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We consider an experiment to search for dark sector particles in invisible (or semi-invisible) decays of
neutral mesons M = z°, , /, ®, f,(1270), which produced the charge-exchange reactions 7z~ +
(A,Z) » M° 4 (A,Z — 1); M° — invisible of high-energy pions (or kaons) on a nuclei target in the
NAG64 experiment at the CERN SPS. This reaction chain would lead to a striking signature of the signal
event—the complete disappearance of the beam energy in the setup [Phys. Rev. D 91, 015004 (2015)].
Using data obtained from the measurements at IHEP (Protvino) and Fermilab (Batavia) we show
that the integral cross sections ¢ for the production of the M? s slightly deviate from the phenomenological

formula o ~ Z%/3, where Z is the nuclei charge. In particular, we present the formulas for the differential
and integral cross sections that explicitly depend on the Mandelstam and Z variables. Derived formulas are
used to predict the M yield as a function of beam energy for several target nuclei, and to estimate the
projection sensitivity for the proposed search in the dark vector portal model. Sensitivity to different decay

modes of MV is explored.

DOI: 10.1103/PhysRevD.109.075021

I. INTRODUCTION

Nowadays searches for dark matter (DM) and the study
of its properties is a hot topic in particle physics,
astrophysics, and cosmology. In the last decade, a broad
experimental program has been developed to detect non-
gravitational DM interactions, including direct searches
for DM by measuring the recoil energy from DM-nucleus
scattering, indirect searches for particles from the DM
annihilation, and accelerator-based measurements [1-5].
For the thermal DM in sub-GeV mass range, in order to
explain the relic DM density one has to assume the
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existence of a new feeble interaction between the ordinary
and dark matter. Several hidden sector scenarios have
been widely discussed in the literature when such inter-
action is transmitted through the Higgs [6,7], tensor [8—
10], vector [11-16], sterile neutrino [17], and axion or
axionlike (ALPs) [18-20] portals. Studies at accelerators
have mostly focused on testing of models in which DM
couples to the SM through a new gauge vector boson, so-
called, dark photon A’, that could be massive and kineti-
cally mixes with the ordinary photon [21,22], thus
interacting universally with lepton and quarks. Such
experiments searched for light sub-GeV DM by looking
either for visible or invisible decays of the A’, or another
similar mediator. The searches for invisible decays typ-
ically use missing energy (momentum) techniques devel-
oped for leptonic (e or u) beams [23-25].

Recently, significant attention has been received by
alternative light DM models, when the interaction between
DM and the SM is primarily leptophobic (or hadrophilic),
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i.e., the corresponding mediator couples predominantly to
quarks, see, e.g., Refs. [26-28]. Taking into account our
poor knowledge about the nature of DM, such scenarios are
certainly worth studying. This also emphasizes the need for
a broad experimental program using both hadron and
lepton beams. One possibility to probe the leptophobic
dark sector is to use neutrino or beam dump experiments
[29-32]. Another possibility is to look for invisible decays
of neutral mesons into dark sector particles at e™e”
colliders [33,34]. Experimental studies of invisible decays
of neutral hadrons were performed by several collabora-
tions. In particular, the BES III collaboration [34,35] set
constraints on the branching fraction of the invisible decays
of , ', w, and ¢ mesons. The BABAR Collaboration
[36,37] has studied the invisible decay modes of heavy
quarkonia. The NA62 Collaboration [38] established the
limits on invisible decays of z°. Future experiments on dark
sector physics planing to collect large statistics of mesons,
such as HIKE [39] at K-meson factory at CERN, REDTOP
[40,41], HIAF [42]), and the Forward Physics Facility at
CERN [43] have been also proposed.

In this work we discuss the experiment proposed in
Ref. [44], to search for leptophobic dark sector in the
decays of neutral mesons M° = z°% n, 17/, K9 ... produced
in the NA64 experiment at the CERN SPS. The great
advantage of using M® — invisible decays is that their
invisible decay rate into a couple of neutrinos in the
SM is highly suppressed in the SM, ['(M° — wv)/T'(M° —
total) < 107! for masses m, ~0.8 eV [45] and m=~
mygo. We discuss the NAG64h sensitivity considering
as an example the Ileptophobic vector portal model
with dark fermions and show that the rate of M° —
invisible(semi-invisible) decays could be enhanced
up to a measurable level due to the contribution from
the dark sector physics. Thus, the new experiment, called
NA64h, could complement and significantly expand dark
sector physics program of NA64 currently running with
leptonic, e* and y, beams.

The first theoretical analysis of parameter space of DM
which can be constrained based on using invisible meson
decays was performed for neutral kaons in Refs. [46-50],
and for vector meson decays in Ref. [51]. In particular, in
Ref. [51] it was estimated the yield of vector mesons with a
lepton beam scattered at a heavy nuclei target. In Ref. [52] a
novel idea to search for invisible decay of the vector p°
meson produced at the accelerators with hadronic beams
have been further developed in context of NA64h by using
the signature of a small recoil energy in the p° production.
Below, we use a model-independent estimate for the M°
yield, which is based on experimental data of diffraction
processes 7~ + (A,Z) - M°+ (A,Z—1) in the Regge
regime. The data have been collected in a series of
experiments [53-60]. We show that the missing energy
technique combined with the charge exchange mechanism

of the M° production by scattered charged pions results in
sensitive constraints on invisible or semivisible M° decays.
The paper is organized as follows. In Sec. II we briefly
discuss the missing energy conception to analyze invisible
M° decay modes in the NA64h experiment. In Sec. III we
present a model-independent estimate for the charge
exchange cross sections for different Z charges of target
nuclei. We also discuss invisible and semi-invisible decays
of neutral mesons in Sec. IV. The results from invisible and
semi-invisible neutral meson decay mode to DM fermions
and implementation to DM parameter space are presented
in Sec. V. Finally, in Sec. VI we present our conclusions.

II. FRAMEWORK

The missing energy technique was proposed as a power-
ful conception to search for light DM in fixed-target
experiments, which is highly complementary to DM direct
detection and collider searches [23]. For the first time it was
implemented in the NA64 for dark sector searches with
electron [61], muon [62], and positron [63] beams at the
CERN SPS. New experiments, such as LDMX [51,64—67]
and M3 [68,69] were also proposed to search for light DM
with electron and muon beams by using the similar
approach, see, also BDX [70-72] and ILC [73,74].

A new search for dark sector in invisible decays of
neutral mesons in NA64 was proposed in Ref. [44]. The
idea is to use the charge-exchange reactions

7+ (AZ) M+ (A, Z-1); M- invisible (1)
of high-energy pions (or kaons) at a nuclei target (A, Z) as a
source of M%s with their subsequent invisible decay into
dark sector particles. In our further estimate, we consider a
simple experimental version of the NA64h setup consisting
of four consecutive modules of a hadronic calorimeter
(HCAL1-4) used to measure the total energy deposited in
the detector. Each of the HCAL modules has 48 layers,
each of (2.5 mm Fe 44 mm scintillator), and ~7.54
(nuclear absorption length) in total. The first module
HCALI serves as an active target irradiated by the primary
40-50 GeV 7~ beam with the intensity <107® z per SPS
spill of 4.8 s, which produce M° in charge exchange
reaction on Fe (56,26) nuclei. The signature of the signal
event from the M° — invisible, would be (i) a good
quality single incoming track with the primary beam
momentum measured by a magnetic spectrometer; (ii) the
track is identified as a minimum ionizing particle (MIP) at
the entrance to the HCALI with an additional preshower
detector, (iii) no activity in the HCAL above the ‘“zero-
energy” threshold which is ~1 GeV, or ~30% of the energy
deposit ~3 GeV by the MIP (a muon) in the HCALI.
The main background is expected from the y — evv, and
K — pv backward (in the rest frame) decays in flight from
w's and K’s present in the beam, whose admixture is,
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respectively, ~1073 and ~10"2 [75]. The low energy
electrons from the y decay could be suppressed by the
preshower detector, while the K contamination can be
rejected by the Cherenkov counters in the upstream part of
the beam line. Contributions from additional sources of
background, such as accidental coincidence with low
energy particles in the beam, energy leakage, etc.. are
expected to be small. Thus, the striking signature of this
reaction chain of Eq. (1) would be the complete disappear-
ance of the primary beam energy of, say, 50 GeV, in the
setup which could be probed with hadronic beams at NA64
with missing energy technique. As we deal with the
diffraction process, we assume the energy deposit at small
momentum transfer in 7-channel (see, below) is small and
does not significantly affect the signal efficiency.

The yield of neutral mesons M° produced by the 7~
beam scattering at a fixed target is

PNy

Ny ~aOT- L1oyn(mm+(AZ) > M+ (A, Z-1)),

(2)

where A is the atomic weight number, N4 is Avogadro’s
number, zOT is the number of negative charged pions
accumulated on target, p7 is the target density, Ly is the
effective thickness of the target which in conservative
scenario is assumed to be equal to effective pion inter-
action length in the target [76], 6,_,(7~ + (A, Z) - M° +
(A,Z—-1)) is the cross section of charge-exchange
reaction.

We estimate limits on the invisible branching ratio of
produced neutral mesons, MP°, at 90% confidence level
(C.L.) assuming zero observed signal events and back-
ground-free case, which implies Br(M° — inv) < 2.3/N
for invisible and for semi-invisible is Br(M° — semi-inv) <
2.3/Nyp, where N is a number of the produced neutral
mesons from Eq. (2), and the number of accumulated pions
on target (zOT) ~ 3 x 10° [77].

For estimate of the projected sensitivity of the NA64h
we will use ~10'? zOT, which can be accumulated during
3-4 month of data taking, and 5 x 10'> zOT for optimistic
scenario [44]. Finally, let us note that the knowledge of
precise values for exchange cross sections of Eq. (1) for
more accurate estimate of the neutral meson yield entering
Eq. (2) would be very useful. Potentially, the corresponding

measurements could be performed in the experiment in situ
by using M° visible decay modes.

ITII. CHARGE-EXCHANGE REACTIONS

Charge-exchange reactions 7~ +(A,Z) - M+ (A, Z-1)
at nuclear target (A, Z) with M° = 7% n, ', o, f,(1270)
[53-60] give a unique possibility to shed light on hadron
structure, Regge phenomenology [78,79], and color trans-
parency [80]. In particular, the amplitude M(s,?) of the
charge-exchange reaction depending on the s and ¢
Mandelstam variables, can be factorized as [78,79]:
M(s,t) ~ A(t)(s/so)%"). Here A(t) is a phenomenological
function fitted from data, s, = 10 GeV? is the input total
energy for the evolution of the cross section, a,(t) is the
Regge trajectory. a,(¢) is normally straight line parame-
trized as a,(t) = a(0) + &'t. In case of small |7| < s one
can neglect by the ¢ dependence in the Regge trajectory.
Indeed, all data on the charge-exchange reactions are well
described with constant Regge trajectory a,(0) ~ a(0)~
0.5. The differential cross section in the case of the proton
target is parametrized as [55-57]:

dGH(S, t) - dUH(S, t)

[1—g(s)e(s)i] exple(s)],  (3)

dt dt —0
where
doy(s, 1) _a < s > 2(1,.(0)—2’ @
20 S P Y

A is the normalization factor, g(s) = go + g, log(s/sy) and
c(s) = c¢g + ¢y log(s/sg) are the s-running couplings. For
the specific reaction with z°% #, i/, , and f,(1270)
production the sets of parameters are shown in Table I
(some of them have been fixed in Refs. [55-57]. For
proton/neutron target these processes were studied in
Ref. [81]. In Fig. 1 we present the results of the fit of
the parameters defining the parametrizations for the differ-
ential cross sections of the charge-exchange reactions on
the proton target: 7~ + p — M° + n for the cases of the
M° = w, f,(1270), and 7' meson production using IHEP
data for the doy(s,t)/dt at P =39.1 GeV beam [59].

For the integral cross section in case of the proton target
we get

TABLE 1. Parameters of the differential cross sections.

Meson A a, co (GeV™?) ¢, (GeV™?) 9% g1

7° 430 4+ 20 0.48 +0.01 12.7£0.3 1.57 £0.12 2.55 £0.09 —-0.23 + 0.06
n 36 +2 0.37 £0.02 6+02 1.60 £ 0.10 46+0.3 -05+0.2
7 1.37 £0.37 0.325 £ 0.01 6.84 1.7 3.7 0

0] 2+0.5 0.53 £0.01 6.5 1.23 5.5 0

I 60 + 20 0.53 £0.01 8 2.6 4.60 -2
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FIG. 1.
P =39.1 GeV beam [59].
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Extension to arbitrary nuclei N with charge Z is normally
done by multiplying with factor Z%/3. However, we found

that this behavior should be slightly corrected as
Zz/3—0.152-2/3

(5)

. Le., the integral cross section for the neutral
meson production at nuclei with charge Z reads:

Zz/3—0.152-2/3

(6)

E.g., our prediction for the ratio of cross sections of
production on different nuclei does not depend on the total

on(s) = on(s)

Fit of the parameters for the w, f,(1270), and 5/ mesons using IHEP data for the differential cross section of their production at

energy s and produced pseudoscalar meson, while depends
on Z: oy(s)/oy(s) = 223015277 "B o the ratio of the
total cross section of productions on carbon and hydrogen
is 3.04, which is in good agreement with data: 3.2 4+ 0.1
[59]. In Figs. 2—6 for each type of the meson [7°, 1, 1/, o,
f2(1270)] we present two plots for the integral cross
sections of the charge-exchange reactions 7z~ + (A, Z) —
M= 2y)+ (A, Z - 1) withM® =" 5.5, 7~ + (A, Z) -
o(—=7%) + (A, Z-1), and 7~ + (A, Z) = f,(1270)(—
27°) + (A,Z — 1) on the different nuclear targets includ-
ing H, Li, Be, C, Al, Fe, and Cu. In the left panel we
present a comparison of the parametrization (5) and (6)
with data for beam momentum P = 40 GeV or for

100

P=40 GeV

80

60

o [ub]

40f

20

‘Fe Cu:

80

P=50 GeV

60

o [ub]

40

20

0
H LiBe C Fe Cu

L L
10 20 25 30

L L
0 5 10 20 25 30

FIG. 2. Results for the integral cross section of the z° production 7~ + (A, Z) — z°(— 2y) + (A, Z — 1): comparison of para-
metrization (5) and (6) with data for the beam momentum P = 40 GeV [58] (left), predictions for P = 50 GeV (right).

P=40 GeV

O H LiBeC Al Fe

Cu]

Fe

Cu]

L L
0 5 10 20 25 30

FIG. 3.

L L L
20 25 30

Results for the integral cross section of the 5 production z~ + (A, Z) — 5n(— 2y) + (A, Z — 1): comparison of parametrization

(5) and (6) with data for the beam momentum P = 40 GeV [58] (left), predictions for P = 50 GeV (right).
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FIG. 4. Results for the integral cross section of the 5’ production z~ + (A,Z) — 1'(— 2y) + (A,Z — 1): comparison of para-
metrization (5) and (6) with data for the beam momentum P = 39.1 GeV [59] (left), predictions for P = 50 GeV (right).

P = 39.1 GeV. In the right panel we present our predic-
tions for the P = 50 GeV. For the case of Fe target we
made the predictions using the Z dependence of the integral
cross section established in Eq. (6).

In Tables IT and IIT we display our predictions for the
integral cross sections for the reactions 7~ + (A,Z) —
MO+ (A, Z—-1), 77+ (A Z) > P’ (= 2y) +(A,Z-1),
7 +(AZ) > o(—=72%)+(A,Z-1), and 7~ + (A, Z) >
£2(1270)(— 22°) + (A,Z—1) at P =50 GeV. Here
P° = 7% 5.5'. We take the central values of the branchings
of the neutral mesons from the Particle Data Group [76]:

Br(z° — 2y) = 0.99,
Br(n — 2y) = 0.3936,
Br(y' — 2y) = 0.02307,
Br(w — 7%) = 0.0835,
Br(f, — 22°) = 0.281. (7)

One can see good agreement of the parametrization (5)
and (6) with data. However, we would like to note that for
mesons with masses my,0 > m,o the current precision for
their total production cross section is at the level ~30-35%,

T T T T T T T
3.0 b

P=39.1 GeV

o [ub]

P=50 GeV

o [ub]

FIG. 5.

Results for the integral cross section of the w production z~ + (A, Z) — w(— 7%) + (A,Z — 1): comparison of para-

metrization (5) and (6) with data for the beam momentum P = 39.1 GeV [59] (left), predictions for P = 50 GeV (right).

L £,(1270)

(1270
wf Tl ) P=50 GeV
P=39.1 GeV 5T
_QS 10f "’_3 Al
b b
5r ok
of ; B ok ]
M tiBec A ‘ fe o H LiBeC Al ‘ Fe_Cuy,
0 5 10 15 20 25 30 0 5 10 15 20 25 30
z z

FIG. 6. Results for the integral cross section of the f,(1270) production 7~ + (A, Z) — f,(1270)(— 22°) + (A, Z — 1): comparison
of parametrization (5) and (6) with data for the beam momentum P = 39.1 GeV [59] (left), predictions for P = 50 GeV (right).
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TABLE II. Predictions for the integral cross sections for the 7~ + (A, Z) — M° 4+ (A, Z — 1) reactions at beam momentum P =
50 GeV in pb units.

Meson H Li Be C Al Fe Cu

b 8.1+1.4 15.6 £2.6 18.8 £3.1 247+£4.1 419+6.8 674+ 11 72.6 £ 11
n 2.6+09 51+1.7 6.1 =2.1 8.0+28 13.6 £4.7 219+£75 23.6 £8.1
n 1.3+04 24408 29+1.0 38+13 6.5+2.1 104 £3.5 11.3£3.7
0} 2.0+0.7 39+1.2 47+15 62+19 10.5+3.2 169 £5.1 182 +5.6
e 2.1+0.8 40£1.5 48=+19 6.3+24 10.6 £4.2 17.1 £ 6.7 184 +7.3
TABLE III. Predictions for the integral cross sections for the z~ + (A,Z) = P'(=2y)+ (A, Z-1), 7=+ (A, Z) -
o(— 71%) + (A, Z-1), and 7~ + (A, Z) — f»(= 22°) + (A, Z — 1), reactions at beam momentum P = 50 GeV in pb units. Here
PO =7%n,1n.

Meson H Li Be C Al Fe Cu

7° 8.1+14 15.6 +2.6 18.8 £3.1 247 +£4.1 419+6.8 674+ 11 72.6 £11

n 1.0+04 2.0+0.7 244038 32+1.0 54+18 8.6 £3.0 9.3+32

7 0.03 £0.01 0.06 £ 0.01 0.07 £0.03 0.09 £0.03 0.15£0.05 0.24 £0.08 0.26 +0.09
® 0.17 £0.05 0.33£0.10 0.39+£0.12 0.52+£0.15 0.87 £0.27 1.41 £0.43 1.52 £ 0.46
I 0.58 £0.23 1.11 £0.44 1.34 £0.53 1.76 £ 0.69 298 £1.18 4.80 £ 1.89 5.17 £2.04

see Tables II and III. This will constraints the sensitivity of
the future searches for M — invisible decays, and thus,
this precision should be improved by at least a factor of 2 3.

In Fig. 1 we present the results of the fit of the parameters
defining the parametrizations for the differential cross
sections at proton target for the cases of the @, f,(1270),
and 1/ meson production using IHEP data for the
doy(s,1)/dt at P =39.1 GeV beam [59]. In Figs. 2-6
for each type of the meson [7°, n, 1, w, f,(1270)] we
present two plots: comparison of the results for beam
momentum P =40 GeV or for P =39.1 GeV obtained
using formulas (5) and (6) with data [58,59] (left) and
predictions for the P = 50 GeV. In case of the Fe target we
made the predictions using the formula for the integral
cross section derived for arbitrary Z (right). One can see
good agreement of parametrization (5) and (6) with data.

IV. INVISIBLE NEUTRAL MESON DECAYS
TO DARK FERMIONS THROUGH DARK
PHOTON PORTAL

In this section, we will discuss invisible neutral meson
decays to dark fermions through a dark photon portal. The
dark photon portal can be introduced via kinetic mixing
with the SM photons [22]. In particular, the gauge invariant
coupling of the dark photon A’ and the SM photon A has the
form

CF A

‘Cmix = E uv

(8)

where € is the mixing parameter, F,, and A, are the stress
tensors of the A and A’ fields, respectively. We would like to

mention that the derivation of the dark photon via the
Stueckelberg mechanism was considered in Ref. [15,82].

The interaction of the dark photon with the charged
current of SM fermions and with dark fermion current has a
form:

L D eeA,J" + gpAxr'y. 9)
where gp is the coupling of the dark photon with dark
fermions, e is the electric charge, and J, the electromag-
netic current composed of the SM fermions. Note the
coupling of the Aj, with J* is obtained after the shift of
electromagnetic field A, — A, + €A, leading to the
removal of the mixing term (8).

The decay width of the A’ to the dark fermions is
ap
Ty_yy = 7mA/(l +2y2)(1=4y2)'2,  (10)
where y, = m,/my, ap = g3 /4n, my and m, are masses
of dark photon and dark fermions, respectively.
One should note that the shift A# — A* + ¢A’¥ leads to a

possibility of invisible or semivisible decays of neutral
mesons whose production cross section was studied before.

A. Vector meson

We derive effective Lagrangian describing transition of
neutral vector meson to dark photon

(11)

using Lagrangian defining the V — y coupling [15,83] and
shift of electromagnetic field A¥ — A# + eA’*. Here gy is

— /
EV—A/ = eengVV”A ”,
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the vector meson decay coupling, which for the @ meson
is g, = 0.132 GeV.

The width of the decay of vector meson into the dark
fermion pair V — jy is given by

U’D(Ge)zgz (my +2m3)/m3, —4m; 12)

V2 _ 22 12 2
3 (my —my)*+T5_, my

L(V—ix) =

where my and m, are the masses of intermediate dark
photon and DM fermion, respectively, my is the mass of
vector meson [51]. Here we use the Breit-Wigner propa-
gator for the dark photon A’ assuming that its total width is
dominated by the A’ — 7y mode.

B. Pseudoscalar mesons

Using the Wess-Zumino-Witten (WZW) effective action
[84,85] producing the chiral anomaly transition of the z°
into two photons and couplings of quarks with A and A’ we
can generate the amplitudes describing decays 7z° — yy,
% — yA’, and 7° — A’A":

A(ﬂo - Vy) = ; eﬂbaﬂeyklyeak2ﬂ7 (13)
b1
A 0 A ace pvaf !
(¥ - yA") = e,k €akng, (14)
ae?
A(n® - A'A)) = P e"”"/ieﬂk’]peak’zﬂ (15)

T

where ¢, and ¢, are polarization vectors of photon and dark
photon respectively, k; and k, are the momenta of the final
states, F, =92.4 MeV is the pion decay constant, @ =
1/137.036 is fine structure constant. The decay widths of
the 7° into yy [86], yA’ [87], and A’A’ are given by

2 3
0 o my
[(z° = yy) _@F_ﬁ (16)
2.0 3 2\ 3
0 no_ a“€ M _mA/ -
['(z’ - yA") =307 = <1 m%) , (17)
|
N 9a%€? 3 mi, 31
Ty ) = sy (1-54)

922 2[ 3T
[y - yA) = xe m,<1—mA>

where Cg = (€2 + % —2¢2)/v/6 and Cy = (e + e+
e?)/+/3 are the charge factors, 05 = —(21.2 & 1.6)° and
0y = —(9.2 £ 1.7)° are the mixing angles, fg = (1.26 +

2.4 .3
Iz - Ay = 2 (

4m3,\3/2
=~ P E ——m2> . (18)

/3

Here in case of the decays into two identical particles we
take into account the combinatorial factor 1/2. One can see
that these decay rates obey the relations:

(7% = yy):T(z° - yA"):T(z° - A'A")

m2,\ 3 4m3 )\ 3/2
:1:262<1—m—‘;) :€4<1—m—2A> . (19)
p T

Due to the fact that € mixing parameter is small, we want to
note that semi-invisible decay channel z° — yA’ provides a
better sensitivity for dark photon.

Besides, we need to take into account possible decay of
the dark photon A’ into dark fermion-antifermion pair yy. It
leads to a probability of the three-body decay 7° — yy7 of
the neutral pion. The corresponding decay distribution reads

2.2

- a“e"ap 2 N3(,2 2
dU(m = v)) =~ 3 Mz —q°)° (¢ +2my)
19274 F2m3 " “
1 dq?
X (q2—4m2)% ,
£ (m‘i/ _q2)2 +Fi/_%(m124/ A/ q2
(20)

where ¢? should be integrated from 4m2 to m2, the decay
width I'y_,5, is defined in Eq. (10).

In previous section, it was shown that in the case of pion
charge-exchange scattering at a nuclear target one has a
sizable yield contribution of the f,(1270) mesons having
spin-parity 2. For this meson the dominant decay mode is
the one into two pions [76,88]. Therefore, we will take into
account that the f,(1270) meson gives an additional yield
to neutral pions.

For an estimate of the yield of the # and 7/ mesons we
should to take into account their mixing. Here we will
follow the scheme of the octet-singlet mixing proposed in
Refs. [89,90]. In particular, in this scheme the two-photon
decay rates of the 5 and 5/ mesons are given by [89,90]

CSCOSQO (1 —A3)Cosin98 2 (21)
Lfscos(s —6)  focos(0g—6) |’

Cg Sin90 (1 —A3)COCOS€8 2 (22)
Lfscos(0g —6y)  focos(Bs —6y) |

0.04)v/2F, and f, = (1.17 £ 0.03)+/2F, are the octet and
single leptonic decay constants, Aj is the OZI-rule violating
parameter —0.28 < A3 < 0.02. One should stress that for
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the # meson it is more interesting to the study decay ' —
py with next conversion of virtual p® meson into dark
photon. Branching of the process ' — p% is ~30% of 7.
The amplitude and decay width of this process are given
respectively by [90,91]

Al = p%) = egn’pyeﬂmﬂeﬂpveakﬂ’ (23)

a
Ll = p%) = g5 Gy (i = m3)%s - (24)
'7/

where €, and ¢, are the polarization vectors of photon and p°

meson respectively, p and k are the momenta of the 7’ and p°
|

aape’g, ey 93

L(n' — px) = W

(o m3 q?) (g = 4m3lg? + 2m3)

meson, g,,, = 1.257 GeV~! is the effective 5'py coupling
fixed from data [76]. This value is in good agreement with
the theoretical prediction done in Refs. [89,90].

Using kinetic mixing Lagrangian, we can receive two
different decays. The first one is decay of # meson into p°
meson and dark photon A’

2
ﬂb(m yomymy),  (25)

/

n

Ty = pPA") =

and with next decay where dark photon transits to dark
fermions

1 dqg?
(mi/ - q2)2 + Fz/_v—{)(mir A/ q2 ’

(26)

where A(x,y,z) = x* + y* + 72 — 2xy — 2xz — 2yz is the Kiillen kinematical triangle function. Needed to note that these
semi-invisible decays do not have additional a suppression factor which we have in case of decays 5(') — yA'.
The second decay is process with intermediate conversion of the p° mesons into dark photon is given by the expression

2
ae )

POl = (0" = A)r) = 55 9y,

n

2
9

(m2—m3,)* +Tom?’

The differential decay width of ' — yyjy with p meson resonance transition is

a*etap ' 7> e dq?
(g —» (p" - A > —-m, +2m —4m;): L o .
(' = (p° x0)y)= 6mﬂ, (¢° 2 (q )()(‘1 ;() (mi/ _qz)z_i_rgl_w( fx’ (mz_ )2—|—F%mz \/?
(28)
Where important to note that # meson also can decay to yyy V. BOUNDS

through intermediate p° meson which transit to dark
fermions by mixing with dark photon [see Lagrangian in
Eq. (11)]. The coupling of g,,, = 1.52 GeV~! in frame-
work of T. Feldmann, P. Kroll, and B. Stech (FKS) scheme
and 1.42 GeV~! from experimental data [89,90]. Wherein
from analysis of decay # — yzz is known that contribution
due to intermediate p° vector meson is huge, for decay of
' — yrrx is dominate [92,93]. In case of decay to dark
fermions we have more large area of integration for light
masses of dark fermions. From these decays, we should
obtain a stricter restriction than we have from the process of
decay pseudoscalar meson into two photon by the chiral
anomaly [84] with one photon mixed with dark photon.

Besides, in analogy with contribution f,(1270) to
neutral pion yield, we can receive additional yield of 7°
and # mesons from decays n — 37°, ' = 7°2%, and 5/ —
atn n with very sizable branchings: Br(y—37°)=
32.57%, Br(n' — n°2°) =22.4%, and Br(y' — ntn7n) =
42.5%. For full analysis, we take into account both
channel’s transition to DM for ' meson where transition
through p° meson is the main contribution.

In this section we discuss possible bounds for the dark
photon portal, which can be obtained by searching for
missing energy/momentum signals in the proposed experi-
ment NA64, with the negatively charged pion beam. Using
cross section for the production of neutral mesons in the
charge-exchange process as a result of scattering of the
negative pion beam on the Fe target with the beam
momentum P = 50 GeV we can estimate yields of neutral
mesons. The estimated yields of mesons are presented in
Table IV. For 90% C.L. of parameter space bounds we will
use formulas Br(M° — inv) < 2.3/N,p for invisible and
for semi-invisible is Br(M® — semi-inv) < 2.3/Np lim-
its, where N0 is yields of mesons. The dark portal with
dark fermions includes four parameters: € kinematic mixing
parameter of photon and dark photon, m, is the mass of
dark photon, aj = g3 /4n coupling interaction with dark
fermions, and m,, is the dark fermion mass. These param-
eters can be combined into dimensionless parameter y =
ape®(m,/my)* [64,94], which is convenient to use for the
thermal target DM parameter space. In particular, using this
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TABLEIV. Yields N, of mesons in the reaction of charge exchange at the scattering of negative pion beam onto the iron target at the
beam energy of 50 GeV. The meson yields are based on the average value of charge exchange cross sections presented in Table II.

N N, N, N,, Ny,
NA64, (3 x 10° zOT) 0.35 x 10° 0.089 x 10° 0.054 x 10° 0.088 x 10° 0.089 x 10°
NAG64,, (5% 10'2 zOT) 5.86 x 108 1.48 x 108 0.9 x 108 1.47 x 108 1.48 x 108

dimensionless parameter y = ape”(m,/my)*, we can
compare the existing and projected limits from the
NAG64,, proposal to dark photon portal with dark fermions
with the typical relic DM parameter space.

In the previous section it was mentioned that the real
yield of neutral pions will be larger. It implies that , 7/, and
f»(1270) have dominant hadronic decays in which the
neutral pion is is one of the possible final states. For an
estimate of bounds on dark photon parameter space from
pion decay we will use yield equal N = 1.14 x 10° for
statistics of 5 x 10'> zOT. We obtain factor two for the
yield of z° from Table IV. Full yield of 7 mesons is changed
insignificantly in comparison with data from Table IV and
will be equal to N, = 1.9 x 10% of » mesons for the NA64
experiment with statistics in 5 x 10'? zOT.

The analysis of limits from semi-invisible mode of
pseudoscalar meson decays for dark photon parameter
space (¢ and my/) is shown in Fig. 7. We analyzed all
possible channels of semi-invisible decay and obtained
results that decays with final or intermediate p° meson give
more strict limits to parameter € of kinetic mixing of dark
photon and SM photon. Limits from the famous decay
which is due to WZW chiral anomaly of pseudoscalar
mesons into two photons and take into account that one
photon mix with dark photon which also were presented in
Ref. [95] are suppressed as « a’¢?. Wherein decays with
finite or intermediate p° meson are « ag?, € or « o’ gz, €%
These factors coupled with the Breit-Wigner form of
propagator produce less suppression factor for branching
ratio for 7 and ' mesons. We will use notation n — yyy for
limit from branching ratio obtained from Eq. (28), for #/
meson we will use notation ' — semi-inv and use limit
from branching ratio obtained from Eq. (26) and Eq. (28).

The limits for dark photon parameter space (e and m4/)
using yields of neutral meson presented in Table IV are
shown in Fig. 8. In particular, in the left panel it is shown
the bound from semi-invisible pseudoscalar mesons decay
to semi-invisible mode and for invisible decay (w — y¥)
through the transition in the dark photon by mixing with
the ordinary photon. In derivation of the constraint, we use
the benchmark values m, = 3m, and ap = 0.5. For low
statistics 3 x 10° zOT for the NA64,, experiment one can
see that all neutral meson decays cannot provide sizable
bounds in comparison with existing limits to mixing
coupling from NA64, and BABAR experiments. For
proposal statistics 5 x 10'> zOT we can test a new area

of parameter space dark photon model by study invisible
and semi-invisible modes of 7, ' and ® mesons. The
strong limits from vector meson transition to dark photon
is connected with decay width w — yj that is proportional
only to « aape®. Besides for 7/ mesons, the dominant
contribution to the decay width semi-inv is absent for the
decay 5/ — yp° process. The decay i/ — semi-inv with p°
transition is shown by the black dashed line. For # meson
limit for parameter mixing € also is strong and can test
new area of parameter space (e and m, ). With statistics of
5 x 10'> zOT, the NA64,, can probe the parameter space
for the kinetic mixing of dark photons which is currently
unexplored. In the right panel in Fig. 8 it is seen that
limits from projected 7/n' factories REDTOP [40] (with
projected yields ~3.9 x 10 for  and ~7.9 x 10!! for #')
and HIAF (with projected yields ~10' for  and ~10'3 for
1') [42] can constrain the mixing parameter ¢ at level 1076
and 1077 for the A’ mass range up to masses of /5
mesons. Herewith we need to note that the neutrino floor
limit [96] for this process is sufficiently strong and the
main signal of missing energy should be associated
with the transition to dark sector. In Fig. 8 the regarding
bounds are shown by dot-dashed lines. For # meson
neutrino floor [96] is very close to the projected sensitivity
of future n/n’ factories.

Using projected statistics for the neutral meson yield in
the NA64, we can predict the typical bound on the semi-
invisible on the invisible branching ratio

Br(z' -y +A") <3.16x 107 (from NA64,,);
Br( — semi-inv) <9.4x 107  (from NA64,,);
Br(yy — semi-inv) <4.7x107°  (from NA64,,);
Br(w—inv) <8.1x10™° (from NA64,);  (29)

in the framework of 90% C.L. of missing energy signature
implying zero signal events and background free case.
This branching is calculated for case if A’ dark photon
decay to dark fermions with ap = 0.5 and my = 3m,,.
The proposed REDTOP [40] and HIAF [42] factories
are expected to work at the level of neutrino floor,
Br(n—yw)=~2x1071, for . (see right panel in Fig. 8).
The existing limit for this branching ratio of neutral pion
from the NA62 experiment is <1.9 x 1077, This limit
was obtained by NA62 with N,» = 4.12 x 103 zOT [97].
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FIG. 7. Bounds for dark photon ¢ parameter mixing obtained for 90% C.L. and for case where m, = 3m, and ap = 0.5. In these
panels, we show existed limit from current data of NA64, experiment [61] and constraints from production of DM in e™e™ collision at
BABAR [37]. In the top panel we plot the bounds from semi-invisible mode of neutral pion decays z° — yA’ and z° — yzy. In the central
panel we depict the bounds from semi-invisible mode of 7 meson decays n — yA’, 5 — yjyy and n — yp* — yyy. In the bottom panel we
show the bounds from semi-invisible mode of 7' meson decays ' — yA', ¥ = yzy, 7' — y(p° = A") = ygy and ' — p°A’, 5 = p xy.
All constraints are presented for proposal statistics 5 x 10> zOT of NA64 experiment.

075021-10



TEST OF THE VECTOR PORTAL WITH DARK FERMIONS IN ...

PHYS. REV. D 109, 075021 (2024)

T T T ' i
I i
i i
i oo
1 = A B
y - pas
s 1 e
7 4 iy BABAR
7§ o
S £
/7 1 /i | ¥
/ 1 /0 1
/. ! 9 " lll’ 1‘ l‘
NAGah (7pdmizin B 10TTOT
Ve 9 __;—.T __________ - T TTTTe=all / A
001} _NAvan 0p) 3 x 1010, " Py IIII i i
Ay 1
Ag%h (w-w‘(, 3 x 10%70T"
" / A
v ey e 7
= T R K
RN
10~4> L z__,—’ \\_II L 11 |
e s e by v iy i o 1012 m0T" NA64h (w-xx) 5 x 10" nOT"
-6 |
10 ap=0.5
mp=3my
I L Ll . - |
0.001 0.010 0.100 1
mg (GeV)
0.01
1074 - .
w
1076 |- .
o REDTOP (7 semi~inv) -0 - ——2=*
SHIAF G seml = I0Y)- 22 S - SR S m R S Se s = SRS A it from - yv T
P
1078 [ s v s e v i .
SM Limit from rr— yvv
ap=0.5
ma'=3my
10710 1 Lol | il
0.001 0.010 0.100 1
mp (GeV)

FIG. 8. Bounds for dark photon ¢ parameter mixing obtained for 90% C.L. and for case where m, = 3m, and ap = 0.5. In both
panels, we show existed limit from current data of NA64, experiment [61] and constraints from production of DM in e™ e~ collision at
BABAR [37]. Top: bounds from semi-invisible pseudoscalar decays (z° — yyz, n = yx7. i — semi-inv) and invisible decay (v — y¥)
for statistics 3 x 10° zOT (few days of data taking) and for 5 x 10'> 7OT as proposal statistics for NA64,, experiment. Bottom: bounds
from semi-invisible pseudoscalar decays (z° — yyy.n — yx7.n' — yxi) for proposal/projected statistics of NA64,,, REDTOP [40] and
HIAF [42] experiments. The dot-dashed lines show limit of neutrino floor from decay light pseudoscalar mesons to yvv predicted in the

framework of SM [96].

In the framework of SM decay of pion into photon and
pair of neutrinos is Br(z? — yup) ~2 x 10~'% [96].

In Fig. 9 we present the constraints on the dimensionless
parameter y = ape*(m,/my)* and the mass of dark
fermions m, [64]. For the existing and projected limits
of NA64, one can compare this parameter with the typical
relic DM parameter space. The yields of pseudoscalar
mesons are too small to test unconstrained area for dark
photon model if we consider decay from WZW term with
taking into account mixing with dark photon. Including
decay of 77 and #/ mesons with intermediate or finite state p°

vector meson, we can test and constrain new area for dark
photon model. Besides, vector meson invisible decay can
give a relatively strong bound to the dark photon model
with dark fermions [51,52]. For the case of a negative pion
beam we predict a sufficiently large yield of w vector
bosons (see Table. IV). The NA64,, limit from w in charge
exchange reaction for statistics 5 x 10'> zOT will give a
limit between the projected bounds from invisible meson
decay limits computed for the electron beam experiments
NA64, with 5 x 10'? electron on target (EOT) and pro-
jected bounds LDMX with 10'® EOT [51], respectively.
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FIG.9. The projected 90% C.L. exclusion limits for benchmark scenarios of invisible and semi-invisible neutral meson decays to dark
matter in dark photon mediator portal model. The constrains are shown for the benchmark values m, = 3m,, and ap = 0.5. In both
panels, we show existed limit from last data of NA64, experiment [61] and constraints from production of DM in e*e™ collision at
BABAR [37]. Top: Limits from semi-invisible pseudoscalar decays (z° — yy7, n = yx7. f — semi-inv) and invisible decay (v — y¥)
using statistics 3 x 10° zOT. Bottom: Limits for the same decays for 5 x 10'? zOT of NA64, experiment in comparison with bound
from invisible vector meson decays obtained for NA64, and LDMX experiments [51].

The process of the @ production in charge exchange
reaction and p° meson production presented in Ref. [52]
gives relatively weak bounds but in the case of invisible
decays it is associated with the same signature of missing
energy. Pseudoscalar # meson will test area near of peak
from analysis NA64 experiment with positron [63].
Information from semi-invisible # meson decay and w
are covered possible limits which can be obtained from 7/
meson study.

In Fig. 10 we show typical parameter space associated
with various benchmark values of dark photon parameters.
The variations of existing constraints from data of the
NA64, experiment [61] and from production of DM in

e"e™ collision at BABAR [37] were done based on analysis
of R=my/m, dependence presented in Ref. [94].
Changing the typical values of ap affects the constraints
of vector meson only in the area near the mass of vector
mesons. Pseudoscalar meson constraints are shifted with
the existing constraints from the Bremsstrahlung process at
NAO64, experiment. Relatively small values of ap, lead to
the suppressed branching ratio for semi-invisible decay of
pseudoscalar mesons. Note that the dependence on mass
ration R = my /m, is crucial for all channels. For R 2 5
the pseudoscalar semi-invisible decay can rule out a new
region of the parameter space of dark photon model with
dark fermions.
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FIG. 10. The projected 90% C.L. exclusion for benchmark scenarios of invisible and semi-invisible neutral meson decays to dark
matter in dark photon mediator portal model. In both panels, we show existed limit from last data of NA64, experiment [61] and
constraints from production of DM in e e~ collision at BABAR [37] and limits from invisible pseudoscalar decays (z° — yyv, 1 = vx7
7 — semi-inv) and invisible decay (@ — yj) using statistics 5 x 10'> zOT. Top: for parameter ap = 0.1 and m, = 3m,,. Bottom: for

parameter ap = 0.5 and my = 5m,.

VI. CONCLUSION

The yield of neutral mesons associated with the charge
exchange process was calculated in the framework of
model-independent Regge approach using previous exper-
imental data for charge exchange reactions. For mesons
with masses m,0 > m o the current precision for their total
production cross section is at the level ~30-35%. This will
constrain the sensitivity of the future searches for neutral
meson decays into the invisible or the semi-invisible
modes, and thus, this precision should be improved by
at least a factor of >3.

Based on averaged yields of neutral mesons in charge
exchange reactions, we made an estimate of semi-invisible

decays of light pseudoscalar mesons and invisible decay of
vector @ meson. The obtained results for the parameter
space of the dark photon model with dark fermions show
that vector meson production in negative pion beam
scattering on a fixed target has an advantage in comparison
with the leptonic beam. We also shown that 77 and 7’ mesons
can be used for probing dark vector portal. Besides, the
studies of meson decay with sufficiently large statistics
provide an opportunity to test dark vector portal for
unconstrained area of the parameter space of the scenario.
In addition, the hadronic beam opens a new possibility to
test dark matter physics by analyzing rare invisible or semi-
invisible decays of mesons by using the missing energy/
momentum technique.
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Also we would like to note that this calculation is
associated with the charge exchange process. However,
the realistic number of neutral pions with small recoil
energy to the target can be larger in the process of pion
scattering on the atomic target. In particular, neutral meson
production can be also associated with two-meson pro-
duction in the double-Regge region [98] or by the
Primakoff effect from Bremsstrahlung photons. The full
picture requires simulations in GEANT4 [99]. Needed to
note that neutral vector meson decay to invisible mode to
DM is more convenient for analysis dark photon portal
model because in this case all the energy of vector meson
will be missed. For semi-invisible decays of neutral
pseudoscalar meson we have another kinematic picture.

Besides, we need to note that the experimental study of
DM physics by searching for invisible or semi-invisible
meson decays with the missing energy technique needs to
deepen our knowledge in meson production physics with

the hadronic and leptonic beam at high energy. Model-
independent approaches that are based on experimental
data are required.
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