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● Simple extension of the SM with deep implications if 
observed!

● Might be a component of Dark Matter, it can also 
appear effectively in grand unification theories or 
string theory.

● Presents itself as a fractionally charged fermion.

 B. Holdom, Two U(1)′s and epsilon charge shifts, Phys. Lett.B 166 (1986) 196.
 D.E. Brahm and L.J. Hall, U(1)′dark matter, Phys. Rev.D 41 (1990) 1067 
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mCP model and constraints 

Goodsell, M., Jaeckel, J., Redondo, J., & Ringwald, A. (2009). Naturally light hidden 
photons in LARGE volume string compactifications. JHEP, 2009(11), 027.

Standar model 
masses
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Skipper-CCDs for Dark Matter

Very nice Dark Energy Camera photo (DECAM)

Some particles observed by DAMIC.



Skipper-CCDs for Dark Matter

Noise: 0.068e-

Janesick et al., New advancements in charge-coupled device technology - sub-electron noise and 4096×4096 pixel CCDs.
Moroni et al., Sub-electron readout noise in a Skipper CCD fabricated on high resistivity silicon.
Tiffenberg et al., Single-Electron and Single-Photon Sensitivity with a Silicon Skipper-CCD. 4



Unpublished

● Low De/Dx track passing through the detector

● Not leaving a continuous track

● Maybe a milicharged particle?? In the end, No! - Muon going through a 
dead layer

SENSEI @ MINOS 2020 data
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Maybe an mCP?



Skipper-CCD millicharged searches

Reactors

Fixed target accelerator

LHC
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Harnik, R., Liu, Z. & Palamara, O. Millicharged particles in liquid argon neutrino experiments. J. High Energ. Phys. 2019, 170 (2019).

Highly boosted from a 120 GeV proton beam!

Fixed target: SENSEI@MINOS
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Fixed target: SENSEI@MINOS

Essig, R., Plestid, R., & Singal, A. (2024). Collective excitations and low-energy ionization signatures of relativistic particles in silicon detectors. Communications Physics, 7(1), 416.

From Fermi’s energy loss formula, we can model the electron loss function using the DarkELF package

Once the mCP interacts we take into account the probability of exciting an 
electron-hole pair in silicon:

PHYS. REV. D 102, 063026 (2020)

Knapen, Simon, Jonathan Kozaczuk, and Tongyan Lin. "PYTHON package for dark matter scattering in dielectric targets." Physical Review D 105.1 (2022): 015014.
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● High energy event mask (White)

● Halo mask (Green)

● Bleed mask (Blue)

● Bad pixel/ Column (White)

● Edge mask (Red)

● Crosstalk (cryan)

Only the black pixels are taken into account in data analysis 9

Usual mask in our analyses



With only 2 grams of silicon!!

Simulated the systematics to assess impact on limit, 
error falls in the width of the line. 

Extended the original 2020 search to 5 and 6 electrons.

Fixed target: SENSEI@MINOS

10Barak, L., Bloch, I. M., Botti, A. M., Cababie, M., Cancelo, G., Cervantes-Vergara, B. A., ... & Plestid, R. (2024). Search by the SENSEI experiment for millicharged 
particles produced in the NuMI beam. Physical review letters, 133(7), 071801.



● Installed 12 m from the core inside 
the containment dome of the Atucha 
II 2-GWth reactor.

● Uses skipper-CCD, focus on 
neutrino physics but ideal to search 
for BSM physics due to its location. 

Reactor:  ATUCHA-II
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Production 
via 

Compton

Detection

We calculate the 90% C.L for each mass and 
coupling and combine both reactor experiments

Reactor:  ATUCHA-II & CONNIE

12Aguilar-Arevalo, A. A., D’Olivo, J. C., Sarkis, Y., Avalos, N., Bertou, X., Bellino, P., ... & (CONNIE and Atucha-II Collaborations). (2025). Search for reactor-produced millicharged particles with 
Skipper-CCDs at the CONNIE and Atucha-II experiments. Physical Review Letters, 134(7), 071801.



The milliQan collaboration identified the CMS service cavern as a 
good place to search for mCPs during LHC-RUN 3. 

Accelerator: MOSKITA@LHC

They kindly gave us some space in the cavern.
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Accelerator: MOSKITA@LHC
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Accelerator: MOSKITA@LHC
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Accelerator: MOSKITA@LHC
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Total: 129.50 [fb^-1]
Expo: 44.42 [g-day]

Image duration ~5hrs



Accelerator: MOSKITA@LHC

We perform 20000 pseudo experiments to 
find the f distribution

Eur. Phys. J. C (2011) 71: 1554
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Accelerator: MOSKITA@LHC  - Low Energy results Proton-Proton
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From masks and 
simulations 19

Accelerator: MOSKITA@LHC  - Low Energy results Proton-Proton



From likelihood analysis and 
MonteCarlo Simulations 20

Accelerator: MOSKITA@LHC  - Low Energy results Proton-Proton



Accelerator: MOSKITA@LHC - Low Energy results - Heavy ions
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Accelerator: MOSKITA@LHC - Low Energy results - Heavy ions

Slightly unlikely result in the 7e bin! It washes away a little bit when considering the look-elsewhere effect.
More data coming this year!
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1. Threshold
2. Bounding_box

Accelerator: MOSKITA@LHC - High energy events
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That analysis was until 20 electrons, lets see what happens to events larger than that…



Accelerator: MOSKITA@LHC - High energy events
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We can isolate each event type to create a ground truth for classification…



Accelerator: MOSKITA@LHC - High energy events
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A skeletonization algorithm helps us measure if the event branches or crosses into others



Accelerator: MOSKITA@LHC - High energy events

Measure each segment properties

With this we train a supervised classifier on a labeled dataset
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Distribution during the ppcol run

Accelerator: MOSKITA@LHC - High energy events

Performance of around 0.94 for the 
testing dataset
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Accelerator: MOSKITA@LHC - High energy events

Increased event counts after heavy ion collisions, odd!

Doing a likelihood analysis for each particle type we find a very low p-value for electrons ~0.0003
dru=[events/(day x kg x keV)]
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Last run with beam off!



Basically the pythia simulation takes into account all process that can generate a pair along with other 
particles and reescales the probability (branching ratios) by       and the “muon” mass in pythia by that of the mCP.
This simulation was developed by the Milliqan Team

The pythia modes used are HardQCD:all, Onia:all, and WeakSingleBoson:ffbar2gmZ.

When doing this the contribution of each process to the total number of mCPs observed is:

Accelerator: MOSKITA@LHC - mCP limit
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Accelerator: MOSKITA@LHC - mCP results

30
Cervantes-Vergara, B. A., Perez, S. E., Bacchetta, N., Castelló-Mor, N., Estrada, J., Garcia, M. F., ... & Cortabitarte, R. V. (2025). Investigation of Low-Energy Particle Remnants in High-Energy 
Collisions at the LHC with a Skipper-CCD detector. arXiv preprint arXiv:2508.06749.



mCP limits - Whole Skipper program

Atucha - II & 
CONNIE

Moskita

SENSEI

31We covered 9 orders of magnitude with this sensor!



mCP limits - Whole Skipper program

Atucha - II & 
CONNIE

Atucha - II & 
CONNIE

SENSEI

Moskita Moskita

SENSEI

DarkBeats
OIT

Moskita@HL-LHC

MilliQan HL-LHC
Fermini

Formosa
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Current limits and future Skipper-CCD projects Current limits and future - all detectors 



DarkbeaTs and OIT - background reduction with particle tracking

33Perez, S., Rodrigues, D., Estrada, J. et al. Searching for millicharged particles with 1 kg of Skipper-CCDs using the NuMI beam at Fermilab. J. High Energ. Phys. 2024, 72 (2024).
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DarkbeaTs and OIT - background reduction with particle tracking

34Perez, S., Rodrigues, D., Estrada, J. et al. Searching for millicharged particles with 1 kg of Skipper-CCDs using the NuMI beam at Fermilab. J. High Energ. Phys. 2024, 72 (2024).

Lower probability to have doublet events but more robust to background - can help for higher masses



Conclusions

● Skipper-CCDs continue to be very promising for detecting low-energy processes.

● The mCP’s mass and charge parameter space can be greatly constrained by Skipper-CCD based 
experiments to investigate the mystery of charge quantization.

● Accelerators experiments (LHC) can extend the search to the GeV mass mCP and also take 
advantage of tracking. 

● Low energy likelihood analysis presented some interesting features which will be resolved this year 
with more statistic.

● Event ID with Machine Learning can help search for excesses or other quirks in data.

● Very active area of BSM physics right now! A lot of proposed experiments.
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Thanks!
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Searching the whole dataset we found a muon that gives rise to a collinear event (the muon goes through a dead 
layer of silicon and sends Cherenkov photons to the CCD active area)
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Maybe mCP? No!
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High energy was also higher for the ppcol run


