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A facility to Search for Hidden Particles at the CERN
SPS: the SHiP physics case

Sergey Alekhin,!-? Wolfgang Altmannshofer,® Takehiko Asaka,* - eé Q\
6, 8 B~
Fedor Bezrukov,®” Kyrylo Bondarenko,® Alexey Boyarsky*, 0 \\'\ Qo

Ki-Young Choi,'° Cristébal Corral,!! David Curtin,'? Sach’ < de Gouvéa,'®

Stefano Dell'Oro,!® Patrick deNiverville,!” P. S. Bhup?’ \ 19

Marco Drewes,2? Shintaro Eijima,?! Rouven Essig,?’ ob 8j6rn Garbrecht,2?
Belen Gavela,”® Gian F. Giudice,® Dmitry Gorbu~

Christophe Grojean’,2*2" Mark D. Goodsell,>* 9 ‘ Thomas Hambye,!
Steen H. Hansen,”® Juan Carlos Helo,'! P’ ,andro Ibarra,”

Artem lvashko,®** Eder Izaguirre,® Joe 0 ? .a Jeong,” Felix Kahlhoefer,?”
Yonatan Kahn,?” Andrey Katz, -39 sergey Kovalenko,!!

Gordan Krnjaic,® Valery E. Lyubr 9 . Marcocd,'® Matthew Mccullough,®
David McKeen,** Guenakh M’ Jlaf Moch,*® Rabindra N. Mohapatra,*®
David E. Morrissey,*” Mak- 6\ mmanuel Paschos,*® Apostolos Pilaftsis, !5
Maxim Pospelov$ 217 v ‘ .reas Ringwald,”” Adam Ritz,'”

Leszek Roszkowski,"” og .eg Ruchayskiy*,?! Jessie Shelton,*!

Ingo Schienbein,? \6‘ ( .al Schmidt-Hoberg,?” Pedro Schwaller,®

Goran Senjano* ’ Q + Mikhail Shaposhnikov*: §,2! Brian Shuve,?

Robert Shrr oo a3, Michael Spannowsky,”” Andy Spray,* Florian Staub,®
Daniel S ,3 Vladimir Tello,*® Francesco Tramontano$,5%6°
Anurs \ 9 4in,®! Francesco Vissani,'®%? Martin W. Winkler,*® Kathryn M.

4 %6 4\0

<

@ s paper describes the physics case for a new fixed target facility at CERN SPS. The
SHlP |« <h 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, 7 — 3u
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 differ-
ent portals — scalars, vectors, fermions or axion-like particles. We discuss motivations for different
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

ICPPA, Moscow, October
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A Facility to Search for Hidden _SHiP
Particles (SHiP) at the CERN SPS

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/cQ, 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.
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O Standard Model is great
SHip but it is not a complete theory

Experimental facts of BSM physics
- Neutrino masses & oscillations
- Baryon Asymmetry of the Universe (BAU)
- The nature of non-baryonic Dark Matter (DM)

Many theoretical ideas, including those which predict new light particles,
and which can be tested experimentally
SHiP Physics Paper: 1504.04855

SHIP is designed to find a solution for BSM physics by searching
for very weakly interacting particles of <10 GeV mass

Brief history of SHIP:
v' Letter Of Intent - October 2013
v' Technical Proposal & Physics Paper - April 2015

Reviewed by the SPSC in March 2016, and recommended

to prepare a Comprehensive Design Study (CDS) by 2018

- Input to the European strategy consultation to take a decision
about approval of SHIP in 2|01 9/2020

CPPA, Moscow, October 2016 3



AVa Search for Hidden Sector (HS)

or very weakly interacting NP
SN

L= LSM + Lmediator +LHS

_ Hidden Sector

. Naturally accommodates Dark Matter
Mediators or portals to the HS: Y )
. : (may have rich structure)
vector, scalar, axial, neutrino

v' HS production and decay rates are strongly suppressed relative to SM
- Production branching ratios O(10-79)

- Long-lived objects
- Interact very weakly with matter

Final states

HNL, SUSY neutralino ', FK, Lp~ pr2m*n?
Vector, scalar, axion portals, SUSY sgoldstino 'l

HNL, SUSY neutralino, axino v

Axion portal, SUSY sgoldstino Y

SUSY sgoldstino 700

Full reconstruction and PID are essential to minimize model dependence

Experimental challenge is background suppression

ICPPA, Moscow, October 2016



AVa General experimental requirements

\/ \/
SHIP ol
v' Search for HS patrticles in Heavy Flavour decays 2
Charm (and beauty) cross-sections strongly 3
depend on the beam energy 8= |
v' HS produced in charm and beauty decays have
signiﬁcant PT T20 25 30 85 40 45
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Detector must be placed close to the target to maximize geometrical acceptance
Effective (and “short”) muon shield is essential to reduce muon-induced backgrounds

ICPPA, Moscow, October 2016 5



%}% The SHIP experiment at SPS  sHiP Technical Proposal:
SHiP ( as implemented in Geant4 for TP) 1504.04956

>1078 D, >107% 1, >10%0 y
for 2x1020 pot (in 5 years)

“Zero background” experiment

- Heavy target

- Muon shield

- Surrounding Veto detectors
- Timing and PID detectors, ...

Hidden Sector
decay volume

Spectrometer
-, Particle ID
Search for Hidden Sector

particles (decays in the
decay volume)

Target/

hadron absorbe Emulsion

. . spectrometer
ctive muon shield P

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

ICPPA, Moscow, October 2016



AVa The Beam Dump Facility at the SPS

N/ : .
SP (Prevessin North Area site)

Search for Hidden Particles

Proposed implementation is based on minimal modification to the SPS complex

North
Area
AWAKE (previously

SHiP_
CNGS)

uuuuu

Targets T2, T4, T6

Lss1
. Lss6
FAST extraction

The SHIP facility is located
on the North Area, and
shares the TTZ20 transfer
line and slow extraction
mode with the fixed target
programmes



e? Neutrino masses & BAU can be solved with Heavy Neutral Leptons (HNL)
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Previous experiments did not probe cosmologically

interesting region for HNL masses above the kaon mass
ICPPA, Moscow, October 2016



3}3 HNL prospects @ SHiP

SHiP oy
e BAU constraint is model-dependent (shown below for vMSM)
U2,: U2, U2,~52:1:1 Uz, U2, U?~1:16:3.8
Inverted hierarchy ) Normal hierarchy Further studies:

NuTeV ==

/ pau Drewes et al. (2016)

Hernandez et al. (2016)
Herndndez (2015)

Drewes & Garbrecht (2012)
Abada et al. (2015)

5 CH
. PS191

HNL coupling © SM U

BAU / Seesaw
'll L L L llllll

HNL mass (GeV) 10" HNL mass (GeV)
105 o - DELPHI
] 0 5 BEBCN| 1
Enhanced HNL production % My /My =3
~N 10_7\Qi NuTeV~—"H/ ! 7 — 10—4
( B-L gauge symmetry ) LS I "
SN NG e |
Batell, Pospelov, Shuve 1604.06099 ~<
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SHIP sensitivity covers large area of parameter space below the B mass
Moving down towards the ultimate see-saw limit
ICPPA, Moscow, October 2016



Search for Hidden Particles

AVa
\/ \/
SHiP

Light Dark Matter (LDM)

The prediction for the mass scale of DM spans from 10?2 eV to 10%° GeV

v WIMP DM is a popular theoretical paradigm (“WIMP miracle”)
v' Extensive exp. search for WIMPs with masses 10 GeV — 1 TeV

Sensitivity is very limited below few GeV

Large classes of theor. models _
can make the observed relic
density with sub-GeV DM:

- Hidden-sector models

- Supersymmetry

- Strongly Interacting DM (SIMP)
- Extra dimensions

WIMP —nucleon cross section [cm

uperCDMS Soudan CDMS-lite
SuperCDMS Soudan Low Threshold
XENON 10 S2 (2013)

KCDI\/S*I‘GO Low Threshold (2011)

1073 —
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(2013)

\ \'\ \

—40| \2 \ '\. \
o 2N
10741} \ 4

NG \\\Q
5 R
10742 @ X

1043 o N

Be OOME NG, S YU
_45 | Neutrinos RENTSO 8R 4 T .-
1045} AENY
Neutrinos g™ "N

10—46 L
10—47 L

(Green ovals) Asymmetric DM N
(Violet oval) Magnetic DM SN __ T
| (Blue oval) Extra dimensions
(Red circle) SUSY MSSM
A MSSM: Pure Higgsino
I € MSSM: A funnel
@ MSSM: Bino-stop coannihilation
pAG MS%M: Bino-squark coannihilat‘if)n
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1 10

Essential to explore the sub-GeV mass range for DM

ICPPA, Moscow, October 2016
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AVa

\\
SHiP

Search for Hidden Particles

LDM (x) can be generated in
a beam-dump, for example in
decays of HS mediators,
e.qg. dark photons A’ =2 xx

1079
>1020 photons expected in SHiP <
can be used as a LDM beam g
==
S
Detect LDM via its scattering on 3 10710
atoms of emulsion spectrometer "\ i
>_
SHIP would be able to probe even
beyond relic density in minimal 107"

hidden-photon model provided that the
background from neutrino interactions

Is kept under control
10712

Requires dedicated study/beam test for CDS !

LDM prospects @ SHIP

10_8j

....................................

.

.
~
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-
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50 signal events -
@ SHiP |

- SHiP 50 Events BaBar

----- Relic Density — — = K*>r*+invisible
—— LSND e Direct Detection
- E137
1072 107" 1
my(GeV)  courtesy of Patrick

deNiverville



3}‘ SHIP sensitivity to hidden-sector mediators

SHiP . : :
woes Dark photons = U(1) associated particle A’ (y’) in HS that can have non-zero mass

and mix with the SM photon with &
Produced in bremsstrahlung and QCD processes or in decays
of i’ >y’ v,n=2yv, o>y a’andn’ > y’y

v Hidden scalars, S, can mix with the SM Higgs with sin?©
Mostly produced in penguin-type B and K decays

Search for the decay vertex into a pair of SM particles into e*e", u*u-, w*x*, KK, nn, tt, DD, ...

Visibly Decaying A'
m—— SHiP
104k o107 | s B (visible)
(g-2), > 50 NC ey bE s 000000000 mma B (invisible)
= lod — 1 I — £ c
-6 e ol  CHGh |
10-8 U Lk BaBar, NA48/2, PHENIX 10*
E141
i 10°
SHiP, =
10~ 101 Orsay, U0 bremsstrahlung 109 E
62 10—12, 107 ;
Charm, Nu—Cal =
1014 10° &
E137, LSND -
16 107
10716} o
N e 1010
10~ 181 1 0-1 1
10—20 L ‘ ‘ ‘ 10712
1 10 102 103 104 10—13 1 1 ! 1 1 R | | | ] 1
my (MeV
a: (MeV) 1 ms (GeV/c)

SHIP probes unique range of couplings and masses
(complimentary to existing experiments) 12
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SHiP

Search for Hidden Particles

Neutrino physics @ SHIiP

v' Copious neutrino production,
including v, from D, =2 v,

CC DIS

A@u+_A%u
Nl/e + Nie
NVT + N;T

2.4 x 10°
3.4 x 10°
1.1 x 104

v" First observation of the anti-v_interactions
Measurement of F4, F5 structure functions
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K3
o
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S| )~ ]
v n 1
— W =14 GeV B
s 2| . l
ol N - -
ﬂg .
8 o
e “
‘g;i ]
° f B o
'_ SM prediction
N A et ]
50 100 150 200
E [GeV]

v' Charm physics with neutrinos and anti-neutrinos
Charm yield in v int. @ SHIP is >10 the sample from previous experiments
(~10° expected events)
Strange quark content of the nucleon for precision tests of SM
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g}t SHIP is a “background-free experiment”  SPSC-P350-ADD-2

SHP - Accurate control of backgrounds is critical for SHiP physics performance
Bkg. estimation is based on FairSHIiP > data samples comparable to the

Neutrino i &
induced
> % 12E
Muon ., Origin of V, produced " .
inelastic in muon inelastic int. E
S e 1
> g | .
g B
Muon : K - 2* Decay volume I
Comb. E © 5‘0 - 1(|)o
, distance to start of decay volume [m]
> ° Muon trajectories
Cosmics |

No evidence for any irreducible background !



%}é Comparisop with future faf:ili(igg

SHiP !i * A o | . : | — - -
SHiP | 014t : o ) szsc P350-ADD-2
C LN L ]
HNLs: i = -
1= P
[ O\ =
0.001} : % | /
- ik ; : DELPHI LHC 14
z 10 K‘
b i ‘~9 . n\
—_— R 1
_7 1N )
10 ?QZQ uTeV™= E
§ea
_ W SHiP
1077 %:“13946 : FCC—-ee ;
1| Seesaw N“‘u: T
10_ L ' N 1. L e oo | ) ) PR |
0.1 1 10 100

M\ (GeV)
v M <M, LHCb, Belle2

SHIP will have much better sensitivity

v M,<M,\, <M, FCC in e*e- mode (improvements are also expected
from ATLAS / CMS)

v’ M\, >M, Prerogative of ATLAS/CMS @ HL LHC

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

ICPPA, Moscow, October 2016 s



10— . .
| Comparison with future facilities AVa
1075 | \/\/
Dark photons: WSHIP
1076F ‘ - e . .
| ,’ | " Y SHIP is unique up to O(10GeV) and < 10"
107 2 QLS /‘\k ' (see slide 12)
v —8: 7 I/ Belle-II MAr/M =3
107 LHCb 50ab™" .. ) . X
i <, Missing Mass/Momentum Experiments (Kinetic Mixing)
1079 . 1o-4 LHC
| 10—5 LEP
1 0_1 0 £ ¢ 10°° Darj‘fi%h‘ E787/949@BNL BaBar
—/ Post-2021 < 1077 S
1011 . : = g8 =
10 10 10 1 £ v
my [GeV] = 107 L R . Sy o o
P e R LI dEE . B
Light Dark Matter 5 0 = @SuperKEKB
Direct Detection exp. - 107
- SHiP has unique potential for M, <1GeV ' ,
- BDX in JLab may have a competitive -1 T astac
ags s . — 10" EOT
sensitivity for M, <10 MeV with 10%“eot. -
1 10 102 103
Missing mass / momentum exp. my (MeV)

- Belle Il — comparable to SHIP for M,>0.5 GeV with 50 ab™™  Dpark sectors 2016: 1608.08632

provided that low energy mono-photon is implemented
- LDMX (under discussion at SLAC) has the best prospects for M,< 100 MeV
with 3x10?" eot. Time scale is unclear.



v‘v Next steps towards Comprehensive Design Study (CDS)

_SHiP (for European Strategy Panel)

Global optimization of the SHIP performance:

v' Configuration of the muon shield
v Shape, dimension and evacuation of the decay volume
v Optimization of physics performance for various sub-detectors
v Reuvisit detector technologies, including new sub-detectors,
to further consolidate background rejection and extend PID

Updated background estimates and signal sensitivities, and cost
v’ Contribution from the secondary interactions in the target improves

signal yield by ~50%
Will be validated with data

New groups are welcome to join SHIP at the CDS stage !



O Active test beam programme in 2016-2018

SHip |
v' Construct and test prototypes of various sub-detectors

v' Measurement of muon flux expected at SHiP
Replica of the SHIP target in front of the NA-61/SHINE spectrometer

v Measurement of inclusive d?c/ dEd@ charm cross section
in SHiP-like target (to validate cascade production in the target)

v' SHIP target, 10x10 cm? Mo/W
. blocks (few mm) interleaved
\ with emulsion to identify charm
topology
- v Spectrometer to measure
momentum and charge of
the charm daughters
v' Muon detector to measure

Spectrometer

/ AN

Muon Filter

Instrumented
Target

LI

protons

SHi1P target as in TP muon flux
1 (13X) MOLYBDENUM /wm TUNGSTEN \
Z - . Measurement strategy:
v Low density beam exposure
M e v' Instrumentation of ~1 int. length per run
oo [solzelee] c0 ]l fze] 20 | 00 ]
- 10 runs needed

18
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Global SHIP schedule

Accelerator schedule | | | | 019 020 | | | 024 | 026 0
LHC Run 2 Run 3 Run 4
SPS
Detector R&D, design and prototyping Production Installation
Milestones P | CORVZ////A TORVAPRR /) CwB_| Data taking
Facility Integration CwB
Civil engineering Pre-construction Target - Detector hall - Beamline - Junction (WP1) CwB:
Infrastructure Installation Installation Inst.| Commissioning
Beamline R&D, design and COR « Production — Installation with beam
Target complex R&D, design and COR « Production —» Installation
Target R&D, design and CDR + prototyping Production Installation

v Planning very well aligned with
— Update of European strategy 2019/2020

— Accelerator schedule (to be followed closely)
— Production Readiness Reviews (PRR) 2020Q1 —
— Construction / production 2020 —

— Data taking 2026 (start of LHC Run 4)

v' Main current priority: Comprehensive Design Study by 2018

ICPPA, Moscow, October 2016

19



O Conclusions

.
SHiP
Search for Hidden Particles

v' SHIP is an ideal experiment to search for new phenomena
in < O(10 GeV) range in “no background” environment
Complementarity between two detection techniques:

- Reconstruction of the decay vertices in the decay volume
- Interactions with atoms in the emulsion spectrometer

v' Physics case is very timely !
Many theoretical models offer a solution for the BSM experimental facts
with light very weakly-interacting Particles. Must be tested !

v' SHIP is based on existing technologies and can be built in time
to start data-taking in 2026 (in line with the LHC schedule)
This requires approval in ~2020!

v" No existing, or near future facility could make the proposed
physics programme, which nicely complements searches for NP at the LHC



