we define the isospin magnetic strength M 1}:071 by

®Be||u|[*Be(17.64)) = ay M1]_y + 1 M17_,,

g (118 3 7 (B.27)
(°Be||u\"[|°Be(18.15)) = —aqn M1]_4 + 1 M1]_,.
whose values has been estimated to be [67]
M1)_, =0.014(1), M1]_, = 0.767(9). (B.28)

At this level, a direct comparison with the experimental values of the decay lengths shows
a significant discrepancies with the theoretical prediction. Following [27], we’ll consider the
deficiency as due to isospin breaking effects we neglected in the first attempt. The inclusion
of them is obtained trough the introduction of a AI = 1 spurion, whose effective result is
to shift the nuclear matrix elements as

®Bel|u|[*Be(17.64)) = oy M1]_y + f1M17_, + a6 M1}_,,

(B.29)
®Bel|u|[*Be(18.15)) = —ay M1]_, + fi1M1]_o + SrEM1]_,.
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The parameter £ characterizes the strength of the spurion and its size is controlled by
non-perturbative effects. One finds £ = 0.549 by requiring that the resulting decay width
['(®Be(17.64) — ®Be + 7) reproduces its experimental value. For & = 0 the isospin breaking
effects are simply neglected.

Parity conservation prohibits electromagnetic interaction in the *He(21.01) transition
to the ground state, thus the nuclear matrix element relative to this decay is equal to zero.

Due to the massless nature of the photon, the y-emission decay width of the *He(20.21)
transition to the ground state also vanishes but the IPC process is still possible. Pair
production is mediated by the monopole operator p(¥), whose matrix element has been
measured to be [9]

Viar (*Hel|p™|[*He(20.21)) = (1.10 £ 0.16) fm?, (B.30)

with corresponding decay length, after integrating (B.15), equal to 'y = (3.341.0) x 10~ eV.
The 7-emission decay length of the 2C(17.23) transition to the ground state has been
measured to be I'y = 44 eV [11]. Hence, from (B.10), one finds

(2¢||d))"2C(17.23)) = 0.157 fm . (B.31)

C Nucleon effective couplings

We report in this section the matching between the effective interaction of the X boson
with the nuclear matter and its interactions with the fundamental SM degrees of freedom,
quark and gluons. Since nucleons are spin 1/2 particles, for an operator @ composed by
quark fields one has

(N,P'|OIN,p) = upy (v, p)up , (C.1)

where I' is a matrix with spinor indices and w,, is the solution of the free Dirac equation.'?

Lorentz invariance as well C', P and C'PT symmetries impose further constraints on this
matrix element. As mentioned in the main text, since the transferred momentum in the
considered processes is generally much smaller than Aqcp we approximated the form factors
that are in general present in these expressions as constants.

Vector interaction. In the UV an X vector boson interacts with a quark current of the
form C{.gy*q, which gives an effective interaction

L=CyNANX, + 2 8,(No" N) X, + X 9n(NN)X,, . (C.2)
2mpy my

Conservation of the vector current implies gy = 0, while symmetry considerations fix
Cp,=20C% +CL, C,=C¢+208. (C.3)

Symmetry considerations don’t allow to simplify the expression for the magnetic moments

of the nucleons
x) _ (Cn+kN)
Uy = o 12

N (C4)

12This leaves the matrix element unchanged upon the substitution I'(p’, p) — p;nml"(p’,p) p;;n.
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where p s is the Bohr magneton, since even the sea quarks can give a contribution to these
quantities. However by using the static quark model one can make an estimation [68].
Working under the assumption that the valence quarks of the nucleons have mass equal to
My ~ mg ~ mp/3,' at lowest order the magnetic moment of each quark is given only by
its charge and effective mass, i.e.

cy
[ig = qu ] (C.5)
In the static quark model one thus finds
4 408 — o4 3C, — 2C,
pE) = lulp) = a0 — gl = SV = S 2T (©6)
4 —C% 4+ 404 —2C, + 30,
i) = nlun) = =) i)~ = = e ()

For the electromagnetic couplings, C), = +e and C,, = 0, one obtains values close to the
experimental ones, (i, |exp =~ +2.792 upn and ™ [exp =~ —1.913 pyr, within a 10%. The
interaction between quarks and the X particle might also come from an effective magnetic
moment interaction £ = %&, (go*”q) X, generated, e.g., at loop level by integrating out
some heavy particle in the low energy limit. This effective operator contributes to the
magnetic moment of the nucleons through the substitution

8,(qo" q) — 6™ 0, (Not N) (C.8)

where N = p, n, which shifts ky — /{N—i—QmTNééN)

it has been estimated

for each ¢. By lattice computation [69, 70],

5P =5 =084, 5P =5 =_023, P =s"=_0046 (C.9)
for the light quarks contributions.

Axial interaction. In the UV an X axial vector boson interacts with a quark current of
the form CY q*y“fy g which brings to an effective nucleon current

_ b _ d .
L =ayNy"PNX, + X 0" (iNyN)X,, + —8,(iNo"™ 1" N)X,, . (C.10)
my 2my

CP conservation in QCD interactions forces dy = 0, while the term proportional to by
doesn’t contribute to the considered processes when one has on-shell X.'* The nucleon
axial couplings ax are given by the sum of quark coupling a, weight by the fraction of the

(N)

spin of the nucleon Ag

ay =Y AMCY. (C.11)
q

13Here we are considering the effective mass of the quarks when they are bounded together by gluons, not
their real mass.
14This can be seen by performing and integration by parts.
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These fractions are given by integrals of helicity-dependent parton distributions and can be
measured in lepton nucleon scattering. Their values are equal to [32, 71]

AP =AM = 0807(27), AP =AM = _0367(27), AP =AM = _0.026(4),
(C.12)
while the contributions from heavy quark are small and can be neglected. As for the
vector case, it’s possible that the interaction between quarks and the X boson comes from
an effective interaction like £ = 'f\—q@l,(z’q_a“l’ vq) X u- This effective operator generates an
electric dipole for the nucleons through the substitution

0, (iGo"+°q) — 650, (iNo"~° N) (C.13)

where N = p,n, which again shifts the dy value as before. Unfortunately the values of (5(5]5\])
are difficult to be measured and are poor known. Only recently [72] it has been measured
the light quark contribution to the proton at Q% = 0.8 GeV?

5®) = 0547099 5 — 0231009 (C.14)

Scalar interaction. The scalar interaction between quarks and a spin 0 particle is given
by the scalar density operator gg. The matching with the nucleon effective coupling is linked
to the generation of nucleon masses [73]. From trace anomaly, the mass of the nucleons is
given by

my = (N| [quqq—l— b GWGW] |N) (C.15)

4o
where the 3 function at lowest order is 8 = —a?2/27(11 — 2ns/3) and «, is the strong
coupling constant. The heavy quark fields () = ¢, b,t can be integrated out trough the
expansion [74]

moQQ — —= O‘s GG, (C.16)
so that
my = (N]| [ Z meqq — 9045 GWG”’” |N) . (C.17)
u,d,s
We can now define the fractions ofqnucleon mass as
f(N) (N\mq(ICI!M
(C.18)

(N)_ Z qu )

q=u,d,s

We consider a scalar interaction term with the X particle defined by

m «
L=X> Ci—gq+C{—= " C.19
d 5, 44+ Cgg - XGu G, (C.19)

where v = 246 GeV is the Higgs vacuum expectation value. The last one is an effective
interaction term that can be generated at loop level by massive particles in the low energy
limit. The nucleon effective interaction reads

L=X > 2zyNN (C.20)
N=p,n
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where

m 1 2

q=u,d,s g=c,b,t

are the effective scalar couplings of the nucleons. The values of the fractions of nucleon
mass are given by [75]

£ = 0,020 +0.004, £ =0.026+0.005, (P =0.118+0.062,
A =0.014+0.003, £ =0.036+0.008, f =0.118+0.062. (C.22)

Pseudoscalar interaction. The pseudoscalar density igy°q is proportional to the diver-
gence of the axial current ¢y“+°q. The matching with the nucleon effective operator is
then done with the same A((JN) parameters already used. For the light quark contribution,
we have

. as i
(Nlmqidy*q|N) = my AL — (N2 GG [N, (C.23)
while for the heavy quark fields it’s enough to expand them as [74]
mqQiQy°Q — —g—SGWéW . (C.24)
s

The nucleon matrix element for the pseudoscalar gluon operator is given by [76]

+

my mq ms

(C.25)

() (N) ()
<N|%GMVGHV|N> — mnTR (Au + Ad As ) ’

where m~! = m 1 + 'mgl +mg!. By considering an interaction term for quarks and gluons
given by
Mg ._ 5 A %
L=X zq: chm q—C% e NG G, (C.26)
which is equivalent to
0, X a -
L=—"L=N"Clgy'+q— CF —XG ., G" C.27
%Zq:pqvvq B XGu G, (C.27)

with C% = C% + 2q C%, the effective nucleon interaction then reads

L=X Y hyiNy°N, (C.28)
N=p,n
where
hy == q:%sAg ) (c;é — %c;;9> (C.29)

are the effective pseudoscalar couplings of the neutrons.
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Figure 10. Regions of the h,, , effective nuclear couplings of a pure pseudoscalar states where the
8Be (blue) and “He (orange) anomalous ATOMKI transition can be explained at 1o or 20. Inside
the red region the SINDRUM bound is satisfied. Here both the ®Be(18.15) and the ®Be(17.64)
transitions are considered.

D Combined analysis with both 8Be(18.15) and ®Be(17.64) energy levels

As discussed in section 5 in a later publication [45] the ATOMKI collaboration reported the
observation of the anomalous signal also in the 8Be(17.64) transition, which was absent in
their first analysis [1, 2]. In this section we show how our results are modified by considering
both the®Be(18.15) and 8Be(17.64) excited states. The best fit value for the anomalous
decay rate for the ®Be(17.64) transition is [45]

I'(®Be(17.64) — ®Be + X)
['(®Be(17.64) — 8Be + )

BR(X —eTe”) =4.0x107°. (D.1)

We will associate a relative error to this best fit, not provided by ATOMKI collaboration,
equal to the one from the 8Be(18.15) measurement of eq. (5.1).

Pseudoscalar scenario. We summarize the results for the pure pseudoscalar scenario in
figure 10, where the shaded blue and orange areas represent the 1o and 20 compatibility
regions with the ATOMKI ®Be and *He anomalies respectively, where the former is a
combination arising from both the ®Be energy levels. We also overlay in red the region of
parameter space satisfying the SINDRUM bound from 7 — e, X decay [37, 46]. Note
that a combined explanation of the ®Be and *He anomalies is not anymore possible, once
we include the constraint from the ®Be(17.64) transition.

Vector and axial scenarios. We summarize the results for the spin-1 cases in figure 11,
with the same color code as figure 10 for the regions satisfying the ATOMKI anomalies. In
the upper panels we show the results for the S™ = 17 assignment for the X boson. As it can
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Figure 11. Upper panels: Regions of the C,, ,, effective nuclear couplings of a pure vector state where
the 8Be (blue), *He (orange) and 12C (purple) anomalous ATOMKI transition can be explained at
1o or 20. Inside the red and the gray region, respectively, the NA48 and the 2°®Pb-n scattering
bound are satisfied. In the left and right panel we assume & = 0 and & = 0.549 respectively, see
appendix B.1 for details. Lower panels: Regions of the a, , effective nuclear couplings of a pure
axial vector state where the ®Be (blue) and *He (orange) anomalous ATOMKI transition can be
explained at 1o or 20. In the green region the KTeV anomaly in m — eTe™ decay can be satisfied,
by assuming a positive (left panel) and negative (right panel) value for the C axial coupling of the
X boson to electrons that can explain the anomalous (g — 2).. In all figures both the ®Be(18.15)
and the ®Be(17.64) transitions are considered, see main text for more details.
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be seen for both ¢ assignments, a combined explanation of the ®Be, blue region, and *He,
orange region, anomalies at 1o is in tension with the NA48 constraint, while it is possible
at the 20 level. The 1o and 20 bands related to the '2C transition are shown in purple
in the upper panels of figure 5. Note that, if confirmed, the '2C ATOMKI anomaly is in
tension with a combined explanation of the ®Be and *He anomalies and the protophobia
constraint. On the other side an axial vector S™ = 17 state can explain both the ®Be and
4He ATOMKI anomalies at 1o inside a small region or at 20, as shown in the lower panels
of figure 11, with axial couplings to the nucleon of @(10~*). Thus the inclusion of the
8Be(17.64) transition does not change the conclusion for the spin-1 cases.

E Cross section for resonance production

For resonance production p + A — N*, the unpolarized cross section expression is given by

o(p+A— N¥)
1 1 d?’p* . 2
_ 2m)46(ps —pag — Mot A—s N*
(2Jp+1)(2JA+1)4mAEpUp/(27-‘-)32E*(77) (P« —pa pp)}§| (p+A— N*)|
1 2m)8(Ed, —m?2
) T S M 4 N (E.)

(21, +1)2Ja+1)  4maBp,

where EZ,; = (pa + pp)?. Here we have treated the excited state N* as a bound states of p
and A with mass m, and spin J,. The reverse process defines the decay width

T(N* = p+ A)
= 2 « — DA — N* A
1 A(m2,m%,m3) . )
S GiD lommr 2 MO oprd) (E:2)
* * pol.

where \(z,y, 2) = 22 + 4% + 22 — 2xy — 222 — 2y2. The angular integration is trivial because
the unpolarized squared matrix element of three momentum is just a function of the masses.
Since the nuclear force, which mediate the interaction, is invariant under time reversal, it
follows that

M(N* = p+A)=M{p+A— N¥). (E.3)

By that, one has

(2J, +1) 8m2m2 T(N* — p+ A)
(2Jp +1)(2Ja + 1) maEyvp A(m2,m%, m2)

o(p+A— N*) = S(E%,, —m?). (E4)

For an off-shell state, since the excited nucleus is unstable, one should broaden the J-function
into a resonance peak by taking the narrow width approximation

1 myI
2 2 kL ox
(5(ECM - m*) — ; (E%M — mz)Q T mzrz , (E5)
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finally obtaining
(2J. +1) 8mm3 T(N* — p+ A) m.Is
(2Jp +1)(2J4 + 1) maEyvp A(m2,m%, m2) (EZy —m3)? +milE
(E.6)

olp+A— N*) =

F Experimental constraints on a spin-1 boson

A light boson coupled to first generation quarks and leptons is subject to a large variety
of experimental constraints. In this section we recap the most relevant ones that affects a
possible explanation of the ATOMKI anomaly through a BSM degree of freedom with mass
~ 17 MeV for the spin-1 case. We parametrize the effective UV interactions of a spin-1
state X, with leptons and quarks as

L=X, > ol (Cf +PChw! = X, > (Cz,Riﬁi,R’Y“l/’i,R) ; (F.1)
f=q,l... f=ql...

where C"; A= %(C’};i Ci) and we assume diagonal couplings in flavor space. The connection
between the quark and nucleon couplings can be found in appendix C. We list in the following
the most relevant constraints for the spin-1 case coupling to the first generation of quarks
and leptons.

ete™ — ~X scattering. By neglecting kinematic differences with respect to the pure
dark photon case, we can recast the bound from the KLOE experiment at the DA®NE
collider [59] from which we obtain a bound

6.1 x 10~*
VP +(CaP 5 e (F2)

Parity violation. Parity violation in Mgller scattering constraints the product of the

vector and axial couplings. The most sensitive measurement arises from SLAC E158 [60]
at Q? = 160 MeV2. The measurement in [60] has been recast in [77] and the obtained
bound reads

|06 x C4] <1078, (F.3)

Beam dump experiments. Beam dump experiments look for X production via
bremsstrahlung from electrons scattering off target nuclei. For the X particle not to
be seen in these experiments there are two possibilities: either the particle is not produced
at all, or its decay products are caught in the dump, thus setting both an upper and lower
limit for the couplings of the X boson. In the first case the stronger limit comes from the
E137 experiment [78], see also [79], which is independent on the X decay rate and gives

(Ce)2 4+ (092 <11 x 1078, (F.4)

while in the second case the stronger limit comes from the NA64 experiment [61, 62] for
which we have

(CE)2+(C5)2 2 3.6 x 1075 x \/BR(X — eter). (F.5)
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Prompt decay in ATOMKI detector. The requirement of a prompt decay into the
ATOMKI detector imposes now the constraint

(C5)2 +(C5)? 2 3% 1077 x /BR(X — ete), (F.6)
which is weaker than the bound from NA64.

Atomic parity violation. In atomic system, parity violation can be observed in the
case, e.g, of and electric dipole transition between two atomic states with the same parity.
The X, gives additional contributions to these transitions due to the interaction between
atomic electrons and the nucleus. In the effective operator

£5 - O ) Enn®e) + CACH i PwEe) +uerd] . (B)
X

where only the V' x A part have been kept, only the A, x V,, 4 interaction give a relevant
effect for parity violation observables. This is due to the fact this part of the interaction
between the electron and the nucleus is coherent, and thus proportional to the total weak
charge of the nucleus itself, while the A, x V, interaction adds incoherently. This effect is
thus suppressed for heavy enough nuclei [80]. The BSM contribution to A, x V,, 4 can be
expressed as a modification to the weak nuclear charge Qu [81]

q,eff w d
5QW——2C;[3(Z+N)CAC et _ V224 N) + CY(Z 4 2N)

m% v 3(Z + N)

(F.8)

The most accurate prediction comes from transition of :33Cs [66] which, combined with the
SM theoretical prediction [82], yields [83] [6Qw]| < 0.6 hence the bound reads

188 211
—CY

e
ICal 309V T 399

Ol <1.8x10712, (F.9)
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