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Introduction

• New Physics: Dark matter(DM), neutrino  masses and mixing, 
baryon abundance and various anomalies, g-2 of muon, 
MiniBooNE etc.

Are they all correlated? Is there a model?

• Where is the new physics scale?

• Many experiments are probing  new physics scales:  
DM direct and indirect detections, LHC, 
neutrino experiments,  beam dump experiments, rare decays, 
astrophysical observations etc.

• LHC is mostly probing scales above 1 GeV
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Investigation of scales below 1 GeV

• This region is difficult to search
• Anomalies, and puzzles can be addressed
• There are many new ideas

Models (Many ongoing activities):
Light mediators: scalar/pseudo-scalar, vector; sub-GeV DM

Low energy beam dump-based experiments, Forward physics facility at the 
LHC, Astrophysical observations, etc. can investigate low scale models

This talk will discuss: Exploration of various models at GeV scale proton beam 
dump-based stopped pion experiments: 
High intensity beam, various production possibilities, large detectors

Introduction



Beam dump-based (proton beam) 
[ongoing]:   800 MeV-3 GeV: COHERENT 
(Oakridge), CCM (LANL), JSNS2(JPARC)
Detectors, CsI, LAr, NaI, Ge

Fermilab SBN program: 120 GeV NUMI, 8 
GeV BNB beams (ongoing)

π±𝟎𝟎
γ

γ
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γ

e 𝒌𝒌±𝟎𝟎
Proton (p)

DUNE (120 GeV)

• FASER, FASERν, SND are ongoing

Proton beam-based experiments

High Intensity
~ 1021-23 POT

How complementary are these searches?
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Stopped pion experiments
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COHERENT

COHERENT: CsI data:2018

COHERENT (2017) No CEvNS rejected at 6.7σ: CsI
(2020): 11.6σ

COHERENT (2020)         No CEνNS rejected at 3.8σ : LAr

𝜋𝜋+ → 𝜇𝜇+ + 𝜈𝜈𝜇𝜇Prompt
:                     

Delayed
:                     

𝜇𝜇+ → 𝑒𝑒+ + 𝜈𝜈𝜇𝜇 + 𝜈𝜈𝑒𝑒

Proton beam hits a target Hg [COHERENT: 
1 GeV]

CEvNS: Coherent elastic neutrino nucleus scattering, Nuclear recoil~ O(KeV)
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CENS-DM

• For t < 1.5µ s, we have mostly prompt ν

• For Er >14 KeV (CsI) we remove the prompt ν

 We can remove the SM/NSI ν backgrounds

 Similar strategies apply to CCM, JSNS2

• Both neutrinos, DM produce nuclear recoils: how to distinguish them?

• The timing and energy recoil measurement at COHERENT, CCM, JSNS2  can be used

The ongoing CEνNS experiments, COHERENT, CCM etc. are probing light DM

Deniverville, Pospelov, Ritz, PRD, 2015, Ge, Shoemaker, JHEP, 2018,
Dutta, Kim, Liao, Park, Shin, Strigari, PRL, 2020

𝜈𝜈𝜇𝜇
𝜋𝜋+ → 𝜇𝜇+ + 𝜈𝜈𝜇𝜇,
𝜇𝜇+ → 𝑒𝑒+ + 𝜈𝜈𝑒𝑒 + �̅�𝜈𝜇𝜇
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CCM recently showed sensitivities to energies from KeV to 100 MeV

This opens up various new possibilities:

Axion,  Inelastic DM-nucleus scattering,  Dark photons,  
Light mediators: MiniBooNe anomaly, HNL, Mirror Neutrons etc.

New particles can be produced  at the target using γ, 𝑒𝑒±, pion flux

CCM: KeV to MeV

CCM/COHERENT:  0.1        per proton: 1022/23 POT𝜋𝜋+

CCM, 2112.09979

CCM, 2112.09979 (PRD)



𝐴𝐴′: Vector
φ=scalar 
a=pseudo-scalar

𝛾𝛾

New physics at ν experiments
From γ:

𝑨𝑨′

𝛾𝛾

N N

a,φ
𝛾𝛾,𝑨𝑨′

𝐿𝐿 ⊃ −
ε
4
𝐹𝐹𝜇𝜇𝜇𝜇𝐹𝐹𝜇𝜇𝜇𝜇

(′) − 𝑔𝑔𝑎𝑎,𝜙𝜙𝜙𝜙(𝑍𝑍′)
(𝑎𝑎,𝜙𝜙)

4
𝐹𝐹𝜇𝜇𝜇𝜇 �𝐹𝐹𝜇𝜇𝜇𝜇

(′)

Coherent scattering for γ exchange

Primakoff

Deexcitation of N* to N: produce a, s, 𝐴𝐴′

L. Waites, A. Thompson, A. Bungau, J. Conrad, B. Dutta, 
W. Huang, D. Kim, M. Shaevitz, J. Spitz, 
arXiv:2207.13659
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• From 𝑒𝑒±: 𝐿𝐿 ⊃ −𝑔𝑔𝜙𝜙 𝑎𝑎 𝑒𝑒𝑒𝑒�̅�𝑒 𝑖𝑖𝛾𝛾5 e 𝜙𝜙 𝑎𝑎 −𝑔𝑔𝐴𝐴′𝑒𝑒𝑒𝑒�̅�𝑒 𝛾𝛾𝜇𝜇e 𝐴𝐴𝐴

New physics at ν experiments

𝛾𝛾

𝑒𝑒− 𝑨𝑨′

𝑒𝑒+

𝑒𝑒−

𝑒𝑒+ 𝑨𝑨′

a,φ

N N

𝑨𝑨′ a,φ

𝑒𝑒± 𝑒𝑒±

Associated

Bremsstrahlung

Resonance

𝛾𝛾

𝑒𝑒±

𝑒𝑒±

a,φ
Compton

a,φ

𝑨𝑨′

𝜋𝜋+

𝜐𝜐𝑙𝑙

𝑙𝑙+

a,φ
𝑨𝑨′

,𝐾𝐾+

• From Charged meson decay: quarks and lepton couplings

 Not helicity suppressed  both electron 
and muon final states contribute

 Needs to include all the internal 
bremsstrahlung diagrams IBi (i=1,23)

𝐿𝐿 ⊃ −𝑔𝑔𝜙𝜙 𝑎𝑎 𝑓𝑓𝑓𝑓 ̅𝑓𝑓 𝑖𝑖𝛾𝛾5 f 𝜙𝜙 𝑎𝑎 −𝑔𝑔𝐴𝐴′𝑒𝑒𝑒𝑒 ̅𝑓𝑓 𝛾𝛾𝜇𝜇f 𝐴𝐴𝐴𝜇𝜇

• Neutral meson decays 𝜋𝜋0 → 𝛾𝛾𝐴𝐴𝐴𝜇𝜇𝜂𝜂0,
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N* N γDM (χ) can be scalar/fermion

𝑨𝑨′

χ

�̅�𝜒

We use Bigstick: Shell Model code for this calculation

Example 1: MeV signal - DM

B. Dutta, W. Huang, 
J. Newstead, V. Pandey, 
Phys.Rev.D 106 (2022) 11, 113006
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MeV signal - DM

𝑔𝑔𝐷𝐷= 2𝜋𝜋,
𝑀𝑀𝐴𝐴′
𝑀𝑀𝜒𝜒

= 3
B. Dutta, W. Huang, J. Newstead, arXiv:2302.10250 

• We use CCM background measurements and projections

• Signal: Recoil (KeV), deexcitation photon
• A lower threshold detector will help to improve the sensitivity in the elastic channel

• t < 200 ns, prompt window reduces the neutrino background down to  O(1) events

• Rescale the shell model prediction to be consistent with the experiment, W. Tornow et al., 
2210.14316 
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MeV signal – DM: Leptophobic
U(1)B Model

Can we implement inelastic scattering at SBN?
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Example2: dark photon

𝑒𝑒−

𝑒𝑒+
𝑨𝑨′

Productions involve: Charged and neutral meson decays, 
protons, electron/positron flux induces bremsstrahlung and various other production processes

ε

Decay final states

Scattering final states  (ongoing)

Dutta, Karthikeyan, Kim, to appear

Dark Photon

𝑚𝑚𝐴𝐴′(GeV)

𝑀𝑀𝐴𝐴′
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Example 3: ALP
• γ, 𝑒𝑒± fluxes,  Primakoff/Compton productions, inverse Compton/Primakoff, decays 

final states are used by CCM(LANL) to explore new physics

CCM, 2112.09979𝐿𝐿 ⊃− −𝑔𝑔𝑎𝑎,𝜙𝜙𝜙𝜙
𝑎𝑎
4
𝐹𝐹𝜇𝜇𝜇𝜇 �𝐹𝐹𝜇𝜇𝜇𝜇

𝐿𝐿 ⊃ −𝑔𝑔𝑎𝑎𝑒𝑒𝑒𝑒�̅�𝑒 𝑖𝑖𝛾𝛾5 ea

Scattering Decay

• For gae, coupling, the CCM engineering run data has started 
exploring new parameter space



Additional detection and production modes: 
MeV Lines from inelastic absorption,  
e.g., axion absorption;

Axion productions from deexcitation 
lines at the target

Primakoff/ Compton production
Inverse Primakoff/Compton detection

Example 3.1: Absorption

𝑔𝑔𝑎𝑎𝑒𝑒𝑒𝑒, 𝑔𝑔𝑎𝑎𝜙𝜙𝜙𝜙

Dexciation production
Inelastic Absorption 𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎

𝑁𝑁∗

N

a/A’/γ

𝑁𝑁∗

N

a/A’

N

γ

E=0
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We use these lines to produce axions, 
dark photon production

. 

CCM/PIP2: ALP

• These lines are also utilized at IsoDAR
[60 MeV proton beam dump experiment with 
Be target]

• Can be utilized at PIP2 and DAMSA
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• 𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎𝜙𝜙𝜙𝜙

deexcitation line (target)+
inverse Primakoff/Compton 
(detector);
Primakoff/Compton (Target)
+excitation (detector) 

• 𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎

deexcitation line (target)+)
+excitation (detector) 

CCM/PIP2: ALP

Dutta, Newstead, Huang, to appear
• De-excitation line at the target is due to absorption:



MiniBooNE anomaly: Dark sector

Use the charged pion 3 body 
Decay (helicity unsuppressed):

• For dark sector appearing from π0->V γ only: ruled out by MB dump

Dutta, Kim, Remington, Thompson, Van de Water, PRL 129 (2022) 11, 111803 

Can be probed at CCM, MicroBooNE, SBND, DUNE

Detection

Example4: Dark Sector



MiniBooNE puzzle at CCM/PIP2

Dark Sector

Productions via π0 and π+ can be investigated would help to discern light mediator models

PIP2
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Dark Sector

A. Thompson, CCM collaboration, to appear
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Outlook
• Light mediator models can explain various anomalies and puzzles

• Many model possibilities

• M(new physics) < GeV is not easy to probe, e.g., LHC, direct and indirect detection 
experiments mostly probe M > GeV

• Stopped pion based proton beam dump experiments have unique opportunities to 
probe the dark sector with MeV e, γ final states  
neutrino-related background is small

• New physics can be searched using pion, γ, 𝑒𝑒±, meson fluxes, Lower mass scales 
can be probed efficiently

• Ongoing CCM is already providing interesting results on dark sector model 
parameter space

• PIP2-BD can investigate a larger range of parameter space of various models
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