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Dark matterDark matter

SUB-GeV
or light 

dark matter

 Mass

 Spin

Couplings

☑ Gravity

 Weak interaction?

 Higgs?

 Quarks/Gluons?

 Leptons?
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Light dark matter (LDM) modelLight dark matter (LDM) model
Standard Model (SM) symmetry

From observations DM should be 
described by a quantum field 
uncharged under U(1)EM 
electromagnetic or SU(3)C of color 
(and if it is, it must be very small)

LDM model is an extension of the 
SM that introduces a new dark U(1) 
gauge group:

A’ is the gauge boson of U(1)D. 
χ serves as a DM candidate and is 
charged under U(1)D (charge equal to 
one and neutral with respect to the SM
gauge group).

LDM is the simplest dark sector 
scenario. The LDM χ interacts with 
standard model particles through a 
dark photon A’ that is kinetically 
mixed with the ordinary photon.

The LDM is described by the effective 
Lagrangian:
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Light dark matter (LDM) modelLight dark matter (LDM) model
LDM is written in terms of four 
parameters:
● The dark matter mass mχ
● The dark photon mass mA’
● The dark gauge coupling gD or the 

dark fine structure constant αD

● The dark photon-photon kinetic 
mixing ε or in terms of the 
variable Y:

,
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State of the artState of the art
Experiment αD ε mA' mχ Observations

BABAR
0.1 <10-3  <8GeV >60MeV Excluded region
0.1 - - >100MeV With χ Termal relic

NA64 0.1 - <150MeV - Via missing energy 
analisis

CRESST- II 
and III

Large 
values - - >500 MeV

χ relic abundance 
corresponds to the 

observed DM abundance
<0.1 - - MeV-GeV
<0.5 - - >10MeV

Planck - - - >6.9 MeV Minimal DP model
χ is a complex scalar

MiniBooNE 0.5, 0.1 <10-3 7mχ , 3mχ sub-GeV Special run for DM 
search
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Sensitivity to LDM at neutrino facilitiesSensitivity to LDM at neutrino facilities

Hunt for sub-GeV dark matter at neutrino 
facilities: A survey of past and present 
experiments. Buonocore, L. and Frugiuele, C. 
and deNiverville, P. PRD 102, 035006 (2020).
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2. Neutrino and dark matter 
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Direct detection of accelerator produced DM in proton beamlineDirect detection of accelerator produced DM in proton beamline

M
IN

ER
vA

NuMI

A’
A’



Marco A. Ayala-Torres 10 / 39

Hadron and meson production at NuMI energies (Pythia8)Hadron and meson production at NuMI energies (Pythia8)

1)p+p collision, one proton belongs to 
the 120 GeV beam and the other 
one is at rest as a fix target (0 GeV).

2)Pythia8 classify the processes in the 
physics scenario. In this part we 
evaluate hard and soft QCD.

3)HardQCD gives better agreement 
with the production1,2,3 1-http://hal.in2p3.fr/in2p3-00021835

2 - arXiv 1809.06388

3 - arXiv 1912.09346)

Prod. per p+p

π+ 4.28

π- 3.57

K+ 0.41

K- 0.28

π0 4.01

η 0.53
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Dark matter fluxDark matter flux
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Production of neutrino Production of neutrino 
and dark matter fluxes and dark matter fluxes 
(Pythia8)(Pythia8)

Dark matter flux

[1]Constraint of the MINERvA medium 
energy neutrino flux using neutrino-
electron elastic scattering. MINERvA 
collaboration, PRD.100.092001, (2019)

- Unconstrained Muon 
neutrino flux1
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● Data POT: 1.16 x 1021 
● MC p+p: 108

Event selection Weights

● Solid angle area of 83.6m2 
that corresponds to 5mrad 
(θχ<5mrad) and a distance of 
1031.7m (where MINERvA is 
located after the first focusing 
horn)

● MC p+p

Note. The 108 MC does not 
yield a DM energy distribution. 
For that reason, we artificially 
increase the decay rates of π0 

and η.
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Differential cross-sectionsDifferential cross-sections

A’
A’
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x10-37

16/42
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3. Dark matter signal events



Marco A. Ayala-Torres 17 / 39

Dark matter signal eventsDark matter signal events

Analysis Cuts1

Electron recoil energy cut:
Ee >0.8 GeV

Electron energy times the 
square of the electron angle 
with respect to the beam:  

Eeθ2e<3.2 MeV * Rad2mχ =1 MeV, Y=2x10-11

Events = 111
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The electron energy times the square of the The electron energy times the square of the 
electron angle with respect to the beamelectron angle with respect to the beam
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4. Analysis of toy χ2 
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The following part correspond to a simple analysis of χ2 to 
estimate the sensitivity of MINERvA, where correlation between 
bins is not considered. For the analysis, we set a normalization 
to 100 events for data and MC. The MC prediction corresponds 
to the sum of 1) νμ + e, 2)background(!(νμ+e)) and 3) DM 
signal.
χ2 is given by:

where Mtrue and MData correspond to the value of the i-th bin for MC 
and data, respectively, σi is the error associated with the data of 
the i-th bin.

χχ22 analysis analysis
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Values scanned in the space parameterValues scanned in the space parameter
Y Entries Entries Norm

ET2 E ET2 E
1E-13 134.694 137.484 206.285 21.3745
4E-13 134.705 137.491 206.277 21.3712
1E-12 134.771 137.53 206.234 21.3533
4E-12 135.96 138.229 205.469 21.0343
9E-12 141.168 141.267 202.194 19.7007
1E-11 142.64 142.124 201.294 19.3299
2E-11 168.447 156.745 186.691 14.2502
3E-11 217.787 183.139 163.832 9.34711
4E-11 299.997 224.284 134.989 10.4345
5E-11 434.442 287.507 102.16 25.0081
6E-11 619.97 369.495 72.9602 60.2804
7E-11 889.317 484.215 49.8436 131.315
8E-11 1286.36 645.126 37.1214 251.36
1E-10 2495.09 1111.8 78.7076 707.998

1.4E-10 7678.29 2997.68 663.119 3035.01

For a DM mass of For a DM mass of 
10MeV, the Y values 10MeV, the Y values 
explored were:explored were:
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Example of Example of EθEθ22 distribution for  distribution for Y=3x10Y=3x10-11-11
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χχ2 2 distribution for distribution for EθEθ22

4.7x10-11 (90%)
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Example of the Example of the electron recoil energyelectron recoil energy distribution for  distribution for Y=3x10Y=3x10-11-11
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χχ2 2 distribution for distribution for EEee

7.4x10-11 (90%)
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Values scanned in the space parameterValues scanned in the space parameter
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Summary
● The implementation of this toy χ2 that uses the shape distribution of 

MINERvA signal can constrain the accepted region of the Light Dark 
Matter parameters. This first estimate is in accordance with what is 
reported by deNiverville et al.

Status and next steps to implement LDM in GENIE v3
● For the exploration and training, I got the νμ + e and νe + e scattering 

n-tuples in CH and the reproduce the Eθ2 and Ee distributions [1] 
(similar for the boosted dark matter). For me, the most immediate 
way to implement the light dark matter model is through the weight of 
the differential cross-section of νμ + e scattering to approach it to 
the differential cross-section of DM + e scattering  and use the 
DM flux obtained with Pythia8 (as input).  
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Backup
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Tree-level annihilation of 
scalar dark matter in the U(1)D

Scattering of scalar dark 
matter in the U(1)D

With v~0.3 at freeze-out, this mass scale 
imposes the following restriction on the model 
parameters:

Dark matter 
annihilation rate
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● Data POT: 1.16 x 1021 
● MC p+p: 108

Event selection

Analysis Cuts
● Electron energy cut 

Ee >0.8 GeV
● Electron energy times the 

square of the electron 
angle with respect to the 
beam 

Ee θ2e < 3.2 MeV * Rad2

Weights

● Solid angle area of 83.6m2 that 
corresponds to 5mrad (χ < 5mrad) 
and a distance of 1031.7m (where 
MINERvA is located after the first 
focusing horn)

● MC p+p
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Neutrino fluxNeutrino flux

Daughter particles focusing 
(charged π or kaon and also the 
muons from its decay)      

Proton 120GeV   π+  or K
+

ν
θ

Target 
(Proton at rest)
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Validation – off-axis regionValidation – off-axis region
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Validation – on-axis regionValidation – on-axis region

MINERνA TDR
NOvA is Off-axis in the region of 12-
14mrad
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ν and DM fluxes in MINERvA (LE)MINERvA (LE)
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mχ (MeV) Y ε
1 2x10-11 1.3x10-4 3.2x10-8 1.3x10-8

10 3x10-11 1.6x10-4 4.2x10-8 1.9x10-8

30 2x10-10 4.0x10-4 5.6x10-8 1.2x10-7

40 4x10-10 5.7x10-4 6.0x10-9 2.2x10-7

100 3x10-9 1.6x10-3 - 6.5x10-7

180 2x10-8 4.0x10-3 - 3.1x10-10

The parameter spaceThe parameter space
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The electron energy times the square of the The electron energy times the square of the 
electron angle with respect to the beamelectron angle with respect to the beam

x10-3x10-3
R

at
io

 
N

 E
v e

nt
s 

D
M

 /  
D

at
a

R
a t

io
 

N
 E

v e
n t

s  
D

M
 / 

D
at

a

x10-3



Marco A. Ayala-Torres 38 / 39

Ratio DM signal/background Events Ratio DM signal/background Events 
after the cut Eθafter the cut Eθ22<0.0032 GeV × rad<0.0032 GeV × rad22
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Ratio DM signal/background Events Ratio DM signal/background Events 
after the cut Eθafter the cut Eθ22>0.0032 GeV × rad>0.0032 GeV × rad22
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