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ABSTRACT: Oscura is a planned light-dark matter search experiment using Skipper-CCDs
with a total active mass of 10kg. As part of the detector development, the collaboration
plans to build the Oscura Integration Test (OIT), an engineering test with 10% of the total
mass. Here we discuss the early science opportunities with the OIT to search for millicharged
particles (mCPs) using the NuMI beam at Fermilab. mCPs would be produced at low energies
through photon-mediated processes from decays of scalar, pseudoscalar, and vector mesons,
or direct Drell-Yan productions. Estimates show that the OIT would be a world-leading
probe for mCPs in the ~MeV mass range.

KEYWORDS: Beyond Standard Model, Dark Matter and Double Beta Decay (experiments)

ARX1v EPRINT: 2304.08625


mailto:santiep.137@gmail.com
mailto:rodriguesfm@df.uba.ar
https://arxiv.org/abs/2304.08625

Contents

1 Oscura experiment 1
1.1 Science goals 1
1.2  Experiment design 1
1.3 Oscura Integration Test 3

2 Millicharged particles 3
2.1 Production 3
2.2 Mean free path and intrinsic efficiency 4
2.3  Expected number of events and geometry dependency 5
2.4 Background estimation 8
2.5 Sensitivity 9

3 Discussion 9

1 Oscura experiment

1.1 Science goals

Skipper-CCDs with ultra-low noise are among the most promising detector technologies
for the construction of a multi-kg experiment probing electron recoils from sub-GeV dark
matter (DM). In 2017, the ability to precisely measure the number of free electrons in each
of the million pixels across a Skipper-CCD was demonstrated [1] using sensors designed by
the Lawrence Berkeley National Laboratory (LBNL) Micro Systems Lab. As part of an
ongoing light DM search program, SENSEI (”Sub-Electron Noise Skipper-CCD Experimental
Instrument”) took data with small scale (~1g and ~2g) Skipper-CCD detectors at Fermilab
on the surface and underground, setting world-leading constraints on DM-electron interactions
for DM masses in the range of 500 keV to 5 MeV [2-4]. The SENSEI Collaboration is now
commissioning a 100 g experiment with the same technology at SNOLAB. Furthermore, the
DAMIC-M Collaboration is planning to use Skipper-CCDs for a 1 kg experiment in the
coming years [5]. The largest planned experiment using this technology is called Oscura,
which will implement 10 kg of Skipper-CCDs for the search of light-dark matter.

1.2 Experiment design

The Oscura design is based on 1.35 Mpix sensors [6] packaged on a Multi-Chip-Module
(MCM) [7]. Each MCM consists of 16 sensors mounted on a 150 mm diameter silicon wafer
with traces connecting the CCD to a low radiation background flex circuit. The package
is designed to keep only low-background materials next to the active volume of the CCD.
Figure 1 shows pictures of an MCM fully populated with CCDs. The MCMs will be arranged
into Super Modules (SM), and each SM will hold 16 MCMs using a support structure of
ultrapure electro-deposited copper [8]. The SM also includes copper to shield the radiation of
the first couple of centimeters of the flex circuit from the sensors. The Oscura experiment
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Figure 1. (Left) Fully assembled MCM with 16 Oscura prototype sensors. (Right) Oscura Super
Module with 16 MCMs supported and shielded with electro-formed copper.

Figure 2. Full detector payload and internal shield.

needs 79 SMs to reach 10kg active mass. Figure 1 shows the design of a SM. The full detector
payload with 96 SMs inside the lead shield is shown in figure 2, and the detector payload
is arranged as a cylinder formed by six columnar slices.

The operation of Skipper-CCDs with low dark current requires cooling down the system
to between 120K and 140K (the optimal operating point will be determined from the
prototype sensors). The current strategy for the cooling system is to submerge the full
detector array in a Liquid Nitrogen (LNg) bath operated with a vapor pressure of 450 psi
to reach this temperature. We are also considering the alternative design of using nitrogen
gas to cool down the detectors uniformly, thereby reducing the pressure requirements of the
vessel. Nitrogen gas has less thermal conductivity than LNy, but preliminary simulations
indicate that this simpler solution is feasible.
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Figure 3. Design of the Oscura pressure vessel for the operation of the skipper-CCD detector array
with 96 SM.

The power for each readout channel is estimated to be 32mW as measured in the
prototype. This corresponds to less than 1kW of power for the full system. The current
plan is to provide this cooling capacity with closed-cycle cryocoolers [9]. A scheme for the
pressure vessel and its radiation shield is shown in figure 3.

1.3 Oscura Integration Test

The Oscura Integration Test (OIT) is a planned engineering test with ~10% of the total
mass of the full Oscura detector payload. Although the detailed configuration of OIT has not
been defined, we will consider the columnar slice shown in figure 4. This will have 16 SMs
comprising about 2kg of active CCDs when fully instrumented.

For this engineering test, we do not expect a 100% production yield, and we assume 1kg
of detectors in good condition. We do not expect a fully assembled shield for OIT, and we
assume 6 inches of lead shielding the detector from environmental radiation. We make no
assumptions about an additional neutron shield. For comparison, SENSEI’s shielding during
its run at the MINOS cavern near detector hall at Fermilab, was only 3 inches of lead [4].

2 Millicharged particles

There exists a unique opportunity for the OIT to be installed in the MINOS near-detector hall
to look for millicharged particles (mCP) produced by the NuMI beam. A first analysis of this
search was conducted by the Fermilab ArgoNeuT Experiment [10, 11], and recently, SENSEI
at MINOS has demonstrated the capability of the Skipper-CCD technology by establishing
word leading limits on mCP parameters in the MeV mass range [12].

2.1 Production

Accelerator neutrino beams are produced by a proton colliding with a fixed target, in the
particular case of the NuMI beamline at Fermilab, protons are accelerated with an energy of



Figure 4. mCP tracks passing through the Oscura Integration Test detector composed of 8 SM pairs
of SM.

120 GeV and collide with a fixed graphite target. Neutrinos are produced mainly by charged
pion decays, but there are other types of particles coming from interactions between the
protons and the target. mCPs could be produced through photon-mediated processes from
decays of scalar, pseudoscalar, and vector mesons, or direct Drell-Yan productions. The
production fluxes, derived from 2 x10'® Protons on Target (POT), are illustrated in figure 5,
where the charge ¢ of the mCP was assumed to be 1. It is important to note that the flux
scales proportionally to e2. The MINOS near-detector hall, positioned approximately 500 m
away from the target hall, presents an ideal location to place an experiment looking for
these kind of particles. This hall could potentially house the OIT setup, allowing it to be
exposed to the incoming flux of mCPs.

2.2 Mean free path and intrinsic efficiency

The mean free path A\ for particles passing the detector as a function of the cross-section
can be expressed as

A= |ngao(BR, B2 (2.1)

where nge; is the electron number density of the detector material and J(E;nin, EMaX) s
the scattering cross-section.

In regards to cross-section calculations, mCPs are expected to be ultra-relativistic charged
particles that arrive at the detector with a velocity parameterized by 8 = p/E. Given that
these particles have a charge of ¢ = ce, where € can be a real number between 0 and
1 and e is the charge of the electron, mCPs are expected to interact electromagnetically
within our detector. The interaction cross-section between the mCPs and silicon can be
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Figure 5. Conservative numbers of mCPs per cm~2 per day ~ 500m from the target. Fluxes were

obtained with € = 1 and 2 x 10'® Protons on Target, integrating over the mCP energies. Flux scales
proportionally to e2. Adapted from [10].

described by [13-15],
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where « is the fine structure constant, k, = (w, k), ne the number of electrons per unit

volume, and k = |k|. The cross section is written in terms of w which is relates to the energy
transfered by the millicharge particle to the electrons in the material £ = hw.

The expression for o(E™® EMaX) can be derived by integrating the differential cross-
section between the minimum recoil energy E™" and the maximum recoil energy allowed
for the electrons E"**. For a more precise calculation, the ionization yield [16] for signals
between 3e~ and 6e~ has been convolved with do/dE, to account for the probability of
an electron recoil to generate a given number of electron-hole pairs. The results for the
cases relevant to this work are shown in figure 6. Taking into consideration that the range
between 3 to 6 electrons holds the highest cross-section, we will restrict our analysis to this
interval and interactions producing electrons within this range, henceforth we will simply
refer to signal hits from this channel as events.

2.3 Expected number of events and geometry dependency

To calculate the expected number of events produced by mCPs within the N=32-layer silicon
tracker, we will essentially follow the approach from ref. [10]. In that work, the authors
highlight that such a signal event must be aligned with the target in which the mCPs were
produced while the background event will be uniformly distributed in the detector volume and
will only rarely align with the target. As a result, searching for two or more hits that are in line
with the production target significantly reduces the backgrounds. We will also demonstrate
that in the limiting case of an extremely low interaction probability, this approach converges
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Figure 6. Differential interaction cross section convolved with the ionisation yield for 3e™, 4e™, be™
and 6e~ signals. The dashed grey curves correspond to the 1, 2, 7 and 8 e~ signals which have a lower
probability. The cross-section was calculated using e=1.

to the one adopted by the other CCD-based DM experiments [4, 5], eliminating the need
for information regarding the detector’s geometry.

We will start assuming that ¢ is sufficiently small for A(e) to greatly exceed the Skipper-
CCD thickness Az = 725 um. Those & values that give A\(¢) lower Az were already excluded
by other experiments. Thus, as a reasonable approximation, the probability for a mCP
to produce an event in a given layer is p = Az/A. Then, for a tracker with N layers, the
expected number of events produced by a single mCP is

w=Np=L/\

where L = N Az represents the effective thickness of the full tracker. Hence, the probability
of a mCP producing at least k events is determined using the binomial distribution:

k—1
E(kIN,p)=1—- > (i)pm(l —p)N

m=0
that under the Poissonian approximation, valid when p — 0 and N > 1, becomes:

k-1

E(klp) =1= pme/ml. (2.3)

m=0

From this point forward, we will denote a minimum of one single event as singlet (k=1),
a minimum of two events as a doublet (k=2), and a minimum of three events as a triplet
(k=3). Their probabilities of occurrence are plotted as a function of € in figure 7. Observe
that the dependence of u on & occurs via A.

In the pursuit of determining the expected number of events (n) detected by the OIT,
resulting from mCPs generated at the NuMI beam, eq. (2.3) has to be convolved with the
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Figure 7. Probability for singlet, doublet, and triplet events.

flux ¢(c?,m,) of mCPs (number of particles of mass m, per cm? per day), that is:

(n(e,my)) =AFE /¢(52’Examx)§(57Exvmx)dEXv (2.4)

where the scaling factors are the area of the detector which is facing the beam A = Ny, %
Az X Ay = Npix x 15 um x 15 pum, and the exposure E.

Although the full slice (figure 4), composed of 8 SM pairs, will have a surface area
consisting of 8 MCMs (8 x 16 sensors of 1.35 Mpix each), we have assumed a 50% yield for
this test (given 1kg instead of 2kg). To account for this inefficiency, we will use a total
of Npix = 86.4 x 105 pixels (half of the total).

Taking into account that in the ultra-relativistic regime, the cross-section dependency
on the mCP energy FE, is negligible and the flux in figure 5 has been already integrated
over E,, it is an excellent approximation to write:

(nle,my) = AE §(e2,my) €(e,my). (2.5)
It is worth noting that in the limit of y < 1, which holds when A > L, eq. (2.5) becomes
(n(e,my, L)) < AE ¢(e2,my) (Le®)" =V E ¢t(my ) LV 2D, (2.6)
that for the case of doublets, turns to be:
(n(e,my, L)) oc V.EL¢1(my) ",

Thus we find that for a given flux of mCPs, exposure, and detector volume V', the expected
number of doublets increases linearly with the length of the detector and scales with 6. From
eq. (2.6), we can also see how the dependence with the geometry parameter L disappears
when n=1, while the number of events linearly scales with the mass of the detector and &%,
converging to the strategy followed by SENSEI experiment [12].



Performance / N, le™ 2e” 3e~ de~ be~ Ge~

Efficiency 0.069 0.105 | 0.325 0.327 0.331 0.338
Exposure [g-day] 1.38 2.09 9.03 9.10 9.23 9.39
Observed Events 1312 5 0 0 0 0

Estimated rate [10® kg-yr]~! | 347,000 | 873 | < 46.5 | < 46.5 | < 46.5 | < 46.5
Estimated rate [kg-day] ~* 950,000 | 2,392 | < 128 | <128 | <128 | < 128

Table 1. Performance of the SENSEI experiment for events containing le~ to 6e~. The efficiency
here includes the effect of all selection cuts on the data (see refs. [4, 12] for details). The corrected
efficiency exposure and the count of observed events after applying the selection criteria are also
provided. The last two rows display the projected rates based on the SENSEI dataset. For bins
spanning from 3 electrons to 6 electrons, we utilize the 68% upper limit of 1.14 events to compute
the rate.

Due to the mCPs produced in the NuMI beamline being highly boosted, angular deflec-
tions with the matter between the target and the detector can be disregarded. This makes
the expected signal collinear with the proton beam and has a uniform flux on the entire OIT
detector. The detectors in the OIT will be vertically placed, and each mCP will traverse
two Oscura supermodules as shown in figure 4. In this configuration, OIT will function as
an mCP tracker with N=32 silicon layers.

2.4 Background estimation

As mentioned above, the search for mCPs could be performed by looking for single-scattering
events or multiple-scatterings in the silicon tracker. Random coincidences of non-correlated
events would produce fake tracks, whose rate depends on the geometry of the detector and
its time resolution.

According to the current plan, we will construct OIT by strictly adhering to the material
selection strategy and cosmic activation requirements for Oscura. As a result, we anticipate
that the radioactive contamination from the detector components (CCDs, packaging, elec-
tronics, and copper support) will be less than 1 DRU. OIT’s radiation shield will match
the SENSEI shield at the same location (MINOS), with twice the thickness of lead in all
directions. Based on this, we conservatively estimate that OIT will have a total radiation
background similar to what SENSEI [4, 12] measured at MINOS, summarized in table 1.
This estimation assumes a full detector readout within 1 day (a 24-hour readout time). Any
pair of events aligned with the beam during each 1-day exposure will constitute a background
track for the mCP search.

The number of random coincidences producing tracks with at least b events for a tracker
with Npix pixels on each layer is

NFacks = Niie x E(BIN, pog) (2.7)

where pyi, represents the probability of a single-pixel having between 3 to 6 electrons within
a day, generated with the background rates outlined in table 1. It can be calculated as the
ratio between background events per kg and the total number of pixels in the same mass,



that is pprg = (4 X 128) /(N x Npix). Edge effects and uncertainties in the position of the
event were not taken into account. As a result, while an estimated of 512 single events per
kilogram per day are expected (obtained by summing the values in the last four columns of
table 1), we anticipate approximately 1.5 x 1073 tracks involving a minimum of two events
aligned with the NuMI beam target, originating from background sources. Furthermore, the
projection extends to approximately 1 x 1078 tracks involving at least three events under the
same conditions. The last two constitute the background for doublets and triplets searches
and essentially means that looking for tracks results in a background-free strategy.

2.5 Sensitivity

To consider the effect of backgrounds, we use the mCP flux from the beam in figure 5 and the
interaction cross-section to estimate the experiment’s sensitivity for detecting those mCPs
with a one-year exposure and non-zero background. The analysis can be done using ngjgnal,
obtained by subtracting the number of events observed when the beam is OFF (n,) from
the number of events observed when the beam is ON (non).

Calculating the uncertainty in nggnal as aszignal
determine a 90% confidence level in the presence of background is to demand the signal to be

= U%N + O'gkg, a simple method to

1.28 X 0gignal above zero. Assuming Poissonian statistics for the number of observed events
ie. U%N ~ non, and a similar exposure with beam ON and OFF, we have ng,g ~ U?)N.
Taking into consideration all of this, the upper limit can be obtained by asking for noy —
Nprg > 1.28 X ,/ZNglzzCks. To generalize for different exposure times, a likelihood ratio
analysis can be applied as proposed in reference [17].

Given the mCP flux from the beam in figure 5 and the interaction cross-section from
eq. (2.2), we estimate the sensitivity of OIT for the detection of mCPs. We assume 1kg
of active mass and 2 x10'® POT. The limits produced by each strategy described here are
shown in figure 8. The OIT forecast is compared with the current limits of other mCP
detection experiments at accelerators [18].

3 Discussion

Although the background-free singlet search provides the best sensitivity in most of the
mass range, including background brings the constraint closer to that of the doublet search
strategy. For masses below 220 MeV, the singlet strategy provides the strongest constraints
and thereafter, the doublets strategy becomes more advantageous due to its resilience to
the background. The triplet strategy does not outperform the doublet strategy, and it only
becomes advantageous in higher background scenarios. It is worth mentioning that the
expected limit using the doublet strategy below 220 MeV is better than projections of any
other mCP detection experiments, such as FORMOSA [19] and Fermini [20].

The optimal approach hinges on the detector’s geometry and background rate. To discern
the circumstances favoring a request for triplets over doublets, an exploration of elevated
background scenarios becomes necessary. Figure 9 illustrates a comparison among the three
strategies for a mCP mass of 0.5 GeV. The doublet search strategy is the preferred choice
until the background reaches 100 kdru, at which point searching for triplets provides better
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exclusion limits. This is an anticipated outcome as the superiority of the triplet strategy
stems from its greater resilience against the background.

As can be seen in figure 7, above € ~ 1072, the probability of obtaining singlets, doublets,
or triplets is essentially 1, therefore for higher masses, we are flux-limited (see figure 5).
On the other hand, for lower masses, which implies lower values of € and higher fluxes, the
background does not play a crucial role, and the singlet strategy is preferable.

In summary, we explored the science potential for the Oscura Integration Test (OIT). This
test is planned as part of the development of the Oscura 10kg Skipper-CCD experiment [7]
and corresponds to approximately 10% of the total detector payload. We assume that OIT is
installed in the MINOS near-detector hall with a modest shield (6-inch lead), comparable to
the configuration used by SENSEI in its MINOS run. This analysis shows that OIT would
provide the opportunity for a vigorous search for low-mass mCPs, covering an unexplored
region of the parameter space, improving the current mCP limits and, at low masses, it would
reach regions of € not accessible by other proposed experiments.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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