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Abstract

1

The goal of the POKER ERC project is to establish and demonstrate a new approach to the
search for light-dark matter, based on a missing energy measurement with a positron-beam, active
thick-target setup. In the experiment, a high-energy e™ beam impinges on a high-performance
hermetic calorimeter, that measures the deposited energy event by event. Light dark matter parti-
cles could be produced by the annihilation of the positron with atomic electrons, and would then
escape from the detector without further interactions.

One of the most critical background reactions for the measurement involve one or more
high-energy hadrons produced by the developing electromagnetic shower and escaping from the
calorimeter, thus resulting in a sizeable missing energy. A Monte Carlo estimate of this back-
ground yield is required in order to properly design the experimental apparatus. In order to validate
the simulation results, we compared the predictions from the FLUKA and GEANT4 Monte Carlo
programs with available data for a few hadronic reactions involving long-lived neutral hadrons or
particles emitted at backward angles. Our results show that, in general, the agreement between the
Monte Carlo predictions and the real data is good, with FLUKA results closer to the experimental
measurements, in particular concerning the shape of the cross section.
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1 Introduction
1.1 The POKER experiment

The several hints suggesting the existence of dark matter (DM) are a “smoking gun” evidence
of physics beyond the Standard Model (SM). However, all experimental evidences are based on
gravitational effects, and so far we know nothing about the DM particle content: uncovering this
puzzle is a top priority in fundamental physics. Until today, the theoretical and experimental efforts
have mainly focused on the WIMPs (Weakly Interacting Massive Particles) scenario [1] - however,
null results in direct detection experiments of galactic halo DM and in high-energy accelerator
searches at the LHC call for an alternative explanation to the current paradigm [2]. The light dark
matter (LDM) hypothesis conjectures the existence of a new class of lighter elementary particles,
not charged under the SM interactions. The simplest model predicts LDM particles with masses
below 1 GeV/c?, charged under a new force in Nature and interacting with the SM particles via
the exchange of a light spin-1 boson, usually referred to as “dark photon” (A’) [3]. This picture
foresees the existence of a new "Dark Sector” , with its own particles and interactions, and is
compatible with the well-motivated hypothesis of DM thermal origin [4].

The scope of the POKER experiment is to establish and demonstrate a new approach
to search for light dark matter at accelerators, based on a missing energy measurement with a
positron-beam, active thick-target setup, to exploit resonant A’ production through positrons an-
nihilation on atomic electrons. This resonant mechanism corresponds to a large yield of signal
events, and is characterized by a unique kinematic signature: a well-defined missing energy value,
that depends solely on the A’ mass [5]. The goal of POKER is to validate experimentally the new
technique. To do so, POKER will prepare and run a short pilot experiment exploiting the high-
energy (~ 100 GeV) e™ beam available at the CERN H4 beamline, with a foreseen accumulated
statistics of approximately 10'! positrons-on-target (E*OT) within a few weeks running time.
Since this will be the first time that a fixed-target missing energy measurement with a positron
beam will be realized, the main focus will be the characterization of the different background
sources and the development of analysis strategies to mitigate them. To focus on the scientific
validation of the new approach and to optimize resources, the POKER strategy is to minimize the
risks connected to the technologies required to build the detector, in order to be able to complete
the pilot run within the five-years time scale of the ERC project. In particular, POKER plans to
re-use the already-existing components developed by the NA64 collaboration for their e~ beam
missing-energy program at the same facility [6]. These include the hadronic calorimeter installed
downstream of the active target (HCAL), the upstream synchrotron-radiation-based beam tagging
system (SRD), the high-efficiency plastic scintillator counter between the ECAL and the HCAL
(VETO), and the trigger and data acquisition system. For the same reasons, the new POKER high-
resolution active target (ECAL) will be developed exploiting well-known and robust technologies:
the leading option is to use PbWOy scintillating crystals with SiPM readout. If successful, POKER
will permit the establishment of the scientific basis for the first high-statistics LDM search exper-

iment at a positron-beam facility.



Figure 1: Schematic layout of the POKER detector, showing the PbWO, calorimeter (white) and
a portion of the hadron detection system (gray). The upstream SRD beam monitor and the VETO
counter between the ECAL and the HCAL are not shown.

1.2 Signal and background

Signal properties The cross-section for LDM production through positron annihilation on atomic

electrons is characterized by a resonant shape:
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where s is the et e~ system invariant mass squared, ¢ is the y — ¥ momentum in the CM frame,
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and I" 4 is the A’ width. This cross-section exhibits a maximum at s = mi,, i.e. at positron
energy Eg ~ m?,/(2m.). From energy conservation, it follows that E,+ ~ Ex = E, + Ey. As
a consequence, the distribution of the energy sum of the final state x — ¥ pair and, by extension,
of the s—channel dark photon also shows a maximum at this energy value. This introduces a very
peculiar kinematic feature of the signal events, that result in a peak in the missing energy (Ep;ss)

distribution, whose position depends solely on the A’ mass through the kinematic relation

mar =/ 2meFmiss ; (2)

the width of the peak is determined by the convolution between the resonant shape and the active

thick-target energy resolution.

Background sources The most critical background reactions for a missing energy measurement
involve one or more high-energy neutral hadrons produced by the developing electromagnetic
shower and escaping from the calorimeter without being detected in the downstream HCAL, thus
mimicking the signal missing energy signature. Although the total HCAL length corresponds to
approximately 30 nuclear interaction lengths, resulting in a hadron punch-through probability of
about 10~'3, still it is of uppermost importance for the experiment to strictly control this back-
ground source, in order to compensate for effects such as inhomogeneities in the HCAL geometry,
or variations in the detection thresholds, that would lower the detection efficiency. This is true both
for the intensity of these processes and for the kinematic distribution of the produced hadrons.
Following the collision of a high-energy GeV positron on the ECAL, the production of

high-energy hadrons in the detector volume, at first order, results from the following reactions:



* photoproduction reactions involving a secondary photon of the electromagnetic shower in-

teracting with an atomic nucleus, YN — X.

* Electro-production reactions involving a positron or an electron of the electromagnetic

shower interacting with an atomic nucleus, eN — ¢’ X.

In the following, we denote with & a complete set of kinematic variables to describe the hadronic
component of the final state being considered. The total yield of events, taking into account the

development of the electromagnetic shower, reads:
dN do
— dET(E)—(FE 3

where T'(E) is the track-length distribution of photons/electrons and positrons in the thick tar-
get [7]. It should be noted that, since in the electro-production case the final state electron/positron
is always absorbed in the ECAL, the total contribution to the yield of hadronic events is obtained
by integrating the corresponding cross-section over all possible values of the final state lepton

energy E. and angle 6./,

do

d
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In the one-photon-exchange approximation [8], due to the kinematic shape of the electro-
scattering cross-section, the previous integral gets the largest contribution for ¢/, ~ 0, i.e. most
of the electro-production events are characterized by a very small value of the electron scattering
angle. This is the so-called “quasi-real photoproduction” case, in which Q? ~ 0, and in which
the polarization matrix of the virtual photon resembles that of a real photon, with the longitudinal
terms suppressed by a factor Q% with respect to the transverse ones. In this regime, the differential

electro-production cross-section can be factorized as:

do N do” ) dr
dEodcos(fy)dZ — dT dErd cos(f)

&)
where ‘Jld"—; (v) is the real photoproduction cross section for impinging photon energy v = Ey— E/

and is the virtual photon flux.

dr
dE_ dcos(6,s)
Finally, at the multi-GeV energy scale relevant for POKER, at first order the hadronic inter-
action of a real photon with a nucleus can be reconducted to the interaction with the constituent

nucleons [9, 10]:

 For photon energies up to few GeV, but still large enough so that the photon wavelength is

smaller than the intra-nuclei distances, aév x o7+ ol - (A~ Z), where A and Z are,

respectively, the mass number and the charge number of the target nucleus.

* At larger energies, where the photon-nucleus interactions are mediated by the exchange of

light vector mesons according to the so-called “vector meson dominance” (VMD) model,

N p,n 2/3
0y X oy A3,



In conclusion, the description of the production of high-energy hadrons due to the inter-
action of the high-energy GeV positrons with the POKER active thick target requires as basic
ingredient the knownledge of the photon-nucleon interaction cross section for the different pro-
cesses being considered. This work will thus focus on the assessment of the implementation of
these cross sections in the GEANT4 and FLUKA simulation frameworks, comparing the Monte
Carlo predictions with the available data. Specifically, we considered the following two bench-
mark reactions: the inclusive production of Lambda and anti-LLambda baryons on the proton, and

the exclusive charge-exchange production of a 7", emitted at backward angle.

2 Methodology

In order to validate the implementation of photoproduction reactions in the GEANT4 and FLUKA
codes, we have defined a simple test-case setup, with a photon beam impinging on a! = 1 mm
long [H, target (p = 0.0708 g/cm?). We then scored the four-momentum of each particle emerging
from the target. In FLUKA, this was done by means of a custom mgdraw user routine, producing
a ROOT TTree with one row for each produced particle due to the interaction of the impinging
photon with the target. In GEANT4, this was done through the use of a special sensitive detector

placed all around the target, scoring the four-momentum of each particle passing through it.

2.1 Experimental data

The results of simulations were validated by comparison with available data sets for photo-nuclear
reactions on hydrogen target at multi-GeV photon energy. For the inclusive photoproduction of
A and A, we considered the measurements performed by the SLAC Hybrid Facility Photon Col-
laboration [11, 12], who employed a 20 GeV monochromatic beam impinging on a 1-m diam-
eter hydrogen bubble chamber installed within a 2.6 T magnetic field. Also, we considered the
results from the Bonn-CERN-Ecole Polytechnique- Glasgow-Lancaster-Manchester-Orsay-Paris
VI-Paris-Rutherfordl-Sheffield collaboration, who used a tagged photon beam in the range 25-75
GeV and the Omega spectrometer at CERN SPS, in the framework of the WA4 experiment [13].
For the exclusive 7 production, instead, we considered the measurements from SLAC exper-
iments, employing a Bremmstrahlung photon beam with energy in the range 5-15.5 GeV, and

measuring the emitted 7% with a single-arm spectrometer [14, 15].

2.2 Monte Carlo simulations details

2.2.1 Biasing

A simple biasing scheme was introduced in the simulations in order to enhance the photon hadronic
interactions in the target, by artificially multiplying the total v — p interactions cross section by

a factor B = 10°. The choice of this value is justified by the fact that the order magnitude of

TOT
Y—p

path A, = TLO’T% ~ 2-10° cm. The event-by-event probability that an impinging photon interacts

the total photon-nucleon cross-section o, is approximately 100 pbarn, resulting to a mean free

hadronically with the target is thus P = [/\ < 1. By multiplying the total cross section by the



aforementioned factor, the biased mean free path in the simulations is A’ = A/B ~ 2 cm, and
the corresponding interaction probability in the target is P’ = P - B = 5%. This value permits
to obtain significant statistics of photo-nuclear hadronic events in a reasonable computation time,
while still allowing to de-bias the final result by simply scaling the number of events obtained in

the simulation by a factor 1/B.

2.2.2  Photo-nuclear reactions implementation

FLUKA FLUKA implements photo-nuclear reactions at high energies (£, > 720 MeV) through
the VMD model. The total photo-nuclear cross-section is expressed as 0_4\/ x oy Z+ oy, with
% and ¢! obtained from tabulate data. A “shadowing effect” is also introduced, as well as a
correction factor to account for the asymptotic increase of the cross-section at very high energies.
The production and the further interactions of the final state hadrons are described via the FLUKA
hadron-nucleon inelastic collisions model [16], based on the Dual Parton Model [17] for the en-
ergy range of interest of this work.

We performed our simulations using FLUKA version 2020.0. 3, respin April 9th 2020. In order

to activate photo-nuclear reactions the PHOTONUC card was used setting WH AT (1) = 1.

GEANT4 GEANT4 implements photo-nuclear reactions at high energies using a Regge-Pomeron
model. The total cross-section as a function of the impinging photon energy is parameterized as
the sum of two terms, describing the Pomeron contribution and that of higher Regge trajectories,
respectively [18]. The production of final state particles is described by means of a quark-gluon
string model and a diffractive Ansatz for string excitation [19]. At lower energies, instead, pho-
tonuclear interactions are implemented via the Bertini cascade model [20]. This is based on a “cat-
alog” of photon-hadron and hadron-hadron reaction tables, as well as some simple parametriza-
tions of photon- and pion- dissociation of di-nucleons.

We performed our simulations using the GEMC interface [21] to GEANT4 version 4.10.07 .p02.
In order to activate photo-nuclear reactions we used a custom physics list, with an instance of the
G4EmExtraPhysics class, that in turns instantiates G4BertiniElectroNuclearBuilder ob-
ject. High-energy photo-nuclear reactions are handled through the G4TheoFSGenerator model,
while low-energy photo-nuclear reactions are handled through the G4CascadeInterface inter-
face to the Bertini cascade. By default, the transition between the two regimes happens approxi-
mately at 3 GeV.

3 Results

We made a comparison between the available data and the results obtained from the Monte Carlo
simulation frameworks for the photon-induced hadronic reactions on a proton target reported in
Tab. 1.



Case # | Reaction | Photon beam energy | Observable | Reference
oTOT [11]
P AX F(x) [12]
20 GeV p [11]
X TOT
1 vp — AX Flz) [12]
vp — AX ] do
vp = AX 25-75 GeV o [13]
5-15.5 GeV do [14]
2 + du
o 5 GeV o [15]

Table 1: Summary of the different photoproduction reactions considered in this work.

3.1 Case-1: A and A inclusive production

The first reaction considered in this study is the inclusive production of A and A hyperons on the
proton. Due to the large mean life of these hyperons (cm ~ 7.8 cm), the inclusive production
can be actually measured in POKER, by searching for events in which the A/A exits from the
active target carrying a significant fraction of the primary beam energy, passes through the VETO
without interacting, and then decays (or interacts hadronically) in the HCAL, depositing its energy
in this detector. These channels thus represent an important benchmark channel for Monte Carlo
simulations.

In both the datasets here considered, A and A were identified through their pr~ / pr ™
decay (branching fraction ~ 64.2%), measuring the momentum of final state particles and then
reconstructing the corresponding invariant mass. It should be noted that in both experiments it
was not possible to subtract the contribution due to the decay X° — ~A, since the photon was
typically not measured!. For this reason, the inclusive A/A yield here considered is both due to
the production in prompt reactions, as well as due to the decay of short-lived hyperons. When
performing Monte Carlo simulations, all A/A in the final state were thus taken into account,

independently from their origin.

20 GeV photon beam The data employed for the comparison was measured by the SLAC Hy-
brid Facility Photon Collaboration [11, 12] using the SLAC 1-m hydrogen-bubble-chamber detec-
tor [22] exposed to the photon beam produced via the back-scattering of a frequency-quadrupled
7.11-10' Hz Nd: YAG laser beam with a 30-GeV electron beam, resulting in an almost-monochromatic
20 GeV spectrum, with a full width at half of about 2 GeV [23].

The collaboration measured the inclusive production of A and A hyperons, vp — A/AX,
reporting the total cross sections and the invariant distribution of the Feynmann-x variable, defined

as:
z=2p " /s (6)

where ng is the A/A longitudinal momentum in the y — p reference frame and s is the initial state

invariant mass squared - for a 20 GeV photon beam, s ~ 38 GeV2. The Feynmann-z invariant

IFor the experiment described in [11] the inclusive X photoproduction cross section was measured by
identifying the final state photon via its conversion to an e™e™ pair within the target.



Reaction | Data | FLUKA | GEANT4
vp — AX | 5.6+0.2 ubarn | 5.6 ybarn | 6.17 pbarn
vp — AX | 0.39 4+ 0.04 pbarn | 0.4 ybarn | 1.75 ubarn

Table 2: Inclusive A and A photoproduction cross sections for a 20 GeV impinging photon beam.
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Figure 2: Distribution of f(z) = F(x) for inclusive A (left) and A photoproduction on the proton,
for 20 GeV beam energy, comparing experimental results from Ref. [12] with the predictions from
FLUKA (red) and GEANT4 (green).

distribution F'(z) reads:
1 2E(x)do

F(x) = —
(m) aTroT 71'\/5 dr

(N

where E(z) is the average A/A energy in the v — p reference frame for a fixed z value, and
oror is the total v — p interaction cross section. For the latter, the collaboration assumed a
value oo = 115 £ 2 pbarn. In order to make a data-MC comparison focused only on this
reaction, and not depending on the total o — p interaction cross-section, we considered the product
f(x) = F(X) - oror.

The total cross sections for the A and for the A inclusive photoproduction reactions are
reported in Tab. 2. FLUKA perfectly reproduces the experimental data for both reactions. On the
contrary, GEANT4 results slightly overestimate the A production, and are a factor 4.5 higher for
the A production.

The distribution of f(x) is reported in Fig. 2 for both reactions, comparing data (black
points) with MC predictions from FLUKA (red points) and GEANT4 (green points). For A pro-
duction, both Monte Carlo codes are generally in good agreement with data, but predict an in-
variant Feynman-z distribution shifted at slightly higher values of z. The GEANT4 result also
features a peak at  ~ 0.3 not seen in the data. For A production, instead, while the FLUKA
result is in very good agreement with data, both in terms of the shape and of the normalization

of f(x), GEANTA4 result, while reproducing the shape of f(x), predicts a normalization that is



approximately 4.5 larger than the one seen in the data.

25-75 GeV photon beam The data employed for the comparison was measured by the Bonn-
CERN-Ecole Poly.-Glasgow-Lancaster-Manchester-Orsay-Paris(VI)-Paris(VII)-Rutherford-Sheffield
Collaboration using the OMEGA spectrometer and a tagged photon beam at CERN SPS (WA4 ex-
periment) [22]. The collaboration measured the differential cross section z—‘; for inclusive A and
A photoproduction on the proton for 5 photon beam energy intervals. The experimental results
are reported in Fig. 3 and Fig. 4, together with the predictions from FLUKA and GEANT4. For
A production, the measured cross section is almost constant with respect to the beam energy, and
decreases rapidly with increasing x. These main features are well reproduced by both Monte
Carlo codes, although the GEANT4 prediction features a secondary peak in the do/dx shape at
x ~ 0.3, in particular at lower beam energies, not justified by data. Both codes qualitatively re-
produce the overall cross-section normalization - FLUKA always predicts smaller values, while
in GEANT4, due to the more sizable energy dependence of this observable, the prediction under
(over) estimates the data at lower (higher) beam energy. For A production, instead, while still
the experimental results are almost independent of the beam energy, the shape of do/dx is more
symmetric around x = 0 - both Monte Carlo codes reproduce qualitatively this feature, but predict
a significant dependency on the beam energy. Concerning the overall normalization, FLUKA is
generally in better agreement with the data, while GEANT4 over-estimates the cross section by a

factor up to ~ 3 for the highest photon beam energy interval.

3.2 Case-2: exclusive ™ protoproduction at backward and forward angles

The reaction vp — mn can be a significant source of background events in POKER, in particular,
if the charged pion is produced at backward angles (v ~ 0), out of the detector acceptance, with
only the neutron going in the forward direction, this particle being more challenging to detect in
the HCAL.

The data employed for the comparison was measured at SLAC [14] by Anderson et al., who re-
ported the value of the differential cross section do /du for photon beam energies between 5 GeV
and 15.5 GeV and u values between -0.7 GeV? and +0.05 GeV2. The experimental results are
reported in Fig. 5, left panel, together with the predictions from FLUKA and GEANT42,

In order to “isolate” this reaction from the Monte Carlo results (both for FLUKA and for GEANT4),
we filtered the Monte Carlo events keeping those with exactly one 71 and one n emerging from
the target, and then we computed the corresponding missing energy Mg, selecting events with
MEg ~ 0. This guarantees the exclusivity of the final state. It should be noted that, during prelim-
inary tests with GEANT4, we observed that no events at all corresponding to this reaction were
produced. We explained this from the fact that, in the default GEANT4 configuration, photonu-

clear reactions for photon beam energies in the range here considered are modeled through the

2Unfortunately, no numerical data for do /du are reported in Ref. [14], and the quality of the plot show-
ing k3do /du as a function of u, k being the photon energy in the laboratory frame, does not allow to
disentangle data points corresponding to different beam energies. Therefore, for simplicity we assumed a
“universal” shape for the measured k3do /du observable, independent from the photon energy.
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Figure 3: Differential cross section do /dz for inclusive A photoproduction, for five photon beam
energy bins. The black points are the experimental results reported in Ref. [13], while the red and
green points are the predictions from FLUKA and GEANT4 respectively.

Fritiof string model, that, probably, while being able to reproduce the inclusive yield of final-state
particles in photo-induced nuclear processes, is not capable of handling individually the different
photo-nuclear reaction channels. Therefore, we modified the energy point at which the Bertini
cascade model fades out in favor of the string model, setting it to 25 GeV. By doing so, we were
able to observe events corresponding to the 7 — n photoproduction reaction.

From this study, we concluded that the FLUKA results reproduce quite well the experi-
mental data, which is characterized by a peak at v ~ 0, which is associated with a sub-dominant
u-channel pole contribution in the reaction amplitude. The GEANT4 result, instead, does not re-
produce this feature, and predicts an almost null cross-section for v ~ 0. This conclusion is in
agreement with that obtained from the LDMX collaboration, which performed a detailed study of
the implementation of this reaction in GEANT4 [24]. In particular, they found that the description
of the u-channel pole is absent for energies above few GeV, where the description of this process
based on a data-driven model is abandoned in favor of a parameterization that only includes the
t—channel singularity.

The differential cross section ‘fi—‘; for K = 5 GeV measured by Boyarski and collabora-
tors [15] is reported in Fig. 5, right panel, comparing again the results from FLUKA and GEANT4.
For the latter, we again employed the modification for the Bertini-to-string model energy tran-
sition point described before. Interestingly, at low-t both Monte Carlo codes predict a similar

cross-section shape, however, the overall normalization is approximately one order of magnitude
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Figure 4: Same as Fig. 3, for inclusive A production.

smaller than the measured one.

4 Conclusions

In this work, we investigated the implementation of a few photo-nuclear reactions in the GEANT4
and FLUKA Monte Carlo programs, comparing the results obtained from these codes with the real
data available in the literature. Specifically, we focused on the inclusive A and A photoproduction
on the proton at ., > 10 GeV, and on the exclusive 7 photoproduction at backward angles,
comparing the differential cross sections. We found that both Monte Carlo codes reproduce the
correct order of magnitude for the cross-section of these processes, with non-negligible differences
in the corresponding shape. In general, the results from FLUKA are closer to the real data than
those from GEANT4.
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Figure 5: Left: differential cross section k3do /du for the exclusive yp — ' n reaction, with
k being the photon energy in the laboratory frame. The black line is the experimental result
from Ref. [14], while the blue, red, and green points are the results obtained from the FLUKA

simulation. Right: differential cross section do /dt for the exclusive vp —

k=5

*+n reaction, for

GeV. The black line is the experimental result from Ref. [15], while the blue and red points

are the results obtained from FLUKA and GEANT4, respectively.
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