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Proposal*for*a*new*facility*at*the*SPS*
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http://indico.cern.ch/event/312657/session/4/contribution/31/material/slides/0.pdf
http://indico.cern.ch/event/312657/session/4/contribution/31/material/slides/0.pdf
https://indico.cern.ch/event/359229/contributions/1772721/attachments/715442/982230/4_Conti.pdf
https://indico.cern.ch/event/359229/contributions/1772721/attachments/715442/982230/4_Conti.pdf
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The*SHiP*experiment*
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SHiP: Searching for Hidden Particles

beam dump experiment: 
400 GeV CERN SPS protons on fixed target

L = 1039 cm�2 s�1√s~27 GeV   2x1020 protons over 10 years, i.e.   



Christophe Grojean SHiP Experiment forum, April 20, 2o16

The*SHiP*experiment*

≈50m*

≈10m*

≈10m*

Designed*as*a*very"low"background"
experiment*!*need*for*lots*of*
background"veto"systems"

*
≈12m*

≈50m*

Example:"longNlived"neutral"par5cles"(N2,3)""

4"

3

SHiP: Searching for Hidden Particles

beam dump experiment: 
400 GeV CERN SPS protons on fixed target

8x1017 D mesons
1014 B mesons

3x1015 𝜏  leptons

L = 1039 cm�2 s�1√s~27 GeV   2x1020 protons over 10 years, i.e.   



Christophe Grojean SHiP Experiment forum, April 20, 2o16

The*SHiP*experiment*

≈50m*

≈10m*

≈10m*

Designed*as*a*very"low"background"
experiment*!*need*for*lots*of*
background"veto"systems"

*
≈12m*

≈50m*

Example:"longNlived"neutral"par5cles"(N2,3)""

4"

3

SHiP: Searching for Hidden Particles

beam dump experiment: 
400 GeV CERN SPS protons on fixed target

two characteristics
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»large detector length: ∆l≈50m 
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SHiP: Searching for Hidden Particles

beam dump experiment: 
400 GeV CERN SPS protons on fixed target

Search for rare events triggered 
by light and weakly coupled new particles, 

e.g. in decays of B and D mesons

designed as a very low 
background experiment

» hadron absorber: 
stop all π and K before decay

 » magnetic shield:
 sweep muon away from fiducial 

decay volume

two characteristics
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SHiP & the rest of the world

6 CHAPTER 1. INTRODUCTION AND PHYSICS MOTIVATION
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Figure 1.2: (Left) Sensitivity contours for the HNL coupling to active neutrino, U2 = U2
e +

U2
µ + U2

⌧ as function of the HNL mass assuming U2
e : U2

µ : U2
⌧ = 1 : 16 : 3.8. (Right) Sensitivity

contours for a light hidden scalar particle of mass mS coupling to the Higgs with sin2✓ mixing
parameter and decaying in e+e�, µ+µ�, ⇡+⇡�, K+K� final states (solid blue line). Red dashed
area is the excluded region from B-factories in the visible modes, red dotted area is the excluded
region from B-factories in the invisible modes and green shaded area in the exclusion region
from the CHARM experiment.

Table 1.1: Comparison of the experimental conditions for search experiments dedicated to
HNLs, with SHiP.

Experiment PS191 NuTeV CHARM SHiP
Proton energy (GeV) 19.2 800 400 400
Protons on target (⇥1019) 0.86 0.25 0.24 20
Decay volume (m3) 360 1100 315 1780
Decay volume pressure (bar) 1 (He) 1 (He) 1 (air) 10�6 (air)
Distance to target (m) 128 1400 480 80-90
O↵ beam axis (mrad) 40 0 10 0

background of 0.57±0.15 events originating mainly from active neutrino interactions within
the decay volume and in its vicinity. The corresponding NuTeV limit on U2 is shown in
Figure 1.2(left).

SHiP will greatly improve the sensitivity of the previous experiments using the production of
heavy hadrons at the SPS. In particular, a data sample of 8·1017 D mesons is expected in about
5 years of nominal SPS operation, as well as a data sample of 3·1015 ⌧ leptons. Despite being
suppressed in production by four orders of magnitude with respect to the charmed hadrons,
the beauty hadrons will also contribute to the physics sensitivity between the beauty hadron
masses and the charm hadron masses. The beauty hadrons will also be the dominant source of
light scalars mixing with the Higgs boson. Below the beauty mass, the SHiP experiment will be

sterile neutrinos Higgs portal
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Next steps: schedule of the SHIP facility     

A few milestones: 
!   Form SHIP collaboration                       !   15th December at 5 pm  
!  Technical proposal                                   !   2015   Plan to submit TP by March 31 
   We expect CERN to decide on the strategy for the SHIP beam 
                      within a year after TP submission ! 
!  Technical Design Report                          !   2018   
!  Construction and installation                    !   2018 – 2022 
!  Data taking and analysis of  2×1020 pot   !    2023 - 2027      

SHiP timeline

submitted to SPSC  April 2015
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Figure 6.1: Project schedule for the SHiP facility and detector.
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Figure 6.1: Project schedule for the SHiP facility and detector.

6.2. COST AND RESOURCES 201

The extensive R&D and prototyping of the target and the target complex, as outlined in
Section 3.3.3, require the design phase to start in 2016.

Table 6.1 summarizes the minimal set of resources which are required for the critical initial
integration and design studies in order to respect the SHiP project schedule. The project
schedule therefore requires an approval of these in 2015.

The re-use of the components of the OPERA detector for the SHiP facility must be clarified
during 2016.

6.2 Cost and resources

The cost estimate shown in Table 6.2 for the SHiP facility and the detector is based on a
detailed breakdown of each item in the conceptual design, as described in this document. The
breakdown of the detector per sub-system is shown in Table 6.3. The detailed breakdown
and resource requirements for the di↵erent items related to the facility can be found in the
corresponding annexes listed in Appendix A.

Table 6.2: Overall cost of the SHiP facility and the detectors.
Item Cost (MCHF)
Facility 135.8

Civil engineering 57.4
Infrastructure and services 22.0
Extraction and beamline 21.0
Target and target complex 24.0
Muon shield 11.4

Detector 58.7
Tau neutrino detector 11.6
Hidden Sector detector 46.8
Computing and online system 0.2

Grand total 194.5

The cost estimate has been based on the situation of the Swiss Francs in mid-March 2015
(1 CHF = 0.93 Euro = 1 USD). Wherever applicable, the material cost estimate includes
the industrial support labour. With the exception of civil engineering, the costs include no
contingencies. All infrastructure systems have been included. The costs have all been cross-
checked with similar installations built or studied at CERN. The estimate of the CERN sta↵
manpower is shown in Table 6.4. The cost of fellows has been included in the cost of the facility.

The production and the construction of the detector is based on the concept of deliverables,
which includes the detector components and assembly, the associated electronics and infras-
tructure systems, as well as the transport to CERN and the specific operations related to the
installation. The process of preparing a dedicated MoU has started in the Collaboration which
will define the boundaries between responsibilities for the deliverables. It will also outline the
financial strategy for the operation of the facility and the detectors.
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-SPSC-2015-016
SPSC-P-350
8 April 2015

Technical Proposal

A Facility to Search for Hidden
Particles (SHiP) at the CERN SPS

The SHiP Collaboration1

Abstract

A new general purpose fixed target facility is proposed at the CERN SPS accelerator which is aimed
at exploring the domain of hidden particles and make measurements with tau neutrinos. Hidden
particles are predicted by a large number of models beyond the Standard Model. The high intensity
of the SPS 400 GeV beam allows probing a wide variety of models containing light long-lived exotic
particles with masses below O(10) GeV/c2, including very weakly interacting low-energy SUSY states.
The experimental programme of the proposed facility is capable of being extended in the future, e.g.
to include direct searches for Dark Matter and Lepton Flavour Violation.

1Authors are listed on the following pages.
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A facility to Search for Hidden Particles at the CERN

SPS: the SHiP physics case

Sergey Alekhin,1,2 Wolfgang Altmannshofer,3 Takehiko Asaka,4 Brian Batell,5

Fedor Bezrukov,6,7 Kyrylo Bondarenko,8 Alexey Boyarsky?,8 Nathaniel Craig,9

Ki-Young Choi,10 Cristóbal Corral,11 David Curtin,12 Sacha Davidson,13,14 André de Gouvêa,15

Stefano Dell’Oro,16 Patrick deNiverville,17 P. S. Bhupal Dev,18 Herbi Dreiner,19

Marco Drewes,20 Shintaro Eijima,21 Rouven Essig,22 Anthony Fradette,17 Björn Garbrecht,20

Belen Gavela,23 Gian F. Giudice,5 Dmitry Gorbunov,24,25 Stefania Gori,3

Christophe Grojean§,26,27 Mark D. Goodsell,28,29 Alberto Gu↵anti,30 Thomas Hambye,31

Steen H. Hansen,32 Juan Carlos Helo,11 Pilar Hernandez,33 Alejandro Ibarra,20

Artem Ivashko,8,34 Eder Izaguirre,3 Joerg Jaeckel§,35 Yu Seon Jeong,36 Felix Kahlhoefer,27

Yonatan Kahn,37 Andrey Katz,5,38,39 Choong Sun Kim,36 Sergey Kovalenko,11

Gordan Krnjaic,3 Valery E. Lyubovitskij,40,41,42 Simone Marcocci,16 Matthew Mccullough,5

David McKeen,43 Guenakh Mitselmakher ,44 Sven-Olaf Moch,45 Rabindra N. Mohapatra,46

David E. Morrissey,47 Maksym Ovchynnikov,34 Emmanuel Paschos,48 Apostolos Pilaftsis,18

Maxim Pospelov§,3,17 Mary Hall Reno,49 Andreas Ringwald,27 Adam Ritz,17

Leszek Roszkowski,50 Valery Rubakov,24 Oleg Ruchayskiy?,21 Jessie Shelton,51
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Anurag Tripathi,59 Sean Tulin,61 Francesco Vissani,16,62 Martin W. Winkler,63 Kathryn M.
Zurek64,65

Abstract: This paper describes the physics case for a new fixed target facility at CERN SPS. The
SHiP (Search for Hidden Particles) experiment is intended to hunt for new physics in the largely
unexplored domain of very weakly interacting particles with masses below the Fermi scale, inacces-
sible to the LHC experiments, and to study tau neutrino physics. The same proton beam setup can
be used later to look for decays of tau-leptons with lepton flavour number non-conservation, ⌧ ! 3µ
and to search for weakly-interacting sub-GeV dark matter candidates. We discuss the evidence for
physics beyond the Standard Model and describe interactions between new particles and four di↵er-
ent portals — scalars, vectors, fermions or axion-like particles. We discuss motivations for di↵erent
models, manifesting themselves via these interactions, and how they can be probed with the SHiP
experiment and present several case studies. The prospects to search for relatively light SUSY and
composite particles at SHiP are also discussed. We demonstrate that the SHiP experiment has a
unique potential to discover new physics and can directly probe a number of solutions of beyond the
Standard Model puzzles, such as neutrino masses, baryon asymmetry of the Universe, dark matter,
and inflation.

?Editor of the paper
§Convener of the Chapter

arXiv:1504.04855arXiv:1504.04956

http://arxiv.org/abs/arXiv:1504.04855
http://arxiv.org/abs/arXiv:1504.04855
http://arxiv.org/abs/arXiv:1504.04956
http://arxiv.org/abs/arXiv:1504.04956
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SHiP: Physics Case

1) to which extent the various concepts are competitive, complementary, realistic or 
redundant, in terms of both physics and technology?

2) should the community continue with its current R&D efforts  or consider adopting other 
programmes?

3) what should be the priorities in view of what we know today and the physics cases?

Concerns about our future:
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1) to which extent the various concepts are competitive, complementary, realistic or 
redundant, in terms of both physics and technology?

2) should the community continue with its current R&D efforts  or consider adopting other 
programmes?

3) what should be the priorities in view of what we know today and the physics cases?

Concerns about our future:

1) heavy neutral lepton (HNL) aka Majorana/sterile neutrino

2) light scalars, light vectors (aka dark photons) with mass below O(10)GeV

3) 𝜏 and 𝜈𝜏 physics (3 orders of magnitude more statistics than today)

4) SM measurements

What SHiP is good for
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The Higgs boson and the gauge principle
Particle physics is not so much about particles but more about fundamental principles
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The Higgs boson and the gauge principle
Particle physics is not so much about particles but more about fundamental principles

One of the most puzzling questions raised by the Higgs discovery:

Are gauge theories the right principle 
to understand/describe fundamental interactions?

Higgs interactions: many different couplings not set by any gauge symmetry

triviality/stability
of EW vacuum

mass and mixing 
hierarchy flavour & CP

LHiggs = V0 � µ2H†H + �
�
H†H

⇥2
+
�
yij⇤̄Li⇤RjH + h.c.
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vacuum energy
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V0 ⇥ (2� 10�3 eV)4 ⇤ M4
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hierarchy problem
mH � 100 GeV ⇥ MPl
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Particle physics is not so much about particles but more about fundamental principles

One of the most puzzling questions raised by the Higgs discovery:

Are gauge theories the right principle 
to understand/describe fundamental interactions?

Higgs interactions: many different couplings not set by any gauge symmetry

triviality/stability
of EW vacuum

mass and mixing 
hierarchy flavour & CP

LHiggs = V0 � µ2H†H + �
�
H†H

⇥2
+
�
yij⇤̄Li⇤RjH + h.c.

⇥

vacuum energy
cosmological constant

V0 ⇥ (2� 10�3 eV)4 ⇤ M4
PL

hierarchy problem
mH � 100 GeV ⇥ MPl

What are the interactions of the non-SM matter?
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We expected TeV scale new physics with sizable couplings to solve the hierarchy problem, 
and, since it is easy to obtain DM out of it, there was no need for light/hidden sector
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The interactions of the non-SM matterWhere is new physics?

– p. 3

the jury is still out

We expected TeV scale new physics with sizable couplings to solve the hierarchy problem, 
and, since it is easy to obtain DM out of it, there was no need for light/hidden sector

Except for the QCD axion, 
light weakly coupled new sector was not part of the theory Grand Picture
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The energy scale(s) of new physics

42! Joe Lykken | WIN2015 Conference, MPIK Heidelberg!

• #Superpartner#parHcles:#Wino,#Bino,#Higgsino,#sneutrino,#…#

• #Axions#
• #KaluzaTKlein#parHcles#from#extra#dimensions#

• #Sterile#neutrinos#
• #Asymmetric#dark#maVer#

• #WIMPzillas#(don’t#ask…)##

#

Dark matter bestiary!

13.06.15!
T. Tait, DM@LHC ’14

http://indico.cern.ch/event/312657/session/4/contribution/31/material/slides/0.pdf
http://indico.cern.ch/event/312657/session/4/contribution/31/material/slides/0.pdf
http://indico.cern.ch/event/312657/session/4/contribution/31/material/slides/0.pdf
http://indico.cern.ch/event/312657/session/4/contribution/31/material/slides/0.pdf
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• #Superpartner#parHcles:#Wino,#Bino,#Higgsino,#sneutrino,#…#

• #Axions#
• #KaluzaTKlein#parHcles#from#extra#dimensions#

• #Sterile#neutrinos#
• #Asymmetric#dark#maVer#

• #WIMPzillas#(don’t#ask…)##

#

Dark matter bestiary!

13.06.15!
T. Tait, DM@LHC ’14

The prediction about the mass scale of DM comes with large error bars:
10�22 eV < mDM < 1020 GeV

(ALPs) (Wimpzillas, Q-balls)

http://indico.cern.ch/event/312657/session/4/contribution/31/material/slides/0.pdf
http://indico.cern.ch/event/312657/session/4/contribution/31/material/slides/0.pdf
http://indico.cern.ch/event/312657/session/4/contribution/31/material/slides/0.pdf
http://indico.cern.ch/event/312657/session/4/contribution/31/material/slides/0.pdf
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An interesting experimental clue (?)
Distributions of DM  are flatter than what ΛCDM predicts1. Cores in field dwarfs

Flat core

THINGS (dwarf galaxy survey) - Oh et al. (2011)

Sharp cusp

Moore (1994), Flores & Primack (1994), ...

 ~ r

21 cm emission from gas

S.H. Oh et al.  ’15

Non-gravitational dark matter interactions
SM SM

DMDM

DM SM

SMDM

SM DM

DMSM

Direct detection Indirect detection

DM DM

DMDM
Self-interactionsColliders

?Self-interacting dark matter

• What is the self-scattering cross section?

Figure-of-merit:

Number of scatterings =  x (/m) x velocity x tage

Typical cross section required to solve small scale anomalies

S. Tullin, IFAE ’15

http://arxiv.org/abs/arXiv:1011.2777
http://arxiv.org/abs/arXiv:1011.2777
https://indico.ifae.es/conferenceDisplay.py?confId=167
https://indico.ifae.es/conferenceDisplay.py?confId=167
https://indico.ifae.es/conferenceDisplay.py?confId=167
https://indico.ifae.es/conferenceDisplay.py?confId=167


Christophe Grojean SHiP Experiment forum, April 20, 2o1611

An interesting experimental clue (?)
Distributions of DM  are flatter than what ΛCDM predicts1. Cores in field dwarfs

Flat core

THINGS (dwarf galaxy survey) - Oh et al. (2011)

Sharp cusp

Moore (1994), Flores & Primack (1994), ...

 ~ r

21 cm emission from gas

S.H. Oh et al.  ’15

Non-gravitational dark matter interactions
SM SM

DMDM

DM SM

SMDM

SM DM

DMSM

Direct detection Indirect detection

DM DM

DMDM
Self-interactionsColliders

?
Different halos have different velocities

Cores in different systems are probing self-interactions at different energies

Dwarf galaxy Spiral galaxy Cluster of galaxies
Low energies (v/c ~ 10-4) Medium energies (v/c ~ 10-3) High energies (v/c ~ 10-2)

Lesson #3: Different size dark matter halos have 
different characteristic velocities

Like probing DM at different colliders w/. different beam energies
All consistent with the self-interacting DM picture

S. Tullin, IFAE ’15

http://arxiv.org/abs/arXiv:1011.2777
http://arxiv.org/abs/arXiv:1011.2777
https://indico.ifae.es/conferenceDisplay.py?confId=167
https://indico.ifae.es/conferenceDisplay.py?confId=167
https://indico.ifae.es/conferenceDisplay.py?confId=167
https://indico.ifae.es/conferenceDisplay.py?confId=167
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Self-Interacting DM

~WIMP DM~ ~ Light mediator DM~

From astrophysics to particle physics

WIMPs have self-interactions (weak interaction) 




Z




self-interaction

 = dark matter (e.g. SUSY particle)

Z boson = mediator particle

Cross section:

Mass:

WIMP self-interaction cross section is way too small

� ⇠
g4 m2

�

m4
Z

⇠ 10�36 cm2

m� ⇠ 100GeV

�/m� ⇠ 10�14 cm2/g

From astrophysics to particle physics

Large cross section required









self-interaction

Mediator mass below than weak scale

Cross section:

Lesson #1: self-interactions require new dark 
sector states (mediator) below 1 GeV.

� ⇠
g4 m2

�

m4
�

m� ⇠ 1� 100MeV

�/m� ⇠ 1 cm2/g

Dark photon? Dark Higgs?

Are DM self-interactions controlled by gauge symmetry? which one?

S. Tullin, IFAE ’15

https://indico.ifae.es/conferenceDisplay.py?confId=167
https://indico.ifae.es/conferenceDisplay.py?confId=167
https://indico.ifae.es/conferenceDisplay.py?confId=167
https://indico.ifae.es/conferenceDisplay.py?confId=167
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Couplings Hidden Sectors to SM
matter that is neutral under SM gauge group 

can still couple to SM matter via the following portal interactions

J=1
✏Bµ⌫Vµ⌫

J=0
|H|2(↵µS + �S2) Gµ⌫G̃
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What are the constraints on these couplings 
as a function of the mass of the hidden particles?

How to improve these constraints? 

How to probe phenomenologically viable regions of the parameter space?
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Couplings Hidden Sectors to SM
matter that is neutral under SM gauge group 

can still couple to SM matter via the following portal interactions

J=1
✏Bµ⌫Vµ⌫

What are the constraints on these couplings 
as a function of the mass of the hidden particles?

How to improve these constraints? 

How to probe phenomenologically viable regions of the parameter space?

J=0
|H|2(↵µS + �S2) Gµ⌫G̃

µ⌫ a

f

J=1/2
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@µa
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Who ordered that?
neutrino mass, DM,  asymmetry matter-antimatter, inflation...
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HNL = Sterile Neutrinos
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Origin of active neutrino masses via type I see-saw (requires at

least 2 HNL)

Dark matter candidate (requires 1 HNL)

Baryon asymmetry of the Universe (requires at least 2 HNL)

Neutrino anomalies (LSND, MiniBOONe, reactor), requires HNL

with eV scale mass
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http://indico.cern.ch/event/393146/contributions/932782/attachments/786605/1078297/open2015.pdf
http://indico.cern.ch/event/393146/contributions/932782/attachments/786605/1078297/open2015.pdf
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An example: 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   

Smallness of the neutrino mass hints 
either on very large M or very small YIα  

4th"SHiP"Collabora0on"mee0ng,"Naples,"
9:11"Febr."2015"

Smallness of the neutrino mass hints 
either on very large M 

or very small Yukawa couplings

Different experiments
will probe different mass scales

http://indico.cern.ch/event/393146/contributions/932782/attachments/786605/1078297/open2015.pdf
http://indico.cern.ch/event/393146/contributions/932782/attachments/786605/1078297/open2015.pdf
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Heavy Neutral Lepton @ SHiP

Production Decay

Neutrino portal: phenomenology

Production via intermediate (hadronic) state

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

Subsequent decay of N to SM particles
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Neutrino portal: phenomenology

Production via intermediate (hadronic) state

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

Subsequent decay of N to SM particles

– p. 23
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Figure 4.10: Limits on the mixing between the electron neutrino and a single HNL in the mass
range 100 MeV - 500 GeV. The (gray, dotted) contour labeled ‘BBN’ corresponds to an HNL lifetime
> 1 sec, which is disfavored by BBN [395, 414, 528]. The (brown, dashed) line labeled ‘Seesaw’
shows the scale of mixing naively expected in the canonical seesaw (see Section 4.3.2.3). The (dotted,
dark brown) contour labeled ‘EWPD’ is the 90% C.L. exclusion limit from electroweak precision
data [554]. The contours labeled ‘⇡ ! e⌫’ (yellow, solid) [542, 544] and ‘K ! e⌫’ (black, solid) [536]
are excluded at 90% C.L. by peak searches (see Section 4.4.1). Those labeled ‘PS191’ (magenta,
dot-dashed) [578], ‘CHARM’ (dark blue, dot-dashed) [579], ‘NA3’ (light yellow, solid) [580] and
‘JINR’ [581] are excluded at 90% C.L. from beam-dump experiments (see Section 4.4.2). The
(cyan, solid) contour labeled ‘K ! ee⇡’ is the exclusion region at 90% C.L. from K-meson decay
search with a detector size of 10 m [313]. The (green, solid) contour labeled ‘Belle’ is the exclusion
region at 90% C.L from HNL searches in B-meson decays at Belle [409]. The contours labeled
‘L3’ (pink, dashed) [550] and ‘DELPHI’ (dark green, dashed) [551] are excluded at 95% C.L. by
analyzing the LEP data for Z-boson decay to HNLs. The (red, solid) contour labeled ‘LEP2’ is
excluded at 95% C.L. by direct searches for HNL at LEP [553]. The (blue, solid) contour labeled
‘ATLAS’ is excluded at 95% C.L. from direct searches by ATLAS at

p
s = 8 TeV LHC [563]. The

(blue, dashed) curve labeled ‘LHC 14’ is a projected exclusion limit from the
p

s = 14 TeV LHC
with 300 fb�1 data [549]. The (purple, solid) contour labeled ‘ILC’ is a projected sensitivity atp

s = 500 GeV ILC with 500 fb�1 data [549, 556]. The (light blue, solid) contour labeled ‘LBNE’ is
the expected 5-year sensitivity of the LBNE near detector with an exposure of 5 ⇥ 1021 protons on
target for a detector length of 30 m and assuming a normal hierarchy of neutrinos [582]. The (dark
green, solid) contour labeled ‘FCC-ee’ is the projected reach of FCC-ee for 1012 Z decays occurring
between 10-100 cm from the interaction vertex [383]. The (violet, solid) contour labeled ‘SHiP’ is
the projected reach of SHiP at 90% C.L. [35, 583].

– 93 –

m
ix

in
g 

be
tw

ee
n 

𝜈 e
 a

nd
 a

 s
in

gl
e 

H
N

L



Christophe Grojean SHiP Experiment forum, April 20, 2o1617

2

Scalar Hidden Sector
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be a light neutralino which is mainly a gaugino of the new sector or a bileptino. However, also
sneutrino LSPs are possible. These are mainly right-handed states and therefore not in conflict with
direct detection limits. For both possibilites light singlets could play a crucial part in explaining
the relic density: for neutralinos there can be resonance e↵ects, while sneutrinos always annihilate
very e�ciently into light bileptons if this is kinematically allowed [217].

3.1.3.3 Models with R-parity violation

If R-parity is broken dynamically like in the µ⌫SSM [218, 219]

Wµ⌫SSM = WMSSM + Y⌫Hul⌫R + � ⌫RHuHd +
1

3
(⌫R)3 (3.1.4)

there is a mixing between the Higgs doublets and the sneutrinos. If three generations of right-
handed neutrino superfields are assumed, actually three, potentially di↵erent, couplings �i between
the Higgs doublets and singlets are present in contrast to other singlet extensions. This model
shares many features with singlet extensions without R-parity violation and one finds also regions
with light singlets which are consistent with all observations today [220].

3.2 Linear scalar portals: Higgs-scalar mixing

We first focuss our attention to scalar portal models with a linear mixing between the light scalar
S and the Higgs boson:

L = LSM +
1

2
@µS@µS + (↵1S + ↵S2)(H†H) + �2S

2 + �3S
3 + �4S

4 , (3.2.1)

with ↵1 6= 0. Notice that a Z2 symmetric model also e↵ectively induces a linear mixing between the
scalar S and the Higgs boson if S develops a vacuum expectation value: ↵1 = 4↵hSi. Cosmological
considerations restrict the range of phenomenogically viable values of the portal coupling ↵, see
Section 3.7.

A low-energy e↵ective Lagrangian of the form (3.2.1) is naturally obtained in the supersym-
metric models discussed previously. In the supersymmetric case, an additional singlet fermion and
singlet pseudoscalar enter the theory. The possible role of the singlet fermion as a dark matter
candidate is discussed in the next section. However, there are also other interesting aspects of light
singlets.

Especially, if the singlets are lighter than mesons like ⌥ or B stringent bounds arise as we will
see. In that case the mesons can decay into on-shell singlets. These singlets not necessarily escape
the detector but could further decay into SM final states. Hence, the partial widths of singlets into
leptons or lighter mesons are very important.

Assuming that the mass of the scalar is substantially below the electroweak scale, the Higgs
boson can be integrated out. The low-energy e↵ective Lagrangian reads

L = LSM � g? mf

v
S f̄f + Lself , (3.2.2)

where v ' 246 GeV denotes the electroweak vev and f stands for a SM fermion with mass mf .
Self interactions of S are contained in Lself. The e↵ective coupling g? originates from the mixing of
the light scalar with the SM Higgs. For instance, in the limit of small mixing and for light singlet
masses, mS ⌧ mh, the mixing angle is given by

g? = sin ✓ ' ✓ ' ↵1v

m2
h

. (3.2.3)

– 39 –

Scalar Portal

S mixes with the Higgs and inherits some couplings to SM matter 

be a light neutralino which is mainly a gaugino of the new sector or a bileptino. However, also
sneutrino LSPs are possible. These are mainly right-handed states and therefore not in conflict with
direct detection limits. For both possibilites light singlets could play a crucial part in explaining
the relic density: for neutralinos there can be resonance e↵ects, while sneutrinos always annihilate
very e�ciently into light bileptons if this is kinematically allowed [217].

3.1.3.3 Models with R-parity violation

If R-parity is broken dynamically like in the µ⌫SSM [218, 219]

Wµ⌫SSM = WMSSM + Y⌫Hul⌫R + � ⌫RHuHd +
1

3
(⌫R)3 (3.1.4)

there is a mixing between the Higgs doublets and the sneutrinos. If three generations of right-
handed neutrino superfields are assumed, actually three, potentially di↵erent, couplings �i between
the Higgs doublets and singlets are present in contrast to other singlet extensions. This model
shares many features with singlet extensions without R-parity violation and one finds also regions
with light singlets which are consistent with all observations today [220].

3.2 Linear scalar portals: Higgs-scalar mixing

We first focuss our attention to scalar portal models with a linear mixing between the light scalar
S and the Higgs boson:

L = LSM +
1

2
@µS@µS + (↵1S + ↵S2)(H†H) + �2S

2 + �3S
3 + �4S

4 , (3.2.1)

with ↵1 6= 0. Notice that a Z2 symmetric model also e↵ectively induces a linear mixing between the
scalar S and the Higgs boson if S develops a vacuum expectation value: ↵1 = 4↵hSi. Cosmological
considerations restrict the range of phenomenogically viable values of the portal coupling ↵, see
Section 3.7.

A low-energy e↵ective Lagrangian of the form (3.2.1) is naturally obtained in the supersym-
metric models discussed previously. In the supersymmetric case, an additional singlet fermion and
singlet pseudoscalar enter the theory. The possible role of the singlet fermion as a dark matter
candidate is discussed in the next section. However, there are also other interesting aspects of light
singlets.

Especially, if the singlets are lighter than mesons like ⌥ or B stringent bounds arise as we will
see. In that case the mesons can decay into on-shell singlets. These singlets not necessarily escape
the detector but could further decay into SM final states. Hence, the partial widths of singlets into
leptons or lighter mesons are very important.

Assuming that the mass of the scalar is substantially below the electroweak scale, the Higgs
boson can be integrated out. The low-energy e↵ective Lagrangian reads

L = LSM � g? mf

v
S f̄f + Lself , (3.2.2)

where v ' 246 GeV denotes the electroweak vev and f stands for a SM fermion with mass mf .
Self interactions of S are contained in Lself. The e↵ective coupling g? originates from the mixing of
the light scalar with the SM Higgs. For instance, in the limit of small mixing and for light singlet
masses, mS ⌧ mh, the mixing angle is given by

g? = sin ✓ ' ✓ ' ↵1v

m2
h

. (3.2.3)

– 39 –

Higgs
mixing

be a light neutralino which is mainly a gaugino of the new sector or a bileptino. However, also
sneutrino LSPs are possible. These are mainly right-handed states and therefore not in conflict with
direct detection limits. For both possibilites light singlets could play a crucial part in explaining
the relic density: for neutralinos there can be resonance e↵ects, while sneutrinos always annihilate
very e�ciently into light bileptons if this is kinematically allowed [217].

3.1.3.3 Models with R-parity violation

If R-parity is broken dynamically like in the µ⌫SSM [218, 219]

Wµ⌫SSM = WMSSM + Y⌫Hul⌫R + � ⌫RHuHd +
1

3
(⌫R)3 (3.1.4)

there is a mixing between the Higgs doublets and the sneutrinos. If three generations of right-
handed neutrino superfields are assumed, actually three, potentially di↵erent, couplings �i between
the Higgs doublets and singlets are present in contrast to other singlet extensions. This model
shares many features with singlet extensions without R-parity violation and one finds also regions
with light singlets which are consistent with all observations today [220].

3.2 Linear scalar portals: Higgs-scalar mixing

We first focuss our attention to scalar portal models with a linear mixing between the light scalar
S and the Higgs boson:

L = LSM +
1

2
@µS@µS + (↵1S + ↵S2)(H†H) + �2S

2 + �3S
3 + �4S

4 , (3.2.1)

with ↵1 6= 0. Notice that a Z2 symmetric model also e↵ectively induces a linear mixing between the
scalar S and the Higgs boson if S develops a vacuum expectation value: ↵1 = 4↵hSi. Cosmological
considerations restrict the range of phenomenogically viable values of the portal coupling ↵, see
Section 3.7.

A low-energy e↵ective Lagrangian of the form (3.2.1) is naturally obtained in the supersym-
metric models discussed previously. In the supersymmetric case, an additional singlet fermion and
singlet pseudoscalar enter the theory. The possible role of the singlet fermion as a dark matter
candidate is discussed in the next section. However, there are also other interesting aspects of light
singlets.

Especially, if the singlets are lighter than mesons like ⌥ or B stringent bounds arise as we will
see. In that case the mesons can decay into on-shell singlets. These singlets not necessarily escape
the detector but could further decay into SM final states. Hence, the partial widths of singlets into
leptons or lighter mesons are very important.

Assuming that the mass of the scalar is substantially below the electroweak scale, the Higgs
boson can be integrated out. The low-energy e↵ective Lagrangian reads

L = LSM � g? mf

v
S f̄f + Lself , (3.2.2)

where v ' 246 GeV denotes the electroweak vev and f stands for a SM fermion with mass mf .
Self interactions of S are contained in Lself. The e↵ective coupling g? originates from the mixing of
the light scalar with the SM Higgs. For instance, in the limit of small mixing and for light singlet
masses, mS ⌧ mh, the mixing angle is given by

g? = sin ✓ ' ✓ ' ↵1v

m2
h

. (3.2.3)

– 39 –

Couplings
to SM matter



Christophe Grojean SHiP Experiment forum, April 20, 2o1618

be a light neutralino which is mainly a gaugino of the new sector or a bileptino. However, also
sneutrino LSPs are possible. These are mainly right-handed states and therefore not in conflict with
direct detection limits. For both possibilites light singlets could play a crucial part in explaining
the relic density: for neutralinos there can be resonance e↵ects, while sneutrinos always annihilate
very e�ciently into light bileptons if this is kinematically allowed [217].

3.1.3.3 Models with R-parity violation

If R-parity is broken dynamically like in the µ⌫SSM [218, 219]

Wµ⌫SSM = WMSSM + Y⌫Hul⌫R + � ⌫RHuHd +
1

3
(⌫R)3 (3.1.4)

there is a mixing between the Higgs doublets and the sneutrinos. If three generations of right-
handed neutrino superfields are assumed, actually three, potentially di↵erent, couplings �i between
the Higgs doublets and singlets are present in contrast to other singlet extensions. This model
shares many features with singlet extensions without R-parity violation and one finds also regions
with light singlets which are consistent with all observations today [220].

3.2 Linear scalar portals: Higgs-scalar mixing

We first focuss our attention to scalar portal models with a linear mixing between the light scalar
S and the Higgs boson:

L = LSM +
1

2
@µS@µS + (↵1S + ↵S2)(H†H) + �2S

2 + �3S
3 + �4S

4 , (3.2.1)

with ↵1 6= 0. Notice that a Z2 symmetric model also e↵ectively induces a linear mixing between the
scalar S and the Higgs boson if S develops a vacuum expectation value: ↵1 = 4↵hSi. Cosmological
considerations restrict the range of phenomenogically viable values of the portal coupling ↵, see
Section 3.7.

A low-energy e↵ective Lagrangian of the form (3.2.1) is naturally obtained in the supersym-
metric models discussed previously. In the supersymmetric case, an additional singlet fermion and
singlet pseudoscalar enter the theory. The possible role of the singlet fermion as a dark matter
candidate is discussed in the next section. However, there are also other interesting aspects of light
singlets.

Especially, if the singlets are lighter than mesons like ⌥ or B stringent bounds arise as we will
see. In that case the mesons can decay into on-shell singlets. These singlets not necessarily escape
the detector but could further decay into SM final states. Hence, the partial widths of singlets into
leptons or lighter mesons are very important.

Assuming that the mass of the scalar is substantially below the electroweak scale, the Higgs
boson can be integrated out. The low-energy e↵ective Lagrangian reads

L = LSM � g? mf

v
S f̄f + Lself , (3.2.2)

where v ' 246 GeV denotes the electroweak vev and f stands for a SM fermion with mass mf .
Self interactions of S are contained in Lself. The e↵ective coupling g? originates from the mixing of
the light scalar with the SM Higgs. For instance, in the limit of small mixing and for light singlet
masses, mS ⌧ mh, the mixing angle is given by

g? = sin ✓ ' ✓ ' ↵1v

m2
h

. (3.2.3)

– 39 –

Scalar Portal

S mixes with the Higgs and inherits some couplings to SM matter 

be a light neutralino which is mainly a gaugino of the new sector or a bileptino. However, also
sneutrino LSPs are possible. These are mainly right-handed states and therefore not in conflict with
direct detection limits. For both possibilites light singlets could play a crucial part in explaining
the relic density: for neutralinos there can be resonance e↵ects, while sneutrinos always annihilate
very e�ciently into light bileptons if this is kinematically allowed [217].

3.1.3.3 Models with R-parity violation

If R-parity is broken dynamically like in the µ⌫SSM [218, 219]

Wµ⌫SSM = WMSSM + Y⌫Hul⌫R + � ⌫RHuHd +
1

3
(⌫R)3 (3.1.4)

there is a mixing between the Higgs doublets and the sneutrinos. If three generations of right-
handed neutrino superfields are assumed, actually three, potentially di↵erent, couplings �i between
the Higgs doublets and singlets are present in contrast to other singlet extensions. This model
shares many features with singlet extensions without R-parity violation and one finds also regions
with light singlets which are consistent with all observations today [220].

3.2 Linear scalar portals: Higgs-scalar mixing

We first focuss our attention to scalar portal models with a linear mixing between the light scalar
S and the Higgs boson:

L = LSM +
1

2
@µS@µS + (↵1S + ↵S2)(H†H) + �2S

2 + �3S
3 + �4S

4 , (3.2.1)

with ↵1 6= 0. Notice that a Z2 symmetric model also e↵ectively induces a linear mixing between the
scalar S and the Higgs boson if S develops a vacuum expectation value: ↵1 = 4↵hSi. Cosmological
considerations restrict the range of phenomenogically viable values of the portal coupling ↵, see
Section 3.7.

A low-energy e↵ective Lagrangian of the form (3.2.1) is naturally obtained in the supersym-
metric models discussed previously. In the supersymmetric case, an additional singlet fermion and
singlet pseudoscalar enter the theory. The possible role of the singlet fermion as a dark matter
candidate is discussed in the next section. However, there are also other interesting aspects of light
singlets.

Especially, if the singlets are lighter than mesons like ⌥ or B stringent bounds arise as we will
see. In that case the mesons can decay into on-shell singlets. These singlets not necessarily escape
the detector but could further decay into SM final states. Hence, the partial widths of singlets into
leptons or lighter mesons are very important.

Assuming that the mass of the scalar is substantially below the electroweak scale, the Higgs
boson can be integrated out. The low-energy e↵ective Lagrangian reads

L = LSM � g? mf

v
S f̄f + Lself , (3.2.2)

where v ' 246 GeV denotes the electroweak vev and f stands for a SM fermion with mass mf .
Self interactions of S are contained in Lself. The e↵ective coupling g? originates from the mixing of
the light scalar with the SM Higgs. For instance, in the limit of small mixing and for light singlet
masses, mS ⌧ mh, the mixing angle is given by

g? = sin ✓ ' ✓ ' ↵1v

m2
h

. (3.2.3)
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FIG. 3. Rare decays of⌥ (left) andB mesons (right) mediated
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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
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GFm
2

bp
2⇡↵

F
⇣
1�
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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� =
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t |V ⇤
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16⇡2

!
2
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⇥
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(m2

B � (mK +m�)2)(m2

B � (mK �m�)2)

16⇡m
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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].

Production: B→K+S

b s

S
ui

W

S

`+

`�

Figure 3.7: Left: The decay of the singlet to leptons, S ! `+`�. Right: The b–s–S flavor-changing
penguin, leading to production of S via decays such as B ! KS.

provides a good estimates of ratio of the partial widths of the scalar S:
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⌘2
(6 � 2�3
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K) . (3.2.6)

with �XY ⌘ �(S ! XY ) and �µ =
q

1 � 4m2
µ/m2

S ⇥(mS � 2 mµ) where we use the step-function

⇥.
One may expect a sizable branching ratio to dimuon pairs. Therefore, provided these scalars

can be produced in su�cient quantity, one can search for the striking signal of a dilepton pair in
the SHiP detector.

Another aspect of light singlets is that they open new decay channels for the SM Higgs, see
Section 3.3. The process h ! SS can trigger multi-lepton final states for which strong limits come
from LEP searches. These limits can be translated into limits on the mixing angles between the
doublet and singlet scalars [228]. Here we will mainly concentrate on the mass range mS < 10 GeV,
where the light scalar can be produced in meson decays. In this case the searches for rare decays
typically give stronger constraints on which we shall focus in the following.

3.2.1 Existing experimental limits

There are stringent constraints on new light states coupling to SM particles. Of particular interest
in this context are experimental searches for rare meson decays, because the presence of a new
light scalar mediator S will in general lead to a large enhancement in the rates of flavour-changing
processes such as K ! ⇡ S, D ! ⇡S or B ! K S [229, 230].

These transitions are induced through the flavor changing penguins, e.g., b–s–S (where s is the
strange quark) for B ! KS decays, etc., as shown in Fig. 3.7. Upon integrating out the W boson
and top quark, we can write the e↵ective b–s–S coupling as [231]

L � 3
p

2GF m2
t V

⇤
tsVtb

16⇡2

mb

v
g? Ss̄LbR + h.c. (3.2.7)

From Eq. (3.2.7), it is straightforward to compute the branching ratios for B ! KS, and we refer
the reader to [229, 231] for explicit formulae. Similar computations can be performed for the decays
of Kaons to S.

Flavour observables therefore provide an unique opportunity to constrain the interactions of
the dark sector with SM particles via a light mediators. In Fig. 3.8 we show current constraints on
a light scalar particle with Yukawa-like couplings to SM states. These bounds come from a variety
of rare decays of ⌥ and B mesons as well as from kaons. In addition the bound due to CHARM,
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be a light neutralino which is mainly a gaugino of the new sector or a bileptino. However, also
sneutrino LSPs are possible. These are mainly right-handed states and therefore not in conflict with
direct detection limits. For both possibilites light singlets could play a crucial part in explaining
the relic density: for neutralinos there can be resonance e↵ects, while sneutrinos always annihilate
very e�ciently into light bileptons if this is kinematically allowed [217].

3.1.3.3 Models with R-parity violation

If R-parity is broken dynamically like in the µ⌫SSM [218, 219]

Wµ⌫SSM = WMSSM + Y⌫Hul⌫R + � ⌫RHuHd +
1

3
(⌫R)3 (3.1.4)

there is a mixing between the Higgs doublets and the sneutrinos. If three generations of right-
handed neutrino superfields are assumed, actually three, potentially di↵erent, couplings �i between
the Higgs doublets and singlets are present in contrast to other singlet extensions. This model
shares many features with singlet extensions without R-parity violation and one finds also regions
with light singlets which are consistent with all observations today [220].

3.2 Linear scalar portals: Higgs-scalar mixing

We first focuss our attention to scalar portal models with a linear mixing between the light scalar
S and the Higgs boson:

L = LSM +
1

2
@µS@µS + (↵1S + ↵S2)(H†H) + �2S

2 + �3S
3 + �4S

4 , (3.2.1)

with ↵1 6= 0. Notice that a Z2 symmetric model also e↵ectively induces a linear mixing between the
scalar S and the Higgs boson if S develops a vacuum expectation value: ↵1 = 4↵hSi. Cosmological
considerations restrict the range of phenomenogically viable values of the portal coupling ↵, see
Section 3.7.

A low-energy e↵ective Lagrangian of the form (3.2.1) is naturally obtained in the supersym-
metric models discussed previously. In the supersymmetric case, an additional singlet fermion and
singlet pseudoscalar enter the theory. The possible role of the singlet fermion as a dark matter
candidate is discussed in the next section. However, there are also other interesting aspects of light
singlets.

Especially, if the singlets are lighter than mesons like ⌥ or B stringent bounds arise as we will
see. In that case the mesons can decay into on-shell singlets. These singlets not necessarily escape
the detector but could further decay into SM final states. Hence, the partial widths of singlets into
leptons or lighter mesons are very important.

Assuming that the mass of the scalar is substantially below the electroweak scale, the Higgs
boson can be integrated out. The low-energy e↵ective Lagrangian reads

L = LSM � g? mf

v
S f̄f + Lself , (3.2.2)

where v ' 246 GeV denotes the electroweak vev and f stands for a SM fermion with mass mf .
Self interactions of S are contained in Lself. The e↵ective coupling g? originates from the mixing of
the light scalar with the SM Higgs. For instance, in the limit of small mixing and for light singlet
masses, mS ⌧ mh, the mixing angle is given by

g? = sin ✓ ' ✓ ' ↵1v

m2
h

. (3.2.3)
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Figure 3.9: Projected sensitivity of SHiP for a scalar S with Yukawa-like couplings to all SM
fermions, in comparison to the existing bounds. The decays S ! ee, µµ, ⇡⇡ and KK are considered.
Both S production from B and K decays are considered with the assumption that all B mesons
but only 0.2% of the kaons decay before being stopped. Also shown are contours of constant DM
nucleon cross section, where we assumed that S acts as the mediator between DM and nucleons
(see Section 3.5 for details).

S + Xs) [221, 230] and similarly for the kaons.3 Here B ! S + Xs is the inclusive decay, where Xs

can be any strange meson and the decay rate reads [233]

�(B ! S + Xs) =
1

8⇡

�
m2

b � m2
S

�2

m3
b

|hS
sb|2 , (3.2.8)

with hS
sb the scalar component of the induced flavour changing coupling.

The number of decays in the detector region can then be calculated by multiplying the number
NS of scalars produced with the probability that the scalar decays inside the detector. In addition
the branching ratio of the scalar into observable final states has to be taken into account. We take
these states to be ��, e+e�, µ+µ�, ⇡⇡ and KK. If the detector is placed at a distance l (to be
taken equal to 70 m) and has a length �l (to be taken equal to 55 m), the number of events in the
detector region is

Ndet ⇠ NS


exp

✓
� l

� � c ⌧S

◆
� exp

✓
� l + �l

� � c ⌧S

◆�
, (3.2.9)

where ⌧S = ��1
S is the lifetime of the scalar and � = ES/mS is its relativistic gamma factor.

3We make the assumption here that the B-mesons still have a su�ciently large boost that the majority of the
scalars produced in the decays will travel in the direction of the detector.
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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
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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.
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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.
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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].

Production: B→K+S
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Figure 3.7: Left: The decay of the singlet to leptons, S ! `+`�. Right: The b–s–S flavor-changing
penguin, leading to production of S via decays such as B ! KS.

provides a good estimates of ratio of the partial widths of the scalar S:

�µ+µ� : �⇡⇡ : �KK : �⌘⌘ : �DD : �⌧+⌧� : �gg
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⌧ �3
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⇣↵smS

3⇡

⌘2
(6 � 2�3

⇡ � �3
K) . (3.2.6)

with �XY ⌘ �(S ! XY ) and �µ =
q

1 � 4m2
µ/m2

S ⇥(mS � 2 mµ) where we use the step-function

⇥.
One may expect a sizable branching ratio to dimuon pairs. Therefore, provided these scalars

can be produced in su�cient quantity, one can search for the striking signal of a dilepton pair in
the SHiP detector.

Another aspect of light singlets is that they open new decay channels for the SM Higgs, see
Section 3.3. The process h ! SS can trigger multi-lepton final states for which strong limits come
from LEP searches. These limits can be translated into limits on the mixing angles between the
doublet and singlet scalars [228]. Here we will mainly concentrate on the mass range mS < 10 GeV,
where the light scalar can be produced in meson decays. In this case the searches for rare decays
typically give stronger constraints on which we shall focus in the following.

3.2.1 Existing experimental limits

There are stringent constraints on new light states coupling to SM particles. Of particular interest
in this context are experimental searches for rare meson decays, because the presence of a new
light scalar mediator S will in general lead to a large enhancement in the rates of flavour-changing
processes such as K ! ⇡ S, D ! ⇡S or B ! K S [229, 230].

These transitions are induced through the flavor changing penguins, e.g., b–s–S (where s is the
strange quark) for B ! KS decays, etc., as shown in Fig. 3.7. Upon integrating out the W boson
and top quark, we can write the e↵ective b–s–S coupling as [231]

L � 3
p

2GF m2
t V

⇤
tsVtb

16⇡2

mb

v
g? Ss̄LbR + h.c. (3.2.7)

From Eq. (3.2.7), it is straightforward to compute the branching ratios for B ! KS, and we refer
the reader to [229, 231] for explicit formulae. Similar computations can be performed for the decays
of Kaons to S.

Flavour observables therefore provide an unique opportunity to constrain the interactions of
the dark sector with SM particles via a light mediators. In Fig. 3.8 we show current constraints on
a light scalar particle with Yukawa-like couplings to SM states. These bounds come from a variety
of rare decays of ⌥ and B mesons as well as from kaons. In addition the bound due to CHARM,
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We take ES ⇠ 25 GeV (see Ref. [234]) and assume that SHiP will observe no background
events, so that it can rule out all parameters that predict Ndet > 3. The projected exclusion region
(together with the current bounds on light scalars from above) is shown in Fig. 3.9. The shape of
the exclusion region can be understood from the requirement that the scalar should neither decay
too quickly nor too slowly in order to give an observable signal. The kaon decays dominate below
the mK � m⇡ threshold while the B decays dominate above this threshold. Despite the huge kaon
production cross-section, the impact of the kaons in the SHiP sensitivity is largely reduced by the
fact that most of them are stopped in the target before decaying.

Assuming that S mediates the interactions between DM and nucleons, see Section 3.5, we can
compare the expected sensitivity of SHiP with the sensitivity of DM direct detection experiments.
Current LUX bounds reside in the range �n < 10�44cm2–10�40cm2 for DM masses m� ' 5–10 GeV.

As can be seen in Fig. 3.9, SHiP is expected to probe a regime of scalar masses and couplings
currently not accessible to any accelerator or DM experiment.

3.3 Z2 scalar portals: pair-production of light hidden particles and exotic

Higgs decays

We now turn our attention to scalar portals where the scalar S does not develop a vacuum expec-
tation value and cannot mix with the Higgs boson:

L = LSM +
1

2
@µS@µS + ↵S2(H†H) + �2S

2 + �4S
4. (3.3.1)

It is natural that the hidden/dark sector will also be composed of additional fermions and gauge
bosons that can also couple to the SM Higgs bosons with higher-dimensional portals:

�L =
1

⇤
|H|2 ̄ , (3.3.2)

for a BSM fermion  and

�L =
1

⇤2
m2

Z
D

|H|2ZDµZµ
D , (3.3.3)

for a gauge boson after dark symmetry breaking.
This Z2 scalar portal models are an explicit (and minimal) realization of the Hidden Valley sce-

narios discussed in Section 3.1.2 with the Higgs boson being the heavy mediator that is dominantly
responsible for (pair-)production of the low-mass hidden sector states.

In the presence of BSM states below the Higgs mass, such Higgs portal couplings will generally
mediate exotic decays of the 125GeV Higgs boson into BSM states. Due to the small width of the
SM Higgs boson, these decays can easily have O(10%) branching fractions; see [235] for an overview
of Higgs portal couplings and a discussion of the signature space in related models.

The 28 GeV center-of-mass energy at SHiP is much too low to produce on-shell Higgs bosons.
However, sensitivity to exotic Higgs decays arises in two ways: production of exotic decay final
states through an o↵-shell higgs, or single on-shell production of light BSM states that inherit SM
couplings through mixing. In each case, the main signal of Higgs-portal-coupled hidden sectors at
SHiP is the production of light BSM states in the decay of heavy mesons, mediated by interactions
of the form (3.3.1)–(3.3.3). The resulting signatures depend in detail on the spectrum and decays
of the new BSM states.

As discussed in Section 3.2, when the BSM scalar mixes with the Higgs boson, it can be singly
produced at SHiP, and decays back to the SM through the same Higgs portal coupling that governs
its production. This also arises when a light pseudo-scalar mixes with the CP -odd component
of a two-Higgs doublet model. In more general cases the BSM states decay back to the SM via

no mixing with Higgs: S is paired-produced

b t s

h X

X

Figure 3.10: Feynman diagram responsible for the production of X through exotic decays of B
mesons, B ! KXX.

estimates for this hidden sector when both the dark scalar and dark photon have similar masses
. GeV. This Higgsed U(1) theory is a simple and minimal example of a multi-particle hidden
sector. More general hidden valley models [193, 197, 207, 236–238], see Section 3.1.2, may contain a
plethora of light states with a common mass scale, giving rise to rich phenomenology with possibly
long-lived hidden-sector particles. For instance, a confining hidden sector could generate hidden
mesons which, as in QCD, can be very long-lived owing to (e.g.) approximate flavor symmetries.
The scalar Higgs portal coupling of Eq. (3.1.1) could pair-produce light hidden-sector mesons, which
could eventually decay to (e.g.) lighter mesons via an o↵-shell h, or back to SM particles through
non-renormalizable interactions. This is an example of a scenario to which SHiP has excellent
discovery potential, for a range of masses and decay lengths which we will establish below.

3.3.2 What SHiP can do

In this section we estimate the number of produced X particles that decay within the detector
volume of SHiP and compare it to the corresponding signal yield at the LHC. This will reveal
regions of parameter space where SHiP has superior discovery potential. All signal rates scale
linearly with Br(h ! XX) in the limit where this branching ratio is small.

3.3.2.1 Hidden sector scalars

For mX . 2 GeV, the dominant X production mechanism at SHiP is through the decays B !
K(⇤)XX. This process occurs through the penguin-like diagram of Fig. 3.10. The large top Yukawa
coupling partially o↵sets the loop suppression, and the diagram is no more CKM-suppressed than
the dominant SM b decay. This makes rare B decays a prime place to discover new light states
X [240, 241].

The branching ratio for B ! K(⇤)XX has been calculated in [240]. In our notation, it is

Br(B+ ! K+(⇤)XX) ⇡ (1.2 ⇥ 10�4)g2
hXXF (mX), (3.3.7)

where F (mX) is ⇡ 1 for mX = 0.1 GeV and ⇡ 0.65 for mX = 1 GeV [242].5 Isospin predicts a
similar exotic branching ratio for B0, B̄0 mesons as well. To estimate the production of X particles
at SHiP, we simulate pp ! bb̄ in MadGraph [243], extract the B±, B0, and B̄0 mesons from each
event, and decay them to the three-body final state K(⇤)XX according to phase space. This allows
us to compute the distribution of boosts of X in the lab frame as a function of its mass. For the
purposes of this estimate we take the SHiP detector to be 50 m long, with a circular 5 m diameter
cross section starting at a distance of 60 m from the target. We then define the geometric acceptance
✏geom as the fraction of X particles with momentum at an angle ✓ < ✓max = 2.5/60 from the beam

5The small (< 10%) di↵erences between B+ ! K+XX and B+ ! K+⇤XX can be safely neglected in our
estimations.

Production: 
B→K+SS
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Figure 3.11: Estimated number of 0.1 GeV (left) and 1 GeV (right) X (pseudo-)scalar particles,
produced via an o↵-shell h⇤ in either gluon fusion or B-meson decay, that decay within the SHiP
and LHC detector volumes. For the LHC and HL-LHC, 300 and 3000 fb�1 of luminosity was
assumed. All event rates are proportional to Br(h ! XX) (up to Br2 corrections), which is set
to 10% in this figure. SHiP has superior signal yield to the LHC and has greater sensitivity to
long-lived particles than does the HL-LHC. Combined with the likely superior detection e�ciency
of the dedicated fixed-target experiment, this shows that SHiP is very well-suited to discovering
long-lived hidden-sector (pseudo-)scalars with masses . 2 GeV.

where LSHiP is the SHiP luminosity, and the cross section �pp!XX is obtained from Madgraph and
can be easily rescaled as a function of Br(h ! XX). We find that when X is too heavy to be
produced in rare B decays, the number of X particles decaying in the detector is at least three
orders of magnitude larger at the LHC than at SHiP, even for the best-case decay length.

Figure 3.11 shows the estimated signal yields as a function of decay length for mX = 0.1 and
1 GeV and Br(h ! XX) = 10%, which will not be excluded by the LHC. Note that the number of
X-particles decaying within the detector volume at SHiP is within an O(1) factor of the HL-LHC6,
and will far exceed decays observed at the 14TeV LHC with 300 fb�1. Furthermore, depending on
the way that X decays, the detection e�ciency in the high-background environment of the LHC may
be significantly lower than at the dedicated SHiP experiment which is designed to look for such
signals. This makes SHiP very well suited to detecting hidden-sector scalars and pseudoscalars
coupled through the Higgs portal, provided they have a mass of . GeV and a decay length of
c⌧X & 0.1m.

Precision Higgs couplings measurements at the HL-LHC and ILC will be sensitive to any non-
SM decays with branching ratios larger than O(1%) and O(0.1%) [245, 246]. Since signal yield scales
approximately linearly with exotic Higgs branching ratios, Fig. 3.11 shows that there is potential
for sizable SHiP and HL-LHC signals from h ! XX even for branching ratios of ⇠ 10�5.

6This coincidence is due to the number of B-hadrons produced at the HL-LHC being within an order of magnitude
of the number produced at SHiP, since with SHiP’s design parameters, the typical number of Xs decaying within
the region of interest at LHC is also coincidentally within roughly an order of magnitude of those decaying in SHiP’s
detector. This result thus depends sensitively on SHiP’s detector geometry.

SHiP has superior signal yield to the LHC 
and has greater sensitivity to long-lived particles 

than does the HL-LHC.
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Figure 3.13: Left: Feynman diagrams governing the production of light pseudoscalars in B decays.
Right: Estimated SHiP sensitivity to pseudoscalars in the ma–fa plane, for tan � = 1 (blue, solid),
tan � = 5 (cyan, dashed), and tan � = 15 (purple, dotted). The charged Higgs mass has been
fixed to mH+ = 200GeV. For each value of tan � the region between the two lines yields at least
three events where pseudoscalars decay within the detector according to the estimated event yield
described in the text.

3.5 Scalar portals and Dark Matter

Light scalars may certainly provide an interesting connection to the puzzle of dark matter (DM). It
is quite conceivable that dark matter resides in the form of a SM singlet particle which is protected
against decay by a (discrete) symmetry. In this case, a light scalar could mediate the interactions
between DM and the SM (see Section 3.5.1) or even constitute the DM abundance itself if is a
stable particle as a result of a discrete symmetry (see Section 3.5.2).

3.5.1 Scalar as a mediator between DM and the SM

The Lagrangian for the minimal model reads

L = LSM � g? mf

v
S f̄f � 1

2
 S�̄� , (3.5.1)

where � denotes the dark matter particle which we assume to be a Majorana fermion, while S
stands for the mediator. The coupling of the scalar to SM fermions f arises from mixing with the
SM Higgs as discussed in Section 3.2.

In the hot early universe, the dark matter fermions are in thermal equilibrium due to their
interactions with the SM bath. DM pairs can directly annihilate into SM particles via an inter-
mediate scalar S. Alternatively, if kinematically allowed, they can annihilate into pairs of scalars,
which subsequently decay to SM particles. As far as the experimental constraints on the scalar S
are concerned, only its interactions with the SM are relevant. Indeed, the coupling g? is subject to
strong bounds and, hence, processes involving this coupling must be suppressed. Therefore, we shall
assume that the second class of processes dominates. The annihilation cross section for �� ! SS
can be estimated as [212]

� vrel ' �1 v2
rel =

4m�

24 ⇡

q
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� � m2
S

9m4
� � 8m2

�m2
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S)4
v2
rel , (3.5.2)
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Figure 3.13: Left: Feynman diagrams governing the production of light pseudoscalars in B decays.
Right: Estimated SHiP sensitivity to pseudoscalars in the ma–fa plane, for tan � = 1 (blue, solid),
tan � = 5 (cyan, dashed), and tan � = 15 (purple, dotted). The charged Higgs mass has been
fixed to mH+ = 200GeV. For each value of tan � the region between the two lines yields at least
three events where pseudoscalars decay within the detector according to the estimated event yield
described in the text.

3.5 Scalar portals and Dark Matter

Light scalars may certainly provide an interesting connection to the puzzle of dark matter (DM). It
is quite conceivable that dark matter resides in the form of a SM singlet particle which is protected
against decay by a (discrete) symmetry. In this case, a light scalar could mediate the interactions
between DM and the SM (see Section 3.5.1) or even constitute the DM abundance itself if is a
stable particle as a result of a discrete symmetry (see Section 3.5.2).

3.5.1 Scalar as a mediator between DM and the SM

The Lagrangian for the minimal model reads

L = LSM � g? mf

v
S f̄f � 1

2
 S�̄� , (3.5.1)

where � denotes the dark matter particle which we assume to be a Majorana fermion, while S
stands for the mediator. The coupling of the scalar to SM fermions f arises from mixing with the
SM Higgs as discussed in Section 3.2.

In the hot early universe, the dark matter fermions are in thermal equilibrium due to their
interactions with the SM bath. DM pairs can directly annihilate into SM particles via an inter-
mediate scalar S. Alternatively, if kinematically allowed, they can annihilate into pairs of scalars,
which subsequently decay to SM particles. As far as the experimental constraints on the scalar S
are concerned, only its interactions with the SM are relevant. Indeed, the coupling g? is subject to
strong bounds and, hence, processes involving this coupling must be suppressed. Therefore, we shall
assume that the second class of processes dominates. The annihilation cross section for �� ! SS
can be estimated as [212]
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Figure 3.14: Relic density as a function of the coupling  and the mediator mass mS for m� =
7, 8, 9 GeV. .

where vrel denotes the relative velocity between two dark matter particles. Notice that this process
is p-wave suppressed due to the CP properties of the initial and final state particles. Imposing
that the relic density of � matches the observed dark matter density ⌦�h2 = 0.1199 [272], we can
determine . More specifically for p-wave suppressed annihilations and m� = 5–10GeV the DM
relic density is achieved for �1 ' 1.6 · 10�25cm3/s (see e.g. [273]). The coupling  which yields the
correct relic density for a given mass mS is shown in Fig. 3.14. Unless there is a strong phase space
suppression, the result only weakly depends on the dark matter mass. For m� ' 5–10 GeV, we find
 ' 0.1.

Direct dark matter detection experiments search for the coherent scattering of DM particles on
nuclei. In the simple model, we presented, a sizeable (spin-independent) DM nucleon cross section
�n can arise via exchange of the scalar mediator. We find

�n ' 10�40cm2
⇣ 

0.1

⌘2 ⇣ g?

0.01

⌘2
✓

GeV

mS

◆4

, (3.5.3)

which is valid for mediator masses larger than the momentum transfer in the scattering, i.e. mS &
100 MeV (somewhat depending on the target material). For smaller masses 1/m4

S has to be replaced
by 1/(q2 + m2

S)2. Notice that the cross section is strongly enhanced for small mediator masses due
to the m�4

S dependence and becomes constant for mediator masses smaller than the momentum
transfer.

Imposing the correct dark matter relic density, we can directly relate the coupling g? to the
DM nucleon cross section. Hence, in this simplistic dark matter model, the most recent constraints
on �n from the LUX experiment can be translated into limits on g?. In Fig. 3.9, we have depicted
contours of constant �n as a function of the mediator mass. We assumed  = 0.1 as expected for
m� = 5–10 GeV (see above). The LUX constraints depend strongly on the DM mass. The two
contours of �n = 10�40 cm2 and �n = 10�44 cm2 shown in the figure correspond to the current LUX
limit at m� ' 5 GeV and m� ' 10 GeV respectively.

Finally we note that pseudoscalars discussed in Chapter 5 can also act as messengers to the
DM sector. Direct detection limits are weaker in this case.

3.5.2 Scalar as a DM candidate

We now want to speculate that perhaps the scalar S constitutes the dark matter within the present
day Universe, S being a stable particle as a result of a Z2 symmetry in his interactions. We shall
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where vrel denotes the relative velocity between two dark matter particles. Notice that this process
is p-wave suppressed due to the CP properties of the initial and final state particles. Imposing
that the relic density of � matches the observed dark matter density ⌦�h2 = 0.1199 [272], we can
determine . More specifically for p-wave suppressed annihilations and m� = 5–10GeV the DM
relic density is achieved for �1 ' 1.6 · 10�25cm3/s (see e.g. [273]). The coupling  which yields the
correct relic density for a given mass mS is shown in Fig. 3.14. Unless there is a strong phase space
suppression, the result only weakly depends on the dark matter mass. For m� ' 5–10 GeV, we find
 ' 0.1.

Direct dark matter detection experiments search for the coherent scattering of DM particles on
nuclei. In the simple model, we presented, a sizeable (spin-independent) DM nucleon cross section
�n can arise via exchange of the scalar mediator. We find
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which is valid for mediator masses larger than the momentum transfer in the scattering, i.e. mS &
100 MeV (somewhat depending on the target material). For smaller masses 1/m4

S has to be replaced
by 1/(q2 + m2

S)2. Notice that the cross section is strongly enhanced for small mediator masses due
to the m�4

S dependence and becomes constant for mediator masses smaller than the momentum
transfer.

Imposing the correct dark matter relic density, we can directly relate the coupling g? to the
DM nucleon cross section. Hence, in this simplistic dark matter model, the most recent constraints
on �n from the LUX experiment can be translated into limits on g?. In Fig. 3.9, we have depicted
contours of constant �n as a function of the mediator mass. We assumed  = 0.1 as expected for
m� = 5–10 GeV (see above). The LUX constraints depend strongly on the DM mass. The two
contours of �n = 10�40 cm2 and �n = 10�44 cm2 shown in the figure correspond to the current LUX
limit at m� ' 5 GeV and m� ' 10 GeV respectively.

Finally we note that pseudoscalars discussed in Chapter 5 can also act as messengers to the
DM sector. Direct detection limits are weaker in this case.

3.5.2 Scalar as a DM candidate

We now want to speculate that perhaps the scalar S constitutes the dark matter within the present
day Universe, S being a stable particle as a result of a Z2 symmetry in his interactions. We shall
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Figure 3.13: Left: Feynman diagrams governing the production of light pseudoscalars in B decays.
Right: Estimated SHiP sensitivity to pseudoscalars in the ma–fa plane, for tan � = 1 (blue, solid),
tan � = 5 (cyan, dashed), and tan � = 15 (purple, dotted). The charged Higgs mass has been
fixed to mH+ = 200GeV. For each value of tan � the region between the two lines yields at least
three events where pseudoscalars decay within the detector according to the estimated event yield
described in the text.

3.5 Scalar portals and Dark Matter

Light scalars may certainly provide an interesting connection to the puzzle of dark matter (DM). It
is quite conceivable that dark matter resides in the form of a SM singlet particle which is protected
against decay by a (discrete) symmetry. In this case, a light scalar could mediate the interactions
between DM and the SM (see Section 3.5.1) or even constitute the DM abundance itself if is a
stable particle as a result of a discrete symmetry (see Section 3.5.2).

3.5.1 Scalar as a mediator between DM and the SM

The Lagrangian for the minimal model reads

L = LSM � g? mf

v
S f̄f � 1

2
 S�̄� , (3.5.1)

where � denotes the dark matter particle which we assume to be a Majorana fermion, while S
stands for the mediator. The coupling of the scalar to SM fermions f arises from mixing with the
SM Higgs as discussed in Section 3.2.

In the hot early universe, the dark matter fermions are in thermal equilibrium due to their
interactions with the SM bath. DM pairs can directly annihilate into SM particles via an inter-
mediate scalar S. Alternatively, if kinematically allowed, they can annihilate into pairs of scalars,
which subsequently decay to SM particles. As far as the experimental constraints on the scalar S
are concerned, only its interactions with the SM are relevant. Indeed, the coupling g? is subject to
strong bounds and, hence, processes involving this coupling must be suppressed. Therefore, we shall
assume that the second class of processes dominates. The annihilation cross section for �� ! SS
can be estimated as [212]
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Figure 3.13: Left: Feynman diagrams governing the production of light pseudoscalars in B decays.
Right: Estimated SHiP sensitivity to pseudoscalars in the ma–fa plane, for tan � = 1 (blue, solid),
tan � = 5 (cyan, dashed), and tan � = 15 (purple, dotted). The charged Higgs mass has been
fixed to mH+ = 200GeV. For each value of tan � the region between the two lines yields at least
three events where pseudoscalars decay within the detector according to the estimated event yield
described in the text.

3.5 Scalar portals and Dark Matter

Light scalars may certainly provide an interesting connection to the puzzle of dark matter (DM). It
is quite conceivable that dark matter resides in the form of a SM singlet particle which is protected
against decay by a (discrete) symmetry. In this case, a light scalar could mediate the interactions
between DM and the SM (see Section 3.5.1) or even constitute the DM abundance itself if is a
stable particle as a result of a discrete symmetry (see Section 3.5.2).

3.5.1 Scalar as a mediator between DM and the SM

The Lagrangian for the minimal model reads

L = LSM � g? mf

v
S f̄f � 1

2
 S�̄� , (3.5.1)

where � denotes the dark matter particle which we assume to be a Majorana fermion, while S
stands for the mediator. The coupling of the scalar to SM fermions f arises from mixing with the
SM Higgs as discussed in Section 3.2.

In the hot early universe, the dark matter fermions are in thermal equilibrium due to their
interactions with the SM bath. DM pairs can directly annihilate into SM particles via an inter-
mediate scalar S. Alternatively, if kinematically allowed, they can annihilate into pairs of scalars,
which subsequently decay to SM particles. As far as the experimental constraints on the scalar S
are concerned, only its interactions with the SM are relevant. Indeed, the coupling g? is subject to
strong bounds and, hence, processes involving this coupling must be suppressed. Therefore, we shall
assume that the second class of processes dominates. The annihilation cross section for �� ! SS
can be estimated as [212]
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Figure 3.14: Relic density as a function of the coupling  and the mediator mass mS for m� =
7, 8, 9 GeV. .

where vrel denotes the relative velocity between two dark matter particles. Notice that this process
is p-wave suppressed due to the CP properties of the initial and final state particles. Imposing
that the relic density of � matches the observed dark matter density ⌦�h2 = 0.1199 [272], we can
determine . More specifically for p-wave suppressed annihilations and m� = 5–10GeV the DM
relic density is achieved for �1 ' 1.6 · 10�25cm3/s (see e.g. [273]). The coupling  which yields the
correct relic density for a given mass mS is shown in Fig. 3.14. Unless there is a strong phase space
suppression, the result only weakly depends on the dark matter mass. For m� ' 5–10 GeV, we find
 ' 0.1.

Direct dark matter detection experiments search for the coherent scattering of DM particles on
nuclei. In the simple model, we presented, a sizeable (spin-independent) DM nucleon cross section
�n can arise via exchange of the scalar mediator. We find

�n ' 10�40cm2
⇣ 

0.1

⌘2 ⇣ g?

0.01

⌘2
✓

GeV

mS

◆4

, (3.5.3)

which is valid for mediator masses larger than the momentum transfer in the scattering, i.e. mS &
100 MeV (somewhat depending on the target material). For smaller masses 1/m4

S has to be replaced
by 1/(q2 + m2

S)2. Notice that the cross section is strongly enhanced for small mediator masses due
to the m�4

S dependence and becomes constant for mediator masses smaller than the momentum
transfer.

Imposing the correct dark matter relic density, we can directly relate the coupling g? to the
DM nucleon cross section. Hence, in this simplistic dark matter model, the most recent constraints
on �n from the LUX experiment can be translated into limits on g?. In Fig. 3.9, we have depicted
contours of constant �n as a function of the mediator mass. We assumed  = 0.1 as expected for
m� = 5–10 GeV (see above). The LUX constraints depend strongly on the DM mass. The two
contours of �n = 10�40 cm2 and �n = 10�44 cm2 shown in the figure correspond to the current LUX
limit at m� ' 5 GeV and m� ' 10 GeV respectively.

Finally we note that pseudoscalars discussed in Chapter 5 can also act as messengers to the
DM sector. Direct detection limits are weaker in this case.

3.5.2 Scalar as a DM candidate

We now want to speculate that perhaps the scalar S constitutes the dark matter within the present
day Universe, S being a stable particle as a result of a Z2 symmetry in his interactions. We shall
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Figure 3.15: The Higgs portal coupling required to saturate the observed DM density is shown in
black. The region below the black line overproduces dark matter, and thus to agree with cosmolog-
ical observations an additional late-time dilution of the DM density is required, or S must be made
unstable by breaking the Z2 stabilization symmetry. The strongest direct detection constraints
from LUX [275] and SuperCDMS [276] are also shown. The LHC constraints on additional Higgs
decays h ! SS are shown in dashed red. Any region above this line is in tension with the LHC
Higgs observations. The Higgs constraints may be weakened somewhat if it is assumed that Higgs
couplings to SM states are increased, to counteract the reduction in signal from invisible decays.
The dot-dashed purple line shows the result of assume a doubling of SM Higgs couplings.

now consider this possibility in more detail and follow closely the recent review [274]. The scalar
portal Lagrangian that we consider reduces to

L � ↵S2|H|2 . (3.5.4)

In the early Universe the scalar S will be in thermal equilibrium with SM particles due to the
Higgs portal coupling. This coupling enables S-annihilations to occur through an s-channel Higgs
into SM states such as light fermions, SS ! h⇤ ! f̄f , vector bosons SS ! h⇤ ! V V , and Higgs
pairs SS ! hh. As the Universe cools and expands these annihilations become less frequent and
eventually ‘freeze-out’, such that the co-moving density of dark matter remains constant. Taking
these e↵ects into account the model becomes very predictive and it is possible to calculate the relic
density of dark matter. The Higgs portal coupling required to generate the observed dark matter
density is shown in Fig. 3.15. Unfortunately there is no simple formula for the relic abundance in the
region near the Higgs pole (mS > 50 GeV in Fig. 3.15) or in the region where certain annihilations
occur close to a mass threshold, such as around mS ⇠ 8 GeV for annihilation into bottom quarks.
However in the intermediate region 10 . mS . 50 GeV the relic abundance scales approximately
as the inverse of the squared coupling, i.e. ⌦h2(30 GeV) ⇠ 0.11

�
0.18
↵

�2
.

This dark matter could be detected in Direct Detection experiments by searching for dark
matter scattering on nuclei, which in this case occurs through a t-channel Higgs boson. The cross
section for Higgs portal dark matter with spin-independent scattering on a nucleon of mass mn

is [274]
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significantly in these volumes, while, in reality, in the visible Universe it is the same with per mille
accuracy. There are other illustrations of the problems we have started with, disguised under the
names of flatness, entropy, initial perturbations problems, see e.g. [287] for detailed discussion.

The most widely accepted solution is an early-time inflationary stage preceding the hot Uni-
verse. At that stage the Universe experiences almost exponential (or at least accelerated) expansion,
which makes it flat, homogeneous and isotropic. Usually a scalar field (dubbed inflaton) is present
in the model, whose dynamics is responsible for the rapid expansion. Quite remarkably, the ampli-
tude of quantum fluctuations of this field (or one of the possibly accompanying scalar fields) gets
frozen as the wavelength stretches over horizon. Thus, when the inflation finally terminates, they
form classical gaussian fluctuations of the scalar field, which later (after the Universe’s reheating,
etc.) source the matter spatial inhomogeneities and scalar curvature perturbations. With properly
chosen model parameters, these inhomogeneities nicely describe the cosmic microwave background
radiation (CMB) anisotropy and serve as seeds of the large scale structure formation in the late
Universe. The parameters of these perturbations can be deduced from CMB observations [288].

An implementation of the inflationary stage requires some modification of the SM and/or
General Relativity. If the new scalar degree of freedom S needed to drive inflation is introduced into
the particle physics sector, it must couple to the SM fields to assure the post-inflationary reheating
of the Universe (i.e. production of the SM particles in the early Universe, which subsequently
thermalize) and successful transfer of the inflaton fluctuations into adiabatic matter perturbations.
It is natural to expect that the inflaton and the Higgs boson will interact via the renormalizable
scalar portal operator

Lint = ↵S2H†H. (3.7.1)

The dimensionless parameter ↵ is bounded from above and from below [289]. It cannot be very
small, otherwise the reheating is ine�cient, i.e. the reheating temperature Treh is too small. The
widely recognized limit for the reheating is about several MeV is related to the onset of Big Bang
(primordial) Nucleosynthesis. Yet many models would require having Treh above the electroweak
scale, to obtain dark matter abundance and baryogenesis (e.g., for the model (3.7.2) this implies
↵ & 0.7⇥ 10�11 [289]). Further, ↵ cannot be large, (say ↵ . p

0.1� ⇠ 10�7 [222], for the particular
model (3.7.2)) otherwise the quantum corrections, originating from (3.7.1), change the inflaton
potential in such a way that the primordial density perturbations generated at inflation become
large and strongly scale dependent, what is incompatible with observations.

The upper and lower limits on ↵ are rather general and relevant for any inflationary model. If
only a renormalizable model is accepted, then only quadratic, cubic and quartic self-couplings are
allowed in the inflaton potential. The former two contain dimensionful parameters with reference
energy scale (determined by normalizing the perturbation spectrum to CMB anisotropy) much
above the electromagnetic scale, which would contribute to the gauge hierarchy problem, lifting up
the SM Higgs boson mass (for discussion see e.g. [290, 291]). It seems preferable to avoid introducing
a new high energy scale in particle physics, and hence no new heavy degrees of freedom. Therefore,
models with light inflaton are justified, and below we consider a minimal example of this type.

The Lagrangian of the model is a generalization of the scalar portal model considered in Sec-
tion 3.2 with an explicit non-minimal interaction of the scalar field S to gravity

LSSM = LSM +
(@µS)2

2
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where the first term is the SM Lagrangian except of the Brout–Englert–Higgs (BEH) field potential,
R is the scalar curvature, MP is the reduced Planck mass, and the dimensionless parameters taking
positive values are �, �, ↵, ⇠, for the Higgs boson selfcoupling, inflaton selfcoupling, Higgs-inflaton
portal, and the inflaton non-minimal coupling to gravity, respectively. The last term is required by
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Figure 3.16: Left panel: Cosmologically allowed regions (68% and 95% confidence level) in (scalar
tilt ns � 1, tensor-to-scalar power ratio r) parameter space [288], and the light inflaton model
predictions for various values of ⇠. Right panel: Relation between the ⇠ and � parameters determined
from the observed normalization of the primordial density perturbations. Parameter � is in turn
related to the Higgs-inflaton mixing. Reproduced from Ref. [222].
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Thus light inflaton can be searched for at B-factories, like LHCb and Belle II.

The relevant region of the model parameter space is presented in Fig. 3.17. Following the

Figure 3.17: Allowed (blank) and forbidden (shaded) regions of model parameter space. The gray
shaded region is the estimate of the SHIP sensitivity. Left plot: lines of constant inflaton lifetime
are superimposed. Right plot: lines of constant tensor-to-scalar ratio r are superimposed.

discussion of Section 3.2, it is clear that, for a fixed-target experiment like SHiP, the interesting
region of the model parameter space is that where the Higgs-inflaton mixing ✓ is not very small (so
that the production rate is sizable), and the decay length is not very short (which in turn requires
that the mass is not too large). So, thought the latter is (much) smaller than the distance from
the target to the detector, ⇠ 100 m, the inflaton production rate is su�ciently large to compete
with the exponential suppression of the inflaton flux in the detector. The detailed description of
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significantly in these volumes, while, in reality, in the visible Universe it is the same with per mille
accuracy. There are other illustrations of the problems we have started with, disguised under the
names of flatness, entropy, initial perturbations problems, see e.g. [287] for detailed discussion.
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tude of quantum fluctuations of this field (or one of the possibly accompanying scalar fields) gets
frozen as the wavelength stretches over horizon. Thus, when the inflation finally terminates, they
form classical gaussian fluctuations of the scalar field, which later (after the Universe’s reheating,
etc.) source the matter spatial inhomogeneities and scalar curvature perturbations. With properly
chosen model parameters, these inhomogeneities nicely describe the cosmic microwave background
radiation (CMB) anisotropy and serve as seeds of the large scale structure formation in the late
Universe. The parameters of these perturbations can be deduced from CMB observations [288].

An implementation of the inflationary stage requires some modification of the SM and/or
General Relativity. If the new scalar degree of freedom S needed to drive inflation is introduced into
the particle physics sector, it must couple to the SM fields to assure the post-inflationary reheating
of the Universe (i.e. production of the SM particles in the early Universe, which subsequently
thermalize) and successful transfer of the inflaton fluctuations into adiabatic matter perturbations.
It is natural to expect that the inflaton and the Higgs boson will interact via the renormalizable
scalar portal operator

Lint = ↵S2H†H. (3.7.1)

The dimensionless parameter ↵ is bounded from above and from below [289]. It cannot be very
small, otherwise the reheating is ine�cient, i.e. the reheating temperature Treh is too small. The
widely recognized limit for the reheating is about several MeV is related to the onset of Big Bang
(primordial) Nucleosynthesis. Yet many models would require having Treh above the electroweak
scale, to obtain dark matter abundance and baryogenesis (e.g., for the model (3.7.2) this implies
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0.1� ⇠ 10�7 [222], for the particular
model (3.7.2)) otherwise the quantum corrections, originating from (3.7.1), change the inflaton
potential in such a way that the primordial density perturbations generated at inflation become
large and strongly scale dependent, what is incompatible with observations.

The upper and lower limits on ↵ are rather general and relevant for any inflationary model. If
only a renormalizable model is accepted, then only quadratic, cubic and quartic self-couplings are
allowed in the inflaton potential. The former two contain dimensionful parameters with reference
energy scale (determined by normalizing the perturbation spectrum to CMB anisotropy) much
above the electromagnetic scale, which would contribute to the gauge hierarchy problem, lifting up
the SM Higgs boson mass (for discussion see e.g. [290, 291]). It seems preferable to avoid introducing
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where the first term is the SM Lagrangian except of the Brout–Englert–Higgs (BEH) field potential,
R is the scalar curvature, MP is the reduced Planck mass, and the dimensionless parameters taking
positive values are �, �, ↵, ⇠, for the Higgs boson selfcoupling, inflaton selfcoupling, Higgs-inflaton
portal, and the inflaton non-minimal coupling to gravity, respectively. The last term is required by
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Assumption: the scale invariance is broken in the inflaton sector only
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Figure 3.16: Left panel: Cosmologically allowed regions (68% and 95% confidence level) in (scalar
tilt ns � 1, tensor-to-scalar power ratio r) parameter space [288], and the light inflaton model
predictions for various values of ⇠. Right panel: Relation between the ⇠ and � parameters determined
from the observed normalization of the primordial density perturbations. Parameter � is in turn
related to the Higgs-inflaton mixing. Reproduced from Ref. [222].
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Thus light inflaton can be searched for at B-factories, like LHCb and Belle II.

The relevant region of the model parameter space is presented in Fig. 3.17. Following the

Figure 3.17: Allowed (blank) and forbidden (shaded) regions of model parameter space. The gray
shaded region is the estimate of the SHIP sensitivity. Left plot: lines of constant inflaton lifetime
are superimposed. Right plot: lines of constant tensor-to-scalar ratio r are superimposed.

discussion of Section 3.2, it is clear that, for a fixed-target experiment like SHiP, the interesting
region of the model parameter space is that where the Higgs-inflaton mixing ✓ is not very small (so
that the production rate is sizable), and the decay length is not very short (which in turn requires
that the mass is not too large). So, thought the latter is (much) smaller than the distance from
the target to the detector, ⇠ 100 m, the inflaton production rate is su�ciently large to compete
with the exponential suppression of the inflaton flux in the detector. The detailed description of
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A few physically motivated examples

Dark photons: kinetic mixing, minicharged particles

Gauges B-L, L𝜇-L𝜏

Baryonic vector, aka leptophobic dark vector

��

Example 1, the simplest. Dark photon. 
(Holdom 1986; earlier paper by Okun’) 

This Lagrangian describes an extra U(1)’ group (dark force, hidden 
photon, secluded gauge boson, shadow boson etc, also known 
as U-boson, V-boson, A-prime, gamma-prime etc), attached to 
the SM via a vector portal (kinetic mixing). Mixing angle κ (also 
known as ε, η) controls the coupling to the SM. New gauge 
bosons can be light if the mixing angle is small.  

In this talk κ = ε 
Low-energy content: Additional massive photon-like vector V, and a 

new light Higgs h’, both with small couplings.  
Well over several hundred theory papers have been written with the 

use of this model in some form in the last four years.  
 
 
 
 
 
 
 

 ���

Example 3: Baryonic vector (can be called “dark omega”) 

Gauging baryon number and making mediator a light particle is “almost” 
as harmless as having a dark photon (there is a gauge anomaly in  

 U(1)BSU(2)SU(2), but it can be cancelled by new states at the weak scale) 

This model, U(1)B, has been discussed in connection with DM signals 
(MP 2011) and  limits on “leptophobic” dark vector were considered last 
month by Tulin; Dobrescu, Frugiuele. 

 

 

If kappa parameter is small or zero, new vector state is an isospin singlet, 
some sort of “dark omega”.  

No/weak couplings to electrons " Constraints might be weak?  

We therefore focus on a new vector boson, Vµ, with couplings to quarks. Without com-

plicated model building in the flavor sector, the absence of tree level flavor changing neutral

currents implies the quark couplings should be generation independent. Furthermore, to

allow renormalizable Yukawa couplings of the quarks to the SM Higgs boson, the charges

of the left- and right-handed quarks should be equal. These considerations lead to a model

containing a vector boson coupled to the baryon current. The most straightforward realiza-

tion of such a scenario is to consider the vector boson Vµ to be a fundamental gauge boson

of a local U(1)B baryon number symmetry.

As is well known, a model with a local U(1)B symmetry su⇥ers from the gauge anomaly,

and therefore must be regarded as a non-renormalizable e⇥ective field theory with a ultra-

violet cuto⇥ �UV [14]. (Our intention of building a leptophobic model prevents us from ex-

tending this gauge symmetry to leptons to cancel the anomalia via e.g. U(1)B ⇤ U(1)B�L.)

The upper bound on �UV can be estimated from the three loop vector boson self energy

diagram and is well above the weak scale for the mass and coupling parameters explored

in this study. At or below this scale, new states must enter to render the theory consis-

tent at the quantum level, with the simplest possibility being a perturbative completion

with new chiral fermions that cancel the anomalies. Such fermions may obtain large masses

through Yukawa couplings to the SM Higgs boson or through couplings to the spontaneous

symmetry breaking sector of U(1)B. We note that a variety of constructions exist in the

literature for anomaly free UV completions of a local U(1)B symmetry [15–25]. For a given

UV completion, there will inevitably be additional constraints from high energy accelerator

data. Since our focus in this work is on GeV-scale phenomenology, the precise details of the

UV completion will not be relevant to our discussion, and we will therefore focus on a low

energy e⇥ective theory of a local U(1)B symmetry under which the DM ⇤ is charged.

The Lagrangian of the low energy e⇥ective theory is given by

L = L⇥ �
1

4
V 2
µ� +

1

2
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V V
2
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2
Vµ�F
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i⇤̄�µDµ⇤�m⇥⇤̄⇤ (Dirac fermion DM)
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⇥|⇤|2 (complex scalar DM)

(2)

where Dµ = ⌅µ � igBqB, with gB (qB) the U(1)B gauge coupling (charge), Jµ
B ⇥ 1
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⇧
i q̄i�

µqi

is the baryon current (with the sum over all quark species), and the ellipses denote terms

related to the sector responsible for spontaneously breaking U(1)B, the details of which will
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Recent motivations to look for new states/
new forces below ~GeV 

0.   Theoretical motivation to look for an extra U(1) gauge group.!
(E.g. test SU(3)×SU(2)×U(1) structure wherever we can.)!
1.  Recent intriguing results in astrophysics. 511 keV line, 

PAMELA positron rise, ...!
2.  Self-interaction of WIMP dark matter!
3.  More than a decade old discrepancy of the muon g-2. !
4.  Other motivations (E.g. providing a new mechanism for 

populating the RH neutrino dark matter: Shuve, Yavin)!
….!
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https://indico.cern.ch/event/355048/contributions/1760908/attachments/704453/967071/Pospelov_NaplesVP2015.pdf
https://indico.cern.ch/event/355048/contributions/1760908/attachments/704453/967071/Pospelov_NaplesVP2015.pdf
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Dark photons @ SHiP

Decays of “dark photon” 

All calculations are quite straightforward, !
!
!
!
!
!
!
!
!
!
Decay length can be microscopic if the mixing angle is very small. 
For 200 MeV particle!

���

fraction of photons, is also significantly reduced if ⌅0 cannot be easily generated in the
decay products.

• Finally, the two-stage annihilation process, ⌃⌃̄ ⇥ V V , followed by decay V ⇥ SM,
allows hiding the WIMP dark matter from direct searches. This is because the coupling
to the SM (e.g. ⇤ for dark photons) is not constrained by the annihilation cross section,
and can be taken almost arbitrarily small [64].

This theoretical construction proves that galactic positron excess could come from the
annihilation of WIMP dark matter (there are no show stoppers), although at this point it is
impossible to argue in favor of the dark matter exlanation vs competing astrophysical mech-
anisms (see, e.g. [65, 66]). The WIMP-related models do come under additional constraints
from the absence of broad excess in ⇥-ray fluxes [67], and more recenlty from the absence of
DM-induced distortion of the CMB anisotropies as reported by Planck collaboration [XX].
While these constraints are very important, they cannot rule out the theoretical construction
above in a model-independent way. Thus it is important to constrain the DM-SM mediators
directly from terrestrial experiments, and for the broad ranges of possible couplings.

4 Main features of vector portal phenomenology.

In this section we review the main phenomenological features of light vector states coupled
to the SM vector currents, and light Higgs states that may be associated with them.

4.1 Decay rates, modes, branchings, c⇧ for dark photon

The phenomenology of massive dark photons with mV > 2me is quite straightfroward. The
decay rates of the A⇥ to the SM states can be easily calculated for any point in the parameter
space {mA0 , ⇤}. The biggest uncertainty is related with the question of existence of new states
⌃ charged under U(1)⇥, that would open additional dark decay channels. In general, the decay
width is given by

�A0 =
⇤

l

�A0�l+l� +
⇤

hadrons

�A0�hadrons +
⇤

�

�A0���̄ (4.1)

The decays to leptons and new ”dark states” ⌃ are elementary to handle,
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1

3
⇤2�mV
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2m2
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m2
V
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1� 4m2
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m2
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2m2
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4m2

�

m2
V

, (4.3)
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while the expressions for the decays to hadrons can be extracted from the well-known spectral
function of virtual photon transition, ⇥⇥ ⇧ hadrons,

�V⇤hadrons =
1

3
�⇤2mV

⇤

1�
4m2

µ

m2
V

�
1 +

2m2
µ

m2
V

⇥
R(s = m2

V ), (4.4)

The R-ratio can be found in [68]. If dark states are kinematically accessible, then ”visible”
vs ”dark” decay widths scale as ⇤ �⇤2/�D.

If the decays to dark states are non-existent or subdominant, �A�⇤SM ⌅ �A�⇤��̄, then
the SM decay channels are not diluted by dark decays. This is the most studied and most
constrained case. Making a specific choice of parameters, one can see that in the absence of
dark decays, (boosted) dark photons can propagate over macroscopic distances. Choosing
mV = 200 MeV for simplicity, one can see that

c⌥A�⇥ ⇤ 40 m⇥
�
10�6

⇤

⇥2

⇥ ⇥

100
. (4.5)

Thus, this range of mixing angles is of special interest for the SHiP-like experiments.

The production of vector states is a more complicated process than their decays, especially
if they are produced in p collisions with a target. So far, several production channels have
been identified:

1. The dark photons, or more generically, light vectors states can be produced in the
meson decays, which in turn are copiously produced in p-on-target collisions. For light
vector masses, by far the most important process is ⇧ ⇧ ⇥V , which is suppressed by
⇤2, but not �, since the main decay of ⇧0 is electromagnetic. In the literature, ⌅, ⌃/�
and ⇥ sources of A⌅ have been discussed [69]. The weak decays of K, D mesons play
subdominant role in the production of dark photons

2. The (quasi)elestic scattering of incident protons on nucleons in the target can lead to
the production of vector states via bremsstrahlung process pp ⇧ ppV [70, 71]. This
type of process is quite similar to the production of vector states from the electrons in
collision with nuclei, but is more di⇤cult to handle due to the non-elementary nature
of nucleons.

3. For large mV , it is expected that the direct perturbative QCD production of vector
states via the underlying q+ q̄ ⇧ V ; q+g ⇧ q+V processes should become dominant.
Some of the QCD production cross sections have been calculated in Ref. [72].

It is fair to say that at this point there is no unversally accepted calculational tools that
would allow to calculate the production rates of extra vector states in pp and pn collisions
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Figure 5: MP: this is not an up-to-date figure. To be updated. Summary of the beam dump
and other constraints on the dark photon model. The limits at ⇥ ⇤ 10�6; mA� > 200 MeV
range come from old experiment CHARM, and can be improved at SHiP.

5.1 Current status of experimental constraints on exotic vector states

Fig. 5 summarizes the existing constraints on the dark photon model, in the assumption
that the dark decays are absent or subdominant. One can clearly see that the constraints
can be subdivided into two main categories: those that come from the prompt decays of the
dark photons, and those that are dervied from the delayed decays of dark photons inside
the detectors placed in some distance behind the beam dumps. The combination of all
constraints covers the region of parameter space motivated by the solution to the muon g�2
discrepancy. Future electron-on-target experiments such as HPS [4] will add sensitivity in
⇥ ⇤ 10�3 � 10�5 and mA� ⇥ few 100 MeV window that is comparatively less constrained.

It is important to note that the excluded regions corresponding to ⇥ ⇤ 10�6 and masses in
excess of m� come from relatively old experiments, CHARM and E137, which are the proton
and electron beam dump experiments. (The shape of these regions can be understood as
follows: above the the upper boundary of that region the lifetime c⇤A�� is too short for the
su�cient number of dark photons to reach the detector. Below the lower boundary, the
size of ⇥ is too small to produce and detect a su�cient number of A⇥.) It is clear that the
improvement on the number of protons-on-target and shorter distance to the detector, such
as in the SHiP proposal, will improve the sensitivity to A⇥ around the CHARM/E137 region.
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FIG. 2: Limits on baryonic gauge boson coupling �B and mass mB , for different values of kinetic mixing
parameter ⌃. Thick black contours are current exclusion limits from radiative light meson decays based
on their total rate (assuming the QCD contribution is zero). Dashed gray contours illustrate the reach
of possible future constraints at the level of BR(⇤ ⌅ B⇥ ⌅ ⌅0⇥⇥) < 3 ⇥ 10�6 [49], BR(⇤⇥ ⌅ B⇥ ⌅
⌅+⌅�⌅0⇥) < 10�4, and BR(⇤⇥ ⌅ B⇥ ⌅ ⇤⇥⇥) < 10�4. Shaded regions are exclusion limits from low
energy n-Pb scattering and hadronic ⇥(1S) decay. Hatched regions are excluded by A⇥ searches from
KLOE [57] and WASA [56]. A⇥ limits applied to B are model-dependent, constraining possible leptonic B
couplings. Limits shown here are for ⌃ = egB/(4⌅)2 (left plot) and 0.1 ⇥ egB/(4⌅)2 (right plot). Gray
shaded regions show where B has a macroscopic decay length c⇧ > 1 cm. Dotted contours denote the
upper bound on the mass scale � for new electroweak fermions needed for anomaly cancellation, assuming
� � 4⌅mB/gB .

model dependence. Resonance searches by WASA and KLOE have placed stringent limits on
BR(⌅0 ⌅ A⇥⇥ ⌅ e+e�⇥) and BR(⌃ ⌅ A⇥⇤ ⌅ e+e�⇤), respectively, where the A⇥ is assumed to
decay promptly on detector time scales [56, 57]. To constrain leptonic B decays, we impose these
constraints to the quantities

BR(⌅0 ⌅ B⇥)⇥ BR(B ⌅ e+e�)⇥ fe� , BR(⌃ ⌅ ⇤B)⇥ BR(B ⌅ e+e�)⇥ fe� . (6)

Here, fe� is an (experiment-dependent) efficiency factor that accounts for signal reduction due to
nonprompt B decays. For simplicity, we approximate fe� ⇤ 1 � exp(� L

c� ), where c⇧ is the B
decay length (neglecting relativistic ⇥-factors) and L is the physical scale within which a decay
would be considered prompt. Although limits we present for these channels should be regarded
as approximate, we have taken L = 1 cm to be conservative since the true detector geometry is
larger [56, 57].

These constraints are shown in Fig. 2 in terms of �B and mB. The left and right panels corre-
spond to different values of kinetic mixing parameter ⌥. The thick black lines, which show how
current constraints from radiative light meson decays constrain the B boson, are the new result
from this work. We emphasize that these limits have been applied with respect to the total rate as-
suming that the QCD contribution is zero. Substantial improvements could be made by searching
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ALPs

What'is'an'ALP?'

•  Par9cle'modelled'on'the'axion'arising'from'
the'solu9on'to'the'strong'CP'problem'of'QCD'

•  For'our'purposes'roughly'defined'by'its'
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Typical'interac9ons'for'pseudo6Goldstones'

Couplings'to'two'photons'
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Figure 5.1: Excluded parameter regions for a pseudoscalar A with couplings to two photons/gauge
bosons. Compilation adapted and combined from [817–824]. The right panel focusses on the
(sub)GeV region of masses and shows the potential improvement that can be achieved with the
future modification of the SHiP detector, sensitive to all neutral final states (see footnote 1).

field strengths given by

gAi ⌘ ↵i

2⇡

CAi

fA
. (5.2.2)

An ALP, in a crucial di↵erence to the QCD axion, has in addition a (significant) mass term in the
lagrangian. If the ALP has a coupling to QCD, then it will acquire a contribution to its mass from
QCD e↵ects and mix with the QCD axion, but for the ALPs of interest to SHiP their mass will be
su�ciently large that this is not significant.

For on-shell fermions the ALP coupling to fermions can be rewritten using the equation of
motion:

L � i
X

f

gAf
mf

v
A f̄�5f, gAf ⌘ �CAf

v

fA
. (5.2.3)

5.3 ALPs coupled to two gauge bosons

Let us first consider an axion-like particle which couples to two gauge bosons, e.g. these could be
two photons or two gluons. Let us write the ALP coupling to gauge bosons i as

L � �gAi

4
A F (i)b

µ⌫ F̃ (i) µ⌫
b . (5.3.1)

Then the partial width is

�(A ! ii) =
d(G)g2

Aim
3
A

64⇡
(5.3.2)

where d(G) is the number of generators in the group.

Here we will focus on the exemplary case of a coupling purely to two photons. But more general
couplings to SM gauge bosons are of interest and o↵er opportunities for SHiP.

The current constraints on the two photon coupling are shown in Fig. 5.1. A zoom on the
region of interest for SHiP is shown in the right panel. We note that this is also the mass region of
interest in models where ALPs serve as mediators to a DM sector.
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light neutralino possible if R-parity violatoin

c

d

f
N1

l

+

e
cL

c

d f
N1

l

+

e
dR

c

d

f
N1

l

+

e
lL

Figure 6.1: Relevant Feynman Diagrams for D+ ! eN0
1 + `+.

Therefore the mass range
0.7 eV < m eN0

1
< 24 GeV , (6.2.6)

is excluded for a stable neutralino LSP as it gives too much dark matter. A neutralino LSP in this
mass range is only allowed if it decays, i.e. R-parity is violated.

Note that there is no particular motivation to expect M1 to approximately satisfy Eq. (6.2.3),
resulting in a light neutralino. However, there is also no reason the neutralino must be heavy. Since
we have no convincing theory of supersymmetry breaking, which would predict M1, M2, µ, and
tan �, experimental searches are our best bet.

6.2.2 R-parity Violation

When supersymmetrizing the Standard Model (SM), an extra Higgs doublet must be introduced
and then the particle content must be doubled. With this minimal particle content the most
general renormalizable superpotential, which governs the non-gauge interactions, is fixed by the
SU(3)xSU(2)xU(1) gauge symmetry to contain two sets of terms WMSSM = WRPC + WRPV with

WRPC = (Ye)ijLiH1Ēj + (Yd)ijQiH1D̄j + (Yu)ijQiH2Ūj + µH1H2 , (6.2.7)

WRPV = �ijkLiLjĒk + �0
ijkLiQjD̄k + �00

ijkŪiD̄jD̄k + iLiH2 , (6.2.8)

in the notation of [853]. The terms in Eq. (6.2.7) correspond to the known Yukawa couplings in
the SM. The terms in Eq. (6.2.8) have no correspondence and violate lepton- or baryon number. If
all the latter terms are present and have significant couplings there is rapid proton decay which is
experimentally excluded. A further symmetry must be added to forbid at least a subset of the terms
WRPV . One standard approach is to use a discrete multiplicative symmetry R-parity, which forbids
all the terms in WRPV , this is the widely considered MSSM. An alternative symmetry, e.g. baryon-
triality, see for example [854], just forbids the terms proportional to �00

ijk. Baryon-number is then
conserved and the proton is also stable. Both discrete symmetries are discrete gauge anomaly-free
[855, 856], and are thus theoretically equally well motivated.

The main features of an additional R-parity violating (RPV) term [857] are that the lightest
supersymmetric particle is no longer stable. It is thus not a dark matter candidate. This could
instead be the axino, or the axion [858] (cf. also Chapter 5). At colliders we would also not
expect to have significant amount of missing transverse momentum as a result of supersymmetric
production. Furthermore at colliders one can have resonant single production of supersymmetric
particles. As long as the nature of the dark matter particle is not known, and supersymmetry has
not been discovered at the LHC, R-parity conservation and RPV are equally well motivated.

6.2.3 Finding Neutralinos at SHiP via R–Parity violation

In the following, we assume that there exists an R–parity violating interaction �W = �0
i21(Li ·

Q2)D̄1. in the superpotential. Moreover we focus on production via the more numerous D mesons.
Production via B mesons is also possible and allows to extend the mass reach. We leave this option
for future more detailed studies.

For the case at hand, a D± meson produced at SHiP could decay into a neutralino and a
charged lepton via the diagrams in Fig. 6.1, if the neutralino is light enough. The respective partial
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ẽ
K+

Decay



Christophe Grojean SHiP Experiment forum, April 20, 2o1627

Light neutralino
Conventional bound  MÑ>46 GeV holds only in CMSSM

astro bound (neutrino + DM) assumes Ñ stable
light neutralino possible if R-parity violatoin

c

d

f
N1

l

+

e
cL

c

d f
N1

l

+

e
dR

c

d

f
N1

l

+

e
lL

Figure 6.1: Relevant Feynman Diagrams for D+ ! eN0
1 + `+.

Therefore the mass range
0.7 eV < m eN0

1
< 24 GeV , (6.2.6)

is excluded for a stable neutralino LSP as it gives too much dark matter. A neutralino LSP in this
mass range is only allowed if it decays, i.e. R-parity is violated.

Note that there is no particular motivation to expect M1 to approximately satisfy Eq. (6.2.3),
resulting in a light neutralino. However, there is also no reason the neutralino must be heavy. Since
we have no convincing theory of supersymmetry breaking, which would predict M1, M2, µ, and
tan �, experimental searches are our best bet.

6.2.2 R-parity Violation

When supersymmetrizing the Standard Model (SM), an extra Higgs doublet must be introduced
and then the particle content must be doubled. With this minimal particle content the most
general renormalizable superpotential, which governs the non-gauge interactions, is fixed by the
SU(3)xSU(2)xU(1) gauge symmetry to contain two sets of terms WMSSM = WRPC + WRPV with
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Figure 6.3: SUSY breaking scale
p

F probed by SHiP as a function of the sgoldstino mass mS <
mD in the lepton flavour violating case, Eq. (6.3.8). The down-squark left-right mass matrix element
was chosen m̃LR 2

D12
= (100GeV)2 and the gaugino mass M3 = 3 TeV. The result scales with m̃LR 2

D12

and M3 as shown in Eq. (6.3.13).

section can be obtained by simple rescaling of the known results for the fusion of the SM Higgs
boson of the same mass, sgoldstino coupling to gluons is proportional to M3/F (6.3.6). The results
for scalar and pseudoscalar sgoldstinos of the same mass coincide.

Indirect sgoldstino production may go through the flavor conserving and flavor violating cou-
plings, constrained by the absence of rare processes and superpartners at the LHC. For the flavor
conserving case the dominant channel for O(1) GeV mass sgoldstino is B ! KS(P ), the same
one-loop process as would dominate the SM Higgs boson production of the same mass. For lighter
sgoldstinos K ! ⇡S(P ) dominates. In the flavor violating case the result depends on the cho-
sen pattern of the flavor violating model parameters. In particular, sgoldstinos of (sub)GeV mass
may be produced in the two body D-meson decays like Ds ! K + S(P ), D0 ! ⇡0 + S(P ), and
D± ! ⇡± + S(P ).

Sgoldstinos decay into the SM particles mostly through the flavor conserving couplings. Here
the final states are

S(P ) ! �� , µ+µ� , ⇡+⇡� , ⇡0⇡0 , e+e� , . . .

with hadronic channels (if open) presumably dominant (provided by heavy gluino mass and large
number of gluons). Indeed, for the ratio of sgoldstino decay rates into photons and gluons one
obtains from eqs. (6.3.5),(6.3.6),

� (S(P ) ! gg)

� (S(P ) ! ��)
= (N2

c � 1)
M2

3

M2
��

.

For the leptonic channels one finds with the universal diagonal trilinear terms (6.3.11)

� (S(P ) ! e+e�)

� (S(P ) ! µ+µ�)
=

m2
e

m2
µ

⌧ 1 ,

therefore the heavy fermions dominate. For the rates to fermions and gluons one obtains [860, 866]

� (S(P ) ! µ+µ�)

� (S(P ) ! gg)
=

Al 2

4 M2
3

m2
µ

m2
S(P )

.

If the sgoldstino decay rates are saturated by hadronic channels, sgoldstino lifetimes may be esti-
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mated as (for sgoldstino masses 2m⇡ < mS < 2mK the decay S ! ⇡+⇡� dominates)

⌧S(P ) = 2 ⇥ 10�4 s ⇥
 p

F

10000 TeV

!4✓
3 TeV

M3

◆2✓1 GeV

mS(P )

◆3
2m⇡ < mS(P ) < 2mK (6.3.12)

(for mS > 2mK the lifetime becomes shorter by 40% due to additional channels S(P ) ! K0K̄0

and S(P ) ! K+K�). Here the di↵erence between scalar and pseudoscalar sgoldstino is only due to
their masses, which are usually di↵erent. The same conclusion is true for all the processes, if parity
is violated by sgoldstino couplings, so both scalar and pseudoscalar sgoldstinos couple through the
parity odd and parity even interaction terms. If parity is conserved by sgoldstino couplings [891],
the phenomenology of scalar and pseudoscalar sgoldstinos, especially those involving meson decays,
di↵er.

For the reference values of the model parameters adopted in Eq. (6.3.12) sgoldstinos produced
by 400 GeV protons on target cover a distance of several kilometers before they decay. Hence the
corresponding signature—a couple of charged particles emerging at a single point with invariant
mass equal to that of the sgoldstino—may be searched for in the SHiP detector. For a 60 m length
detector with 2⇥1020 PoTs one expects the following number of charged pion pairs appearing from
the light sgoldstino decays,

N⇡+⇡� ' 4 ⇥ 104

 
m̃LR 2

D
ii

(100 GeV)2

!2✓
10000 TeVp

F

◆8✓ M�
g

3 TeV

◆2⇣ mS,P

1 GeV

⌘4
, 2m⇡ < mS(P ) < 2mK

(6.3.13)
Here we take into account the Lorentz �-factor for sgoldstino, produced in decays of 6.8 ⇥ 1017

D-mesons (see Appendix A) via lepton flavour violating coupling m̃LR 2
D12

. The results of the detailed
MC simulations, taking into account the acceptance of the detector, are presented in Fig. 6.3. The
scaling of the sensitivity plot with m̃LR 2

D12
and M3 remains the same as in Eq. (6.3.13) also for

mS > 2mK . We note that the reference numbers in (6.3.13) are all in agreement with present
experimental limits on MSSM parameters.

6.3.4 Concluding remarks

Sgoldstinos are a natural consequence of F-term SUSY breaking and their typical interaction
strength are directly linked to the scale at which SUSY is broken. Phenomenologically they share
features with scalars from Higgs portal models and pseudoscalar axion-like particles (ALPs) and
similar search strategies can be applied (cf. Chapters 3 and 5). Promising search channels at SHiP
include,

pp ! S(gluon fusion), S
long lived������! `+`�, ⇡+⇡�, ⇡0⇡0 (6.3.14)

pp ! D + X ! S + X 0, S
long lived������! `+`�, ⇡+⇡�, ⇡0⇡0,

and similar for the pseudoscalar P .

6.4 Light Dirac gauginos

6.4.1 Origins of Pseudo-Dirac fermions

A pseudo-Dirac fermion, where an originally Dirac fermion is split into two Majorana components, is
an interesting candidate for dark matter, since it allows co-annihilation between the eigenstates but
would appear as a Majorana particle for the purposes of direct and indirect detection experiments
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Other scenarios considered in Physics Case

Dirac gauginos

Hidden photinos

axinos, saxion
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• Less known particle in the Standard Model
• First observation by DONUT at Fermilab in 2001               

with 4 detected candidates, Phys. Lett. B504 (2001) 218-224

• 9 events (with an estimated background of 1.5) were 
reported in 2008 with looser cuts 

const () = (0.390.130.13)10-38 cm2 GeV-1

• 5  candidates reported by OPERA for the discovery 
(5.1 result) of  appearance in the CNGS neutrino beam

• Tau anti-neutrino never observed  

MOTIVATION FOR  STUDIES

G. De Lellis, Neutrino Physics 2
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http://indico.cern.ch/event/312657/session/4/contribution/31/material/slides/0.pdf
http://indico.cern.ch/event/312657/session/4/contribution/31/material/slides/0.pdf
http://indico.cern.ch/event/393146/contributions/932784/attachments/786609/1078302/Nu_Tau_SHiP.pdf
http://indico.cern.ch/event/393146/contributions/932784/attachments/786609/1078302/Nu_Tau_SHiP.pdf
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Figure 7.2: The charged current cross section per nucleon, scaled by incident energy for (a) ⌫⌧

and (b) ⌫̄⌧ scattering with a lead target with Wmin = 1.4GeV . The dashed curve has F4 and F5

set to zero, while the solid curve has the full expression for the target mass corrected (TMC) cross
section.

At E = 20 GeV, for tau neutrino CC scattering, the full expression for the cross section yields a
result about 30% lower than when these terms are neglected. At E = 200 GeV, the contribution
of these terms reduces the cross section by about 7%. For ⌫̄⌧ CC scattering, the solid line is about
53% lower than the dashed line for E = 20 GeV and about 14% lower for 200 GeV. Target mass
corrections are included here. They amount to about a 7% correction for ⌫⌧ CC scattering at
E = 10 GeV.

7.1.1 Flux of tau neutrinos

The precision on the tau neutrino cross section measurement is linked to the precision in the
estimation of the flux of neutrinos. As sketched in Fig. 7.3, the prompt flux of ⌫⌧ + ⌫⌧ comes
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Figure 7.3: Example of Ds decay chain producing a ⌫⌧ and a ⌫̄⌧ . 18% of the tau leptons decay to
a muon (see also Table 7.2), in all tau decay modes another tau neutrino is produced.

from the leptonic decay Ds ! ⌧⌫⌧ , with a decay length of c⌧D
s

= 149.9 µm and branching ratio
B(Ds ! ⌧⌫⌧ ) = (5.54 ± 0.24)% [156]. In this decay channel, two tau neutrinos are produced: one
directly from the decay and the other from the “chain decay” Ds ! ⌧ ! ⌫⌧ . For a Ds with energy
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ED, the lepton energy distributions are constant, constrained by

0  E⌫  (1 � R⌧ )ED (7.1.7)

R⌧ED  E⌧  ED , (7.1.8)

for R⌧ = m2
⌧/m2

D. With m⌧ ⇠ mD
s

, the neutrino energy range is much lower than the tau energy
range: hE⌫i ' 0.09ED while hE⌧ i ' 0.91ED. The tau itself decays promptly, c⌧⌧ = 87.03 µm, to
⌫⌧ with approximately 1/3 of the tau energy going to the neutrino. Except for the lowest energies,
it is the chain decay Ds ! ⌧ ! ⌫⌧ that dominates the ⌫⌧ + ⌫⌧ flux. Here, we estimate the prompt
tau neutrino plus antineutrino fluxes from Ds decays. We show, for comparison, the prompt muon
neutrino plus antineutrino fluxes from charmed hadrons using the same approximations. In the
illustrative results below, we use two approximations for particles produced, starting with a 400GeV
proton beam incident on a series of two 58 cm targets, first molybdenum, then tungsten (combined
column depth 1, 712 g/cm2). First we use the collinear approximation to get the energy distribution
of all of the charmed particles produced in the hadronic interaction. In a second approximation,
we account for the detector geometry of a 2m ⇥ 0.75m detector downstream 51.5m from the front
of the target. The fragmentation and decays then proceed in the collinear approximation. For
definiteness, we discuss Ds production, but this applies more generally to charmed hadrons hc.
Given the di↵erential cross section for target A, d�(pA ! DsX)/dED, the number of neutrinos
produced per unit energy is approximately
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(ED

s
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This approximate expression depends on Np, the number of protons on target, the total pA cross
section, and the di↵erential energy distribution of the Ds (and its charge conjugate). The column
depth of either sample target is much larger than the interaction lengths of the incident proton
and the Ds, both of which are larger than the decay length of the Ds. Regenerated protons,
emerging with lower energies from the first interaction, have been neglected in Eq. (7.1.9). As
discussed below, the factor of two accounts for the sum of neutrinos and antineutrinos, equal for
prompt decays since the energy distributions of c and c̄ are equal, as are the subsequent decay
distributions. The summation of dni/dE⌫ is over i =direct or i =chain decay energy distributions.

Over the full energy range of E⌫ that come from Ds decays, Eq. (7.1.9) gives
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Here fD
s

is the fragmentation fraction for c ! Ds. The factor of four accounts for c + c̄ and the
two neutrinos associated with each Ds produced.

The interaction length of protons on a molybdenum target is �pMo = AMo/(NA�pMo) = 156
g/cm2 [156], giving a cross section per nucleon of �pN = �pMo/AMo = 10.7 mb, corresponding
to an approximate A dependence of A0.71. The A dependence of the charm production cross
section is approximated by �pA!h

c

X ' A�pN!h
c

X for AMo = 95.95 [950, 951]. For Ds production,
we use NLO QCD [952–954] as implemented in the numerical program of Cacciari et al. [955,
956], to calculate d�pN!h

c

X/dEc and the Kniehl and Kramer fragmentation functions (LO at
the initial scale µ0) [957] to convert to the hadronic energy distribution. The normalizations of
the fragmentation functions are rescaled to match the fragmentation fractions of Ref. [958]. In
particular, the fragmentation fraction for c ! Ds is set to fD

s

= 0.077.

Inputs to the di↵erential cross section are the charm mass, the factorization scale MF , the
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BEAM DUMP  DETECTOR

At the beam dump*
*in 5 years run (2x1020pot)

At the neutrino detector*

εgeom ~5%

G. De Lellis, Neutrino Physics 6
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A massive neutrino may interact e.m. 
 magnetic moment proportional to its mass

Assuming 5% systematics
from DIS measurements

SHiP can explore a region down to

TAU NEUTRINO MAGNETIC MOMENT
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Current 
limits

SIGNAL SELECTION

Ee > 1 GeV
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No interference as it involves a 
spin flip of the neutrino
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µ⌫ contribution to ⌫e elastic scattering xs

http://indico.cern.ch/event/312657/session/4/contribution/31/material/slides/0.pdf
http://indico.cern.ch/event/312657/session/4/contribution/31/material/slides/0.pdf
http://indico.cern.ch/event/393146/contributions/932784/attachments/786609/1078302/Nu_Tau_SHiP.pdf
http://indico.cern.ch/event/393146/contributions/932784/attachments/786609/1078302/Nu_Tau_SHiP.pdf
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Strangeness of nucleon
strange quark PDF

W mass determination
LHC14TeV: W produced 80% ud + 20% cs

µ=3 GeV, nf=3

x

Δ
s (

%
)

NuTeV/CCFR

NuTeV/CCFR + NOMAD

x

NuTeV/CCFR + CHORUS

Figure 3: The relative strange sea uncertainty obtained from variants of the ABM12 PDF analy-
sis [31] with only NuTeV and CCFR data [40] employed to constrain the strange sea (grey area) and
with the solid lines displaying the relative change in the strange sea due to the NOMAD [41] (left
panel) and CHORUS [42] (right panel) data sets. The dots correspond to the strange sea uncertainty
after inclusion of the new data sets. Plot taken from [28].

production in (anti)neutrino-iron DIS interactions. The recent publication of new data
samples for charm di-muon production in neutrino-iron DIS interactions by the NOMAD
experiment [41] and for inclusive charm production in nuclear emulsions by the CHORUS
experiment [42] shown a clear improvement of the situation as illustrated in fig. 3.

Further issues

• Strangeness from heavy-quark DIS in CC interactions [28]; data from Nomad and
Chorus; W±+charm quark production at the LHC

• Nuclear effects in neutrino nucleon DIS (cf. Sec.6 of [6]); discuss constraints on nuclear
corrections [28]

• Electroweak measurements in neutrino nucleon DIS: sin2 θW from Paschos-Wolfenstein
relation (cf. [43] and Sec.7 of [6])

• New high statistics from a DIS experiment can also improve the current precision of
strong coupling constant αs measurements.

αs measurements (cf. Sec.5 of [6]) from global fits and from sum rules (Gross-Llewellyn
Smith sum rule, unpolarized Bjorken sum rule); stress importance of higher twist here;
see review [44]
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● normalized distribution 1/σ dσ/dx,   for different eta_l cuts

● with |eta_l|<1.0,  the average x value peaked around 5 10⁻³ 
   corresponding uncertainties of the individual densities
   are consistent with the large MW spread

● PDF uncertainty of different flavors 
   relevant for W+ production
   the strange uncertainty is a factor ~3 larger than the other
   csbar contributes 20% of the xsec

● with |eta_l|< 4.9, the average x peaked around 5 10⁻⁴, 
   the PDF uncertainties are not much different than in the
   previous case
   but
   the interplay between the different densities is not trivial
   and helps to reduce the uncertainty
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Figure 3: The relative strange sea uncertainty obtained from variants of the ABM12 PDF analy-
sis [31] with only NuTeV and CCFR data [40] employed to constrain the strange sea (grey area) and
with the solid lines displaying the relative change in the strange sea due to the NOMAD [41] (left
panel) and CHORUS [42] (right panel) data sets. The dots correspond to the strange sea uncertainty
after inclusion of the new data sets. Plot taken from [28].

production in (anti)neutrino-iron DIS interactions. The recent publication of new data
samples for charm di-muon production in neutrino-iron DIS interactions by the NOMAD
experiment [41] and for inclusive charm production in nuclear emulsions by the CHORUS
experiment [42] shown a clear improvement of the situation as illustrated in fig. 3.

Further issues

• Strangeness from heavy-quark DIS in CC interactions [28]; data from Nomad and
Chorus; W±+charm quark production at the LHC

• Nuclear effects in neutrino nucleon DIS (cf. Sec.6 of [6]); discuss constraints on nuclear
corrections [28]

• Electroweak measurements in neutrino nucleon DIS: sin2 θW from Paschos-Wolfenstein
relation (cf. [43] and Sec.7 of [6])

• New high statistics from a DIS experiment can also improve the current precision of
strong coupling constant αs measurements.

αs measurements (cf. Sec.5 of [6]) from global fits and from sum rules (Gross-Llewellyn
Smith sum rule, unpolarized Bjorken sum rule); stress importance of higher twist here;
see review [44]
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● normalized distribution 1/σ dσ/dx,   for different eta_l cuts

● with |eta_l|<1.0,  the average x value peaked around 5 10⁻³ 
   corresponding uncertainties of the individual densities
   are consistent with the large MW spread

● PDF uncertainty of different flavors 
   relevant for W+ production
   the strange uncertainty is a factor ~3 larger than the other
   csbar contributes 20% of the xsec

● with |eta_l|< 4.9, the average x peaked around 5 10⁻⁴, 
   the PDF uncertainties are not much different than in the
   previous case
   but
   the interplay between the different densities is not trivial
   and helps to reduce the uncertainty
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sketched in Fig. 7.16. Precise knowledge of the strangeness is an important information for many
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Figure 7.16: Diagram for anti-charm production in anti-neutrino charged current interactions.

precision tests of the SM as well as for BSM searches at the LHC. The W mass is a fundamental
parameter of the model and at the LHC W boson production proceeds for the 80% through the ud̄
channel and 20% through the cs̄ channel. For a detailed discussion about the strong impact of the
uncertainty of the strange quark content of the proton on W mass measurements see for example
Ref. [1007]. In Fig. 7.17 the current situation for the proton strangeness (s + s̄) is summarized
including uncertainty bands. Although the four PDF collaborations: NNPDF3.0, MMHT, CT10
and ABM12, use approximately the same data points, the final results are quite di↵erent in the x
range (0.001, 0.1). The strange see quark determination by all the PDF groups relies mainly on the
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Figure 7.17: s + s̄ distribution in the proton.

dimuon data collected by the NuTeV/CCFR collaboration. Despite the high number of charged
current ⌫µ and ⌫̄µ events, 1.280.000 and 270.000 respectively, the detection of charm production was
limited by the selection based on the muon decay channel for the charmed resonances produced.
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Figure 3: The relative strange sea uncertainty obtained from variants of the ABM12 PDF analy-
sis [31] with only NuTeV and CCFR data [40] employed to constrain the strange sea (grey area) and
with the solid lines displaying the relative change in the strange sea due to the NOMAD [41] (left
panel) and CHORUS [42] (right panel) data sets. The dots correspond to the strange sea uncertainty
after inclusion of the new data sets. Plot taken from [28].

production in (anti)neutrino-iron DIS interactions. The recent publication of new data
samples for charm di-muon production in neutrino-iron DIS interactions by the NOMAD
experiment [41] and for inclusive charm production in nuclear emulsions by the CHORUS
experiment [42] shown a clear improvement of the situation as illustrated in fig. 3.

Further issues

• Strangeness from heavy-quark DIS in CC interactions [28]; data from Nomad and
Chorus; W±+charm quark production at the LHC

• Nuclear effects in neutrino nucleon DIS (cf. Sec.6 of [6]); discuss constraints on nuclear
corrections [28]

• Electroweak measurements in neutrino nucleon DIS: sin2 θW from Paschos-Wolfenstein
relation (cf. [43] and Sec.7 of [6])

• New high statistics from a DIS experiment can also improve the current precision of
strong coupling constant αs measurements.

αs measurements (cf. Sec.5 of [6]) from global fits and from sum rules (Gross-Llewellyn
Smith sum rule, unpolarized Bjorken sum rule); stress importance of higher twist here;
see review [44]

5

Alessandro Vicini - University of Milano                                                                                                                                                          CERN, January 21st 2015

0

0.005

0.01

0.015

0.02

0.025

0.03

0.0001 0.001 0.01 0.1 1

1 σ

d
σ

d
x

x

W+ LHC 8 TeV

|ηl| < 1

|ηl| < 2.5
|ηl| < 4.9

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

0.0001 0.001 0.01 0.1 1

ρ

x1

LHC 8 TeV W+ NNPDF3.0

|ηl| < 4.9 dashed

|ηl| < 2.5 solid

|ηl| < 1 dotted

ud̄
ug
cs̄

0

5

10

15

20

0.0001 0.001 0.01 0.1 1

δ P
D
F
(%

)

x1

PDF uncertainties NNPDF3.0

u
d̄
c
s̄
g

● normalized distribution 1/σ dσ/dx,   for different eta_l cuts

● with |eta_l|<1.0,  the average x value peaked around 5 10⁻³ 
   corresponding uncertainties of the individual densities
   are consistent with the large MW spread

● PDF uncertainty of different flavors 
   relevant for W+ production
   the strange uncertainty is a factor ~3 larger than the other
   csbar contributes 20% of the xsec

● with |eta_l|< 4.9, the average x peaked around 5 10⁻⁴, 
   the PDF uncertainties are not much different than in the
   previous case
   but
   the interplay between the different densities is not trivial
   and helps to reduce the uncertainty

Pij(x, ⌧) = fi(x, µ
2
F )fj(

⌧

x

, µ

2
F ) + fj(x, µ

2
F )fi(

⌧

x

, µ

2
F )

⇢(x, ⌧) =
hPij(x, ⌧)

d�
dpl

?
i � hPij(x, ⌧)ih d�

dpl
?
i

�

PDF
Pij

�

PDF
d�/dpl

?

Dependence of the MW PDF uncertainty on different etal_l cuts

16

• PDF uncertainty of different flavors

• strangeness uncertainty ~3 times 
larger then the others

PDF uncertainty relevant for W mass measurement

• ABM12 PDF

• strange see quark comes basically 
from NuTeV/CCFR

16

µ=3 GeV, nf=3

x

Δ
s (

%
)

NuTeV/CCFR

NuTeV/CCFR + NOMAD

x

NuTeV/CCFR + CHORUS

Figure 3: The relative strange sea uncertainty obtained from variants of the ABM12 PDF analy-
sis [31] with only NuTeV and CCFR data [40] employed to constrain the strange sea (grey area) and
with the solid lines displaying the relative change in the strange sea due to the NOMAD [41] (left
panel) and CHORUS [42] (right panel) data sets. The dots correspond to the strange sea uncertainty
after inclusion of the new data sets. Plot taken from [28].

production in (anti)neutrino-iron DIS interactions. The recent publication of new data
samples for charm di-muon production in neutrino-iron DIS interactions by the NOMAD
experiment [41] and for inclusive charm production in nuclear emulsions by the CHORUS
experiment [42] shown a clear improvement of the situation as illustrated in fig. 3.

Further issues

• Strangeness from heavy-quark DIS in CC interactions [28]; data from Nomad and
Chorus; W±+charm quark production at the LHC

• Nuclear effects in neutrino nucleon DIS (cf. Sec.6 of [6]); discuss constraints on nuclear
corrections [28]

• Electroweak measurements in neutrino nucleon DIS: sin2 θW from Paschos-Wolfenstein
relation (cf. [43] and Sec.7 of [6])

• New high statistics from a DIS experiment can also improve the current precision of
strong coupling constant αs measurements.

αs measurements (cf. Sec.5 of [6]) from global fits and from sum rules (Gross-Llewellyn
Smith sum rule, unpolarized Bjorken sum rule); stress importance of higher twist here;
see review [44]
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● normalized distribution 1/σ dσ/dx,   for different eta_l cuts

● with |eta_l|<1.0,  the average x value peaked around 5 10⁻³ 
   corresponding uncertainties of the individual densities
   are consistent with the large MW spread

● PDF uncertainty of different flavors 
   relevant for W+ production
   the strange uncertainty is a factor ~3 larger than the other
   csbar contributes 20% of the xsec

● with |eta_l|< 4.9, the average x peaked around 5 10⁻⁴, 
   the PDF uncertainties are not much different than in the
   previous case
   but
   the interplay between the different densities is not trivial
   and helps to reduce the uncertainty
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Figure 7.16: Diagram for anti-charm production in anti-neutrino charged current interactions.

precision tests of the SM as well as for BSM searches at the LHC. The W mass is a fundamental
parameter of the model and at the LHC W boson production proceeds for the 80% through the ud̄
channel and 20% through the cs̄ channel. For a detailed discussion about the strong impact of the
uncertainty of the strange quark content of the proton on W mass measurements see for example
Ref. [1007]. In Fig. 7.17 the current situation for the proton strangeness (s + s̄) is summarized
including uncertainty bands. Although the four PDF collaborations: NNPDF3.0, MMHT, CT10
and ABM12, use approximately the same data points, the final results are quite di↵erent in the x
range (0.001, 0.1). The strange see quark determination by all the PDF groups relies mainly on the
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Figure 7.17: s + s̄ distribution in the proton.

dimuon data collected by the NuTeV/CCFR collaboration. Despite the high number of charged
current ⌫µ and ⌫̄µ events, 1.280.000 and 270.000 respectively, the detection of charm production was
limited by the selection based on the muon decay channel for the charmed resonances produced.
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STRANGE QUARK NUCLEON CONTENT
• Improvement achieved on s+/s- versus x
• Significant improvement (factor two) with SHIP data

G. De Lellis, Neutrino Physics 25

Nucl.Phys. B849 (2011) 112–143, at Q2 = 2 GeV2
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7.1 Tau neutrino physics

Direct measurements of tau neutrino charged-current (CC) interactions are a fairly recent phe-
nomenon. The DONUT experiment reported 9 tau neutrino events with a background of 1.5 events
from their neutrino beam produced with the 800 GeV Tevatron beam at Fermilab [942]. Their cross
section measurement agrees well with the related muon neutrino CC cross section, however, their
statistical and systematic errors are each 33% of the best fit measurement respectively [942]. More
specifically, in the DONUT experiment it was not possible to identify the charge of the outgoing
tau lepton, for this reason the collaboration quoted the average of ⌫⌧ and ⌫̄⌧ charged current cross
sections as:

�⌫
l

= �const
⌫
l

E K(E), l = e, µ, ⌧

�const
⌫
l

= 0.39 ± 0.13 ± 0.13 ⇥ 10�38 cm2 GeV�1 (7.1.1)

where K(E) describes the kinematical suppression due to the tau mass and �const
⌫
l

has to be com-
pared with the average of ⌫µ and ⌫̄µ charged current cross sections, that is 0.51⇥10�38 cm2 GeV�1.
As a final remark concerning the averaged tau neutrino cross section measured by the DONUT col-
laboration, we note that at the time of the analysis of Ref. [942] the charm quark fragmentation
in Ds and the Ds ! ⌧⌫⌧ decay branching ratio were known with less precision. Together with the
charm production cross section in proton-nucleon collisions, these are the three basic ingredients to
estimate the tau neutrino flux in a beam dump experiment as they enter directly as overal factors
in the normalization of the flux. The Ds ! ⌧⌫⌧ branching ratio, for example, in Ref. [942] was
assumed to be (6.4 ± 1.5)%, as suggested in the PDG of 2006, while recently it has been measured
with increased precision to be (5.54 ± 0.24)%, as reported by the PDG of 2014 [156].

The OPERA experiment reported 4 tau neutrino events with practically no background [943].
In OPERA these events were found while searching for ⌫µ ! ⌫⌧ oscillation starting from an almost
pure muon neutrino flux. For this reason in OPERA only ⌧� leptons have been detected and not ⌧+.
Even if the OPERA collaboration could now publish a measurement of the ⌫⌧ cross section for the
first time, within SHiP there will be the possibility to measure separately ⌫⌧ and ⌫̄⌧ cross sections
in the same experiment and with higher precision, identifying for the first time also ⌫̄⌧ interactions
through the detection of the positively charged tau leptons produced. According to our preliminary
estimations, the number of detectable tau neutrino and anti-neutrino charged current events in the
SHiP neutrino detector will be several thousands. Indeed, such a large sample of events will bring
opportunities to make new measurements of the structure functions in tau neutrino and antineutrino
charged current events. With the usual DIS variables: x ⌘ Q2/2 p · q and y ⌘ p · q/p · k, where the
momentum assignments are:

⌫⌧/⌫̄⌧ (k) + N ! ⌧�/⌧+(k0) + X (7.1.2)

q2 ⌘ (k � k0)2 = �Q2, (7.1.3)

the tau neutrino and anti-neutrino charged current cross sections in terms of the structure functions
F1, ..., F5 are [944]:
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where +F3 applies to neutrino scattering and �F3 to antineutrinos, M and m⌧ are the nucleon and
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Other SM topics at SHiP

strong coupling constant measurement (via DIS 𝜈𝜏 on nucleons and Gross-Lewellin-

Smith sum rule)

 measurement of F4 and F5 structure constants, check of the Albrect-Jarlskog 
relation

 production of exotic baryons (charmed pentaquark)

 bound on Br(𝝉 →3𝝁) (~10-10 vs current 10-8 BaBar/Belle, 10-9 BelleII)
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Conclusions
 What are the weak points in our current 

understanding and practices?

 What are the growth areas in technique 
and capability?

 Where are the sweet spots where those 
two meet?

http://arxiv.org/abs/1503.07735
http://arxiv.org/abs/1503.07735
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Let us explore the unknown and be surprised!

“Looking and not finding is different than not looking”
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