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1.Introduction

A lot of references can be found in 
recent workshop on light dark matter
SLAC 28 – 30 april 2016
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1.Introduction

Two lines of research in experimental
elementary particle physics:

1. High energies  search for new massive
particles (CMS and ATLAS mainly)

2. Relatively low energies  search for 
new relatively light  O(10) GeV or 
less new particles with very small coupling 
constants 
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1.Introduction

Search for new light particles:
1. S = 0 - scalar portal – axions, 

inflantons, flavons, ...
2. S = ½  - neutrino portal - neutral 

leptons (sterile neutrino)
3. S =1 - vector portal – light dark vector 

boson
4. S = 3/2 - gravitino
As a review: arXiv:1504.04855 ; 

arXiv:1402.4817
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Dark matter exists. It is the main
motivation to search for new particles at 

accelerators
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Other hints in favor of BSM

1. Gauge hierarchy problem
2. Muon (g-2) anomaly
3. Strong CP problem
4. …
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A lot of questions about dark matter particles
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What about thermal origin?
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Message from thermal origin
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What about mass and spin

We know that dark matter exists 
But we don’t know:
1. Spin of dark matter particles
2. Mass of dark matter particles
In SUSY with R-parity LSP is gaugino
with s = ½ and m = O(100 GeV) (as a
rule)
3. ….
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Light dark matter

It is possible that dark matter particles 
are relatively light with masses  O(5 GeV) or 
less.  In this case very popular scenario 
with additional weak interaction that connects 
our world and dark particles world and 
responsible for existing dark matter density

Dubna, july 2016                                                         17



The  most popular is the vector portal
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General idea

Besides SM we have some hidden sector 
and this sector interacts  with our world
due some dark force exchange. The
most popular mediator is massive vector
boson (dark photon)
L.Okun(1982),  B.Holdom(1986), …
For a recent review: P.Hansson  et al., 

arXiv:1311.0029(2013)
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An example of dark mediator A`  

Holdom’86, earlier  work by Okun, .. 

• extra U`(1),  new gauge boson A`(dark or hidden photon,…)
• 2ΔL = ε F μνA`μν   - kinetic mixing
• γ-A` mixing, ε - strength of coupling to SM   
• A` could be  light: e.g. M A` ~ ε 1/2 MZ

• new phenomena: γ-A`oscillations, LSW effect, A`decays,..
• A`decay modes: e+e-, μ+μ-, hadrons,..  or A`-> DM particles,
i.e. A`-> invisible decays   

Large literature,  >100 papers /few last years, many new  
theoretical and experimental results
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The origin of A, A` mixing
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The relation of mixing and dark matter abundance
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WIMP miracle
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Possible realizations of the vector portal scenario
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Basic scenarios
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Elastic Complex DM
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Dirac Fermion DM is excluded
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Other scenarios are possible
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Dark photon bounds

For Sub-MeV dark photons the main bounds 
are from astrophysics( sun , supernovae… )

and  cosmology.
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Non accelerator bounds
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Accelerator dark photon searches
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A` decays – visible and invisible
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The most interesting A` production mechanism
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Cross section

The details of cross section calculations are
contained in:
J.D.Bjorken, R.Essig, P.Scuster and N.Toro, 

Phys.Rev.D80 (2009) 075018
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Cross section
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Cross section
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Cross section
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Numerically for Pb we have
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The number of signal events
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The A` emission spectrum
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Other possible experimental 
hints in favor of light vector 

boson
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1.  Muon (g-2) anomaly.
The muon g-2 anomaly discovered at
BNL  AGS experiment 821

gives 3.6 σ difference with the SM prediction
A lot of explanations exist:
Supersymmetry, leptoquarks, additional  
vector boson ( dark photon)
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2. Experimental evidence in favor of new A´
vector boson   

• (g-2)μ    M A´ < ~100 MeV  
• 7Li(p,γ)8Be, M A´ =16.7 MeV 
• astrophysical observations  

Br(A´ e+e-)=1, ε2~ 10-7

or
Br(A´ inv)=0.9, ε2~10-6

Br(A´ e+e-)=0.1
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Muon (g-2) anomaly
• An explanation of g-2 with additional  light 

vector boson  assumes vector like interaction 
of new light boson  A`(Z`)   with muons with 
coupling constant
For instance for, very light (much lighter than 
µ-meson) vector boson 

For opposite case of heavy A`
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But the postulation of the interaction of
dark boson with muon is not the end of
the story. What about the interaction of
the  new boson with other quarks an
leptons?  Very popular scenario in which 
new vector boson interact with

electromagnetic current of leptons and
hadrons

Dubna, july 2016                                                         
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Decay modes and signatures

Unfortunately theory can’t predict the mass 
of A`(Z`) and its coupling constants with our world and
hidden sector. We shall be interested in the region
when the A’ mass is between 1 MeV and O(1) TeV. 
For A` mass lighter than 210 MeV  A` boson decays
mainly into electron-positron pairs
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2. Experimental bounds
For the scenario when dark photon decays 

mainly into visible modes (electron-positron, 
..) there are several bounds which  exclude 
possible g-2 muon anomaly explanation 

1. Bound from electron magnetic moment
excludes  masses below 30 MeV
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2. The A1 and NA48 collaborations excluded
masses between 30 MeV and 300 MeV.
3. BaBar collaboration excluded masses between
32 MeV and 10.2 GeV.
So the possibility of g-2 anomaly explanation in
the model with visible A` decays is excluded.

2. Experimental bounds
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Exclusion plot
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2. Experimental bounds
There is also possibility that new boson Z`
decays  mainly into invisible modes, 
new light particles χ. For such scenario 
bound from                                decay and the off
resonance Ba Bar result exclude masses 
except 30 MeV and 50 and around 140 MeV
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2. Experimental bounds
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Other  possibility is that new boson Z` interacts
only with leptonic current

The bound from Borexino 
experiment excludes the possibility of g-2 
explanation 

2. Experimental bounds
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2. Experimental bounds
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Experimental bounds
There is possibility that new boson Z` interacts
only with            current

For this model the most nontrivial bound 
(W.Almannsofer et. al) comes from CCFR 
data on neutrino trident            
production. Masses                   are excluded
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2.Experimental bounds
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New BaBar bound(arXiv:1606.03501)
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The main conclusion

Light vector boson explanation of g-2 
muon anomaly is strongly restricted but 
not excluded
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3. NA64 experiment 
and other experiments

NA64 - Searches
A´-> invisible A´-> 

e+e-

at SPS CERN
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Cross sections



A lot of experiments current and future
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Invisible dark photon decay search at Frascati
PADME experiment

Dubna, july 2016                                                         72/53



Dubna, july 2016                                                         73/53



Dubna, july 2016                                                         74/53



The Proposal   

(Search for  A´->e+e- and A´-> invisible   Decays of Dark Photons)  
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Brief history of NA64 

Dec’13 – proposal  to SPSC  

Apr’14 – SPSC recommendation  for tests in 2015. 
Обращение в Рабочую Группу. Протокол N002/14,  30.05.2014

Apr.’14 - design,  production, delivery at   CERN,  assembly,  
Sept’15  commisioning. Обмен письмами ЦЕРН, РГ, МОН. 

Oct’15 – two weeks  run. Two reports:  CERN-SPSC-2015-037 / SPSC-SR-172;
CERN-SPSC-2015-042 / SPSC-P-348-ADD-1 

Jan’16 – SPSC recommendation  to the Reasearch Board to approve 
as a SPS experiment with the focus on the A´ invisible mode. 

March’16 – CERN Research Board approved  NA64, 
as a part of the CERN Research Programme.

- two weeks test run in July‘16
- one month of data taking in October’16        
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Collaboration NA64 (2015) 
Technical University UTFSM, Valparaiso, Chile

S. Kuleshov, W. K. Brooks, H. Hakobyan, R. Rios, 

Deutsches Elektronen-Synchrotron DESY,  22607 Hamburg, Notkesstrasse 85,  Germany
S. Andreas, A. Ringwald

Physics Department, University of Patras, Patras  ,  Greece  
A. Gardikiotis, K. Zioutas

State Research Center of the Russian Federation, Institute for High Energy Physics, IHEP, 142281 
Protvino Russia

S.V. Donskov, V.A. Kachanov, Yu.V. Mikhailov,  V.A. Poliakov, V.D. Samoylenko

Joint Institute for Nuclear Research (JINR) , 141980 Dubna,  Russia
G.D. Kekelidze, V. Kramarenko, V.A. Matveev, V.V. Myalkovskiy, D.V. Peshekhonov,  V.D. 

Peshekhonov,  A.A. Savenkov, I.A. Zhukov

P.N.Lebedev Physical Institute of the Russian Academy of Sciences, Moscow 119991, Russia  F. 
Dubinin, I.V. Konorov, V.O.Tikhomirov

Institute for Nuclear Research (INR) RAS, Moscow 117312, Russia 
A.V. Dermenev, S.N.  Gninenko, A.E. Karneyeu, M.M.  Kirsanov, N.V. Krasnikov, D.A. Tlisov, A.N. 

Toropin

Tomsk Polytechnic University, Lenin Avenue 30, 634050 Tomsk, Russia
R.R. Dusaev, V.E. Lyubovitskij, B.I. Vasilishin

ETH  Zurich, Institute for Particle Physics, CH-8093 Zurich,  Switzerland
D. Banerjee, E. Depero, P. Crivelli,  H-S. Cheng, A. Rubbia

2016:  ~ 35 участника,   MoU в процессе подготовки 
Chile, Greece, Germany, South Korea, Switzerland, and JINR.
РФ:  ИФВЭ, ИЯИ, ФИАН, ТПУ,  ~ 20 физик + 5 аспир. + 4 магистр-студента.
Вклад РФ Институтов: ~ 370 kCHF / 520 kCHF ≈ 70 %.
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NA64 Research program

Reasearch program: Searches for sub-GeV Z`boson, NHL,…  coupled to e, μ, q’s.
New  method: Active beam dump combined with missing-energy technique 

1. Beam Purity for Light Dark Matter Search in Beam Dump Experiment
D. Banerjee, P. Crivelli, and A. Rubbia (Zurich, ETH) Adv.High Energy Phys. 2015(2015)105730

2. On detection of narrow angle e+e- pairs from dark photon decays
A.V. Dermenev, S.V. Donskov, S.N. Gninenko, S.B. Kuleshov, V.A. Matveev, V.V. Myalkovskiy,
V.D. Peshekhonov, V.A. Poliakov, A.A. Savenkov, V.O. Tikhomirov, I.A.Zhukov
IEEE Trans.Nucl.Sc. 62 (2015) 3283;

3. The K_L invisible decays as a probe of new physics
S.N. Gninenko and N.V. Krasnikov
Phys. Rev. D92 (2015) 034009; 

4. Search for invisible decays of π0, η, η', K_S and K_L: A probe of new physics and test using
the Bell-Steinberger relation

S.N. Gninenko, 
Phys. Rev. D91 (2015) 015004; 

5. Мuon g-2 and searches for a new leptophobic sub-GeV dark boson in a missing-energy experiment at CERN
S.N. Gninenko, N.V. Krasnikov, V.A. Matveev, 

Phys. Rev. D91 (2015) 095015; 
6. Search for MeV dark photons in a light-shining-through-walls experiment at CERN

S.N. Gninenko,
Phys. Rev. D89 (2014) 075008

7. The Muon anomalous magnetic moment and a new light gauge boson,
S.N. Gninenko and N.V. Krasnikov,
Phys. Lett. B420 (2000) 9; 

8. Proposal for an Experiment to Search for Light Dark Matter at the SPS
S. Andreas, D. Banerjee, S.V. Donskov, P. Crivelli, A. Gardikiotis, S.N. Gninenko, F. Guber et al.,

arXiv:1312.3309[hep-ex]
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search for A´->invisible at CERN SPS    

Signature:
• in: 100 GeV e- track  
• out: < 50 GeV e-m shower in ECAL
• no energy   in the Veto and  HCAL
• Sensitivity ~ ε2

3 main components :
• clean, mono-energ. 100 GeV e- beam 
• e- tagging system: MM tracker + SR  
• 4π fully hermetic  ECAL+ HCAL

level <10-12 - 10-9/e-

Invisible decay of Invisible State!

S.G.,  PRD(2014)

level <10-12 - 10-9/e-
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The use of e tagging to get rid of beam related 
background
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Summary of background sources for A`-> invisible  

Source Expected leve     Comment

Beam contamination

-π, p, μ reactions and    
punchthroughs,… 

- e- low energy tail due to  
bremss., π,μdecays in flight,..  

< 10-13-10-12

?

Impurity  < 1%

SR photon tag

Detector

ECAL+HCAL energy  resolution, 
hermeticity: holes, dead materials, 
cracks… 

< 10-13
Full upstream  

coverage 

Physical

-hadron electroproduction, e.g. 
eA->neA*, n punchthrough;
- WI process:  e Z->e Zνν

< 10-13

< 10-13

~10 mb x nonherm.
WI σ estimated. 
textbook process, 
first observation?      

Total < 10-12 + ?
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Exclusion plots   

GEANT4 +
A´emission

Comparison with Izaguirre et al.(2015) 

The reach of P348, A´signal detec. eff. ~0.5 

A´ spectra, 100 GeV e-
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Upper bounds on A` mixing
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Search for A´->e+e-

Expected limits vs eot
(background free case, 30 GeV )

• A´ decay outside W-Sc ECAL1
•10-14< τA´ < 10-10 s, σA´/σγ < 10-13-10-9

• Signature:  two separated e-m
showers from a single e-

S= ECAL1xS1xS2x ECAL2 xV1xV2xHCAL
• E1< E0, and E0= E1+ E2
• θe+e- is  small to be resolved  

e-, 100 GeV 
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Summary of background sources for A`-> e+e-

Source Expected leve     Comment

Beam contamination

-π,μ reactions, e.g.
πA->π0n+X, …
-accidentals: ππ,μμ, ...
decays, e-n pairs, …

< 10-12

< 10-13

Impurity < 1% 
Leading n cross sect. 
ISR data 

Detector

- e,γ punchthrough, 
- ECAL thickness,  

dead zones, leaks 
< 10-13 Full  upstream 

coverage 

Physical

hadron electroproduction:  -
eA->neA*, n -> ECAL2,
- eA-> e+π+X, π->eν

< 10-13

Total  < 10-12
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Сеанс 2015    Test beams 2015  and 2016  
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NA64 detector(2015))
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NA64 detector(2015)
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BGOs, Micromegas, straws, hodoscopes, … 
BGO SR array   

Straw tubes   

Micromegas    
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No  SR  tagging of e-’s  With  SR  tagging of e-’s  

Performance of the SR tagging system  

μ,π,..  rejection > 100 

Much less tail

No π, μ
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A´ signal in  (EHCAL; EECAL) plaine     

SIGNAL  REGION Possible extension
of signal region  

?

Loose  selection cuts   Single hit in  X-Y Hodoscope plane  + SR tag   

Background  
< 10-8 /e-

EECAL, GeV EECAL, GeV 

E H
C

A
L, 

M
eV

 

~10-6/e-

no events  

Tr = S0 x S1x PS(>2 GeV) x ECAL(< 95 GeV) 
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Conversion of bremss. γ ->e+e- in ~200 μm MM2 inside the magnet      

EHCAL

EECAL

SR tag is triggered by either SR γ from 50 GeV e-, or 
by low energy bremss. γ/knock-on e- . 

A´ signal in (EHCAL; EECAL) plaine     
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MM tracker:  tail background rejection     

No background events
expected for ~1010 e-

bremss. γ conversion 
in MM2     
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Сеансы  в 2016 
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NA64 home page 
http://cern.ch/na64
http://na64.web.cern.ch
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Next goal – October 2016 physical run. 
Our goal to have statistics with at least 
10^10 electrons and to close (or discover) 
(g-2) muon anomaly explanation with 
A` invisible decays.
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Conclusions

Dark matter definitely exists but we 
don’t know the mass of dark matter particles ,
spin and the interaction of  dark matter with the
SM matter. LHC looks for O(100 GeV) dark 
matter particles mainly.  Low energy 
accelerators with high  intensity probably 
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Conclusions

the best way to discover light dark matter. 
A lot of experiments in preparation. In 
particular,  NA64 experiment at CERN SPS 
will obtain the first nontrivial results at the end
of 2016.
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Conclusions
(g-2) anomaly explanation due to existence
of hypothetical light vector boson is severely
restricted (but not excluded by current
experiments).
NA64 experiment at CERN SPS will allow 
to discover A`  invisible decay mode or
reject this explanation of (g-2) anomaly 
at the end of 2016.
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NA64  also plan to use in future (> 2018)
secondary muon beam to search for Z` boson 
in a model with    interaction and 
secondary hadron beams.
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BACKUP
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The natural y scale

The natural scale of y is between 10-15 and 
10-8
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Estimated ECAL2+ HCAL3  nonhermeticity   

5x106 n, 90 GeV
ECAL2 + HCAL3   

Fit of the  low energy 
tail with a smooth
function f(E)

ECAL2+HCAL3 
nonhermeticity as a funcion
of  the energy threshold

< 10-10
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Experimental bounds
 Astrophysical bounds
 Photon Regeneration Experiments
 K-meson decays
 Upsilon decays
 Electron Beam Dump experiments
 Electron Fixed-Target Experiments
 Proton Beam Dump Experiments
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Программа  исследований NA64 (I)
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• H4, Imax~ 50 GeV e-
• 1012 pot per SPS spill, 
• ~ 5x106 e- per spill
• duty cycle is 0.25   
• ~1012 e- / month

additional tunning by  
a factor 2-3 ?

• beam spot ~ cm2

• beam purity < 1 %  

SPS e- beams   
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MeV A` production and decay      

• e Z->e Z A`cross section σA` ~ ε2 (me/MA`)2σγ ; Bjorken’09, Andreas’12 

• decay rate Γ(A`-> e+e-) ~ αε2 MA`/3 is dominant for MA`< 2 mμ

• sensitivity ~ε4 for long-lived A`, typical for  beam dump searches  

For 10-5< ε < 10-3, MA`< ~100 MeV

• very short-lived A`: 10-14< τA` < 10-10 s
• very rare events: σA`/σγ < 10-13-10-9

• A`energy boost to displace decay vertex,
ε ~10-4, MA` ~50 MeV, EA`~100 GeV,   Ld ~1 m 

• background suppression 

bremsstrahlung A`
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1.Introduction

The aim of this talk is the review of  new
light vector boson(dark photon) and light
dark matter experimental searches including
new experiment NA64 at CERN SPS
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5. Conclusion
(g-2) anomaly explanation due to
existence of hypothetical light vector
boson is severely restricted (but not
excluded by current experiments).
NA64 experiment at CERN SPS and(or)
experiment with muon beams will allow 
to discover  new light vector boson or
reject this explanation of (g-2) anomaly.
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The  P348  detector

April 9,  2015 
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2. Experimental bounds

It should be noted that in the considered
model  for A`(Z`) boson lighter than 210
MeV the A`(Z`) boson decays mainly into
electron-positron pair
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