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• Keep probing the rest of the corners of parameter space: 
                    tons of models may be still there!! 

• Non-conventional DM scenario & search strategy

Theorists Experimentalists

What’s next?

strong bounds!!

Conventional WIMP (weak scale mass and int. with SM)



Non-conventional DM scenarios

• Flavorful (non-minimal) dark sector:  
          multi-component DM and/or + unstable particles (like SM) 
                   e.g., inelastic DM, boosted DM, … 

• Secluded WIMP: DM-SM int. suppressed (avoid LHC & DD bounds) 

• Non-conventional interactions of DM-DM: self-int., strongly-int.  

• Very light DM ( ≪ GeV)



Non-conventional DM scenarios

• Flavorful (non-minimal) dark sector:  
          multi-component DM and/or + unstable particles (like SM) 
                   e.g., inelastic DM, boosted DM, … 

• Secluded WIMP: DM-SM int. suppressed (avoid LHC & DD bounds) 

• Non-conventional interactions of DM-DM: self-int., strongly-int.  

• Very light DM ( ≪ GeV)

Non-conventional search strategy needed!



My focus

Relativistic scattering of DM with target in LAB  
(non-conventional direct detection) 

• Some components of DM relativistically produced: boosted DM  

• (Light) DM can be produced in fixed target experiments 
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In this talk: Cosmic frontier search
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Non-conventional search strategy

Observe relativistic 𝜒l scattering with target



• similar to NC 𝜈 scattering 

• small flux

Large volume 𝜈 experiments

𝜒h𝜒h → 𝜒l 𝜒l

�l
�l

m𝜒h ~ O(10 GeV)
O(10�7 cm�2s�1)

Relativistic scattering of BDM

challenging• Basic model: count Nevents over the expected background (𝜈)    
           Directional information of GC (SK preliminary) 

• Modified model: additional directional information (Sun) or process
promising

Kim, Park, SS, 1612.06867



• Nucleon scattering: small cross section  
                                (E𝜒l sub GeV) 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       background subtraction?
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• Nucleon scattering: small cross section  
                                (E𝜒l sub GeV) 

• Electron scattering: larger cross section  
       background subtraction?

• similar to NC 𝜈 scattering 

• small flux
𝜒h𝜒h → 𝜒l 𝜒l

�l

m𝜒h ~ O(0.1 GeV)

Relativistic scattering of BDM

increase

WIMP  direct detection exp.

O(10�3 cm�2s�1)

Cherry, Frandsen, Shoemaker, 1501.03166

energetic  scattering

more  promising

Giudice, Kim, Park, SS

Modified model with additional process
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Search in large volume 𝜈 experiments 
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e-scattering at 𝜈 exp: highly boosted

e+ e�

High chance to observe 
two separate signals!!

in an experiment with angular resolution ~ 3°

unstable

for primary pe: 0.1 - 0.3 GeV 

primary secondary

    �l     �l   

Moderate recoil E

 

XX

(Super/Hyper Kamiokande)

m�l [GeV] m [GeV] mX [GeV] ��l

0.4       0.5        0.06       250
0.1       0.14      0.03       200

assume



e+ e�

High chance to observe 
two separate signals!!

in an experiment with angular resolution ≲ 1°

unstable

for primary pe: 0.03 - 1 GeV 

primary secondary

(DUNE, SHiP better)

    �l     �l   

Wider range of E

 

XX

smaller volume

cosmic & intensity intensity

m�l [GeV] m [GeV] mX [GeV] ��l

0.4       0.5        0.06       250
0.1       0.14      0.03       200

assume

e-scattering at 𝜈 exp: highly boosted



unstable
    �l     �l    

e+ e�

High chance to observe 
three separate signals!!

Promising in an experiment with Eth ≪ 1 GeV

primary secondary

distinguishable

(DUNE, SHiP)

Need much larger flux for higher Eth > 1 GeV (SK/HK)

XX

Very sensitive!!

m�l [GeV] m [GeV] mX [GeV] ��l

0.4           0.9        0.2       15
0.1           1.0        0.5       50

p-scattering at 𝜈 exp: highly boosted



Assume no bkg. 10�7cm�2s�1unit:

Remind, in a minimal BDM, 
flux over the whole sky

Promising example!

O(10�7 cm�2s�1)

m𝜒h ~ O(10 GeV)

Required flux

Search in large volume 𝜈 experiments

g12 = 0.5, ✏ = 0.0003

toy model: dark gauge boson X

�l �l



g12 = 0.5, ✏ = 0.0003

Assume no bkg. 10�7cm�2s�1unit:

less sensitive than e 

toy model: dark gauge boson X

Required flux

Search in large volume 𝜈 experiments
�l �l



13.6 yr of HK improves 
the sensitivity

Assume no bkg. 10�7cm�2s�1unit:

Required flux

Search in large volume 𝜈 experiments

g12 = 0.5, ✏ = 0.0003

toy model: dark gauge boson X
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Remarkable  
improvement  
in DUNE!!!
Promising 

(3 simultaneous signals)Assume no bkg. 10�7cm�2s�1unit:

Search in large volume 𝜈 experiments

g12 = 0.5, ✏ = 0.0003

toy model: dark gauge boson X

�l �l



Search in WIMP direct detection experiments 
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Search in WIMP direct detection exp

�l

e

• Displaced decay: two time-correlated signals 

• Prompt (within resolution) decay: not easy to separate with minimal BDM 
                                                   if e-/e+ highly collimated 
                                    

High energetic (> 10 MeV)  
e- + e-/e+ signals 

Xenon1T, DEAP3600, LZ, XenonNT, …

Easier to observe

m𝜒h ~ O(0.1 - 1 GeV)

m𝜒l ~ O(1 - 10 MeV)



Assume no bkg.

Sensitivities on WIMP DD exp.
Cross section of the primary (inelastic) scattering�l � e

Displaced decay Prompt decay/mBDM

x
+
✻
•

Black point: Pseudo-Dirac
Gray point: Scalar

Green line: Pseudo-Dirac toy 𝜖 change
Orange line: Scalar toy 𝜖 change



Assume no bkg.

Sensitivities on WIMP DD exp.
Cross section of the primary (inelastic) scattering�l � e

Flux = F(E1=m𝜒h)�h � e

Displaced decay Prompt decay/mBDM

x
+
✻
•

Black point: Pseudo-Dirac
Gray point: Scalar

Green line: Pseudo-Dirac toy 𝜖 change
Orange line: Scalar toy 𝜖 change



Assume no bkg.

Search in WIMP direct detection exp
Toy model: dark gauge boson X

X decays visibly



e-scattering

• Eth low in Cherenkov light  
detectors (high 𝜎) 

• Sensitive with small flux  

• Separation of two signals 
not easy (good for low pe)

p-scattering

• Eth high in Cherenkov light  
detectors (low 𝜎) 

• Need large flux 

• Separation of two signals & 
3 visible objects: promising

Intensity frontier exp.

DUNE

pros

cons

cons pros

Conclusions
• Flavorful/non-minimal dark sector (𝜒l): cascade process 

• Analyzed in current & future large volume 𝜈 detectors:  
                                Super-K, Hyper-K, DUNE   



Conclusions
• Flavorful/non-minimal dark sector (𝜒l): cascade process 

• Analyzed in current & future large volume 𝜈 detectors:  
                                Super-K, Hyper-K, DUNE   

• WIMP direct detection experiments for the lighter DM 
               (Xenon1T, LZ, …) m𝜒h ~ O(0.1 - 1 GeV)

m𝜒l ~ O(1 - 10 MeV)

Depends on the detector resolutions much



Back up

Ilten, Thaler, Williams, Xue, 1509.06765



Back up

Essig et al., 1311.0029



e/N scattering prospects

Exp. e-scattering p-scattering

Energy for primary scattering Peaking towards smaller momentum transfer

Threshold energy Small Large for Cherenkov
Small for LArTPC

Form factor suppression N/A Yes

Deep inelastic scattering N/A Yes

Energy for secondary process (Typically) highly boosted (Typically) less boosted

Object identification

 

 

   

 
 

 

DIS

Short range for
elastic scattering
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Boosted DM

Agashe, Cui, Necib, Thaler, 1405.7370

SM

SM

�h

�h �l

Minimal model example

Z2 Z’2

Belanger, Park, 1112.4491

Most of  
the relic

Yh

Freeze out first

Assisted freeze-out 
(Flux of relic 𝜒1: small)

Freeze out later

Yl

non-relativistic

�l



Really background free?

Kim, Park, SS, Work in progress 

• Not energetic muon 𝜇→e𝜈e 𝜈𝜇 (e + ℓ): cut out by requiring E > 0.1 GeV 

• n𝜈𝜏 → p𝜏 → pℓ𝜈ℓ 𝜈𝜏 (p + ℓ): cut out by requiring 3 visible objects 

• n𝜈e → pe → 3e + … by hadronized p (or just by NC): ring shape & energy

Background may be negligible (dedicated analysis needed)
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• Not energetic muon 𝜇→e𝜈e 𝜈𝜇 (e + ℓ): cut out by requiring E > 0.1 GeV 

• n𝜈𝜏 → p𝜏 → pℓ𝜈ℓ 𝜈𝜏 (p + ℓ): cut out by requiring 3 visible objects 
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Cherenkov light detectors (Kamiokande)

Our signal (e-scattering)

Primary signal (clean): 0.1 - 0.3 GeV

Secondary signal (vague): higher E

Hadronized background

e from CC (clean): higher E

e from p/n (vague): lower E

+ Number of events of p(n) → (2)e small 

Background may be negligible (dedicated analysis needed)

+ directionality (GC)?



Really background free?

• Not energetic muon 𝜇→e𝜈e 𝜈𝜇 (e + ℓ): cut out by requiring E > 0.1 GeV 

• n𝜈𝜏 → p𝜏 → pℓ𝜈ℓ 𝜈𝜏 (p + ℓ): cut out by requiring 3 visible objects 

• n𝜈e → pe → 3e + … by hadronized p (or just by NC): shower can be seen

Kim, Park, SS, Work in progress 

Maybe DUNE can separate all possible backgrounds

Ionization from the charged track (DUNE)

Background may be negligible (dedicated analysis needed)
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Back up
Flux of atmospheric neutrino

Energetic neutrino ~ 10-4 cm-2 s-1

𝜃: zenith angle



Back up

x 0.1 or smaller



Back up

x 0.1 or smaller



Back up



Passive search of relativistic DM scattering

Modification of minimal models make them super promising

• From Sun: a small coupling of 𝜒h - SM or self-interaction of 𝜒h 

 

• Non-minimal dark sector (just like SM?): extraordinary signal

Berger, Cui, Zhao, 1410.2246

Kim, Park, SS, 1612.06867 

Kong, Mohlaberg, Park, 1411.6632 
Alhazmi, Kong, Mohlaberg, Park, 1611.09866 

𝜒h𝜒h → 𝜒l 𝜒l (current universe) relativistic

�l
�l



Energy spectrum: e-scattering

• Primary scattering cross section large when momentum transfer small   

• Eth low for e-scattering but high for p-scattering (Cherenkov detectors) 

• Proton scattering is suppressed by atomic form factor

e-scattering preferred over p-scattering
in lab frameprimary scattering

Kamiokande

unstable



e-scattering: highly collimated
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e-scattering: highly collimated

Angular resolution 3° ? two signals!  
(drops for smaller pe)

�

red line: angle target - 𝜒2

in lab frame

in lab fra
me

highly  
collimated

unstable



e-scattering: highly collimated

�

red line: angle target - 𝜒2

in lab frame

unstable

e+ e�

Assume 𝜙 decays to e+e�

Mostly < 1.5° 



�

e+ e�

Assume 𝜙 decays to e+e�

Super-K
Hyper-K
DUNE

0.1
0.1

Ee[GeV]

effective for E > Eth
We need 
good res.

e-scattering: detection prospects
unstable



p-scattering: energy spectrum

• Primary scattering cross section large when momentum transfer small   

• Eth high for proton scattering (for Cherenkov) 

• Proton scattering is suppressed by atomic form factor

p-scattering NOT preferred over e-scattering (Cherenkov)
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p-scattering: energy spectrum

• Primary scattering cross section large when momentum transfer small   

• Eth high for proton scattering (for Cherenkov) 

• Proton scattering is suppressed by atomic form factor

p-scattering NOT preferred over e-scattering

Deep Inelastic 
Scattering

(Cherenkov)
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p-scattering: energy spectrum

• Primary scattering cross section large when momentum transfer small 

• Eth high for proton scattering (for Cherenkov) 

• Suppression by atomic form factor: not so severe for pp < 2 GeV

p-scattering NOT preferred over e-scattering

Short range for 
elastic scattering

(Cherenkov)
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p-scattering: energy spectrum

• Eth low for proton scattering for liquid Ar detectors (DUNE: Eth 50 MeV) 

• Separation of two signals are more promising than e-scattering

However, the cascade process is still unique

unstable

Long range for 
elastic scattering
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p-scattering: energy spectrum

• Eth low for proton scattering for liquid Ar detectors (DUNE: Eth 50 MeV) 

• Separation of two signals super good & 3 visible objects

However, the cascade process is still unique

� vector
separated

e+ e�

�χ�=���� �χ�=���� �ϕ=���� γχ�=��
�χ�=���� �χ�=�� �ϕ=���� γχ�=��

1 2 3 4
0

20

40

60

80

|p�p| [GeV]
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e
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p
-
χ 2

)[
°]

unstable

for both Kamiokande & DUNE


