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Light Dark Matter (LDM) 
The prediction for the mass scale of DM spans from 10-22 eV  to 1020 GeV  

1310.8327

Direct Detection Landscape

an active, important, and exciting program!

ü  WIMP DM is a popular theoretical paradigm (“WIMP miracle”) 
ü  Extensive exp. search for WIMPs with masses 10 GeV – 1 TeV  
     Sensitivity is very limited below few GeV 

Large classes of theor. models 
can make the observed relic 
density with sub-GeV DM: 
 
  - Hidden-sector models 
  - Supersymmetry  
  - Strongly Interacting DM (SIMP) 
  - Extra dimensions 
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Essential to explore the sub-GeV mass range for DM 
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ü      LDM (χ) can be generated in a beam-dump, for example in 
        decays of HS mediators, e.g. dark photons A’ à χχ

ü      >1020 photons expected in SHiP for 2×1020 p.o.t.  can be  
         used as a LDM beam 

 
ü       For MA’ > 2Mχ 
 
 
 
 
ü      Detect LDM via its scattering on atomic 
         electrons of the neutrino target. Use  
         emulsion as a sampling calorimeter to 
         identify electron and measure its energy 
         and its direction  
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Differences Among Beam Dumps

Proton beams: 
→ Production of 100’s MeV to GeV DM 
can be x100 larger than in electron 
beams 
→ Energy/Angle spectrum mirrors 
meson energy/Angle spectrum
→ Must contend with neutrino bkg!

Electron beams: 
→ negligible neutrino background
→ DM production peaks sharply in 
forward region with high energy fraction
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Beam Dump “Direct Detection”

Electron Scattering
Low recoil energies, light mediator

Coherent Nuclear
Low recoil energies, light mediator

Quasi-elastic Nucleon
Higher recoil energies > 10s MeV,  

enhancement, form factor Z2

⇡,�,K · · ·
High recoil energies  

Inelastic hadro-production
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A0 33
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LDM prospects @ SHiP  
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MA’/Mχ=5	
  

With 50 signal events SHiP would be able to probe even beyond relic density in minimal 
hidden-photon model provided that the background from neutrino interactions 
is kept under control 

50	
  signal	
  events	
  
@	
  SHiP	
  

50 signal events of the LDM scattering correspond to 2.5t of lead  
(cylinder with 0.52m radius and 2.1m length) and 2×1020 pot. Selection efficiency 
is assumed to be 50%. 
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Backgrounds   

Golutvin Light Dark Matter Part B2

some 1018 D mesons and 1020 photons during the five year running period. These particles can then
produce new hidden-sector particles which have visible decay signatures. The particles of interest are
long-lived and can have decay products with large transverse momenta, necessitating that SHiP has
a detector which is both long in the beam direction and large in the direction transverse to the beam.
The decay volume shown in Fig. 2 is 50m long and has an elliptical cross-section, 10m⇥5m across.

The target is formed from ten interaction lengths of molybdenum/tungsten. The use of these
heavy materials forces pions/kaons to shower before they can decay semileptonically and give rise
to neutrinos. The interactions of such neutrinos in or around the SHiP detector form the dominant
backgrounds that mimic various hidden-sector signatures. The target design is thus absolutely critical
to reduce backgrounds for the hidden-sector physics programme. Heavy hadrons like Ds will decay in
the target before interacting, thus producing a significant residual yield of tau neutrinos in the dump.
This residual neutrino flux will give several thousand tau-neutrino interactions in a dedicated neutrino
detector (see below), to be compared with the handful of events observed thus far worldwide [50, 51].

After the target, a large volume of iron acts as the hadron absorber required for radiation shielding.
Immediately after the hadron absorber, a large system of magnets is used to form an active muon-
shield that sweeps the 1010 muons produced every (7.2 s) SPS cycle out of the detector acceptance. If
such muons were not swept away, they would give an enormous detector occupancy and could again
generate backgrounds that mimic the hidden-sector signatures of interest, as well as saturating the
emulsion-based neutrino detector described below.

An integral field of ⇠ 80Tm is required to sweep the highest momenta muons that are produced
out of the detector acceptance. A long sequence of magnets cannot achieve this sweeping, as muons
deflected in the upstream part of the shield can then encounter the return field of magnets
further downstream which will bend such muons back towards the detector. To solve this problem,
the shield will employ a first set of magnets positioned along the beam axis, z, at 0 < z < 19m that
move all µ+ to one side of the beam line and all µ� to the other side, regardless of their initial direction.
Subsequent magnets 19 < z < 48m then place the return field in the central gap created (see Fig. 3).
The shield will require large “wings” to sweep out relatively low momenta muons which still encounter
the return field of the initial magnets (again, shown in Fig. 3) and will contain a total of 2800 tonnes of
iron. The shield has been shown to meet the performance demands of both hidden-sector searches and
to reduce the occupancy in the SHiP neutrino-detector [2]. Charged particles will be swept out by the
shield and primary neutrons will be stopped in >80 interactions lengths of material. Of particular
importance to the proposed research is the fact that the magnets of the muon shield
start only after the hadron absorber, some 5m after the target. Given the divergence of
the particles produced in the target, in order to achieve the required separation between µ

±, the first
magnets of the shield then have an aperture of ⇠2m.

Figure 3: The x, z configuration of the muon shield
showing the trajectory of a 350GeV muon and a
30GeV muon. The light- and dark-grey show the re-
gions of field and return field respectively. The first
2m of the ⌫⌧ detector are occupied by the current
emulsion detector.

⌫e ⌫̄e ⌫µ ⌫̄µ all
Quasi-elastic scattering 105 73 178
Elastic scattering on e

� 16 2 20 18 56
Resonant scattering 13 27 40
Deep inelastic scattering 3 7 10
Total 137 109 20 18 284

Table 1: Number of background events expected
from neutrino interactions in a LDM search with
2⇥1020 POT using the present neutrino-detector
design. The uncertainties on the relevant neutrino
flux and cross-sections are at the 15–25% level.
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Dominant background comes from neutrino interactions ! 
 
Neutrino interactions can generate electrons in a number of ways:  

Dominated by inelastic neutrino scattering (~250 events) that is accompanied 
by additional particles (in contrast to LDM scattering)   
 
Present design of the emulsion brick has 1 mm thick absorber plates 
Tracks with P<100 MeV can not be reconstructed 
 
à Reduce the thickness of the absorber plates (down to 0.5 mm ?) 
à Veto on the activity in emulsion rather than on the reconstructed tracks 
     to further reduce contribution from inelastic neutrino interactions 

The	
  uncertain0es	
  in	
  neutrino	
  flux	
  and	
  cross-­‐sec0ons	
  are	
  ~15-­‐25%	
  

Note:	
  Background	
  has	
  
been	
  es3mated	
  for	
  the	
  
10t	
  of	
  lead	
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Backgrounds (cont.)  

Golutvin Light Dark Matter Part B2

Figure 4: Electron energy versus scattering angle for LDM scattering (left) and quasi-elastic neutrino-scattering
(right) events. The LDM is again assumed to come from the hidden-photon model discussed above with
m�=100MeV and a coupling consistent with the relic density.

ity to detect such particles and they are used to veto events, giving the residual rates shown in Table 1.
However, the 1 mm thick lead plates in the existing design scatter many of the charged particles with
momentum below 100 MeV such that they are not reconstructed.

A new detector capable of measuring the energy and precisely measuring the elec-
tron scattering-angle would have significant additional discrimination power against the
dominant inelastic neutrino-scattering backgrounds. With the present neutrino-detector design, no
measurement of the electron energy is possible and the direction may be determined only when the
electron does not shower in the 1 mm absorber plate. The electron angular and energy distribution
expected from quasi-elastic events is shown, together with that of LDM scattering events, in Fig. 4.
The distribution of the signal and of the quasi-elastic background di↵ers markedly. The true energy
and angle are shown in this figure. A preliminary study suggests that an energy (angular) resolution
of 5% (1 mrad) will be feasible.

A detector with thinner layers of absorber material in front of the emulsion layers
would enable a larger fraction of the additional charged particles to be found and would
help to further reduce quasi-elastic neutrino scattering backgrounds. Deep-inelastic and resonant
scattering processes tend to produce more additional particles than quasi-elastic events and would be
even more e↵ectively suppressed.

Simulation studies indicate that with 0.5 mm thick lead plates, the energy, direction and
improved multiplicity information could be used to reduce the ⇠230 inelastic background
events by a factor ⇠10. Moreover, this background estimate is based on finding the complete tracks
(four segments with 16 hits each) in the emulsion for any additional charged particles. In a LDM search,
study of the reconstruction may allow events to be vetoed based on finding some number of hits in
the emulsion, rather than a full track, further reducing the background.

The existing neutrino detector would also have a ⇠50 event residual background from elastic
neutrino scattering. These events are expected to have an energy and angular distribution much
closer to that of the LDM scattering events and no additional particles are produced. In the mass
range of interest, measurements of energy and angle will typically allow a factor 2–3 reduction in the
background level, depending on the LDM mass.

A detector capable of measuring the recoil-electron energy, precisely determining the electron angle
and determining the interaction multiplicity would allow the backgrounds in Table 1 to be reduced to
a level .50 events, with an uncertainty of ⇠10 events2. As discussed in Section a.1, such a detector
would then o↵er unprecedented sensitivity for LDM.

To deliver the required measurements, the project will investigate the use of an emul-
sion/heavy material sandwich as a sampling calorimeter. By using thinner layers of heavy
absorber material than are proposed in the present neutrino-detector design, more electrons from scat-
tering events will escape the absorber and their entire electromagnetic showers will then be tracked in
the emulsion. The feasibility of this technique is illustrated in Fig. 5 which shows data from
the OPERA experiment [53]. The electromagnetic shower that results from two photons can be
seen in the emulsion. Although the OPERA detector configuration means that too many particles are

2 Taking into account the uncertainties on the relevant neutrino flux and scattering cross-sections, as well as the
statistical uncertainty.
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à Use energy-angular correlation to discriminate LDM scattering against 
     inelastic neutrino interactions (requires MVA selection) 

LDM	
   Quasi-­‐Elas0c	
  
ν interactions

ü  Preliminary estimation indicates that the background from quasi-elastic 
    neutrino interactions can be reduced by an order of magnitude 
ü  Background from elastic neutrino scattering can be reduced by a factor 2-3 
     depending on the LDM mass 
 
ü  50 signal events correspond to >5σ observation if the total background is 
    at the level of  ≤ 50 events 

à Use different Pt of neutrinos produced in hadron decays and LDM from 
     dark photons. Optimize the shape of emulsion detector for LDM search 
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Emulsion as a sampling calorimeter  

Golutvin Light Dark Matter Part B2

Figure 5: Data from the OPERA experiment. The charged particles resulting from two electromagnetic showers
in the emulsion detector which originated from two photons, �1 (yellow) and �2 (red) can be seen, along with
the superimposed trajectories of various charged particles. Adapted from Fig. 1 of Ref. [53].

lost in the absorber to give precise energy/direction measurements (the showers are visibly asymmet-
ric), individual tracks in the shower are clearly visible in the emulsion. A suitably designed
detector could exploit this to measure the track of the initial electron from a LDM scatter and the
pattern of the electromagnetic shower, enabling a precise determination of the initial electron direc-
tion and/or the shower centre-of-gravity (COG). The energy can then be determined by counting the
number of tracks in the emulsion. Given the high granularity of the emulsion, the COG will be subject
to much less sampling noise than in a conventional transversely segmented calorimeter. The thinner
layers of absorber will also decrease the detection threshold for additional charged particles produced
in neutrino-scattering events, enabling better control of the non-elastic neutrino backgrounds to LDM
scattering. The detector concept is akin to that of the silicon calorimeter proposed for future linear
collider experiments [54], although with very di↵erent motivation3. However, to the PI’s knowledge,
no such device has been previously proposed making use of emulsion as the detection
medium. The LDMEcal will continue to serve as the SHiP neutrino-detector but the larger detector
mass proposed will increase the number of neutrino interactions that can be observed. The resulting
detector will therefore be of interest to both the fields of neutrino physics and to LDM
searches. Section b.1 below describes the work plan to design the LDMEcal.

To increase the probability of observing LDM scattering, the overall mass of heavy material
in the detector must be maximised. Given the individual layers of absorber need to be thinner,
the only way to achieve this is to have many more absorber layers than in the proposed SHiP neutrino-
detector, increasing the detector footprint along the beam line. Section b.2 below describes a new
and innovative method to create the space for this larger detector by magnetising the
hadron absorber and then shortening the remainder of the SHiP muon-shield.

Finally, in order to demonstrate the detector concept, the project will develop a test module of
the LDMEcal and measure the module performance in an electron beam. The work plan for
this final challenge is described in Section b.3.

The project management and risk analysis and contingency plans are described in Section b.4.

b.1 Challenge 1. Designing the LDMEcal

A GEANT4-based simulation study of the detector parameters will be used to design the LDMEcal.
For the energy determination, the design will need to balance the thick layers of heavy absorber
material that are required to give a high probability of giving a LDM scatter and the sampling
uncertainty, which is minimised by having thin layers of absorber material. By adjusting the sampling,
the project will investigate getting a symmetric shower profile which is wide and allows a precise

3The use of silicon sensors as the detection medium would be prohibitively expensive. In addition, in order to get
multiple hits to make up a track, thicker detection layers would be required, giving a less compact detector. The
emulsions will give 16 hits per layer in two, 44µm thick, layers either side of a 200µm plastic support and the bulk of
the LDMEcal will then be formed of heavy material which can scatter LDM. This means the detector can be compact
and hence can be positioned close to the target, giving a large geometric acceptance. Similar considerations make the
proposed LDMEcal superior to a noble liquid based detector.
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The feasibility has been demonstrated by the OPERA experiment 
Two photon showers are clearly seen: 

OPERA	
  

Optimize SHiP emulsion spectrometer to reconstruct electron showers 
    - Energy (angular) resolution of ~5% (1mrad) seems to be achievable with 
      0.5 mm thick absorber plates  
    - Usage of W as an absorber will narrow the em-showers 
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Direct Detection exp. 
 - SHiP has unique potential 
   for Mχ <1GeV 
 - BDX in JLab may have a 
   competitive sensitivity 
   for Mχ <10 MeV with 1022eot. 
 
 
 
 
 
 
 
 
 
 
 
 
     
Missing mass / momentum experiments 
- Belle II – comparable to SHiP for Mχ>0.5 GeV with 50 ab-1 
  provided that low energy mono-photon is implemented 
 - LDMX (under discussion at SLAC) has the best prospects for Mχ< 100 MeV 
    with 3×1021 eot. Time scale is unclear. 

Dark	
  sectors	
  2016:	
  1608.08632	
  

SHiP	
  
@	
  SPS/CERN	
  

MA’/Mχ=3	
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Conclusion  

ü  LDM searches have strong potential at SHiP – will further widen our physics 
    programme  
 
ü  Programme requires dedicated simulation and prototyping effort to establish 
    extent to which background can be controlled, optimise detector design 
    and develop reconstruction techniques 
 
ü  Seeking new postdoctoral effort to collaborate on these topics 


