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Theoretical motivation 
•   Discovery of the 126 GeV Higgs boson ! Triumph of the Standard Model 
     The SM may work successfully up to Planck scale ! 
 
•    SM is unable to explain: 
          - Neutrino masses 
          - Excess of matter over antimatter in the Universe 
          - The nature of non-baryonic Dark Matter 
 
•   All three issues can be solved by adding three new fundamental fermions, 
     right-handed Majorana Heavy Neutral Leptons (HNL): N1, N2 and N3 
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SM may well be a consistent effective 
theory all the way up to the Plank scale 

ü  MH < 175 GeV ! SM is a weakly coupled theory up to the Plank energies ! 

ü  MH > 111 GeV ! EW vacuum is stable or metastable with a lifetime 
     greatly exceeding the age of our Universe (Espinosa et al)                              

ü  No sign of New Physics seen  

Stable	  vacuum	  fully	  consistent	  
with	  present	  data	  
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FIG. 2: Diagrams contributing to the evolution of the Higgs self-interaction λ at the tree level

(left) and at the one-loop level (middle and right).

For large M2
H ∝ λ Eq. (44) reduces to

dλ

dt
=

3

8π2
λ2 ⇒ λ(Q2) =

λ(v2)

1− 3λ(v2)
8π2 log

(

Q2

v2

) . (45)

For 3λ(v2)
8π2 log

(

Q2

v2

)

= 1 one finds that λ diverges (it runs into the “Landau pole”). Requiring

λ(Λ) < ∞ yields an upper bound on M2
H depending up to which scale Λ the Landau pole

should be avoided,

λ(Λ) < ∞ ⇒ M2
H ≤

8π2v2

3 log
(

Λ2

v2

) . (46)

For small M2
H ∝ λ, on the other hand, Eq. (44) reduces to

dλ

dt
=

3

8π2

[

−y4t +
1

16

(

2g4 + (g2 + g′2)2
)

]

(47)

⇒ λ(Q2) = λ(v2)
3

8π2

[

−y4t +
1

16

(

2g4 + (g2 + g′2)2
)

]

log

(

Q2

v2

)

. (48)

Demanding V (v) < V (0), corresponding to λ(Λ) > 0 one finds a lower bound on M2
H

depending on Λ,

λ(Λ) > 0 ⇒ M2
H >

v2

4π2

[

−y4t +
1

16

(

2g4 + (g2 + g′2)2
)

]

log

(

Λ2

v2

)

. (49)

The combination of the upper bound in Eq. (46) and the lower bound in Eq. (49) on MH is

shown in Fig. 3. Requiring the validity of the SM up to the GUT scale yields a limit on the

SM Higgs boson mass of 130 GeV <∼ MSM
H

<∼ 180 GeV.

C. Predictions for a SM Higgs-boson at the LHC

In order to efficiently search for the SM Higgs boson at the LHC precise predictions for

the production cross sections and the decay branching ratios are necessary. To provide most
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For large M2
H ∝ λ Eq. (44) reduces to

dλ

dt
=

3

8π2
λ2 ⇒ λ(Q2) =

λ(v2)

1− 3λ(v2)
8π2 log

(

Q2

v2

) . (45)

For 3λ(v2)
8π2 log

(

Q2

v2

)

= 1 one finds that λ diverges (it runs into the “Landau pole”). Requiring

λ(Λ) < ∞ yields an upper bound on M2
H depending up to which scale Λ the Landau pole

should be avoided,

λ(Λ) < ∞ ⇒ M2
H ≤

8π2v2

3 log
(

Λ2

v2

) . (46)

For small M2
H ∝ λ, on the other hand, Eq. (44) reduces to

dλ

dt
=

3

8π2

[

−y4t +
1

16

(

2g4 + (g2 + g′2)2
)

]

(47)

⇒ λ(Q2) = λ(v2)
3

8π2

[

−y4t +
1

16

(

2g4 + (g2 + g′2)2
)

]

log

(

Q2

v2

)

. (48)

Demanding V (v) < V (0), corresponding to λ(Λ) > 0 one finds a lower bound on M2
H

depending on Λ,

λ(Λ) > 0 ⇒ M2
H >

v2

4π2

[

−y4t +
1

16

(

2g4 + (g2 + g′2)2
)

]

log

(

Λ2

v2

)

. (49)

The combination of the upper bound in Eq. (46) and the lower bound in Eq. (49) on MH is

shown in Fig. 3. Requiring the validity of the SM up to the GUT scale yields a limit on the

SM Higgs boson mass of 130 GeV <∼ MSM
H

<∼ 180 GeV.

C. Predictions for a SM Higgs-boson at the LHC

In order to efficiently search for the SM Higgs boson at the LHC precise predictions for

the production cross sections and the decay branching ratios are necessary. To provide most

See e.g. arXiv:1405.3781 
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No sign of New Physics seen 
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No sign of New Physics seen 
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B0
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Theoretical motivation 
•   Discovery of the 126 GeV Higgs boson ! Triumph of the Standard Model 
     The SM may work successfully up to Planck scale ! 
 
•    SM is unable to explain: 
          - Neutrino masses & oscillations 
          - Excess of matter over antimatter in the Universe 
          - The nature of non-baryonic Dark Matter 
 
•   All three issues can be solved by adding three new fundamental fermions, 
     right-handed Majorana Heavy Neutral Leptons (HNL): N1, N2 and N3 
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See-saw generation of neutrino masses 

Most general renormalisable Lagrangian of all SM particles (+3 singlets  
wrt the SM gauge group): 

Majorana term which 
carries no gauge charge  

Yukawa term: mixing of 
NI with active neutrinos to 

explain oscillations   
The scale of the active neutrino mass is given by the see-saw formula: 
where                         - typical value of the Dirac mass term 

Example: 
 
For M ~ 1 GeV and mν ~ 0.05 eV 
it results in mD ~ 10 keV and Yukawa 
coupling ~ 10-7   

Lsinglet = iN̄I@µ�
µNI � YI↵N̄

c
I H̃L↵ �MIN̄

c
INI + h.c.

v ⇠ 246 GeV

mD ⇠ YI↵v
m⌫ ⇠ m2

D
M



9	  

The νMSM model       
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Masses and couplings of HNLs 
•  N1 can be sufficiently stable to be a DM candidate, M(N1)~10keV 

•  M(N2) ≈ M(N3) ~ a few GeV! CPV can be increased dramatically to explain 
                                                     Baryon Asymmetry of the Universe (BAU) 
 Very weak N2,3-to-ν mixing (~ U2)  ! N2,3 are much longer-lived than the SM particles 

µ

νµ
π

s
µ

νµ

D

D

υ

υ

N2,3

N2,3
H

H
Example: 
N2,3 production in charm 

N2,3

µ

π

νµ

N2,3

e

µ
νµ

νe

υ

υ

H

H

and subsequent 
decays  

•  Typical lifetimes > 10 µs for M(N2,3) ~ 1 GeV 
     Decay distance O(km) 

•  Typical BRs (depending on the flavour mixing): 
 
        Br(N ! µ/e π )   ~ 0.1 – 50% 
        Br(N ! µ-/e- ρ+) ~ 0.5 – 20% 
        Br(N ! νµe)       ~ 1 – 10% 10	  
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Dark Matter candidate HNL N1       

ν 

Interaction strength  
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Constraints on DM HNL N1 
ü  Stability ! N1 must have a lifetime larger than that of the Universe 

ü  Production ! N1 are created in the early Universe in reactions 
                                             ,                      , etc. Need to provide correct DM abundance 
ü  Structure formation ! N1 should be heavy enough! Otherwise its 
                                            free streaming length would erase structure 
                                            non-uniformities at small scales ( Lyman-α 
                                            forest spectra of distant quasars and structure 
                                            of dwarf galaxies ) 
ü  X-ray spectra ! Radiative decays N1!γν produce a mono-line in 
                                 photon galaxies spectrum.  

ll̄ ! ⌫N1 qq̄ ! ⌫N1
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Searches for DM HNL N1 in space 
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Two recent publications in 
arXiv: 
 
•  arXiv 1402.2301 
Detection of an unidentified 
emission line in the stacked 
X-ray spectrum of Galaxy Clusters, 
Eγ ~ 3.56 keV 
 
•  arXiv 1402.4119 
An unidentified line in X-ray 
spectra of the Andromeda 
galaxy and Perseus galaxy  
cluster, Eγ ~ 3.5 keV  
 

New line in photon galaxy spectrum ??? 

Will soon be checked by 
Astro-H with higher energy 
resolution 
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Masses and couplings of HNLs 

µ

νµ
π

s
µ

νµ

D

D

υ

υ

N2,3

N2,3
H

H

Example: 
N2,3 production in charm 

N2,3

µ

π

νµ

N2,3

e

µ
νµ

νe

υ

υ

H

H

and subsequent 
decays  

•  Typical lifetimes > 10 µs for M(N2,3) ~ 1 GeV 
     Decay distance O(km) 

•  Typical BRs (depending on the flavour mixing): 
 
        Br(N ! µ/e π )   ~ 0.1 – 50% 
        Br(N ! µ-/e- ρ+) ~ 0.5 – 20% 
        Br(N ! νµe)       ~ 1 – 10% 

N2,3 production and decay

• N2,3 mix with ν

• Produced in semi-leptonic decays, f.i.
K→ µν, D→ µπν, B→ Dµν

• ∝ σD × U2

• U2
2 = U2

2,νe + U2
2,νµ + U2

2,ντ

• B(N→ µ/e π): ∼ 0.1− 50 %

• B(N→ µ/e ρ): ∼ 0.5− 20 %

• B(N→ νµe): ∼ 1− 10 %

• τN2,3 ∝ U−2, i.e. cτ O(km)

Nikhef 24/1/14 - 13 -

H.Dijkstra

N2,3 production and decay

• N2,3 mix with ν

• Produced in semi-leptonic decays, f.i.
K→ µν, D→ µπν, B→ Dµν

• ∝ σD × U2

• U2
2 = U2

2,νe + U2
2,νµ + U2

2,ντ

• B(N→ µ/e π): ∼ 0.1− 50 %

• B(N→ µ/e ρ): ∼ 0.5− 20 %

• B(N→ νµe): ∼ 1− 10 %

• τN2,3 ∝ U−2, i.e. cτ O(km)

Nikhef 24/1/14 - 13 -

H.Dijkstra

 
•  M(N2) ≈ M(N3) ~ a few GeV! CPV can be increased dramatically to explain 
                                                     Baryon Asymmetry of the Universe (BAU) 
 Very weak N2,3-to-ν mixing (~ U2)  ! N2,3 are much longer-lived than the SM particles 
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Baryon asymmetry 

•  C and CP are not conserved in νMSM 
    
     6 CPV phases in the lepton sector and 1 CKM phase in the quark 
     sector (to be compared with only one CKM phase in the SM) 
 
•  Deviations from thermal equilibrium 

ü  HNL are created in the early Universe 
  
ü  CPV in the interference of HNL production and decay 

ü  Lepton number goes from HNL to active neutrinos 

ü  Then lepton number transfers to baryons in the equilibrium 
     sphaleron processes  

PS   Explanation of DM with N1 reduces a number of free parameters 
       ! Degeneracy of N2,3 masses is required to ensure sufficient CPV  

Sakharov conditions: 
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N2,3 production in charm 

N2,3

µ

π

νµ

N2,3

e

µ
νµ

νe

υ

υ

H

H

and subsequent 
decays  

•  Typical lifetimes > 10 µs for M(N2,3) ~ 1 GeV 
     Decay distance O(km) 

•  Typical BRs (depending on the flavour mixing): 
 
        Br(N ! µ/e π )   ~ 0.1 – 50% 
        Br(N ! µ-/e- ρ+) ~ 0.5 – 20% 
        Br(N ! νµe)       ~ 1 – 10% 

N2,3 production and decay

• N2,3 mix with ν

• Produced in semi-leptonic decays, f.i.
K→ µν, D→ µπν, B→ Dµν

• ∝ σD × U2

• U2
2 = U2

2,νe + U2
2,νµ + U2

2,ντ

• B(N→ µ/e π): ∼ 0.1− 50 %

• B(N→ µ/e ρ): ∼ 0.5− 20 %
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Nikhef 24/1/14 - 13 -
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N2,3 production and decay

• N2,3 mix with ν
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 Very weak N2,3-to-ν mixing (~ U2)  ! N2,3 are much longer-lived than the SM particles 
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Experimental and cosmological constraints 

Strong motivation to explore cosmologically allowed parameter space 
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-  Recent progress in cosmology  

           -   The sensitivity of previous experiments did not probe the interesting 
                region for HNL masses above the kaon mass  

Proposal for a new experiment at the SPS, SHIP to search for  
new long-lived particles produced in charm decays  
(see http://ship.web.cern.ch/ship ) 
Experimentally this domain has not been well explored!  

Experimental status on searches

Cooling and (activated)

air treatment

p→
tar
ge
t
ho
rn

π/
K
-de

cay

Already searches in K/D-decay performed:

• PS191(’88)@PS 19.2 GeV,
1.4× 1019 pot, 128 m from target.

• CHARM(’86)@SPS 400 GeV,
2.4× 1018 pot, 480 m from target.

• NuTev(’99)@Fermilab 800 GeV,
2.5× 1018 pot, 1.4 km from target.

• BBN, BAU and Seesaw constrain more than experimental
searches for MN > 400 MeV.

What has been achieved, is being prepared:

• CNGS: 1.8× 1020 pot, 2011: 4.8× 1019

• CERN neutrino R&D platform.
Design of target area in progress.

Nikhef 24/1/14 - 15 -

H.Dijkstra



•  PS-191: Used K decays à limited to 500 MeV (PLB 203 (1988) 332) 
•  Goal: Extend mass range to ~ 2 GeV by using charmed hadron decays 
•  B-decays: 20÷100 smaller σ, and B à Dµν, i.e. limited to 3 GeV still 

19	  

Sensitivity for N2 3 / U4

LHC (
p
s = 14 TeV): with 1 ab�1 (⇠ 3-4 years): ⇠ 2⇥ 1016 in 4⇡

SPS (400 GeV p-on-target (pot)

p
s = 27 GeV): with 2 ⇥ 10

20
pot (⇠ 3-4

years): ⇠ 2⇥ 10

17

Moreover, the acceptance of a beam dump facility can be much larger for long lived particles 

Where to produce charmed hadrons? 

,	  
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Experimental requirements 
•   Search for HNL in Heavy Flavour decays 

                 Beam dump experiment at the SPS with a total of 2×1020 protons 
                 on target (pot) to produce a large number of charmed hadrons 

   CNGS: 1.8 x 1020 pot, 2011 run: 4.8 x 1019 pot 
•   HNLs produced in charm decays have significant PT 

Detector must be placed close to the target to maximize 
geometrical acceptance 
 
Effective (and “short”) muon shield is essential to reduce 
muon-induced backgrounds (mainly from short-lived resonances 
accompanying charm production) 20	  

Polar angle of µ	

from Nàµπ  
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21	  Generic	  setup,	  not	  to	  scale!	  

W-‐target	  

Fe/Pb	  

Magnet	  
Detector	  volume	  

e.
m
,	  h
ad
ro
ns
	  

neutrino	  

Shield	  (W,	  Fe)	  

KL,	  KS,	  Λ,	  n,	  υ	


Occupancy	  
(KL)	  

p(400	  GeV)	  
π,K,	  D	  

π	  

µ	  

Vacuum	  

Mul2ple	  sca3ering	  

Hard-‐momentum	  µ (η,ρ,ω)	  

Low-‐mid-‐momentum	  
µ from	  fast	  decays	  of	  π,K	  

Return	  field	  
Mul2ple	  sca3ering	  

Ν2,3	  

Initial reduction of beam induced backgrounds 
 
-   Heavy target (50 cm of W)  
-  Hadron absorber (5m Fe) 
-  Muon shield: optimization of 
     active and passive shields is 
     underway  

Secondary beam-line 
(different from a conventional neutrino facility) 

Acceptable occupancy <1% per spill 
of 5×1013 p.o.t. 
 
spill duration 1s      ! < 50×106 muons 
spill duration 1ms ! < 50×103 muons 

spill duration 10µs  ! < 500 muons 
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Detector concept 
(based on existing technologies) 

HNL 

π+	


µ-	


•  Long vacuum vessel, 5 m diameter, 50 m length 
     Background from active neutrino interactions 
     becomes negligible at 0.01 mbar 

•  10 m long magnetic spectrometer with 0.5 Tm 
      dipole magnet and 4 low material tracking chambers 22	  

•  Reconstruction of the HNL decays in the final states: µ-π+, µ-ρ+ &  e- π+ 	

    
                Requires long decay volume, magnetic spectrometer, muon detector 
                 and electromagnetic calorimeter, preferably in surface building 

2 x 104 ν-int/2 x 1020 pot @ 1 atm 



Detector concept (cont.) 
Geometrical acceptance 
 
•  Saturates for a given HNL lifetime as a 
     function of detector length 
 
•  The use of two magnetic spectrometers 
     increases the acceptance by 70% 
 
         Detector has two almost identical elements 

Veto station

50m

5m

Vacuum vessel

Dipole

Tracking
chambers

2.5m 2.5m

Muon IDCalorimeter

~2m

5m

muon shield

wall / earth

23	  
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Tracking chambers 
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Same as NA62  
2m diameter vessel at 0.01 µbar 
10 mm diameter straws made of PET à working well in vacuum 
X/X0 = 0.5% for 4 view stations 
120 µm resolution/straw 

(K+ ! ⇡+⌫⌫̄)
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Magnet

LHCb magnet

• With X/X0=0.5 % chambers: modest 0.5 Tm

• Need ∼ 20 m2 aperture.

LHCb magnet: 4 Tm, 16 m2 aperture
Preliminary calculations (W.Flegel):

• Needs 30 % less iron/yoke than LHCb.

• Consumes 3 times less power.

Nikhef 24/1/14 - 26 -

H.Dijkstra

Magnet and e.m. calo Magnet

LHCb magnet

• With X/X0=0.5 % chambers: modest 0.5 Tm

• Need ∼ 20 m2 aperture.

LHCb magnet: 4 Tm, 16 m2 aperture
Preliminary calculations (W.Flegel):

• Needs 30 % less iron/yoke than LHCb.

• Consumes 3 times less power.

Nikhef 24/1/14 - 26 -

H.Dijkstra

LHC-b dipole magnet 

Electromagnetic Calo
LHCb Shashlik ECAL:

• 6.3×7.8 m2

• σ(E)
E

< 10%/
√
E ⊕ 1.5%

Larger/better than required.
But for N→ µρ(ππ0(γγ))
need small (10× 10 cm2) cells everywhere.

Nikhef 24/1/14 - 28 -

H.Dijkstra
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K0
L background suppression 

•  Use pointing of candidates to target area 
•  Detect CC via extra µ in coincidence with µπ, upstream tagger 
•  Instrument µ-filter to tag CC/NC shower  

Expected resolution for 1 GeV N àµπ  
<pN> = 25 GeV 

Mass resolution 

•  σmass ~ 40 MeV for P < 20 GeV 



Expected event yield 
Assuming Uµ

2 = 10-7 (corresponding to the strongest experimental limit   
              currently for MN ~ 1 GeV)  and τN = 1.8×10-5 s 
~12k fully reconstructed N ! µ-π+ events are expected for MN = 1 GeV 

27	  
 120 events for cosmologically favoured region:  Uµ

2 = 10-8 & τN = 1.8×10-4s   

SHIP 



Sensitivity to HNL: Ue     
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Physics case for a beam dump facility 
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Physics case for general beam dump facility 

ü  Study of ντ interactions (guarantied SM physics) 
 
       Ideally suited since ντ is produced in Ds ! τ ντ with similar 
       to HNL kinematics. DONUT 9 events, OPERA 4 events    

 (from oscillations) 
 
ü   Search for any weakly interacting yet unstable particles 
      produced in very rare charm (or hyperon) decays 
      such as low mass SUSY or paraphotons or … 
 
ü    Review of the SHIP sensitivities for ντ  physics and  
      wide class of models with hidden portals is ongoing 
 
      Expect significant improvement of currently 
      available measurements and constrains everywhere! 
 



31	  

SM: ντ physics with 2×1020 pot 

A powerful source of neutrinos originated by charm decays, Ds à τ ντ  
Present configuration, flux rates: νe ~ 7.1%, νµ ~ 92.5%, ντ ~ 0.4%  
Anti-νµ /νµ ~ 62%, Anti-νe /νe ~ 1, Anti-ντ /ντ = 1 
 
•  Expect ~ 3400 ντ interactions in 6 tons emulsion target (~5% of the 

OPERA emulsion films) 
•  Tau neutrino and anti-neutrino (never seen) physics 
•  Charm physics with neutrinos and anti-neutrinos 
•  ντ: a probe of non-standard interactions PRD 87 (2013) 013002 



A neutrino detector upstream 
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NEUTRINO TARGET 

ντ	  



Detector choice 
•  Neutrino target: high density material (lead) alternated with 

emulsions (Emulsion Cloud Chamber).  
•  Vertex detector: emulsions as micrometric tracking device to see 

both the neutrino interaction and τ decay vertices.  
•  Nuclear fragments à reduce background from hadronic int. (track 

angles up to ϑ ~ π/2) 
•  Momentum measurement of hadrons (several GeV) by Multiple 

Coulomb Scattering with ~ 20% accuracy in the several GeV range 
•  High resolution tracker to provide the time stamp and reconstruct the 

µ track in the target (~ 100 µm)  
•  Muon spectrometer to measure charge and momentum. Focus on the 

acceptance to low energy and large angle µ (as µ from νµ int., 
charmed interactions particularly important) 

15/07/14	   33	  



•･  Nuclear emulsions acting as trackers with micrometric 
resolution 
•･  Detect τ-lepton production and decay vertices 
•･  An option: Compact emulsion spectrometer to measure charge 
•･  Electronic detectors to provide the“time stamp ” and 

reconstruct µ charge/momentum 

Detector Principle: hybrid detector 
with modular structure 
 

τ DECAY 
CHANNEL BR (%) 

τ →µ 17.7 

τ →e 17.8 

τ →h 49.5 

τ →3h 15.0 
15/07/14	   34	  



Detector design, beam view 
Magnetic muon shield à elongate the target along the magnetic field  

à rectangular shape	  

15/07/14	   35	  

Detect muons  
up to tan(ϑ) = 1 

5.5 m 

4m 

40 x 150 cm2 = 4 x 12 bricks per wall 
15 walls  à ~ 6 tons  

Size matching  
fibre tracker modules 

Squared or circular shape could be used in case of passive shield 



Detector design: first option	  
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Target region: 15 mini-walls 
One wall contains 48 bricks 
target mass ~ 8.3 x 48 x 15 kg ~ 6 ton  

 ν beam  

Wall thickness ~ 13 cm: 8 cm brick + 5 cm tracker plane 

~ 2.0  m 

TARGET TRACKER:  
•  Scintillating fibres (250 µm 

diameter), read out by 
SiPMs,  

•  GEM 



Detector design: second option 
with a magnetized target	  
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Magnet available at CERN 

CES = Compact Emulsion Spectrometer 



Compact emulsion spectrometer CES 
second and third sheets. A total of 10 757 tracks were
reconstructed along the whole stack and associated to a
well defined exposure.3

The last step was to calculate the sagitta s of each
reconstructed track in the second sheet. It is defined as the
distance between the track position in the middle sheet and
the intercept in this sheet of the straight line joining the
track positions in the two external sheets. The momentum
for each track in GeV/c can then be determined4 from the
sagitta s (using the small angle approximation) according
to p ¼ 0:3zBL2=8s, where z is the electric charge of each
particle in units of the electron charge magnitude e, B is
the magnetic field in Tesla, L is the spectrometer length
in meter and s is the sagitta in meter. We also use the
two-dimensional sagitta, sx and sy, defined as sx ¼ x2 "
ðx1 þ x3Þ=2 and sy ¼ y2 " ðy1 þ y3Þ=2 where (xi, yi) are the
track coordinates on the ith emulsion sheet. The sagitta sx

is very nearly equal to s while the sy distribution should be
centered at 0 and its width reflects the deviations due to
multiple scattering (MS), measurement errors and align-
ment errors.

The measured sagitta distributions are shown as solid
histograms in Fig. 4. In our axis convention, particles of
positive charge are expected to have a positive sagitta.
A very clear separation of the charges is observed in the
momentum range of 0.5–2.0GeV/c. Arithmetic mean
(average) and RMS values are summarized in Table 2,
where RMS is the root mean square deviation of sagitta
values from their average.

A simple Monte Carlo simulation including MS in
all materials of the emulsion stack was performed assuming
that all beam particles were pions and that the
position measurement accuracy on each emulsion sheet
was 0:8mm (sðxÞ ¼ sðyÞ ¼ 0:8 mm).5 For each material
layer of the emulsion stack, a joint distribution of
displacements (Dxj) and deflections (Dyj) was generated
as [15]

Dxj ¼ r1tjy0j=
ffiffiffiffiffi
12
p
þ r2tjy0j=2

Dyj ¼ r2y0j.

Here r1 and r2 are independent Gaussian random variables
with mean zero and variance one, and tj is the thickness
of jth material layer (293mm for an emulsion sheet,
200mm for a Plexiglas plate and 15 000mm for an air

gap). The value of y0j is given by

y0j ¼
0:0136GeV

bcp

ffiffiffiffiffiffiffiffiffiffiffiffiffi
tj=X 0j

q

where p and bc are the momentum and velocity of the
beam particle, and X 0j is the radiation length of jth
traversed material. Last of all, a correction factor for the
total material thickness in radiation lengths

P
jðtj=X 0jÞ,

½1þ 0:038 lnf
P

jðtj=X 0jÞg' ¼ 0:822, was applied once as
described in Ref. [15]. Results of the simulation, expected
average and RMS values, are shown in Table 2. The
simulation reproduced well the observed average values,
and also RMS values for the negative particles. However,
the RMS values of the positive particles are slightly larger
than expected values.
The VPH distributions of the positive and negative

particles of 0.5GeV/c are shown in Fig. 5. While the
distribution shows a single peak for negative particles, two
distinct peaks are observed in the distribution for positive
particles. Since the mean ionization energy loss (dE=dx) of
a proton in nuclear emulsion is about 2.9 times larger
than that of a pion, these peaks are attributed to pþs
(VPH ¼ 50–220) and protons (VPH ¼ 320–440), respec-
tively. A Gaussian fit yields the central value of 138.6
(396.6) and the width of 33.2 (24.2) for the pþ (proton)
peak. If pion candidates are picked out by VPHp270, the
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Fig. 4. Sagitta distributions of charged particles of 0.5GeV/c (a), 1.0GeV/c (b)
and 2.0GeV/c (c) (solid histograms). The shaded histograms are for the
selected pþ candidates. The solid lines represent the fit results with Gaussian
functions.

3The probability of confusion and mis-reconstruction is almost
negligible in this experiment because the beam track densities are low. A
track was rejected if it had multiple candidates for the connection.

4The momentum can also be determined from the bending angle by
using the measurement of base track slopes. However, the bending angle is
about 0.010 rad for a charged particle of 1.0GeV/c, while the slope
measurement error of a base track is about 0.003. Therefore, the bending
angle measurement does not bring much for the momentum determina-
tion.

5This value was obtained from measurement with another emulsion
stack in which sheets were placed in contact with each other and track
positions in two consecutive sheets were compared. Therefore, it also
includes errors of relative alignment between two sheets.

C. Fukushima et al. / Nuclear Instruments and Methods in Physics Research A 592 (2008) 56–62 59

3 emulsion films interleaved with 1.5 cm air  
gap in a magnetic field (~ 1T), 3cm thick 

device, H. Shibuya et al NIM A592 (2008) 56 

Sagitta measurement 

0.5 GeV/c 

1.0 GeV/c 

2.0 GeV/c 
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•  Emulsion films alternated by low density 
material (Rohacell, 30÷100 kg/m3) 

•  With a good alignment, by means of high 
energy µ, the charge of 10 GeV muons 
detectable (±4 µm displacement). 

DATA 
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τ -→µ- "

58.3 ± 0.6 %!

τ+→µ+ "

61.8 ± 0.6 %!

τ -→h -  " τ+→h +  "

56.5± 0.3 %! 49.3± 0.3 %!

µ- "

µ+ "

Charge Measurement  wi th  CES 
Gean t4  s imu la t ion  

93.1 ± 0.3 %! 94.9± 0.3 %!
with muon spectrometer 

Neutrino Event Generator tuned with NOMAD data 

Statistical gain due to  
the CES 

PN
i=1 bri"i
brµ"µ

' 18 · 0.95 + 50 · 0.53 + 15 · 0.532

18 · 0.9 ' 3



Real-time electronic detectors 	  

•  Time stamp of the event, association of tracks in emulsions 
with tracks in the target tracker 

•  In an environment with high interaction rate, a high resolution 
(~ 100 µm) is needed. Identified options: 250 µm scintillating 
fibre tracker; GEM; MicroMegas.    

•  The muon spectrometer has to identify µ with high efficiency 
•  Charm background from µ mis-identification.  
•  Charge measurement is less important than µ identification in 

this respect 
•  Charge measurement important for ντ and anti-ντ separation 	  
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p<1 GeV/c"

p<2 GeV/c"

Muon detector requirements	  
•  Detector performances driven by the background rejection à 

minimise muon misidentification 
•  Soft and large angle muons à difficult to be identified 
•  Large acceptance and fine graining to identify P < 2 GeV 
•  4 x 5.5 m2 to detect angles up to tan(ϑ)≤1 
•  High sampling to use momentum/range correlation 
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10% p<1 GeV/c"
19% p<2 GeV/c"



Charm bkg rejection in νµ CC events 
Muon identification (with TT) > 95%  
Δp/p < 20% for p<30 GeV 
Charge misidentification < 0.3% 

details of the first  
spectrometer 
 

Precision	  	  
Trackers	  
(dri@	  tubes)	  
	  

One spectrometer is composed by: 
1 dipolar magnet (1.52 T) 
22 RPC layers as inner tracker inside magnetized iron  
6 drift tubes stations (PT stations) 
2 external XPC stations (RPCs with strips at ±43o)    

XPCs	  

Fe 
(5 cm) 

RPC 
 

HPT 

XPC 

Iron 
slabs 

B
= 

1.
52

 T
 12	  Fe	  slabs	  
per	  magnet	  	  
side	  
	  

The magnetic spectrometer (OPERA one is an option) 

coils 

8.
2	  
m
	  

8m	  



OPERA RPC’s 
1 RPC row: 
3 chambers in a series (~9 m2) 
Basic unit of gas flow and HV 
I > 4 µA / 9 m2 

HV cable failure (thin cables) 

Typical current/rates: 
500 nA/row / 1 kHz/layer 
In SM2 
2/168 (1.2%) rows I > 4 µA/9m2  
Rates of high current layers: 10 kHz 
2 RPC rows (1.2%) off because of HV 
failures (cable insulation) 

XPC Arm 1 Arm 2 

l  1008 RPC chambers for a surface ~3200 m2  
l  22+2 layers (RPC+XPC) for each SM 
l  1 layer = 21 RPCs of 2.9*1.1 m2   
l  Read-out strips of ~8 m, 2.6 cm pitch for bending 
and   3.5 cm pitch for orthogonal view 
l  Total digital electronics channels ~ 28000 

 SM 1 

 SM 2 

Current map 



Muon identification 
•  Same configuration as OPERA, 5 cm iron slabs 

interleaved with active (RPC) trackers, 4 x 5.5 m2 

•  Exploit the momentum-range correlation 
•  εµ ~ 92% for charm νµ events (~3% out of acceptance) 
•  εµ~ 94% for τ à µ events 
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Momentum resolution by range 
in the second arm ~7% 

Momentum resolution by range 
in the first arm ~ 9% 



Signal to noise 
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In OPERA Signal/noise ~ 10 on average 
Signal/noise ~ 30 in the leptonic channels (εµ ~ 98%) 

⌫⌧
⌫̄charmµCC

=

R
�⌫⌧ · �⌫⌧CC

dE
R
�⌫̄µ · �⌫̄charm

µCC
· ⌘misdE

⇠ 6⇥ 10�3 ⇥ 300

8⇥ 10�2
⇠ 20

In ντ interactions 

In anti-ντ interactions 

⌫̄⌧
⌫charmµCC

=

R
�⌫̄⌧ · �⌫̄⌧CC

dE
R
�⌫µ · �⌫charm

µCC
· ⌘misdE

⇠ 3.7⇥ 10�3 ⇥ 90

8⇥ 10�2
⇠ 4

Effect of the angular acceptance not accounted 
Kinematical selection not included  



New physics in ντ scattering 
A. Datta et al., PRD 87 (2013) 013002 ντ New Physics

Various new physics model can contribute to ντ scattering.

Alakabha Datta (UM) University of Mississippi May 14, 2014 18 / 29
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Several new physics models may contribute to ντ scattering   

2HDM 

leptoquark 



W ′ Model

The lowest dimension effective Lagrangian of W ′ interactions to the SM
fermions has the form

L =
g√
2
Vf ′f f̄

′γµ(g f ′f
L PL + g f ′f

R PR)fW
′
µ + h.c .,

Constraints on the couplings in come from the hadronic τ decays. We will
consider constraints from the decays τ− → π−ντ and τ− → ρ−ντ .

BrSMτ−→ρ−ντ
= 1.23Br(τ− → ντe

−ν̄e) = 21.92 ± 0.05% . (4)

The measured branching ratio is Br(τ− → ρ−ντ )exp = (23.1 ± 0.98)% .

Alakabha Datta (UM) University of Mississippi May 14, 2014 23 / 29

W’ in deep-inelastic scattering 
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W ′ in DIS Scattering
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Figure: DIS (W ′): The left (right) panel figures illustrate the variation of r23W ′%
with the W ′ mass MW ′ (Eν) when both left and right-handed W ′ couplings are
present. The lines show predictions for some representative values of the W ′

couplings (g τντ

L , gud
L , gud

R ). The green line (solid, lower) corresponds to the SM
prediction. The blue line (solid, upper) in the left figure corresponds to (-0.94 ,
-1.13 , -0.85) at Eν = 17 GeV, and the blue line (solid, upper) in the right figure
corresponds to (1.23 , 0.84 , 0.61) at MW ′ = 200 GeV.

Alakabha Datta (UM) University of Mississippi May 14, 2014 26 / 29

rW 0 =
�NP

�SM

MW 0 = 200 GeV

E⌫ = 17 GeV

The lines correspond to di↵erent sets of the couplings (g⌧⌫⌧
L , gudL , gudR ).



Charged Higgs in quasi-elastic scattering 
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Charged Higgs in QE Scattering

Keeping in mind the constraints from we calculate the charged Higgs
contribution to ντ + n → τ− + p. There is no interference with the SM-
small effect.
rH,W ′ = σNP

σSM
σT = σNP + σSM .

4 5 6 7 8
0.0
0.5
1.0
1.5
2.0
2.5

EΝ !GeV"

r H
"

Figure: The figure illustrates variation of rH% with Eν. The green line
corresponds to SM prediction. The yellow, pink, and blue lines correspond to
tan β = 40, 50, 60, respectively at MH = 200 GeV.

Alakabha Datta (UM) University of Mississippi May 14, 2014 21 / 29

The lines correspond to di↵erent values of tan� (ratio of VEV’s)

⌫⌧n ! ⌧�p
rH =

�NP

�SM Much less sensitive, require an accuracy <<1% 



Expected ν-induced charm events 
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Figure 4. Energy dependence of the relative inclusive charm production cross-
section ratio. The squares show the measurements reported here, and the points
marked with triangles the E531 result. The circles represent the dimuon cross-
section measured in [11] scaled for the muonic branching ratio quoted in this
paper.
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Figure 5. Energy dependence for charged (squares) and neutral (triangles) charm
cross-section ratio relative to CC cross-section.

measurement is shown. Very good agreement is found with respect to the dimuon cross-section
measured with the CHORUS electronic detector by scaling the dimuon results for the muonic
charm decay fraction quoted in this paper.

New Journal of Physics 13 (2011) 093002 (http://www.njp.org/)

CHORUS , New Journal of Physics 13 (2011) 093002 

In νµ interactions: σcharm ~ 2%, CC/(NC+CC) = 0.7 
εdecay ~ 40% à 2 x 106 x 0.02 x 0.7 x 0.4 ~ 11000 
charm 

f(charm) =

R
�⌫µ�

CC
⌫µ

⇣
�charm
�CC
⌫µ

⌘
dE

R
�⌫µ�

CC
⌫µ

dE
⇡ 2% (1)

f(charm) =

R
�⌫e�
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⇣
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�CC
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⌘
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⇣
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�CC
⌫e

⌘
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R
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dE
⇡ 4.6% (2)

1

In anti-νµ interactions:  
anti-νµ /νµ ~ 63%, σν-bar/σν = 0.5 ~ 3500 events 
expected, 32 observed by CHORUS 

Charm production in νe interactions 

Charm background in the ντ search from electron mis-identification (νe ~ 10%) 
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Fig. 1. Feynman diagrams for boson-
gluon fusion (left) and gluon bremsstrah-
lung processes (right)

a set of scintillating fibre tracker planes. The accuracy of
the fibre tracker predictions is about 150 µm in track pos-
ition and 2 mrad in angle. The interface sheets and the
fibre trackers provide accurate particle trajectory predic-
tions in the emulsion stack in order to locate the interac-
tion vertex. The information of the electronic detectors has
been used to define two data sets, the 1µ and 0µ samples.
The events belonging to the 1µ sample contain one recon-
structed muon of negative charge. The muon identification
and reconstruction is based on the muon spectrometer re-
sponse. The 0µ sample contains events where no muon is
found. It mainly consists of NC νµ interactions with a con-
tamination of mis-identified CC νµ interactions and inter-
actions generated by neutrinos other than νµ.

The emulsion scanning is performed by fully automated
microscopes equipped with CCD cameras and a read out
system called “Ultra Track Selector” [18]. In order to rec-
ognize the track segments in the emulsion, a series of tomo-
graphic images are taken by moving the focus at different
depths in the emulsion thickness. The digitized images are
shifted according to the predicted track angle and then
added. The presence of aligned grains forming a track is de-
tected as a local peak above the gray level of the summed
image. The track finding efficiency of the track selector is
higher than 98% for track angles up to 400 mrad with re-
spect to normal incidence.

The electronic detectors downstream of the emulsion
target include a hadron spectrometer which measures
the bending of charged particles in an air-core magnet,
a calorimeter where the energy and direction of showers
are measured and a muon spectrometer which measures
the charge and momentum of muons. In this analysis, the
momentum of particles other than muons in the candidate
events were determined by measuring their multiple scat-
tering in the emulsion target.

3 Event samples and selection
of two charm topologies

The west area neutrino facility (WANF) at CERN pro-
vided a wide band beam of 27 GeV average energy con-
sisting mainly of νµ, with a contamination of 5.1% ν̄µ,

0.8% νe and 0.2% ν̄e. During the four years of CHO-
RUS operation the emulsion target has been exposed
to the beam for an integrated intensity which corres-
ponds to 5.06×1019 protons on target. The data from
the electronic detectors have been analyzed and the set of
events possibly originating in the emulsion stacks has been
identified.

Table 1. Results of the visual inspection in the selected 0µ
sample

Charm candidates Rejected events

Topology Events Category Events

V2 145 Low momentum 72
V4 43 Traversing tracks 108

C1 80 h± int. 110

C3 75 h0 int. 4
C5 4 γ- conversion 36

V2+V2 1 Overlay secondary vertices 37
C1+V2 1
C3+V4 1

Total 350 367

Table 2. Results of the visual inspection in the selected 1µ
sample

Charm candidates Rejected events

Topology Events Category Events

V2 841 Low momentum 140
V4 230 Traversing tracks 149

V6 3 h± int. 258

C1 462 h0 int. 69
C3 501 γ- conversion 101
C5 23 Overlay secondary vertices 36

C1+C3 1
C1+V2 1
V2+V4 1

Total 2063 753
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3 events in NC and 1 in CC processes, another CC event observed with a different search 

Only gluon bremsstrahlung 
in CC interactions  

Both processes in NC 
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Table 5. Background sources and the corresponding event
yields in the 1µ sample

Primary interaction secondary vertex event yield

νµN → µ−cΣ±X Σ±→ 1 prong 0.002±0.001
νµN → µ−c h±X h± white C1 0.08±0.04
νµN → µ−c h±X h± white C3 0.06±0.04
νµN → µ−c h±X h± white C5 0.024±0.009
νµN → µ−c h0X h0 white V2 0.01±0.01
νµN → µ−c h0X h0 white V4 0.006±0.006

Total 0.18±0.06

Table 6. Background sources and the corresponding event
yields in the 0µ sample where µ±(e±) is misidentified

Primary interaction secondary vertex event yield

νN → µ±(e±)cΣ±X Σ±→ 1 prong 0.0003±0.0001
νN → µ±(e±)c h±X h± white C1 0.013±0.005
νN → µ±(e±)c h±X h± white C3 0.011±0.005
νN → µ±(e±)c h±X h± white C5 0.004±0.001
νN → µ±(e±)c h0X h0 white V2 0.001±0.001
νN → µ±(e±)c h0X h0 white V4 0.0006±0.0006
νN → µ±(e±)cc̄X cc̄→ any prong 0.146±0.051

Total 0.18±0.05

been collected, which allows a cross-check of the simula-
tion at the 35% level. An overall background of 0.18±
0.06 events is expected in CC interactions, mainly from
white interactions.

In Table 6 are listed the background sources and the
corresponding event yield in the 0µ sample. An overall
background of 0.18± 0.05 events is estimated. The main
background source for the double charm production in NC
interaction comes from charged lepton misidentification in
CC double charm events. This background is estimated by
scaling the candidate event in CC interactions with the CC
contamination in 0µ sample which is estimated to be about
14%.

8 Results and conclusions

In summary, in a sample of 99 245 1µ events, one event
has decay topologies that meet the requirements for asso-
ciated charm production. The total background in the CC
sample is estimated to be 0.18±0.06 events. In the sam-
ple of 26 621 0µ events, three events showed decay topolo-
gies that are consistent with associated charm production.
The total background in the NC sample is estimated to
be 0.18±0.05.

In order to estimate the associated charm production
rate in νµ interactions, an additional weight factor needs to
be applied to 1µ events with pµ > 30 GeV/c, since a small
fraction of this category was not located and analysed.
This factor was evaluated from the measured ratio 0.305±

0.002 of 1µ events with pµ > 30 GeV/c to those with pµ <
30 GeV/c; it was found to be 1.021. In order to evaluate the
real number of ν NC we have used the measured fraction of
0.274±0.005 between deep-inelastic NC and CC νµ inter-
actions. This value is smaller than what was measured by
CHARM, CDHS and CCFR collaborations [28–30] since
a correction for the non-isoscalarity of the emulsion target
is applied. In NC interactions identification of the neutrino
flavor is not possible in the experiment. Therefore, the NC
sample contains a small fraction of νe, ν̄e and ν̄µ NC inter-
actions. The contribution of neutrino flavors other than νµ
to the normalization is estimated to be 3.3%. Since in CC
interactions at least one reconstructed muon in the spec-
trometer is required both NC and CC interactions have
a similar energy threshold which is about 6 GeV.

The relative rate of NC associated charm production is
given by

σ(cc̄ν)

σDIS
NC

=

(
N cc̄

obs−Nbgr

RNC
CC

NCC

)
1

rloc

1

ϵnet
.

Where:

– N cc̄
obs = 3 is the number of candidate events in the 0µ

sample;
– Nbgr = 0.18±0.05 is the total background in NC sam-

ple;
– RNC

CC
= 0.285±0.005 is the effective ratio between deep-

inelastic NC and CC interactions;
– NCC = 101329 is the number of CC νµ interactions;
– ϵnet = 0.128±0.006 is the average detection efficiency

for the NC cc̄ sample;
– rloc = 0.211 ± 0.004 is the ratio of the reconstruction

and location efficiency of events with cc̄ in NC events to
that of all CC events.

The value obtained for this ratio normalizing to the total
neutrino flux with 27 GeV average neutrino energy is

σ(cc̄ν)

σDIS
NC

= (3.62+2.95
−2.42(stat)±0.54(syst))×10−3.

The statistical error is derived using a 68% confidence in-
terval in the unified approach for the analysis of small sig-
nals in the presence of background [34]. We have accounted
for a systematic uncertainty of 15% coming from the effi-
ciency estimation by Monte Carlo modeling. The energy
threshold of associated charm production is significantly
higher than for NC interactions. Based on the HERWIG
event generator, an energy threshold cut of 35 GeV is ap-
plied to NC interactions. The relative rate of NC associated
charm production is also evaluated with the energy thresh-
old cut and found to be (7.30+5.95

−4.88(stat)± 1.09(syst))×
10−3. The average neutrino energy above this threshold is
73 GeV, to be compared with the average visible energy
of our candidates of 44 GeV. The neutrino spectrum for
NC interactions is peaked at about 25 GeV and decreases
very rapidly. Therefore, we expect events to occur close the
threshold. The result is consistent with the E531 [11] and
NuTeV [12, 13] measurements. The measured cross-section
is consistent with our measurement on NC production of

~ 30 events expected 
Double charm in NC interactions sensitive to the existence of Z’ bosons 

Charm production induced by ντ interactions is competing 
Same topology, kinematics to be exploited 
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J/Ψ [31]1. Given the fact that the cross-section is predicted
to have a strong energy dependence and taking into ac-
count that the neutrino energy spectrum of the beam used
in this experiment peaks at values where this cross-section
is predicted to be low, our result is compatible with the
prediction of the Z0-gluon fusion model [32, 33]. In the
framework of this model, one obtains the relative rate of
NC associated charm production as ∼ 4×10−3.

With the observation of one event for associated charm
production in CC interactions, we obtain for the relative
rate an upper limit at 90% C.L. [34] of

σ(cc̄µ−)

σCC
< 9.69×10−4 ,

normalizing to the total neutrino flux. Due to different
energy thresholds in single and associated charm produc-
tion, the production cross-section relative to CC inter-
actions is estimated with the energy cut of 35 GeV. An
upper limit for the relative rate with the energy thresh-
old cut is found to be 2.24×10−3. The average neutrino
energy above this threshold is 73 GeV. Since the top-
ology of the single candidate event is not one of the
most likely background channels, it is justified to give
a cross-section for this process. Based on the single event,
the production cross-section relative to CC interactions
is 1.95+3.22

−1.44(stat)± 0.29(syst)× 10−4 with a systematic
error of 15% from the flux normalization. The rate of
CC associated charm production with the threshold cut
is obtained to be (4.50+7.44

−3.33(stat)± 0.68(syst))× 10−4.
The cross-section predicted by the QCD inspired parton
model [8] has a strong energy dependence. Although the
cross-section of this process at the average energy of the
CHORUS νµ beam is low, the measured production rate
is in agreement with the prediction of the QCD inspired
parton model. The relative rate of CC associated charm
production is calculated to be∼ 2×10−4 within the frame-
work of this model. The a posteriori probability that the
background for the topology with two neutral decays gives
one event is 0.016. Taking into account that this was not
the only topology searched for, it is difficult to convert this
into a uniquely defined confidence level. However, given
the special topology, it is very likely that this event consti-
tutes an observation of associated charm production in CC
interactions.
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2000) (http://choruswww.cern.ch/Reference/Theses/
Theses.html)

15. G.D. Lellis, P. Migliozzi, P. Santorelli, Phys. Rep. 399, 227
(2004) [Erratum-ibid. 411, 323 (2005)]

16. CHORUS Collaboration, E. Eskut et. al., Nucl. Instrum.
Methods A 401, 7 (1997)

17. CHORUS Collaboration, S. Aoki et al., Nucl. Instrum.
Methods A 447, 361 (2000)

18. T. Nakano, PhD thesis (Nagoya University, Japan, 1997)
19. CHORUS Collaboration, E. Eskut et. al., Phys. Lett. B

497, 8 (2001)
20. DONUT Collaboration, K. Kodama et al., Nucl. Instrum.

Methods A 493, 45 (2002)
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Search for multi-quark states in ν interactions:  
charmed pentaquarks 
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Unlike other processes like e+ e- scattering, the θ0
c production in anti-neutrino  

interactions is favoured by the presence of three valence quarks  

Weakly decaying charmed hadron (below 2.8 GeV) 
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Fig. 2. Decay topology of Θ0
c events produced in ν̄µ interactions with two and four prongs.

sion tracks do not converge to a common vertex potentially contain a short-lived particle decay
topology and are selected for further inspection [29]. Recently, CHORUS has published a sample
of about 2000 ν̄µ interactions analyzed with this method, where charmed hadrons were looked
for [21].

In this paper a new search for Θ0
c production, performed from a sample of CHORUS data, is

presented. We have analyzed an enlarged data sample obtained with additional event location. In
the following section, the analysis strategy is explained.

5. Analysis strategy

If the mass lies below the threshold, the Θ0
c decays weakly. Weak decay modes of the Θ0

c are
the ones listed in Eq. (2) since we focus on the decay channels with a proton in the final state.
Therefore the signature of a Θ0

c event consists of a primary neutrino interaction with a short-lived
particle which in turn decays emitting two or four charged particles in the final state, as shown
in Fig. 2.

Given the fact that Θ0
c may decay via either the annihilation or the decay of the c̄ quark, the

lifetime of the Θ0
c is expected to be similar to that of the D0 state. Nevertheless, some exper-

iments [30,31] have claimed the observation of neutral charmed hadrons with longer lifetime
than D0. Therefore, in order to cover all possible ranges of lifetimes with high efficiency for the
pentaquark search, the NetScan method is applied with an enlarged fiducial volume. The scan-
ning volume is like a pyramid as shown in Fig. 3. This volume contains the vertex plate itself,
the plate immediately upstream, and ten plates downstream of the vertex plate, corresponding
to 9.48 mm along the beam direction. The transverse area of the first plate is 1.5 × 1.5 mm2,
enlarged to 3.0 × 3.0 mm2 in the most downstream plate.

The number of located events with a muon of positive charge as determined by muon spec-
trometer is 2262. In order to obtain the sample of ν̄µ CC interactions, one has to subtract from
this sample the contaminations due to:

– νµCC events with the µ− reconstructed as a µ+;
– hadrons reconstructed as a µ+ by the muon spectrometer, either in CC events where the µ

is not identified or in neutral-current (NC) interactions.
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Table 6
Sensitivity to σ

Θ0
c
/σν̄ production for different lifetimes of Θ0

c . A cτ cut is applied to minimize the production sensitiv-

ity. The uncertainty in background estimation is
δ(N

D̄0 )

N
D̄0

= 0.3. We have used the decay branching ratios estimated in

Section 3

τ
Θ0

c
/τD0 cτ cut (µm) D̄0 (N2 + N4) Sensitivity

0.5 < 100 9.48 + 3.42 0.051
1 No cut 16.11 + 5.70 0.056
2 > 100 6.63 + 2.28 0.053
4 > 150 4.35 + 1.39 0.059
8 > 200 2.95 + 0.80 0.047

16 > 250 2.00 + 0.54 0.052

Table 7
σ
Θ0

c
/σν̄ production limit for different lifetimes of Θ0

c . A cτ cut is applied in order to minimize the production sensitiv-

ity. The uncertainty in background estimation is
δ(N

D̄0 )

N
D̄0

= 0.3. We have used the decay branching ratios estimated in

Section 3

τ
Θ0

c
/τD0 cτ cut (µm) Data (N2 + N4) Limit

0.5 < 100 6 + 5 0.039
1 No cut 15 + 9 0.065
2 > 100 9 + 4 0.084
4 > 150 7 + 1 0.083
8 > 200 4 + 1 0.062

16 > 250 3 + 0 0.052

model dependent, the sensitivity as a function of br2p is estimated and shown in Fig. 6 where we
have used the normalization br2p +br4p = 1.

In the spanned range of Θ0
c proper lifetimes (0.5 to 16 τD0 ), the upper limit of the production

ratio is below 0.085 at 90% C.L. The tightest bound is σΘ0
c
/σν̄ < 0.039 at 90% C.L. for Θ0

c

lifetime equal to 0.5τD0 . This limit is above the D0 production cross-section, thus not providing
a tight bound on the production. The low sensitivity is essentially due to the limited anti-neutrino
statistics for the CHORUS experiment.

9. Possible Θ0
c search in the future neutrino experiments

In this section, we discuss a possible search for the charmed pentaquark using an emulsion
cloud chamber (ECC), as in the OPERA experiment [43], at a neutrino factory.

We assume the same analysis strategy discussed in cf. Section 5. In particular, we study the
Θ0

c search at a neutrino factory, by assuming the following parameters: a µ+ beam energy Eµ =
50 GeV; length of the straight section, L = 100 m; muon beam angular divergence, 0.1 mµ/Eµ,
mµ being the muon mass; muon beam transverse size σx = σy = 1.2 mm [44].

We assume that the target section of the detector is made of lead plates and nuclear emulsions
used as tracking devices, alternated in a ECC sandwich structure (60 emulsion films and lead
plates) as used in the OPERA detector [43]. The cross-section of the target is assumed to be 1 m2

(a wall with a matrix of 8 × 10 OPERA-like bricks). The target is made of one wall correspond-
ing to a total mass of about 0.68 t. The target wall is followed downstream by two couples of

Not a tight bound, larger than D0 prod, 
Limited by the anti-nu statistics  
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50 GeV; length of the straight section, L = 100 m; muon beam angular divergence, 0.1 mµ/Eµ,
mµ being the muon mass; muon beam transverse size σx = σy = 1.2 mm [44].
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New physics portals 

•  Fermion portal 
– HNL in general 
–  SUSY: Low mass neutralinos 

•  Scalar portal  
– Light inflaton 

•  Vector portal 
–  Paraphoton 

•  Axion portal 
–  SUSY: Light sgoldinos 
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In general: sensitive to very weakly interacting and long lived particles 



Light neutralinos     
ü   Can be produced in charm decays, e.g. D0 ! ν χ0 , D+ ! µ+ χ0  

ü  Decay final states: 



Hidden photons 
• γ′

γ′ → e+e−, µ+µ−, qq̄, ...

• cτ ∼ ε−2m−1
γ′

•
τ < 0.1 ⇒ ε2mγ′ > 10−21

• Ψ

ε2
( mγ′

1

)
> 10−11

( mΨ

500

)2

/
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γ′

•
◦

◦
Ep, Eγ′ , Ep − Eγ′ ≫ mn,mγ′ ,

√
p2⊥

◦ σpp(
√
s)

◦
•

◦ γ′

◦ 105 p.o.t

nγ′/p.o.t
mγ′ < 0.135 π0 → γγ′ ε2 × 5.41

0.135 < mγ′ < 0.548 η → γγ′ ε2 × 0.23
0.548 < mγ′ < 0.648 ω → π0γ′ ε2 × 0.07
0.648 < mγ′ < 0.958 η′ → γγ′ ε2 × 10−3

/
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0.648 < mγ′ < 0.958 η′ → γγ′ ε2 × 10−3
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production
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Present limits 
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�0 decays
qq̄

Γ
(
γ′ → ℓ+ℓ−

)
= ε2

αQED

3
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m2
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2m2
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αQED
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R
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Only e+e� and µ+µ� decays considered here
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R used to compute the dark photon lifetime  



Sensitivity to Dark photons     
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Sensitivity to Dark photons     
90% C.L. Preliminary  
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Status of the SPSC review 
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Planning schedule of the SHIP facility     

A few milestones: 
ü   Form SHIP collaboration                       !   June-September 2014  
ü  Technical proposal                                !   2015 
ü  Technical Design Report                          !   2018   
ü  Construction and installation                    !   2018 – 2022 
ü  Commissioning                                         !   2022 
ü  Data taking and analysis of  2×1020 pot   !    2023 - 2027      



Conclusion and Next steps 

•  The proposed experiment will search for NP in the largely unexplored 
     domain of new, very weakly interacting particles with masses below 
     the Fermi scale 
 
•  Detector is based on existing technologies 
     Ongoing discussions of the beam lines with experts 
 
•  The impact of HNL discovery on particle physics is difficult to 
     be overestimated! 
 
•  The proposed experiment complements the searches  

 for NP at the LHC and in neutrino physics  
 
•  Tau neutrino physics and charm physics with neutrinos 
 
 
        A Collaboration is currently being setup. The first collaboration  

 meeting was held in June. Let us know if you are interested to join!  
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