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Physics motivation
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In-spite of the fact that the Standard Model is consistent with LHC

experiments and can be a valid effective field theory all the way up to

the Planck scale, it cannot be an ultimate theory of nature.

Experimental evidence for new physics

Neutrino masses and oscillations

Dark matter

Baryon asymmetry of the Universe

Theoretical evidence for new physics

Hierarchy problem

Cosmological constant problem

Flavour

Gravity
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Where is new physics?
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Generic beam dump

facility at CERN

Energy frontier:

Weak coupling frontier:

CERN, April 9, 2014 – p. 8



Portals to the hidden sectors

If new hidden particles are light, they must be singlets with respect to the gauge group of

the SM (possible exception - milli-charged particles). So, they may couple to different

singlet composite operators (portals) of the SM

dim 2: Hypercharge U(1) field, Bµν : vector portal. New particle -

massive vector (paraphoton, secluded photon,...); renormalisable

coupling - kinetic mixing

ǫBµνF
′µν

dim 2: Higgs field, H†H: Higgs portal. New particle - “dark”

scalar; renormalisable couplings

(µχ+ λχ2)H†H
CERN, April 9, 2014 – p. 9



dim 21

2
: Higgs-lepton, HTL: neutrino portal. New particles -

Heavy Neutral Leptons, HNL; renormalizable couplings

Y HT N̄L

dim 4: New particles - ALPs (axion like particles), pseudo-scalars:

axion portal. Non-renormalizable couplings,

a

F
GµνG̃

µν ,
∂µa

F
ψ̄γµγ5ψ, etc
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Outline

Vector portal

Higgs portal

Neutrino portal

Axion portal

Experimental setup

Conclusions
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Vector portal
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Motivations

Mirror matter: P, C and PC are not conserved - to restore the

symmetry between left and right mirror particles should be introduced.

Okun, Voloshin, Ellis, Schwarz, Tyupkin, Kolb, Seckel, Turner, Georgi,

Ginsparg, Glashow, Foot, Volkas, Blinnikov, Khlopov, Gninenko,

Ignatiev, Berezhiani,...

Possible model:

[SU(3) × SU(2) × U(1)]our × [SU(3)′ × SU(2)′ × U(1)′]mirror

with discrete Z2 symmetry incorporating parity and our ↔ mirror

transition
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Communications between 2 worlds:

Vector portal: The mixing between our photon and the mirror

photon ǫBµνF
′µν , leading also to the mixing with Z

Higgs portal: (H†
ourHour)(H

†
mirrorHmirror)

Gravitational portal

Consequences:

Dark matter made of mirror particles?

Existence of particles with fractional charges ∝ ǫ

Exotic processes in particle physics, e.g. mixing of

orthopositronium with mirror orthopositronium (Glashow)
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Simplest Higgs sector: parity may be exact (the spectra of our and

mirror particles are the same) or spontaneously broken (the spectra of

our and mirror particles are different). If parity is exact, both photons

are massless. Constraint on ǫ: ǫ < 3 × 10−8 from BBN (Carlson,

Glashow)

Main problem:

Why cosmology of the mirror sector is so much different from the

visible sector?

More complicated models (Higgs sector, etc). Mirror photon can be

massive.
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Simplest Higgs sector: parity may be exact (the spectra of our and

mirror particles are the same) or spontaneously broken (the spectra of

our and mirror particles are different). If parity is exact, both photons

are massless. Constraint on ǫ: ǫ < 3 × 10−8 from BBN (Carlson,

Glashow)

Main problem:

Why cosmology of the mirror sector is so much different from the

visible sector?

More complicated models (Higgs sector, etc). Mirror photon can be

massive.

Okun, 2007: “We compare mirror symmetry with supersymmetry. The

former cannot compete with the latter in the depth of its concepts and

mathematics. But it can compete in the breadth and diversity of its

phenomenological predictions.
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Simplest Higgs sector: parity may be exact (the spectra of our and

mirror particles are the same) or spontaneously broken (the spectra of

our and mirror particles are different). If parity is exact, both photons

are massless. Constraint on ǫ: ǫ < 3 × 10−8 from BBN (Carlson,

Glashow)

Main problem:

Why cosmology of the mirror sector is so much different from the

visible sector?

More complicated models (Higgs sector, etc). Mirror photon can be

massive.

Okun, 2007: “We compare mirror symmetry with supersymmetry. The

former cannot compete with the latter in the depth of its concepts and

mathematics. But it can compete in the breadth and diversity of its

phenomenological predictions. Without a doubt, mirror matter is much

richer than the dark matter of supersymmetry.” CERN, April 9, 2014 – p. 15



Even more general approach: dark hidden sector may have

complicated structure, not associated with ideas of mirror symmetry

(e.g. “SuperUnified theory of Dark Matter” of Arkani-Hamed and

Weiner). A possible bridge between hidden and and our world is the

vector portal.

ǫ ∼ 10−2 − 10−12 can be generated through quantum loops of

particles that carry both U(1) charges or by non-perturbative effects.

The mass of paraphoton (U-boson, secluded photon, dark photon, dark

gauge boson, ...) can be in GeV region (SUSY models, arguments

coming from DM - change of DM annihilation cross-section, etc).

Holdom, Galison, Manohar, Arkani-Hamed, Weiner, Schuster, Essig,

Pospelov, Toro, Batell, Ritz, Andreas, Goodsell, Abel, Khoze,

Ringwald, Fayet, Cheung, Ruderman, Wang, Yavin, Morrissey, Poland,

Zurek, Reece, Wang, ...
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Phenomenology of the vector portal

Production: through a virtual photon: electron or proton fixed-target

experiments, e+e− and hadron colliders, σ ∝ ǫ2. Decay due to the

mixing with photon to the pair of charged particles:

e+e−, µ+µ−, π+π−, etc, etc or to invisible particles from the dark

sector.

Constraints are coming from:

SLAC and Fermilab beam dump experiments E137, E141, E774

electron and muon anomalous magnetic moments

KLOE, BaBar

PS191, NOMAD, CHARM (CERN)

...
CERN, April 9, 2014 – p. 17



Signatures:

ǫ2 effect. Missing energy in radiative meson decays, if A′ decays

outside the detector. For example:

Υ(1S) → γA′, Υ(3S) → γA′.

Missing energy in other channels, e.g. K+ → π+ + nothing.

ǫ2 effect for short lived A′, Search for decay of A′. For example -

Hyper CP-anomaly: Σ+ → pA′, A′ → µ+µ−. MA ≃ 214

MeV (??)

ǫ4 effect for long lived A′, extra ǫ2 comes from the probability of

decay in the detector.

CERN, April 9, 2014 – p. 18



arXiv:1311.0029, Adrian et al, arXiv:1311.3870, Bluemlein et al.

These constrains can be greatly improved by SHIP, see below.
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arXiv:1311.0029, Adrian et al

These constrains can be greatly improved by SHIP, see below.
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Higgs portal
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Motivations

Higgs portal: convenient parametrisation of an extended Higgs sector:

two Higgs doublets, SUSY (e.g. light sgoldstino), scalar singlets, Higgs

triplets,...

Extra scalars may be helpful for solution of hierarchy problem, flavour

problem, baryogenesis, Dark Matter, neutrino masses, inflation, etc

Patt, Wilczek, Schabinger, Wells, No, Ramsey-Musolf, Walker, Khoze,

Ro, Choi, Englert, Zerwas, Lebedev, Mambrini, Lee, Jaeckel, Everett,

Djouadi, Falkowski, Schwetz, Zupan, Tytgat, Pospelov, Batell, Ritz,

Bezrukov, Gorbunov, Gunion, Haber, Kane, Dawson,...
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Batell, Pospelov, Ritz. Sample Lagrangian:

(µχ+ λχ2)H†H + LSM + Lhidden

If µ = 0, we may have Z2 symmetry, leading to stability of χ (then χ

can be a DM candidate). For mχ ≪ MH we can integrate out the

Higgs field and get the effective action

OSM

µχ+ λχ2

M2
H

OSM = mf f̄f + ... describes Higgs interaction with fermions of the

SM.

For µ ≪ v the new scalar χ may be long-lived.

CERN, April 9, 2014 – p. 23



Phenomenology of the Higgs portal

Direct production p+ target → Y + χ

Production via intermediate (hadronic) state

p+ target → mesons + ..., and then hadron→ χ+ ....

Subsequent decay of χ to SM particles
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From arXiv:1403.4638, Bezrukov, Gorbunov CERN, April 9, 2014 – p. 24



Example: the role of χ is (Bezrukov, Gorbunov):

give the mass to the Higgs boson

give mass to HNLs

produce the 7 keV sterile neutrino dark matter

inflate the Universe in accordance with Planck and BICEP

(∂µχ)
2

2
+
m2

χχ
2

2
−
βχ4

4
− λ

(

H†H −
α

λ
χ2

)2

−
M2

P + ξχ2

2
R

Mixing with the Higgs:

θ2 =
2βv2

m2
χ

=
2α

λ
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Constraints
τ χ

, s

B
r(

B
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K
χ)

mχ, GeV
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These constrains can be greatly improved by SHIP, see below.
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Neutrino portal
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Motivations

Minkowski, Yanagida, Gell-Mann, Ramond, Slansky, Glashow,

Mohapatra, G. Senjanovic + too many names to write, the whole

domain of neutrino physics

Most general renormalizable (see-saw) Lagrangian

Lsee−saw = LSM+N̄Ii∂µγ
µNI−FαI L̄αNIΦ−

MI

2
N̄c

INI+h.c.,

Assumption: all Yukawa couplings with different leptonic generations

are allowed.

I ≤ N - number of new particles - HNLs - cannot be fixed by the

symmetries of the theory.

Let us play with N to see if having some number of HNLs is good for

something
CERN, April 9, 2014 – p. 28



N = 1: Only one of the active neutrinos gets a mass



N = 1: Only one of the active neutrinos gets a mass

N = 2: Two of the active neutrinos get masses: all neutrino

experiments, except LSND-like, can be explained. The theory

contains 3 new CP-violating phases: baryon asymmetry of the

Universe can be understood



N = 1: Only one of the active neutrinos gets a mass

N = 2: Two of the active neutrinos get masses: all neutrino

experiments, except LSND-like, can be explained. The theory

contains 3 new CP-violating phases: baryon asymmetry of the

Universe can be understood

N = 3: All active neutrinos get masses: all neutrino experiments,

can be explained (LSND with known tensions). The theory

contains 6 new CP-violating phases: baryon asymmetry of the

Universe can be understood. If LSND is dropped, dark matter in

the Universe can be explained - Oleg’s talk last week. The

quantisation of electric charges follows from the requirement of

anomaly cancellations (1-3-3, 1-2-2, 1-1-1, 1-graviton-graviton).



N = 1: Only one of the active neutrinos gets a mass

N = 2: Two of the active neutrinos get masses: all neutrino

experiments, except LSND-like, can be explained. The theory

contains 3 new CP-violating phases: baryon asymmetry of the

Universe can be understood

N = 3: All active neutrinos get masses: all neutrino experiments,

can be explained (LSND with known tensions). The theory

contains 6 new CP-violating phases: baryon asymmetry of the

Universe can be understood. If LSND is dropped, dark matter in

the Universe can be explained - Oleg’s talk last week. The

quantisation of electric charges follows from the requirement of

anomaly cancellations (1-3-3, 1-2-2, 1-1-1, 1-graviton-graviton).

N > 3: Now you can do many things, depending on your taste -

extra relativistic degrees of freedom in cosmology, neutrino

anomalies, dark matter, different scenarios for baryogenesis, and

different combinations of the above.

CERN, April 9, 2014 – p. 29



New mass scale and Yukawas

Y 2 = Trace[F †F ]

CERN, April 9, 2014 – p. 30



N = 3 with MI < MW : the νMSM
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N = Heavy Neutral Lepton - HNL

Role of N1 with mass in keV region: dark matter, discussed by Oleg

last Wednesday

Role of N2, N3 with mass in 100 MeV – GeV region: “give” masses to

neutrinos and produce baryon asymmetry of the Universe

CERN, April 9, 2014 – p. 31



Baryon asymmetry

CP-violation - OK due to new complex phases in Yukawa

couplings

Lepton number violation - OK due to HNL couplings and due to

Majorana masses

Deviations from thermal equilibrium: OK as HNL are out of

thermal equilibrium for T > O(100) GeV

Note:

there is no electroweak phase transition for the Higgs mass 126

GeV

For masses of N in the GeV region they decay at temperatures

∼ 1 GeV. These decays cannot be used for baryogenesis, as they

occur below the sphaleron freeze-out temperature CERN, April 9, 2014 – p. 32



Baryon asymmetry

Akhmedov, Rubakov, Smirnov; Asaka, MS

Idea - N2,3 HNL oscillations as a source of baryon asymmetry.

Qualitatively:

HNL are created in the early universe and oscillate in a coherent

way with CP-breaking.

Lepton number from HNL can go to active neutrinos.

The lepton number of active left-handed neutrinos is transferred to

baryons due to equilibrium sphaleron processes.

CERN, April 9, 2014 – p. 33



Constraints on BAU HNLN2,3

Baryon asymmetry generation: CP-violation in neutrino sector+singlet

fermion oscillations+sphalerons

BAU generation requires out of equilibrium: mixing angle of N2,3

to active neutrinos cannot be too large

Neutrino masses. Mixing angle of N2,3 to active neutrinos cannot

be too small

BBN. Decays of N2,3 must not spoil Big Bang Nucleosynthesis

Experiment. N2,3 have not been seen

CERN, April 9, 2014 – p. 34
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Constraints on U2 coming from the baryon asymmetry of the Universe,

from the see-saw formula, from the big bang nucleosynthesis and

experimental searches. Left panel - normal hierarchy, right panel -

inverted hierarchy (Canetti, Drewes, Frossard, MS).
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Constraints on U2 if one adds an extra requirement that large lepton

asymmetry for resonant DM production is generated at the moment of

decoupling or decay of N2,3 at T ∼ 1 GeV. Left panel - normal

hierarchy, right panel - inverted hierarchy (Canetti, Drewes, Frossard,

MS). Other mechanisms can be possible, now under investigations.
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Phenomenology of the Neutrino portal

Production via intermediate (hadronic) state

p+ target → mesons + ..., and then hadron→ N + ....

Subsequent decay of N to SM particles
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Similar phenomenology - light neutralino χ̃ in some SUSY models with

R-parity violation Dedes, Dreiner, Richardson: D → lχ̃, χ̃ → l+l−ν
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Survey of constraints
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From arXiv:0901.3589, Atre et al

The experimental constrains on N can be greatly improved by SHIP,

see below.
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Axion portal
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Motivations

Axions to solve strong CP-problem; string theory, extra dimensions:

axion-like particles - ALPs (or pseudo-Nambu-Goldstone bosons), dark

matter, SUSY, ...

Weinberg, Wilczek, Witten, Conlon, Arvanitaki, Dimopoulos, Dubovsky,

Kaloper, March-Russell, Cicoli, Goodsell, Ringwald, Lazarides, Shafi,

Choi, Essig, Harnik, Kaplan, Toro, Gorbunov,...

a

F
GµνG̃

µν ,
∂µa

F
ψ̄γµγ5ψ, etc
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Phenomenology of the axion portal

Similar to the Higgs portal, from arXiv:1008.0636, Essig et al

Left: K+
→ anything + e+e− (green); K+

→ π++ invisible (blue);

B+
→ K+l+l− (yellow ) (l = e, µ); B+

→ K++ invisible (red).

Right: Gray: the combined exclusion region from meson decays; green: CHARM;

blue: supernova SN 1987a; red: muon anomalous magnetic moment.

The experimental constrains on a can be greatly improved by SHIP,

see below.
CERN, April 9, 2014 – p. 41



How to improve the bounds or to

discover light very weakly

interacting hidden sector?

CERN, April 9, 2014 – p. 42



Dedicated experiments

Common features of all the hidden particles discussed above:

Can be produced in decays of different mesons (π, K, charm, beauty)

Can decay to SM particles (l+l−, γγ, lπ, etc)

Can be long lived

Requirements to experiment:

Produce as many mesons as you can

Study their decays for a missing energy signal: charm or B-factories, NA62

Search for decays of hidden sector particles - fixed target experiments

Have as many pot as you can, with the energy enough to produce charmed

(or beauty) mesons

Put the detector as close to the target as possible, in order to catch all hidden

particles from meson decays (to evade 1/R2 dilution of the flux)

Have the detector as large as possible to increase the probability of hidden

particle decay inside the detector

Have the detector as empty as possible to decrease neutrino and other

backgrounds
CERN, April 9, 2014 – p. 43



Most recent dedicated experiment - 1986, Vannucci et al

No new particles are found with mass below K-meson, the best

constraints are derived
CERN, April 9, 2014 – p. 44



Proposal to Search for Heavy Neutral
Leptons at the SPS arXiv:1310.1762

W. Bonivento, A. Boyarsky, H. Dijkstra, U. Egede, M. Ferro-Luzzi, B.

Goddard, A. Golutvin, D. Gorbunov, R. Jacobsson, J. Panman, M.

Patel, O. Ruchayskiy, T. Ruf, N. Serra, M. Shaposhnikov, D. Treille

⇓
General beam dump facility: Search for

HIdden Particles

CERN, April 9, 2014 – p. 45



Energy: 400 GeV, power: 750 kW

4.5 × 1013 protons per pulse (upgrade to 7 × 1013), every 6 s

CNGS: 4.5× 1019 protons on target per year (200 days, 55% machine

availability, 60% of the SPS supercycle

CERN, April 9, 2014 – p. 46
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Experimental requirements 
•   Example – Neutrino portal : 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 large number of charm mesons 

•   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) 1	  

Polar angle of µ	

from Nàµπ  
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Muon shield optimization 
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Muon shield optimization 
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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 4	  

•  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 



Expected event yield  (cont.) 
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 à µ-π+ events are expected for MN = 1 GeV 

5	  
 120 events for cosmologically favoured region:  Uµ

2 = 10-8 & τN = 1.8×10-4s   
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SM physics 



7	  

Objectives of the meeting: 
 
•  Overview of NP  within the reach 
      of SHIP 
•  Discussion on the detector 
     requirements and technologies 

Day	  1-‐2	  (Tuesday	  10	  June)	  



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 proposed experiment perfectly complements the 
     searches for NP at the LHC and in neutrino physics  
 
        A collaboration is currently being setup with aim for the first 
       collaboration meeting in June.  
 
     Let us know if you want us to find your favorite particle and/or 
     are interested to join !  
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