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1.Introduction 

 Two lines of research in experimental 

  elementary particle physics 

1. High energies  search for new 

massive particles (LHC mainly) 

2. Relatively low energies  search for  

    new relatively light  O(10) GeV  or  

    less new particles with small coupling  

    constants  

Dubna, July 28, 2015                                                                       2 



 

Dubna, July 28, 2015                                                                       3 



1.Introduction 

Light particles: 

1. S= 0 - scalar portal – axions, higgs like 

states 

2. S = ½  - neutrino portal - neutral 

leptons (sterile neutrino) 

3. S =1 - vector portal – light dark vector 

boson 

As a review: arXiv:1504.04855 
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1.Introduction 
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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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1.Introduction 
• The aim of this talk is the discussion  

• of the vector portal (theoretical 

arguments and experimental searches 

of light vector particles 

• There are several motivations  

• 1. Dark matter motivations(excess of  

    positrons, hint in favor of dark matter  

    selfinteraction 
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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 Adrian, et 

al., arXiv:1311.0029(2013) 
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             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 boson) 
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1.Introduction 

• An explanation of g-2 with additional  

light vector boson(S.N.Gninenko  & 

N.V.K.,  Phys.Lett. B513,119,  2001) 

assumes vector like interaction  

   of new light boson  A`   with muons with  

   coupling constant 

   For instance for, very light (much lighter 

than µ-meson) vector boson 
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1.Introduction 
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1.Introduction 

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  

    -boson interact with electromagnetic 

current of leptons and hadrons 
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The most popular scenario 

New hidden vector boson A` interacts  

with our world only due to kinetic mixing 

with photon(or  maybe  with Z boson) 

 

 

Due to this mixing dark photon interacts  

with our matter with the         charge       

2ΔL =ε F μνA`μν    

εe  
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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         

• -A` mixing, ε - strength of coupling to SM     

• A` could be  light: e.g. M A` ~ ε 1/2 MZ     

• new phenomena: -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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Decay modes and signatures 

• Unfortunately theory can’t predict the mass  

• of A` 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 into electron-positron pair, invisible 

modes  if  A` acquires a  mass by 

Stueckelberg mechanism 

Dubna, July 28, 2015                                                                       16 



2. Experimental bounds 

For this scenario there are several 

bounds which  exclude possible  

g-2 anomaly explanation  

1.Bound from electron magnetic moment 

excludes  masses below 30 MeV 

2. Phenix collaboration excluded masses  

    between 36 MeV and 90 MeV 
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3. The A1 and NA48 collaborations 

excluded masses  

between 30 MeV and 300 MeV  

BaBar collaboration excluded masses  

between 32 MeV and 10.2 GeV 

So the possibility of g-2 anomaly 

explanation due to existence of light  

vector boson  is  excluded 
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Exclusion plot 
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2.Experimental bounds 

It should be noted that in the considered 

model  for A` boson lighter than 210 MeV 

the A` boson decays mainly  into electron  

positron pair 
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2.Experimental bounds 

There is also possibility that new boson A` 

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 

 

Dubna, July 28, 2015                                                                       21 



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  
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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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3. EXPERIMENT P348 at 

CERN SPS 
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Experimental 

proposal(S.Andreas et 

al.,arXiv:1308.6521 

We proposed to use SPS secondary  

 e-beams with an energy of electrons 30 

-300 GeV to produce A` bosons in 

reaction    eZ  --- eZA`  (A` 

bremsstrahlung)  and to use decays  

A` ---e+e-      and     A`-invisible 
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Search for invisible decay A`-> χχ   

 

• Signature: 

   single e-m shower in ECAL1 +  

   no activity  in the rest of the detector 

  S= ECAL1xV1xS1xS2x ECAL2x V2xHCAL   

• E1<<  E0, and E0 ≠ E1+ E2 ≈ E1 

• detector hermeticity  is а crucial item         

Remember Z-->invisible   

in the SM ! 

Sensitivity ~ ε2    

e-, 30-100 GeV 
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HCAL  hermeticity for 3 consequtive modules       

Expected HCAL energy threshold  

~ 20-50 keV determined by noise 

and pileups.   

Neutrons, 100 GeV  Pions, 100 GeV  

No zero energy! 
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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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Summary of background sources for A`-> invisible   

  
 

                Source  Expected level             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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   Additional tag of electrons with SR photons     

  
 

Hypothetical e- beam energy distribution 

(not simulated).    

• e- tag enhancement with SR γ   
• B field ~ 0.1- 1T 

• (ħω)γ
c ~ E2 B, nγ/m~ 6 B(T)     

• cut Eγ > 0.1 (ħω)γ
c ~100 keV 

• LYSO crystal, good resolution   

   for > ~50 keV γ 

•  suitable for  vacuum  

Fake ECAL1 signal . 
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Expected limits on A`-> invisible   decays vs  accumulated 

Ne- (background free case)   

  
  

With one day of running we could cover completely the (g-2)μ favored region!    
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3. P348 experiment 

P348 experiment is able to completely  

eliminate the possibility with invisible A`  

decays 
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4.The experiment at CERN 

SPS muon beam 
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Existing experimental data restrict rather 

strongly(but not comletely close) dark 

vector boson g-2 explanation.The aim of 

this part is short review of our recent 

proposal  

(S.Gninenko, N.K and V.Matveev, 

Phys.Rev. D91(2015)095015) 

to look for dark boson at collisions of 

CERN SPS muon beams 
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4.The experiment at CERN 

SPS muon beam 
In the Weizsaker-Williams approximation 

the   -production cross section is 

(J.Bjorken et al.) 
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4.The experiment at CERN 

SPS muon beam 
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Dubna, July 28, 2015                                                                       44 



Dubna, July 28, 2015                                                                       45 

4.The experiment at CERN 

SPS muon beam 
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SPS muon beam 
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4.The experiment at CERN 

SPS muon beam 
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Schematic illustration of the 

setup to search for dark boson 



4. The experiment at CERN 

SPS muon  beam 

ST1- ST4, ST5-ST6 –straw tubes  

S1,S2 ,S3 –fiber hodoscopes 

V1,V2 –veto counters 
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The experiment at CERN SPS 

muon beam 

Coming muon produce dark boson at the 

target. Dark boson decays into neutrino 

and escapes the detection.  So the 

signature is imbalance in energy for  

incoming and outcoming muons without  

big activity in HCAL and ECAL  
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4a.backgrounds 
The crusial point  - backgrounds 

Two type of backgrounds  

1.Beam related – nonexact knowledge of 

muon momentum – low energy tails 

2. The presence in the beam of kaons 

and pions decaying into muons 

Simulations show that it is possible to  

get rid of  such backgrounds at the level 
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4a.backgrounds 
Second type of backgrounds include: 

1. Hard bremsstrahlung 

2. Pair production 

3. Photonuclear production of of neutral 

penetrating particles (photons,neutrons,K-

mesons) 

Simulations show that for good ECAL and  

HCAL it is possible  to get rid of such 

instrumental backgrounds at the level 
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4a.backgrounds 
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4a.backgrounds 
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4a.backgrounds 
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4b.Expected sensitivity 

   For          muons with average energy  

150 GeV  and in the assumption of  

zero background  we find that it is  

possible test dark boson muon coupling  

constant up to 
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4b.Expected sensitivity 
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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). 

P348 experiment at CERN and(or) an 

experiment with muon beams will  

allow to discover  new light vector boson 

or reject  this explanation of (g-2) 

anomaly. 
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BACKUP 
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+  M. Betz et al., First results of the CERN Resonant WISP search (CROWS) 

                        arXiv:1310.8098   
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High mass (> MeV) A` parameter space   

N. Arkani-Hamed,  

Snowmass 2013  
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Experiment proposal 

• We propose to use SPS  e-beams with  

• an energy of electrons 30 – 300 GeV to 
produce A` bosons in reaction  

• eZ  --- eZA`  (A` bremsstrahlung)  

• and to use decays  

• A` ---e+e- 

• A`-invisible 

•   
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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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Setup    

•  H4-H8  beamline 

• ECAL1,2       

• V1,2 veto counters    

• Decay volume ( vacuum ) 

• HCAL 

• S1,S2 fiber-tracker  
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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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Search for A`->e+e- in a LSW experiment        

Sensitivity ~ ε2    

Cut ~0.15 E0, 

 > 80% events 

  30 GeV  

e Z-> e Z A`  

e-, 30-100 GeV  

•  A`s decay mostly outside ECAL1    

• Signature:  two separated e-m 

   showers from a single e-  

  S= ECAL1xS1xS2x ECAL2 xV1xV2xHCAL   
• E1<<  E0, and E0= E1+ E2 

•  θe+e- too small to be resolved   
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Specially designed ECAL       

ECAL1  “bubble chamber”   

W-Sc sandwich + fiber readout      

      

 

Geant4  

• compact, hermetic, dense, fast 

• rad. hard, side SiPM readout   

• lateral and longitudinal segmentation   

• elementary cell V ~ R2
M x few X0   

• good energy, space resolution 

• e/π rejection < 10-3      
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   Summary of background sources for A`-> e+e-  

  
 

                Source  Expected level         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,  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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Expected limits on A`-> e+e-  decays  

vs accumulated Ne-  (background free case)   
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Search for invisible decay A`-> χχ   

 

• Signature: 

   single e-m shower in ECAL1 +  

   no activity  in the rest of the detector 

  S= ECAL1xV1xS1xS2x ECAL2x V2xHCAL   

• E1<<  E0, and E0 ≠ E1+ E2 ≈ E1 

• detector hermeticity  is а crucial item         

Remember Z-->invisible   

in the SM ! 

Sensitivity ~ ε2    

e-, 30-100 GeV 
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“β decay“ analogy    

210Bi β decay e- spectrum  

? 

SPS e- spectrum  

   

Pauli, 1931 

? = invisible ν  
 

? 
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Massive HCAL to enhance longitudinal hermeticity      

Single module of the hadronic calorimeter: 

• Pb-Sc sandwich + fiber readout 

• 20x20 cm2 x (16mm Pb + 4mm Sc) x 60 layers 

• hermetic at ~6 λ  

• uniform, no cracks, holes 

•  good  energy resolution   

 Full HCAL : 2x2x3  modules, ~ 7 tons    

 

Prototype  
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HCAL  hermeticity for 3 consequtive modules       

Expected HCAL energy threshold  

~ 20-50 keV determined by noise 

and pileups.   

Neutrons, 100 GeV  Pions, 100 GeV  

No zero energy! 
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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 

Dubna, July 28, 2015                                                                       78 



Summary of background sources for A`-> invisible   

  
 

                Source  Expected level             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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   Additional tag of electrons with SR photons     

  
 

Hypothetical e- beam energy distribution 

(not simulated).    

• e- tag enhancement with SR γ   
• B field ~ 0.1- 1T 

• (ħω)γ
c ~ E2 B, nγ/m~ 6 B(T)     

• cut Eγ > 0.1 (ħω)γ
c ~100 keV 

• LYSO crystal, good resolution   

   for > ~50 keV γ 

•  suitable for  vacuum  

Fake ECAL1 signal . 
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HCAL  hermeticity for 3 consequtive modules       

Expected HCAL energy threshold  

~ 20-50 keV determined by noise 

and pileups.   

Neutrons, 100 GeV  Pions, 100 GeV  

No zero energy! 

Dubna, July 28, 2015                                                                       81 


