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 ProtoDUNE: a prototype of the Deep Underground Neutrino Experiment (DUNE)

@ CERN
DUNE

ProtoDUNEFar Detector

 Physics @ DUNE: neutrino, BSM, etc.

√

√

<Originally>

 To test the long-term stability & operation

 To calibrate beam & cosmic-ray responses

4 ×10 kt 0.3+0.2 kt

 SP: single-phase

 DP: dual-phase



SBN Program ProtoDUNE

 MicroBooNE: on-going since July 2015 (BNB: operational since October 2015) 

 ICARUS: planned to start of operation in 2019

 SBND: planned to start of operation in 2019/2020

 ProtoDUNE: operation from September 2018 & now planned to take cosmic-origin 

data for new physics searches (~2 year)



Other Physics 
Motivation?

Any physics potential with the ProtoDUNE detectors, 

especially for BSM physics?



 Huge amount of backgrounds (mainly) due to their location (almost on the ground) 

 Signal events would get buried inside the huge cosmic backgrounds.

ASPERA/Novapix/L. Bret
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 Huge amount of backgrounds (mainly) due to their location (almost on the ground) 

 Signal events would get buried inside the huge cosmic backgrounds.

 Search for cosmic-origin new physics signal @ surface detectors is “Hopeless”.

 Solution: Installing detectors deep under the ground!

ASPERA/Novapix/L. Bret



I. Signals leaving appreciable tracks: the source direction is inferred from the track.   

 Earth Shielding: Restricting to events coming through the Earth from the 

opposite side of the detector location. (Similar to up-going ν searches @ SK, 

IceCube, NOvA, etc.)

 Potential backgrounds in that direction are significantly suppressed while 

signals are intact. 

II. A signal with many unique features (e.g. iBDM): Possible to isolate signal events

from cosmic background events efficiently.

(due to good detector performance: positon/angular/energy resolution, etc.)

Kim, Kong, JCP & Shin [arXiv:1804.07302]
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 (Mainly) focusing on “Non-relativistic” weakly interacting massive particles 

(WIMPs) search

𝜒 𝜒

N

 Erecoil ~ mv2

~ 1 – 100 keV

(v/c ~ 10-3)
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designed to be 

sensitive to 

this E range

 No solid observation of WIMP signals

 A wide parameter respace already excluded

 Close to the neutrino “floor”

 Need new ideas!

LZ-TDR (2017)
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“Assisted Freeze-out” Mechanism

Dominant
relic

Freeze-out first Freeze-out later

𝜒1: Negligible, Non-relativistic relic

 Heavier relic 𝜒0: hard to detect it due to tiny

coupling to SM

 Lighter relic 𝜒1: hard to detect it due to small relic

𝑌0 𝑌1𝑌0 𝑌1
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𝜒0𝜒0 → 𝜒1𝜒1 (current universe): Relativistic!!  (γ1=m0/m1)

(Note that relic 𝜒1 is non-relativistic.)

[Agashe, Cui, Necib, Thaler (2014)]

G. Belanger, JCP (2011)
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(Galactic Center) (Laboratory)

becomes boosted

(γ1=m0/m1)



 Flux of boosted 𝜒1 around the Earth

from the number density of DM 𝜒0
n0=ρ0/m0

 Setting 𝜎𝑣 𝜒0𝜒0→𝜒1𝜒1~10
−26 cm3s−1 & assuming NFW DM halo profile,

ℱ𝜒1 ≈ 𝒪(10−1~10−5)cm−2s−1 for 𝑚0 = ~30 MeV to ~4 GeV

 Not too small for small-volume (~1 ton) detectors to have signal sensitivity 

(e.g., conventional WIMP detectors: Xenon1T, LZ, …)

 Big enough for sub-kt LArTPC detectors to observe signal events

(good position/angle/vertex resolution & particle identification, low 𝐸th of 

LArTPC detectors, e.g., ProtoDUNE)
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(𝑎) Elastic scattering (eBDM) (cf. eBDM at DUNE/HK/PINGU/Xenon1T/… 
[Agashe et al. (2014); Kong, Mohlabeng, JCP (2014); Necib et al. (2016); Alhazmi, 
Kong, Mohlabeng, JCP (2016); Giudice, Kim, JCP, Shin (2017);  many more] )

• 𝜒0: heavier DM
• 𝜒1: lighter DM
• 𝛾1: boost factor of 𝜒1
• 𝜒2: massive unstable dark-sector state
• 𝜙: mediator/portal particle

ℱ𝜒1 = ~10−1 − 10−5 cm−2s−1

with 𝑚0 = 𝐸1 = ~30 MeV −4 GeV Featureless signal hard to 
separate from potential BGs 
 Solution: “Earth Shielding” 
[Kim, Kong, JCP, Shin (2018)]
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(𝑏) Inelastic scattering (iBDM) (cf. iBDM at HK/DUNE/Xenon1T/… 
[Kim, JCP, Shin (2016); Giudice, Kim, JCP, Shin (2017); Aoki, Toma (2018)] )

• 𝜒0: heavier DM
• 𝜒1: lighter DM
• 𝛾1: boost factor of 𝜒1
• 𝜒2: massive unstable dark-sector state
• 𝜙: mediator/portal particle

Focus of this talk
Signal w/ fruitful features veto BGs
(in collaboration with Chatterjee et al., 
[arXiv:1803.03264])

ℱ𝜒1 = ~10−1 − 10−5 cm−2s−1

with 𝑚0 = 𝐸1 = ~30 MeV −4 GeV Featureless signal  hard to 
separate from potential BGs 
 Solution: “Earth Shielding” 
[Kim, Kong, JCP, Shin (2018)]

𝜙



 Vector portal (kinetic mixing) [Holdom (1986)]

 Fermionic DM

 𝜒2: a heavier (unstable) dark-sector state

 Flavor-conserving elastic scattering (eBDM)

 Flavor-changing inelastic scattering (iBDM)

ℒint ∋ −
𝜖

2
𝐹𝜇𝜈𝑋

𝜇𝜈 + 𝑔11 ҧ𝜒1𝛾
𝜇𝜒1𝑋𝜇 + 𝑔12 ҧ𝜒2𝛾

𝜇𝜒1𝑋𝜇 + ℎ. 𝑐.

 Various models conceiving BDM signatures

 BDM source: GC, Sun (capture), dwarf galaxies/assisted freeze-out, semi-annihilation, decaying, etc.

 Portal: vector portal, scalar portal, etc.

 DM spin: fermionic DM, scalar DM, etc.

 iBDM-inducing operators: two chiral fermions, two real scalars, dipole moment interactions, etc.
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Based on 
Assisted FO set-up
[Belanger, JCP (2011)] 



𝑝/𝑒−

𝑝/𝑒−
𝑒−

𝑒+

𝑒−

𝑒+𝑝/𝑒−

 Ordinary elastic scattering (eBDM): only e/p-

recoil (ER/PR)  single track

 “Prompt” inelastic scattering (iBDM): 

ER/PR+e+e- pair (from the decay of on-shell X:

𝑚2 > 𝑚1 +𝑚𝑋)  three tracks

 “Displaced” inelastic scattering (iBDM): 

ER/PR+e+e- pair (typically from a three-body 

decay of 𝜒2)  three tracks

 Tracks will pop-up inside the fiducial volume.

 Focus on ER. But, Straightforwardly applicable 

to PR (up to form factor, DIS, etc.)



Active vol.



~35 cm from active volume boundary 
(DUNE CDR-Vol.4)

Active vol.

Fiducial vol.

 Low E particles (≲ 30 MeV) can be 

removed/suppressed by taking a fiducial vol.

(blue box) smaller than the active vol. 

(Fiducial vol.:   ~170 t/300 t  for DP/SP)
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Fiducial vol.

Active vol.

Insulator

Outer structure: e.g., steel, concrete, etc.

Total vol.

Quite a few 
low-E particles

Muons > 10 MeV: 

~𝟏𝟎𝟏𝟎/m2/yr
[PDG (2016)]
may give BG events 
due to particle 
misidentification, 
mismeasurement, etc.

Atm neutrinos 
(very rare): 
~𝟓 multi-track 
events/yr/kt
[SK (2015; 2017)]
 can be rejected 
due to good particle 
identification of 
ProtoDUNE.
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Signal of 
interest



𝑒−

𝑒+hard 𝛾

 The rate of fake iBDM signals by mismeasurements may not be negligible due to enormous high-

energetic cosmic background. (e.g., as shown below)

Active vol.



𝜇± sneaking in fiducial volume?

Hard emission of 𝛾?

Track popping-up at 
the hard emission?

Popped-up track energetic enough to pass 
through the fiducial volume?

Unclear kink feature in the popped-up
track but clear separation for 𝑒+𝑒− tracks

No
Reject!

Yes

Reject!
NoYes

No

Yes
Yes

Reject!
No

Electron track-like?Reject!
YesNo

Accept!!

Electron track-like? Reject!
No

No

Track of Michel electron
disappearing or no kink feature?

Reject!
No

Yes

Yes

Yes
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~4 ∙ 1011/yr

× 10−3 ⇒ 4 ∙ 108/yr

× 2 ∙ 10−3 ⇒ 8 ∙ 105/yr

× 1.3 ∙ (10−4 − 10−2)
⇒ 102 − 104/yr

× (< 10−2)
⇒< 100 − 102/yr

𝐵 < 10

[MicroBooNE (2016)]

[ArgoNeuT (2017)]

< 𝟏: not considered!



 Non-trivial to find appropriate parameterizations for providing model-independent 

reaches due to many parameters involved in the model  

 Number of signal events Nsig is 

𝑁sig = 𝜎𝜖 ∙ ℱ ∙ 𝐴 ∙ 𝑡exp ⋅ 𝑁𝑒

 𝜎𝜖: scattering cross section between 𝜒1 (BDM) and electron (target)

 ℱ: flux of incoming (boosted) 𝜒1

 𝐴: acceptance

 𝑡exp: exposure time

 𝑁𝑒: total number of target electrons
Controllable! (once a detector is determined)

We factored out the acceptance related to the distance between the primary (ER) & the seco

ndary vertices, other factors such as cuts, 𝐸th are absorbed into 𝜎𝜖.



 Acceptance determined by the distance between the primary & the secondary vertices

 (relatively) conservative limit to require two correlated vertices in the fiducial 

volumes (also to be distinguished from elastic scattering) 

90% C.L. with
zero background

Calculable given 
a detector

ℓlab: different event-by-event, so taking ℓlab
max

for more conservative limit

𝜎𝜖 ∙

Evaluated for 
each detector



 More familiar parameterization is possible with the below modification.        

Experimental sensitivity can be 

represented by 𝜎𝜖 vs.𝑚0(= 𝐸1).

set to be 5 × 10−26 cm3s−1

ℱ~
𝜎𝑣 𝜒0𝜒0→𝜒1𝜒1

𝑚0
2

𝜎𝜖

 Then having

𝜎𝜖 vs. 𝑚0(= 𝐸1 = 𝛾1𝑚1)

cf. 𝜎 vs. 𝑚DM in conventional WIMP searches

Relevant to signals with overlaid vertices 

or elastic scattering signals



 Dark X invisibly decays into DM pairs (𝑚𝑋 > 2𝑚1)

 1-year data collection is assumed.
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vDM

Scattering
non-relativistic

(vDM ≪ c)
relativistic

(vDM~c)

elastic Direct detection
Boosted DM

(eBDM)

inelastic
inelastic DM

(iDM)
inelastic BDM

(iBDM)

Focus of 

this talk!

 (light) BDM search is promising & provides a new direction to study DM phenomenology.

 Huge cosmic-ray BG can be well controlled due to fruitful signal signatures.

 ProtoDUNE possesses excellent sensitivities to a wide range of (light) BDM 

 allows a deeper understanding in non-minimal dark sector physics.

 ProtoDUNE can provide alternative avenue to probe dark photon parameter space.

 ProtoDUNE provide potentially a realistic guideline for new physics searches at DUNE.



Back-Up



[DUNE CDR-Vol.2 (2015)]

[Super-Kamiokande (2012)]

~𝟒𝟎. 𝟐/yr/kt: may 
contain multi-track 
events

Single-track candidates: 𝟑𝟐. 𝟒 + 𝟖. 𝟖 =
𝟒𝟏. 𝟐 /yr/kt, while total e-like events are 
49.9 /yr/kt. (Note that SK takes e-like e
vents with 𝐸 > ~10MeV.)
 Potential BGs for elastic scattering 

signal (eBDM) events

Multi-track candidates: 𝟓. 𝟐 /yr/kt
 Most extra tracks come from mesons 

which can be identified at LArTPC.
 Very likely to be background-free for 

inelastic scattering signal (iBDM) 
events

𝜈𝑒
𝑒−

𝜋

𝜋
𝜋

𝑝/𝑛



 Expecting ~105−6 more muon flux at ProtoDUNE/SBN than that at SK/DUNE. 

Babar

[Bugaev et al. (1998)]

SK: ~2700 mwe
DUNE: ~4300 mwe

ProtoDUNE, SBN:
~𝑂(10) mwe

v





 Deep inelastic scattering (DIS) of energetic cosmic-muon with a nucleon within the passive 

volume

𝑝/𝑛

𝑒−

𝑒−
𝑒+

Photon split inside 
the fiducial volume

Active vol.

“sneaking-in” electron
popping up inside the 
fiducial volume



~1011/yr

~2 ∙ 105/yr

× (< 5 ∙ 10−3)
⇒ < 103/yr

× (< 10−3) ⇒ < 1/yr

[ArgoNeuT (2017)]

0.  Muon flux above 5 GeV

1.  DIS with a nucleon (p/n)

Nevent ~ (DIS cross section) × (muon flux) × (1 year) 

× (number of nucleons inside the passive volume)

~ 2 ∙ 105/yr

2.  Photon split inside the fiducial volume after traveling more 

than ~35 cm in Liquid Ar

3.  Electron “sneak-in” and pops up inside the fiducial volume

4.  Incoming muon not leaving a visible track inside the active 

volume

[MicroBooNE (2016)]

× (≪ 1)

⇒≪ 𝟏/yr



~
𝜶

𝝅
≈ 𝟐 × 𝟏𝟎−𝟑

Phase-space suppression factor

𝜇 𝜇

𝛾



 All known studies simply report that a negligible rate of muons are misidentified 

as electrons. But “How Negligible?”

 A hint from an example study: [ArgoNeut, arXiv:1610.04102]c

If cut here, ~8% of the fake rate

 This is too large to be true, because

 Other criteria discriminate more,

 ~7% contamination from 𝛾 sample  (i.e., 𝑒 vs. 

𝛾) is reported, whereas 𝑒 vs. 𝜇 is simply 

stated negligible.

Nevertheless, a very conservative 

estimate of fake rate is 𝟏𝟎−𝟐.



 Flux of boosted 𝜒1 near the earth

 Setting 𝜎𝑣 𝜒0𝜒0→𝜒1𝜒1~10
−26 cm3s−1 and assuming the NFW DM halo profile, 

one can obtain ℱ𝜒1~10
−6~8cm−2s−1 for 𝜒0 of weak-scale mass, 𝑚0~O(10-100 GeV).

 Low flux No sensitivity in conventional DM direct detection experiments 

 Large volume (neutrino) detectors

motivated: Super-/Hyper-K, DUNE, …

ℱ𝜒1 ∝
𝜎𝑣 𝜒0𝜒0→𝜒1𝜒1

𝑚0
2

 Sources

 GC: Agashe et al. (2014); Necib et al. (2016); Alhazmi, Kong, Mohlabeng, JCP (2016); etc.

 Sun: Berger et al. (2014); Kong, Mohlabeng, JCP (2014); Alhazmi, Kong, Mohlabeng, JCP (2016); etc.

 Dwarf galaxies: Necib et al (2016)

SK/HK

DUNE

from the number density of DM 𝜒0, n0=ρ0/m0



[SK Collaboration, arXiv:1711.05278]
MA (GeV)

mB=200 MeV, mX=20 MeV, g’=0.5




