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SM may well be a consistent effective 
theory all the way up to the Plank scale 

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

ü  MH > 111 GeV à 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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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

[
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1

16

(

2g4 + (g2 + g′2)2
)

]

(47)
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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

S. Heinemeyer, Higgs Physics, arXiv:1405.3781 
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Among	
  the	
  most	
  relevant	
  ones:	
  
	
  
Why	
  is	
  the	
  Higgs	
  boson	
  so	
  light	
  (so-­‐called	
  “naturalness”	
  or	
  “hierarchy”	
  problem)	
  ?	
  
	
  
What	
  is	
  the	
  origin	
  of	
  the	
  maOer-­‐anPmaOer	
  asymmetry	
  in	
  the	
  Universe	
  ?	
  
	
  
Why	
  3	
  fermion	
  families	
  ?	
  Why	
  do	
  neutral	
  leptons,	
  charged	
  leptons	
  and	
  quarks	
  behave	
  differently	
  ?	
  	
  
	
  
What	
  is	
  the	
  origin	
  of	
  neutrino	
  masses	
  and	
  oscillaPons	
  ?	
  
	
  
What	
  is	
  the	
  composiPon	
  of	
  dark	
  maOer	
  (~25%	
  of	
  the	
  Universe)	
  ?	
  
	
  

However:	
  there	
  is	
  NO	
  direct	
  evidence	
  for	
  new	
  parPcles	
  (yet)	
  	
  
from	
  the	
  LHC	
  or	
  other	
  faciliPes	
  

i.e.	
  at	
  what	
  E	
  scale(s)	
  will	
  we	
  find	
  the	
  answers	
  to	
  these	
  quesPons	
  ?	
  

Nevertheless,	
  many	
  open	
  quesPons	
  in	
  parPcle	
  physics!	
  

Where	
  is	
  the	
  New	
  Physics	
  ?	
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Search for Hidden Sector (HS) 
or very weakly interacting NP 

   Full reconstruction and PID are essential to minimize model dependence 

Experimental challenge is background suppression  

Models	
   Final	
  states	
  

HNL,	
  SUSY	
  neutralino	
  
Vector,	
  scalar,	
  axion	
  portals,	
  SUSY	
  sgolds;no	
  
HNL,	
  SUSY	
  neutralino,	
  axino	
  
Axion	
  portal,	
  SUSY	
  sgolds;no	
  
SUSY	
  sgolds;no	
  

l+π-, l+K-, l+ρ- ρ+àπ+π0

l+l-
l+l-ν
γγ
π0π0 

ü  HS production and decay rates are strongly suppressed relative to SM 
      - Production fractions O(10-10) 
      - Long-lived objects 
      - Interact very weakly with matter 

 
Hidden Sector 

Naturally accommodates Dark Matter   
(may have rich structure) 

 
Visible Sector     

    Mediators	
  or	
  portals	
  to	
  the	
  HS:	
  
vector,	
  scalar,	
  axial,	
  neutrino	
  

L	
  = LSM + Lmediator +LHS	
  

FCCP	
  2017	
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History lesson - 1930s:

• Back then, the “Standard Model” was photon, electron, nucleons

• Beta decay: n ! p+ e�

Continuous spectrum!

• Pauli proposes a radical solution - the neutrino!

n ! p+ e� + �̄

• Great example of a hidden sector!
• neutrino is electrically neutral (QED gauge singlet)

• very weakly interacting and light

• interacts with “Standard Model” through “portal” - (p̄�µn)(ē�µ⇥)FCCP	
  2017	
  



Search for dark photons 
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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

/

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

/

�0
production

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

/

• 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

/

FCCP	
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Higgs (scalar) portal: production and decay modes 
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FIG. 3. Rare decays of⌥ (left) andB mesons (right) mediated
by the light scalar �.

A. ⌥ decays

If m� . 10GeV, the light scalar can mediate the radia-
tive decay ⌥ ! � � with � decaying further into mesons
or leptons [28] (see left panel of Fig. 3). In order to
factor out uncertainties, it is reasonable to express the
corresponding branching ratio in the form

Br(⌥(nS) ! � �)

Br(⌥(nS) ! ee)
=

y

2

GFm
2

bp
2⇡↵

F
⇣
1�

m

2

�

m

2

⌥

(nS)

⌘
, (6)

where ↵ is the Sommerfeld constant, mb is the bottom
mass and F a correction function which includes higher
order QCD processes [29, 30] as well as bound state
e↵ects appearing when m� approaches the kinematical
endpoint [31, 32]. A parameterization of F which in-
cludes both e↵ects without double counting can be ex-
tracted from Fig. 1 in [33].5 The branching fractions
Br(⌥(nS) ! ee) can be taken from [34].

Experimental constraints

Turning to experiments, the BaBar collaboration has
recently published several searches for light scalars in ⌥
decays. The results were presented in the form of upper
limits on the product Br(⌥ ! � �) ⇥ Br(� ! xx) with
xx being muons [35], taus [36], gluons [37] and general
hadronic final states [38]. These can be translated into
constraints on the coupling y of the scalar � to SM fields
by using (6) and the branching fractions from (5). The
strongest bounds arise from ⌧⌧ and hadronic final states;
they are presented in Fig. 5.

B. B meson decays

The scalar � also gives rise to an e↵ective flavor vio-
lating coupling b�s�� which is obtained by integrating

5 Here we use the estimate (B) from Fig. 1 in [33] which treats
theoretical uncertainties in a slightly more conservative way.

out the W -top-loop. One finds [11]

L�sb =
ymb

v

3
p
2GF m

2

t V
⇤
tsVtb

16⇡2

⇥ � s̄LbR + h.c. , (7)

with Vts and Vtb denoting the CKM elements. We fol-
low [39] and use the one-loop MS top mass mt = 165GeV
in the above expression.
For m� . 5GeV, the scalar can mediate rare decays of

B mesons. The most constraining mode is B ! K + �

for which the decay rate can be written as

�B!K� =

 
ymb

v

3
p
2GF m

2

t |V ⇤
tsVtb|

16⇡2

!
2

|hK|s̄LbR|Bi|2

⇥
p

(m2

B � (mK +m�)2)(m2

B � (mK �m�)2)

16⇡m

3

B

, (8)

which agrees well with the numerical formula presented
in [11]. For the corresponding matrix element we use the
parametrization [40]

hK|s̄LbR|Bi = 1

2

(m2

B �m

2

K)

mb �ms
f

0

(q2)

with f

0

(q2) =
0.33

1� q

2

/38 GeV2

, (9)

with the transferred momentum q

2 = m

2

�. This
parametrization is in good agreement with a more recent
determination of f

0

(q2) [41]. The uncertainty of f
0

(q2)
is at the level of ⇠ 10% [40].

Experimental constraints

The above decay mode would contribute to the rare
process B ! K+µµ via � decaying into a pair of muons
(see right panel of Fig. 3). As interference e↵ects can
be neglected – the intermediate � is on-shell – this con-
tribution simply adds to the SM one. The comparison
with observation is still not straightforward as the exper-
iments probe a regime of the coupling y < 0.01, where
the lifetime of � becomes non-negligible (see Fig. 2). If
the scalar travels a macroscopic distance in the detector,
this would a↵ect the event reconstruction performed in
the experimental analyses. Events with a too large dis-
placement �d of the �-decay vertex from the primary
interaction point would fail criteria on the vertex quality
and be rejected as background. At LHCb B mesons are
produced with a higher boost than at B factories. This
typically leads to a larger displacement �d and to more
events being rejected. Therefore the lower sensitivity of
B factories compared to LHCb is partially compensated
as they miss less of the signal events. We hence consider
the measurements of B ! K+`` at both, LHCb [42] and
Belle [43].6 Note that ` = µ at LHCb, while ` = µ, e at
Belle.

6 BaBar has also performed a search for B ! K + `` with sensi-
tivity very similar to Belle [44].

Rare B meson decays mediated by a light scalar �

Light scalar particles - Production

Production mostly via mesons decays, mostly B and K decays (D decays
are highly suppressed by CKM):

�(K ! ⇡�) ⇠ (m2
t |V ⇤

tsVtd |)2 / m4
t�

5

�(D ! ⇡�) ⇠ (m2
b|V ⇤

cbVub|)2 / m4
b�

5

�(B ! K�) ⇠ (m2
t |V ⇤

tsVtb|)2 / m4
t�

2

Gaia Lanfranchi Sensitivity to light scalar particles 8 / 22B decays favoured compared to D 

FCCP	
  2017	
  



 Neutrino masses & BAU can be solved with Heavy Neutral Leptons (HNL)  

νMSM: T.Asaka,	
  M.Shaposhnikov	
  
	
  PL	
  B620	
  (2005)	
  17	
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N1 (O(keV) mass)  à Dark Matter 
N2,3 (O(GeV mass) à Neutrino masses 
                                   and  BAU  

Previous experiments did not probe cosmologically  
interesting region for HNL masses above the kaon mass 

Updated	
  SHiP	
  
Physics	
  Paper	
  	
  

Existing constraints  
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 Discovery Physics at the LHC Era, Kruger, South Africa, December 1-6 2014 R. Jacobsson 

Role of 𝑁𝑁1 with a mass of 𝒪𝒪(keV) 
Î Dark Matter 

 
Role of 𝑁𝑁2 and 𝑁𝑁3 with a mass of 𝒪𝒪(𝑚𝑚𝑞𝑞/𝑚𝑚𝑙𝑙±) (100 MeV – GeV):  

Î Neutrino oscillations and mass, and BAU 
 

 
 

Î Assumption that 𝑁𝑁𝐼𝐼 are 𝒪𝒪(𝑚𝑚𝑞𝑞/𝑚𝑚𝑙𝑙): No new energy scale! 

• 𝑌𝑌𝐼𝐼ℓ = 𝒪𝒪
𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝐼𝐼𝑅𝑅

𝑣𝑣 ~ 10−8   (𝑚𝑚𝑅𝑅 = 1 𝐺𝐺𝑀𝑀𝑀𝑀,𝑚𝑚𝜇𝜇 = 0.05 𝑀𝑀𝑀𝑀) 

• 𝒰𝒰2 ~ 10−11   Î Intensity Frontier! 
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𝐻𝐻  
 

𝑊𝑊+
 

𝑁𝑁1 
 

𝜈𝜈  
 

𝑙𝑙− 
𝜈𝜈  
 

𝛾𝛾 

𝑉𝑉𝛾𝛾 = 𝑀𝑀𝑁𝑁1𝑐𝑐2
2  

𝑁𝑁1 Subdominant radiative decay 

Current limits on 𝑁𝑁2 and 𝑁𝑁3 

D decays 
  - SPS -  

B
 d

ec
ay

s 

 W,Z 
- TLEP- 
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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 (depend on flavour mixing): 
 
        Br(N à µ/e π )   ~ 0.1 – 50% 
        Br(N à µ-/e- ρ+) ~ 0.5 – 20% 
        Br(N à 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 GeVà CPV can be increased dramatically to explain 
                                                     Baryon Asymmetry of the Universe (BAU) 
 Very weak N2,3-to-ν mixing (~ U2)  à N2,3 are much longer-lived than SM particles 

Domain only marginally explored, experimentally!	
  FCCP	
  2017	
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Initial reduction of beam induced backgrounds 
-  Heavy target to maximize Heavy Flavour production (large A)  
     and minimize production of neutrinos in π/K à µν decays (short λint) 
-  Hadron absorber 
-  Effective muon shield (without shield: muon rate ~1010 per spill of 4×1013 pot) 
-  Slow (and uniform)  beam extraction ~1s to reduce occupancy in the detector 

General experimental requirements 

Multidimensional optimization: beam energy, 
beam intensity, background conditions and detector acceptance 

Not	
  to	
  scale!	
  

Mo/W 
Target~1m 

Fe	
  ~5m	
  

Length	
  ~50m	
  

e.
µ
,	
  h
ad
ro
ns
	
  

p(400 GeV) 

π,K	
  

Decay volume in vacuum 

neutrino 

Active muon shield (magnetic deflection) O(50)m 

muon 

Neutrino  
Detector ~10m 

HS	
  parPcle	
  

B 

FCCP	
  2017	
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The SHiP experiment at SPS 
( as implemented in Geant4 for TP ) 

>1018 D,  >1016 τ,  >1020 γ
for 2×1020 pot (in 5 years) 

SHiP	
  Technical	
  Proposal:	
  
	
  1504.04956	
  

Emulsion 
 spectrometer 

ντ physics (specific event topology)
Search for DM (scattering on atoms) 

Search for Hidden Sector 
particles (decays in the 
decay volume)  

“Zero background” experiment 
 - Muon shield 
 - Surrounding Veto detectors 

p 

FCCP	
  2017	
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Detector Optimization: conical shape 
Detectors closer to the 

proton target
Muon shield 

~30 m
Vacuum vessel ~45m
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Magnetic sweeper field 

ü  Muon flux limit driven by HS background and emulsion-based neutrino detector 
ü  Active muon shield based entirely on magnet sweeper 
    with a total field integral By = 86.4 Tm 
    Realistic design of sweeper magnets in progress 
     Challenges: flux leakage, constant 
     field profile, modeling magnet shape 
ü  < 7k muons / spill (Eµ > 3 GeV), from 1010  
ü   Negligible flux in terms of detector occupancy 

SHiP muon shield, JINST 12  (2017) P05011  

Dose rate (µSv/h) in the SHiP hall 

FCCP	
  2017	
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SPS	
  

Prevessin	
  site	
  

North	
  Area	
  BDF facility siting 

FCCP	
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R&D at CERN for extraction and beam lines 

•  Deployment of the new SHiP cycle 
•  Extraction loss characterisation  

and optimisation 
 Reduce p density on septum wires 
 Probe SPS aperture limits during  
 slow extraction 

•  Development of new TT20 optics 
 Change beam at splitter on cycle-to cycle basis 

•  Characterisation of spill structure 
•  R&D and development of laminated splitter  

and dilution (sweep) magnets 
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Successful test in 2015  

FCCP	
  2017	
  



•  Less known particle in the Standard Model 
•  First observation by DONUT at Fermilab with 4 detected 

candidates, Phys. Lett. B504 (2001) 218-224 
•  9 events (with an estimated background of 1.5) reported in 

2008 with looser cuts  
            σconst (ντ) = (0.39±0.13±0.13)×10-38 cm2 GeV-1  
•  5 ντ candidates reported by OPERA for the discovery 

(5.1σ result) of ντ appearance in the CNGS neutrino beam 
PRL 115 (2015) 121802  

•  Tau anti-neutrino never observed   

ντ STUDIES 

17	
  FCCP	
  2017	
  



18	
  

ντ detector follows the OPERA concept 

Emulsion Cloud Chamber 
is the key element of ντ detection 

FCCP	
  2017	
  

OPERA: 1 event in 1 brick  
SHIP:  ~230 events/brick 



ντ INTERACTIONS IN THE TARGET 

Expected number of interactions*	
  
*in 5 years run (2x1020 pot) 
  target mass ~ 9.6 ton (Pb) 	
  
	
  

M. H. Reno, Phys. Rev. D74 (2006) 033001	
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N⌫⌧+⌫̄⌧ = 4Np
�cc̄

�pN
fDsBr(Ds ! ⌧) = 2.85⇥ 10�5Np = 5.7⇥ 10156.6 

FCCP	
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Large enhancement in a thick target 
due to hadron cascade effect 



First evaluation of F4 and F5, not accessible with other neutrinos  

F4 = F5 = 0

SM prediction

E(ντ) < 38 GeV

CC interacting ντ

F4 AND F5 STRUCTURE FUNCTIONS 

•  At LO F4= 0, 2xF5=F2 
•  At NLO F4 ~ 1% at 10 GeV 20	
  FCCP	
  2017	
  



STRANGE QUARK NUCLEON CONTENT 

Phys. Rev. D91 (2015) 113005	
  

•  D production in anti-neutrino interactions 
selects anti-strange quark in the nucleon  

•  Charm yield in ν int. (~105events) is >10x the 
sample from past experiments 

•  Strangeness important for precision SM tests 
and for BSM searches 

•  W boson production at 14 TeV:                  
80% via ud and 20% via cs   
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Fractional uncertainty of the individual parton 
 densities f(x;m2
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•  Significant improvement 
(factor two) with SHIP data 
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A massive neutrino may interact e.m.  
à magnetic moment proportional to its mass 

✓2⌫�e < 2me/Ee

Assuming 5% systematics 
from DIS measurements 

SHiP can explore a region down to 

TAU NEUTRINO MAGNETIC MOMENT 

NC     
CC 
QE 
QE     
DIS 

BACKGROUND PROCESSES 

750  

11700	
  

1700 	
  

IN SHiP	
  

(⌫e) µ⌫ < 2.9 · 10�11µB

(⌫µ) µ⌫ < 6.9 · 10�10µB

Current 
limits	
  

SIGNAL SELECTION 
✓⌫�e < 30mrad
Ee > 1 GeV 
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No interference as it involves a 
spin flip of the neutrino 
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Light Dark Matter (LDM) 
The prediction for the mass scale of DM spans from 10-22 eV  to 1020 GeV  

1310.8327

Direct Detection Landscape

an active, important, and exciting program!

ü  WIMP DM is a popular theoretical paradigm (“WIMP miracle”) 
ü  Extensive exp. search for WIMPs with masses 10 GeV – 1 TeV  
     Sensitivity is very limited below few GeV 

Large classes of theor. models 
can make the observed relic 
density with sub-GeV DM: 
 
  - Hidden-sector models 
  - Supersymmetry  
  - Strongly Interacting DM (SIMP) 
  - Extra dimensions 
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Essential to explore the sub-GeV mass range for DM 
FCCP	
  2017	
  



LDM prospects @ SHiP  

SHiP 50 Events

Relic Density
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E137
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Direct Detection
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MA’/Mχ=5	
  

SHiP would probe even beyond relic 
 density in minimal hidden-photon model  

LDM (χ) can be generated in 
a beam-dump, for example in 
decays of HS mediators, 
e.g. dark photons A’ à χχ

>1020 photons expected in SHiP 
can be used as a LDM beam 
 
Detect LDM via its scattering on 
atoms of emulsion spectrometer  

50	
  signal	
  events	
  
@	
  SHiP	
  

Requires dedicated study/beam test 
FCCP	
  2017	
  



Hidden Sector detector concept 

ü  Reconstruction of  HS decays in all possible final states  
       Long decay volume protected by various Veto Taggers, Magnetic Spectrometer 
       followed by the Timing Detector, and Calorimeters and Muon systems. 
       All heavy infrastructure is at distance to reduce neutrino / muon interactions in 
       proximity of the detector 

Challenges: 
 - Large vacuum vessel 
 - 5 m long straw tubes 
 - Timing detector with ~50-100 ps 
resolution 
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ü Magnet designed with an 
   emphasis on low power   
                                                                                                                                                                       
- Power consumption < 1 MW                                                                                  
- Field integral: 0.65Tm over 5m                                                                                           
- Weight ~800 t                                           
- Aperture ~50 m2	
  

ü Estimated need for vacuum: 
     ~ 10-3 mbar    (<1 ν interaction) 
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HS Backgrounds (1) 
Main sources of background 
 
ü  Neutrino DIS interactions with material  
    in the vicinity of the HS decay volume 
    (interactions of ν with air in the decay 
     volume are negligible  at 10-3 mbar)  

Combination of veto and selection cuts reduces the ν-induced background to zero 

5.2. SENSITIVITY TO HIDDEN SECTOR PARTICLES 153

with the number of particles in the event. The rejection of the selection requirements instead
is higher for a lower particle multiplicity. Hence, it complements the veto requirement. The
combination of the selection and the veto requirements allows reducing the neutrino induced
background to zero. The overall set of requirements is redundant and can be used for various
cross checks.
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Figure 5.5: Rejection e⇥ciency of the selection requirements and the e⇥ciency of the veto
requirements as a function of the charged and neutral multiplicities of the neutrino interactions.

5.2.1.2 Background from muon inelastic scattering

Essentially all muons will eventually reach the cavern wall. Due to the design of the active
shielding, which matches the momentum of a muon with the necessary

�
Bdl to miss the decay

volume and the SHiP spectrometer, most of the muons hit the cavern wall with a shallow
angle downstream of the decay volume (Figure 5.6). V0 particles (KL, KS, �) produced in
muon inelastic scattering with nucleons of the concrete walls preferentially travel even further
downstream or stop in the concrete, see Figure 5.7. Simulating such events by placing the
muon interaction events simulated with Pythia 6 [179] at the place where the muons hit the
concrete walls shows no induced background activity in the SHiP spectrometer. Folding the
flux of muons with the cross section for inelastic collisions (Figure 5.8) as function of the muon
momentum, the simulated data set corresponds to about 2.5 · 1017 protons on target. Although
this is still a factor 1000 below the total statistics of the experiment, there are no signs that
this is causing a serious background. The study will be continued when more details about the
material distribution in the experimental hall is known.

A second source for such background events are muons which are not su⇥ciently deflected
and which hit material close to the entry of the decay volume. This background is similar to the
one caused by neutrino inelastic interactions. The requirement for the design of the muon shield
is to reduce the muon rate to a level that this background becomes similar to the irreducible
background from neutrino interactions. Making the simple model, that only interactions in
the last interaction lengths close to the decay volume produce V0 particles which eventually
decay inside, a rate of 5 · 103 muons with E = 100GeV per spill would produce about as
many muon interactions as neutrino interactions. Assuming a veto e⇥ciency of 90%, a rate of
� 50 · 103 muons per spill can be safely tolerated.

Origin of neutrino interactions 
   - Walls of the decay volume (>80%) 
   - Tau neutrino detector 
   - HS tracking system 

Neutrino tomography 

Veto efficiency increases 
with event multiplicity  

FCCP	
  2017	
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HS Backgrounds (2) 
ü  Muon combinatorial background  

     Simulation predicts O(1012) muon pairs in the decay 
     volume in 5 years of data taking 
 
     Suppressed by: 
       - Basic kinematic and topological cuts   ~104 
       - Timing veto detectors  ~107  
       - Upstream veto and surrounding veto taggers ~104 
 

ü  Muon DIS interactions 
      - V0s produced in the 
       walls of the cavern 
     - DIS close to the entry 
       of the decay volume  
        à smaller than neutrino induced background 
 
ü  Cosmic rays 

154 CHAPTER 5. PHYSICS PERFORMANCE
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Figure 5.6: Distribution of the muon interaction point in the concrete walls of the experimental
hall as function of �z, distance to the start of the decay volume and transverse distance to the
beam axis.

0 50 100

di
st

an
ce

 fr
om

 b
ea

m
 a

xi
s 

[m
]

0

2

4

6

8

10

12

0

200

400

600

800

1000

1200

1400

310!

KL

Decay
volume

distance to start of decay vol. [m]
0 50 100

0

2

4

6

8

10

12

0

200

400

600

800

1000

1200

1400

310!

Lambda

Decay
volume

0 50 100
0

2

4

6

8

10

12

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

2400

310!

KS

Decay
volume

Figure 5.7: Distribution of the V0 end vertex as function of �z (left), distance to the start of
the decay volume (middle), and transverse distance to the beam axis (right).

From the full simulation of the residual muon background, we observe a rate of about 7000 of
fully reconstructed muons per spill inside the SHiP spectrometer with energies up to 200 GeV.
For each of these muons, we generate 10000 muon interaction events with Pythia6, which we
distribute along the muon flight path proportional to the material density seen by the muon.
The products of these interactions are then further processed with the FairShip simulation
respectively Geant4, followed by a track and vertex reconstruction. The distribution of the
muon interaction as function of the distance to the entrance of the decay volume and the
transerve distance to a virtual beam line is shown in Figure 5.9. Most of the interactions occur

Background summary: no evidence for any irreducible background   
FCCP	
  2017	
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HNL prospects @ SHiP  

U2
e: U2

µ: U2
τ~52:1:1 

Inverted hierarchy 
U2

e: U2
µ: U2

τ~1:16:3.8 
Normal hierarchy 

SHiP sensitivity covers large area of parameter space below the B mass 
Moving down towards the ultimate see-saw limit 

BAU constraint is model-dependent (shown below for νMSM) 

SHiP	
  SHiP	
  

Enhanced HNL production 
   ( B-L gauge symmetry ) 
 
 Batell,	
  Pospelov,	
  Shuve	
  1604.06099	
  

SHiP	
  

Further studies: 
Drewes	
  et	
  al.	
  (2016)	
  
Hernandez	
  et	
  al.	
  (2016)	
  
Hernández	
  (2015)	
  
Drewes	
  &	
  Garbrecht	
  (2012)	
  
Abada	
  et	
  al.	
  (2015)	
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SHiP sensitivity to Hidden Sector Based on 2x1020 pot 
@400 GeV in 5 years 

Vector	
  Portal	
   Scalar	
  Portal	
  

Axion	
  Portal	
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Neutrino	
  Portal	
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Comparison with future facilities   

ü  MHNL< Mb   LHCb, BelleII 
     SHiP will have much better sensitivity 
ü  Mb<MHNL<MZ  FCC in e+e- mode (improvements are also expected 
     from ATLAS / CMS)  
ü  MHNL>MZ   Prerogative of ATLAS/CMS @ HL LHC  

	
  SPSC	
  –P350-­‐ADD-­‐2	
  

Also the best prospects for HS particles produced 
 in heavy flavour decays (e.g. hidden scalars) and ντ physics   

MHNL	
  (GeV)	
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Comparison with future facilities  
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SHiP is unique up to O(10GeV) and ε2 < 10-11  
 

Light Dark Matter 
Direct Detection exp. 
 - SHiP has unique potential for Mχ <1GeV 
 - BDX in Jlab may have a competitive 
   sensitivity for Mχ <10 MeV with 1022eot. 
     
Missing mass / momentum exp. 
- Belle II – comparable to SHiP for Mχ>0.5 GeV with 50 ab-1 
  provided that low energy mono-photon is implemented 
 - LDMX (under discussion at SLAC) has the best prospects for Mχ< 100 MeV 
    with 3×1021 eot. Time scale is unclear. 

MA’/Mχ=3	
  

Dark photons: 

Dark	
  sectors	
  2016:	
  1608.08632	
  

SHiP	
  
@	
  SPS/CERN	
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Active test beam programme 
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ü  Construct and test prototypes of various sub-detectors 

ü  Measurement of muon flux expected at SHiP 
     Replica of the SHiP target followed by a muon spectrometer in 2018  

ü  SHIP target, 10×10 cm2 Mo/W 
replica 

ü  Spectrometer to measure  
     momentum and charge of 
     the muons 
ü  Muon tagger to identify muons 

	
  	
  	
  

	
  
	
  

FCCP	
  2017	
  

 1011 pot à 100 events in the dangerous corner 
Validate simulation 

EoI-016 submitted to the SPSC  



Active test beam programme 
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ü  Measurement of inclusive d2σ / dEdθ charm cross section  
    in SHiP-like target (to validate cascade production in the target) in 2018 
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GOLIATH MAGNET

Beam

Muon Tagger

Spectrometer

PRIMARY PROTON INTERACTIONS

CASCADE PRODUCTION

ü  SHIP target, 10×10 cm2 Mo/W 
blocks (few mm)interleaved 
with emulsion to identify charm 
topology 

ü  Spectrometer to measure  
     momentum and charge of 
     the charm daughters 
ü  Muon tagger to identify muons 

p C+

C
-

400 GeV protons 

5 x 107 pot à ~ 10000 charmed hadron pairs  
EoI-016 submitted to the SPSC  

Cascade effect à factor ~ 3 
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Project schedule and next steps 

ü  Schedule optimized to avoid interference with operation of North Area 
è Four separate work packages (junction cavern, beam line, target complex and 

detector hall) 
è Use LS3 for junction cavern and first short section of SHiP beam line 

ü  Positive recommendation by the SPSC in January 2016 to prepare a Comprehensive 
Design Study 2016-2018  

ü  Positive feedback by the Research Board in March 2016 
ü  CERN DG launched the “Physics Beyond Colliders” Working Group:  
kick-off meeting in September 2016, next annual meeting November 21st 2017 
ü  Outcome of the WG at the European HEP strategy in 2020 
ü  Construction/production 2021- 

è Data taking 2026 FCCP	
  2017	
  


