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•   search methods  
•   recent results and projections 
•  summary
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 Dark Matter (DM)   

What  makes up most of the Universe's mass?

Possible answer: sub-GeV thermal DM from Dark Sector. 

Dark(hidden) sector consists of particles and fields which are singlets 
with respect to the gauge group of the SM and interacts with visible 
matter presumably  only via gravity. 

TeVkeV MeV GeVµeV

Axion Sterile ν Dark  Sector 
Thermal DM WIMP
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Thermal Dark Matter: Evolution of the Density    

•  For T>>mχ , χχ<->SM is in equilibrium, nχ~T3

•  Hubble expansion, T & nχ  decrease 
•  For T < mχ   χχ<->SM gets suppressed,  nχ~T3/2e-mχ /Τ 

•   Finally χχ<->SM stops, nχ~ frozen in time Γinel = nχ< σv > ∼ Η

•  < σv > ≅ 3x10-26 cm3/s ≅ (1/20 TeV)2

•  If DM is in sub-GeV range it must be SM neutral
•  Thermal freeze-out motivate new interaction to mediate DMßàSM 

annihilation.  New force in additional to gravity is required!

     Γinel = nχ< σv > 
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Interaction between the Visible and  Dark Sectors  

    Dark SectorSM
Portal?

The most important portals are dictated by 
Standard Model symmetries:

•  Vector
•  Higgs
•  Axions 
•  Sterile Neutrinos

Focus of this talk: vector mediator 



  Vector portal to Dark Sector     
 Okun, Holdom’86 .. 

•  new massive (dark) photon with γ–A´ kinetic mixing: ΔL=ε/2 F μνA´μν 

•  GUT prediction for the size of the  γ-A´mixing  strength (ε<<1): 
    1-loop: ε ~10-4 -10-2 ; 2 loops:  ε ~10-5 -10-3,  mA´ ~ ε 1/2 MZ   
•  A´decays:
- mA´<2mχ : visible decays into SM,  A´à e+e-, μ+μ-, hadrons,.. 
- mA´>2mχ: invisible decays into DM: A´à χχ , αD >> ε, αD=eD

2/4π 

•  Cross section  for χ-DM annihilation:
     Γinel = nχ< σv > 

    σν ≈ [αD ε2(mχ/mA´)4] α/mχ
2 = y α/mχ

2 ; 
    y=[αD ε2(mχ/mA´)4]   - useful variable to compare FTE sensitivities

χ

χ

e+

e-
eDe

´
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Sub-GeV Thermal DM scenarios   

The TDM candidates χ : scalars,  Majorana, pseudo-Dirac fermions. 
Required  SM<->DM annihilation rate give exciting target for the (ε, αD, mχ, mA) 
parameter space  which can be probed  at F-T experiments. The dark coupling is 
typically assumed to be αe-m < αD < αS . 

Direct detection almost unfeasible 

Searching on accelerators
 more preferable 
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Summary table of current and future light-DM experiments.

arXiv:1707.04591
+more from 
PBC at CERN 
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 Some fixed-target experiments on sub-GeV TDM

Experiment Energy,
GeV 

    
 POT DUMP, m 

 Decay 
Volume,

     m

 
Physics Run

    NA64e,µ  100  5x1012–13

e-, µ-

    0.5      5  running

LDMX    4–10   ~1016 e-     <0.1  2022

MiniBooNE 8 2x1020 p ~500 2013/14

  SeaQuest   120 1018-1020

p
     5    10  2018
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~5x1018 e-
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χ

χ

χχ

χχ
Dump

e-

e-, µ

Detector

Tagging

Tagging

T

Tracker

NA64e (active dump)

ECAL HCAL

HCALECAL

LDMX, NA64µ

BDX, NA62D, SeaQuest,... 

BEAM DUMP MISSING ENERGY/MOMENTUM

nS ~ αDε4 neot
  for both 

- visible, A´->ee, µµ, or 
- invisible  A´->χχ  decays.

nS ~ ε2 neot
 

More signal  events 

Two approaches for searching for LTDM at FTE  

χ
χ

A´production:
A´- bremsstrahlung e- Zà e- Z A´, σ∼Z2ε2/mA´

2; 
or π0,η,η’… ->γA´, A´->χχ, ee, µµ, ..

 A´->ee, µµ

e-, p

e-, p



 Searches for A´->invisible decays: NA64@CERN SPS    
   

Main components :
•  clean  100 GeV e- beam  

•  e- tagging system: tracker+SRD 

•  4π fully hermetic  ECAL+ HCAL        

S.Andreas et al., arXiv: 1312.3309
S.G.,  PRD(2014)
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Background: 
u  µ, π, K decays in flight   

u  Tail < 50 GeV in the e- beam 

u  Energy leak from ECAL+HCAL

Signature: 
§  in: 100 GeV e-  track  

§  out: EECAL< E0 shower in ECAL

§  no energy in Veto and HCAL

SES < 10-11/EOT 

NA64 is designed  to search for new, in particular Dark Sector 
physics in missing energy events.   Broad research program with e-, 
µ, π, Κ, and p beams at SPC (PBC’16/17). Approved in March’16. 



  2018 run        
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		2018	run									
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NA64 results from 2016 run, 2.75x109 EOT 
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 A´ signal box:  
EEC  < 50; EHC < ~1 GeV  

Systematics errors are dominated by  the uncertainties in 
the A´ yield ~20%.  Cross checked with dimuon production. 

µ+µ-



A´explanation of (g-2)µ anomaly is ruled out   13.
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NA64 projections for ε    

 (background free case)
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Belle II 20fb-1

2017



Expected limits on sub-GeV TDM    15.
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 αD = 0.1(~αS)    αD = 0.01 (~αe-m)  
mA´ = 3 mχ

20172017



Expected limits on αD    
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A´->invisible: Light Dark Matter eXperiment (LDMX)   

Location possibilities

•  DASEL@SLAC at  4/8 GeV 
•  CEBAF@JLab up to 11 GeV
•  SPS@CERN ~10 GeV

Plans 
•  Rate 1 e-/3 ns, 1016/year
•  Phase I: ~ 4x1014 EOT
•  Phase II: ~ 1016 EOT
•  1st Physics run ~ 2022
 



Existing  and projected limits on sub-GeV TDM  

NA64 has  a good potential to cover region  sub-GeV thermal DM targets. 

(from US Cosmic Visions Workshop 2017)          

2.75x109 EOT, 
test run 2016.
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~ 5x1012 EOT, 
run 2018 +2021->.

NA64

NA64

LDMX Phase II

(assumption free) 

NA64
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A´->χχ:  MiniBooNE-DM@FNAL   
arXiv:1807.06137
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(g-2)µ and DM: what’s about 2nd L -generation?   

SG, Krasnikov, Matveev PRD’15

NA64µ

BaBar PRD’16

J.Heeck PLB’16

Strong motivation for a search for leptophobic mediator Zµ in a 
near  future  NA64µ experiment with a muon beam at CERN.
E.g.: leptonic Zµ à νν, DM  from (broken) gauged Lμ-Lτ symmetry
•  explanation of (g-2)μ 
•  mediator of new force, sub-GeV TDM
•  Impact on ν-physics,  
Currently NA64µ proposal under preparation
NA64µ- like initiative in US 

•  M3@FNAL, arXiv:1804.03144
•  Leptophilic TDM, arXiv:1807.03790
•  Light scalars from DS,  arXiv:1701.07437  
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Sensitivities of NA64µ@CERN and M3@FNAL    
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A´->ee, µµ, ππ decays: SeaQuest@FNAL(E-906)
22.

S.N. Gninenko – XIII Meeting on B Physics, Marseille, October 1–3, 2018

•  Sensitivity to slightly displaced dark particles with d > 5m
•  Separating KMAG, ID of very light particles
•  Approved luminosity ~ 1018 pot by 2019

Models  that can be explored
•  Minimal dark photon & dark scalar
•  Inelastic DM 
•  Axions 
•  Strongly-interacting DM S.Gardner at el., arXiv:1509.00050



SeaQuest projections 23.
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very short-lived A´ region
difficult to probe 

 



A´->e+e- decays: HPS@JLab
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•  3 dipole magnets
•  0.1% X0 W target, 1 GeV e-

•  1m long Si tracker: tracks, vertex 
•  PWO ECAL: energy, timing, trigger 

•  Background: radiative, Bethe-Heitler 

•  Resonance search possible

eZ->eZA´; A´->ee

arXiv:1807.11530



  A new  light X boson  from 8Be* transition ?     
7Li(p,γ)8Be, M X =16.7 MeV 
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X cannot be A´due to 
constraints from π0->Xγ   decay:

Γ(π0->Xγ)∼ (εuqu-εdqd)2 ~ 0 
if 2εu=-εd  -> protophobic X2×10−4 < εe < 1.4×10−3



X, σx/σγ~10-10, τx~10-13 s

S.Andreas et al., arXiv: 1312.3309
S.G.,  PRD(2014)

X,  
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PRL(2018) 

Br(X ! e+e-)=1, ε2~ 10-7    A´! e+e- vs EOT

NA64e: 8Be* anomaly, A´->e+e- from 2017 run and beyond  

NA64e focus on short-lived A´ ! e+e-, and 10-3<ε<10-5  
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The NA62 primary goal:
K -> πνν decay in flight !

From the talk of 
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NA62D, SHIP projected sensitivities  

A´-> visible (p)S-> visible

ALP -> γγ 
NHL->πµ, .. 
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Fixed-target experiments – sensitive probe of  Dark Sector physics. 
Two complementary approaches to search for sub-GeV Dark Matter: 
beam-dump and missing energy/momentum 
Feasible and exciting research program of experiments  such as 
NA62D, NA64, SHIP at CERN and SeaQuest, HPS, LDMX,..in US  
These experiments can efficiently 
•  look for  signatures of visible and invisible decays of Dark Sector 

mediators;
•  test large part of the remaining (ε, αD, mχ, mA) parameter space of 

sub-GeV Thermal Dark Matter  model
•  test a large variety of other models: ALPs, NHL, SIMP, … 
    and possibly additional Dark Sector  signatures 

Summary   


