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What is SHiP ? Sip

Direct Search for Hidden Particles at the CERN SPS

A General Purpose Experiment to exploit a new Beam Dump
Facility at the CERN SPS

Prepared by a Collaboration of
16 countries, CERN & JINR
49 institutes, 5 associate institutes,
With LAL, LPNHE and TSNUK Kyiv
Aim : data taking in Run-4 of the LHC

SHIP experiment: http://ship.web.cern.ch/ship/

Journee ShiP/Physique du Secteur Cache LPNHE October 11, 2017
Electronics workshop October 25, 2017

Colloquium on Physics Landscape in 10 years November 9, 2017
Physics beyond Colliders workshop: http://pbc.web.cern.ch/



http://ship.web.cern.ch/ship/
https://indico.cern.ch/event/644961/
https://indico.cern.ch/event/663423/sessions/249982/#20171109
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Motivation

* New Physics Beyond the Standard Model
— Neutrino masses and oscillations
— Dark matter
— The antimatter problem
— Cosmology connection (inflation, dark energy)

 No obvious mass scale
— No sighal at TeV yet
» Search lower mass weaker coupling particles
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Motivation VaY

* New Physics Beyond the Standard Model

— Neutrino masses and oscillations

— Dark matter A hidden Sector ??
— The antimatter problem

— Cosmology connection (inflation, dark energy)

 No obvious mass scale
— No sighal at TeV yet
» Search lower mass weaker coupling particles
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Motivation VaY

* New Physics Beyond the Standard Model
— Neutrino masses and oscillations
— Dark matter A hidden Sector ??
— The antimatter problem
— Cosmology connection (inflation, dark energy)

 No obvious mass scale
— No sighal at TeV yet
» Search lower mass weaker coupling particles
Beam Dump at the SPS
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Hidden Sector O
A New Physics beyond the Standard Model must be there, SHP

— At what scale ?

To discover it, look for the messengers (portals) of new
interactions between the SM fields and the hidden fields.

Possible portals:

— Neutrino, Vector, Scalar, Axial.

If the messengers are light,

messager

a direct detection is possible

SHiP Physics Paper: 1504.04855

» via decay or scattering.

Very feeble interactions
» A source with high intensity

> They easily traverse matter ‘ BeamDump

» They are long-lived

> Very rare events « 0-background »
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SHIP a proton beam dump experiment

SHiP

Search for Hidden Particles

CERN-SPSC- AT S0
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— S. Alekhin et al., Rep. Prog. Phys. 79 124201 (2016).
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Requirements (Decay)

e Heavy flavor

P+A—> DorBX, Dor B> NI (X)

AVa
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S, oot

Seatch for Hidden Particles

40 45

> N with high P; 5
N = 2/3-body 5
2.102° PQT, 5 ans
v Decays: T e 3"’\/3 [Gevfs |
Models Final states

Neutrino portal, SUSY neutralino

Vector, scalar, axion portals, SUSY sgoldstino #7{~

¥ (EKT, EpT,

Vector, scalar, axion portals, SUSY sgoldstino n7m—, KTK~
Neutrino portal ,SUSY neutralino, axino v

Axion portal, SUSY sgoldstino Yy

SUSY sgoldstino 070

p:I: N 7.r:I: TFO

* Decay vessel close
to target

e Muon shield as
short as possible
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-@ The SHIP experiment at SPS  siP Technical Proposal:

SHiP ( as implemented in Geant4 for TP ) 1504.04956

Search for Hidsien Pl

— Dump
— Vacuum
— Timing, PID

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

idden Sector

>1018D, >10%° 7, >10%° y
decay volume

for 2x10%° pot (in 5 years)

Spectrometer
=, Particle ID
Search for Hidden Sector

particles (decays in the
decay volume)

A

arget/
hadron absorbe

Emulsion
spectrometer

ctive muon shield

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

Beyond Collider Physics, CERN 4
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AVa
Requirements (Interaction) = &

The v_detector in the Technical Proposal

Observe 1 decays (1Imm
path) with high resolution

> Emulsions

e Electronic detection of
tau decay prongs

(timestamp, tracking to
muon spectrometer)
» Target Tracker

e Dipole magnet
» measure charges
* Muon spectrometer



....Background, background, background...... SHiP

Two types of background expected:
1) neutrino and muon inelastic interactions with the detector material, namely with the decay vessel;
— mostly in-time tracks, not pointing backwards to the target;
— main detectors to reduce this background: VETO detectors (surrounding background tagger, Upstream Veto)
2) muon combinatorial background:
— mostly out-of-time tracks, not pointing backwards to the target
— main detectors to reduce this background: Timing Detector (and muon system with timing capabilities)

G. Lanfranchi at the LPNHE workshop October 11, 2017
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Decay ‘ﬁ

Kinematic Selection &

Reconstructed

Universitét

% p.10F —HNLom
i —— Neutrino BG
0.08
0.06
0.04
2 H hﬁ # 0.02f
Y A.W»#..w W\ ; _
? 0'000 5 1|0 1I5 20
distance of closest appmach [cm] Impact parameter to target [cm]

S “iHN‘L“‘fﬂ S Very simple selection reduces the bkg to
— Neutrino BG only a few in 5 years:
- Fiducial volume
- DOCA
- IP wrt target
- Vetos

h 2000 = ) Realistic to reach 0.1 expected bkg

Impact parameter to target [cm] events for exclusive channels we have

Nico Serra - CERN Theory Institute 23 February 2017
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Physics proposal plots 0

Dark photon A->yy Scalar inflaton SHiP

Visibly Decaying A' [ Searedfor|lidden Particles
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Dark photon

Visibly Decaying A'
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Physics proposal plots

A >vx inflaton
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SHiP
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Cost (TP) and schedule (today)

SHP
Accelerator schedule | 016 | 018 019 020 | ( ( ( | 026 [
LHC Run 2 Run 3 Run 4
SPS
ESPP
Detector ’Wj CDS : Prototyping, design %ucﬁon % Installafon
Milestones TP TDR77 PRR CwB|Data fakin
Facility Z j Integration CwB
Civil engineering 1 Pre-construction ITarget - Detector hall - Beamlne  Junclion
Infrastructure - - : : ! i:stallaﬁon Eﬁ}mssioning
Beamline __ %”5 CDS :Protoiyping,design T: Production | Installaion with beam
Target complex 7 %m‘ __4’: CDS IPrototyping, design D!  Producion ! Installation
Target 1 CDS :Proto ing, design R: Production Installaion
Table 6.3: Breakdown of the cost of the SHiP detectors. Hldd‘en Sector detector o 46.8
Item Cost (MCHF) HS vacuum vessel l)l',[
Surround background tagger 2.1
Tau neutrino detector 11.6 Upstream veto tagger 0.1
Active neutrino target 6.8 Straw veto tagger 0.8
Fibre tracker 2.5 Spectrometer straw tracker G.4
Muon magnetic spectrometer 2.3 Spectrometer magnet 5.3
Tot ai det e;:t ors - 58.7 Spectrometer timing detector 0.5
Electromagnetic calorimeter 10.2
Faci]ity 135.8 Hadronic calorimeter 4.8
Muon detector 2.5
Grand total 194.5 e Muon iron filter 2.3
Computing and online system 0.2



We are here

Comprehensive Des[gr_!\wStudy Planning

C.DR work

CDR start PBC workshop Documents to ESPP
Nov. 20-21 ESPP Pre-meeting

ESPP “Cracow” meeting ESPP Sign-off

SHiP Collaboration meetings #10 #11 #12 #13 #4 #15
14-16 Mar 68 Jun 79 Nov

Milestone chart for CDS

Iteration 1: Global re-optimization with ""current detectors"
Iteration 2: Optimization with refined detectors

Design and prototyping

Testing and updated performance

Test heam to measure muon spectra, O, ., efc

SUBMISSION

Design, performance, cost review

‘Write-up

= Current main topic: strategy to define baseline detector for CDS
= But CDS will not aim at selecting technologies

= |deal time to introduce new ideas and new contributions
SHiP/Hidden Sector Workshop, LPNHE, Paris, 11 October, 2017 R. Jacobsson
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Evolutions, opportunities  smr
e Enlarge physics case
* Increase acceptance, fight background

* Define/explore (alternative) technologies

e Anticipate common transverse tasks (e.g. electronics/DAQ)

Upstream v, detector Hidden Sector Downstream
detector,
esp. PID, Calorimetry

06/11/2017 Fr-Ukr LAL J. Chauveau SHiP 18
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° °
PID, timin Stip
’ Search for Hidden Particles

Evolve from the TP with a shashlik ECAL (+ HCAL) to a SplitCAL capable to track
photons with mrad angular resolution.

SplitCAL Alternate SplitCAL setup
Baseline: Pb (Fe) + scintillator Alternative setup: Preshower +
sampling with 3 precision layers tracking+ ECAL including (or not)
timing.
PSTD ECAL

- ~1-2m ,
1m mm H|| |]| H| -
N2 / \t17
Absorber High precision layer Scintillator
150pm pads

06/11/2017 Fr-Ukr LAL J. Chauveau SHiP 19
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[ ] [ ]
.
SHiP
Search for Hidden Particles

10-¢« —— Light Dark Matter

—
T
oo

—
o
|
—
=]

Adjusted from the TP

10 12
Target+emulsion+TT ESDoUICIsIor 10_14 :
I -1“,|’,| Ll I Lol I LN i
10° 10* 102 103
my /MeV
Without magnet 10-5¢ . S S— 4 m————
= ] s . -
— ' . ,‘134%4 :
5:10—10 | _§
Target+Emulsion+TT Spectrometer MuonID =
— - glo—ll —————————————————————
=]
G
. ‘ﬁ' 10—12 -
New des IgN = Community report of US Cosmic
> lori tri 10-13 )\)}ﬁ visions: New ideas in Dark Matter
caiorimetric 20 2017
—1a B ! !
TGngt and TT R. Jacobsson 1075 ot 10L-5 102
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% Search for T 2 pyuu (tSHIP) at possible extension of SHiP facility _SHiP
hornS Currently at the pre-EQOI stage (see SHIP Physics Paper) |
tSHIP is located upstream SHIP / _ \
Dipole Muon system '

/// magnet
North Torgets T2, T4, T6 //’/ Target ]
Area 1)~ system [ [11]] "I

sk N | —

ses |1 "I

beam Pixel I:I

vertex ECAL
detector

Thin (~1mm thick) W target(s) = t-decay vertex in the air

~ 5x1073 t leptons produced in 5 years

Backgrounds include

- Combinatorial bckg., mainly from muons produced in em decays of n, p, o, ...
- Bckg. from various semileptonic D decays, e.g. D*2>nutv, n 2 utu-

v' Estimated sensitivity: UL on BR(t=>3u) better than 10-1° (SHiP Physics Paper)

AN

BUT: Great improvements in detector technologies are required
Synergy with LHCDb tracking and calorimetry for future upgrades

Journée SHiP/Physique du secteur caché du
11/10/2017

A. Golutvin at the LPNHE workshop October 11, 2017
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Opportunities StiP

e Electronics and DAQ

— J. Maalmi, D. Breton in charge of the coordination of the
electronics.

— 1st Electronics workshop October 25, 2017
— Hope to see emerge federating projects in France

e Many areas to contribute
— Subdetector design, especially PID, calorimetry

— Measurements prepared for the TDR
 Muon flux in 2018 test beam with SHiP target replica

e Charm associated production in 2018-2021 to understand the
cascade.

— Substantiate pre-EOI projects
e Theory/ phenomenology (e.g. within the InF GDR).
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Perspectives Stip

e SHiP is a proton beam dump facility

e to take data 5 years starting in 2027, assuming approval <
2020

e to reach the best sensivity for many hidden sector particles
(MeV-GeV)

e with an apparatus currently being reoptimized to search for
unknown neutral particle

— decays, scattering,
also v_ physics.

e The SHiP beamline is to be seen as a facility:
— T2>3p’.

» Time to join (creative period).



Interaction Strenght

i

06/11/2017



Extra

e SHiP experiment: http://ship.web.cern.ch/ship/

e Journee ShiP/Physique du Secteur Cache LPNHE October 11, 2017
* Electronics workshop October 25, 2017

e Colloguium on Physics Landscape in 10 years November 9, 2017

* Physics beyond Colliders workshop: http://pbc.web.cern.ch/

06/11/2017 Fr-Ukr LAL J. Chauveau SHiP
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Sterile neutrino masses

2

Seesaw formula mp ~ Y7o < ¢ > and m, = 32

I - - -

strong couplin
100K g p g

=
HE
-

neutrino masses
are too large

%

Yukawa Coupling
S =

neutrino masses are too small |

:i'
::—:I._I

107 0.1 10’ 10
A A

LSND v MSM LHC

Majorana Mass (GeV)

08/10/2015 - CERN

lDl."

GUT | see—saw

e Assuming m, = 0.1eV
o if Y ~ 1 implies M ~ 10'1GeV
o if My ~ 1GeV implies Y, ~ 10~ 7

remember Y., ~ 1. and Y, ~ 109

If we want to explain the smallness of
neutrino masses (in a natural way) the
mass of sterile neutrinos should be at
least atthe GeV scale

Elena Graverini, on behalf of the SHIP collaboration 28 26




Neutrino portal observables: (Heavy Neutral Leptons)

vIUISM ( T.Asaka, M.Shaposhnikov PL B620 (2005) 17 ) explains all short comings
of the SM at once by adding 3 HNL: N,, N, and N,

Three Generations Three Generations
of Matter (Fermions) spin ¥ of Matter (Fermions) spin %
] m I " 1l

=T € il

|VN2
'_;:.;e 4”4

;-

1
2t
(]

N, vy, seen?

Bosons (Forces) spin 1

Bosons (Forces) spin 1

L
fo}

§

N = Heavy Neutral Lepton - HNL

Role of NV; with mass in keV region@( matter
‘ Role of N2, N3 with mass in 100 MeV — GeV region: “give” masses to

\/ \/

SILP neutrinos and Produce baryon asymmetry of the Universe ]

———===—Role of the Higgs: give masses to quarks, leptons, Z and W and

08/07/2(@[!5ﬂate the Universe' SHiP reunion du vendredi Golutvin seminar 2014 27




Physics Case

v' SHIP will directly search for weakly interacting New Physics. Will exceed the sensitivity

of previous experiments by a few orders of magnitude AV
For example, probe HNL couplings close to the ultimate see-saw limit '3'

40 == SHF -
— B {visibla) SHiP
Immm B {invisible) Search for Hidden Particles
L]
10 e

ffffffffffffffffff

12
Seesﬂw\ b
i IR | i i v 1[}-13 1 1 1 1 I |

HNL mass (GeV) 1 mg (GeV/c)

-
G.
2

_ HNL coupling to SM U*
s 3 a8 a 8
N _—rrrnnqn—rrrmqil—rrrrql-—rrrm‘ermn‘irrmuq T TTTH

D.

Table 2.1: Summary of the main decay modes of hidden particles in various models (£ = e, u)

Models Final states
Neutrino portal, SUSY nentralino T (EKT FpF, pt — aqY

Vector, scalar, axion portals, SUSY sgoldstino £7¢~
Vector, scalar, axion portals, SUSY sgoldstino «tn—, KTK~

Neutrino portal ,SUSY neutralino, axino (AN ) .
Axion portal, SUSY sgoldstino o Under cffscuss_mn, improve photon
SUSY swoldstino 7070 detection (with Preshower), and
PID in general
>3




Sensitivity to A" — visible: SHiP vs HPS, APEX and Belle-II

SHiP

Zo0om

Visibly Decaymng A’

/1 0°

06/11/2017

w
P

BaBar, NA4S/2, PHENIX

10°
SHiP,
bremsstrahlung

I 10 102 10° 10
my (MeV)

SHi1P will have sensitivity in a range that cannot
be covered by any current or planned experiment

Caveat: these limits are valid in the assumption that A’ does not decay in dark matter 18

G. Lanfranchi at SLAC April workshop

Fr-Ukr LAL J. Chauveau SHiP
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Sensitivity to A’ — visible: SHiP vs Mu3e phase-I and phase-II

06/11/2017

Vis_iblv Decaviﬂg A

(g-2) > 5o

BaBar, NA4S/2, PHENIX

SHiP,
hremssteahlung

SHiP, ‘
QCD
Charm, Nu-Cal

1 —l———'_'_'_'-.'_ 1 1 1
1 10 102 10° 10*
my (MeV)

SHiP

Zo0om

u7o

PR | " . . sl . - o
10-2 10-! 1
my [GeV]

SHi1P will have sensitivity in a range that cannot
be covered by any current or planned experiment

Caveat: these limits are valid in the assumption that A’ does not decay in dark matter

Fr-Ukr LAL J. Chauveau SHiP
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G. Lanfranchi at SLAC April workshop
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AVa

Experimental landscape VaY,

Dark Photons in visible modes: past and future sensitivities

[A’ — visible modes ‘

SHiP

Search for Hidden Particles

Dark Scalars in visible modes: past and future sensitivities

Secluded annihilation via mediators (only possibility compatible with CMB and rare mesons

104 decays constraints), mediators decay to SM particles
W 10¢ F 90% UL exclusion AL 10°
10 SNd G - L . &g 190 P
10° £ E\i\ti - i 10t % UL exclusion,,.. -
10! ! ET4 . .“m: - . CHARM
10° E L [ .  Seeawn
10* e (my < m,) 10°
107 -
10" = B, =sin®
- 108k
1072 &  omanun NG .
10.13 F “-\____-‘-‘- V_._?:h‘_ﬁi"':——
107§ Excluded regiona i
10719 g T Bt o an 2 EL7.SND cnel
1D‘E'F—nvs.zmmn : - ™
117 f = APEX. 2018 100
E e GE0GUSSL, 2017-2019 J. Alexander et al.,
107 F - VEPP,propcned s Dark Sector 2016 Workshop, NAG64 can search for Dark DM never thermalizes through mixing
10710 g Bt 21Te Community report, Scalars in the reaction : 104
10% § T R mesonssbrom. 202+ arkiv 1608,06692 eZ — ¢Z S, S— invisible 10° 10° 10" 1 o
10 e oot el el ol Results from the 2016 data mg [Ge ?
1 10 1 (:\0:) (MeVi c;_;"’ sample are being finalized, See G. Krnjaic, arXiv:1512.04119v1,
m e 33 and references therein ?’8
Heavy Neutral Leptons: past and future sensitivities
ALPS contour limit from past and future beam-dump experiments
w1 T i in the “high” mass region (0.1-1.0) GeV)
] = ' H
z 2 : : . :
E 1002 x EWPD Dobrich et al.,
2 . Ly : o arXiv:1512.03069
" L) " " -
= ' \ : DELPHI [
] 10° o - /A
= (P
-4 '
] ol H -
= % 10° b0y 3
s ')}”ZI" >
=35 5 S,
I 107 . =
B - 3
= =
5E 10
=]
= Z
10
10" 1 10 10
_ e mGeV]
See A, Alekhin et al., The SHiP Physics case,
arXiv: 150404855 and references therein | NB: 1 SHiP year ~ 500 NA62 years 40 my [Gev] 20
HiP 31
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The Fixed-target facility at the SPS: Prevessin North Area site

Very intense proton beam with highest in the world energy delivered to fixed target exp.
at CERN SPS. The aim is to deliver with 4x10"3 protons / spill (at slow extraction)

Sharing of pot between current
fixed target exp. and planned Beam
Dump Facility (BDF)

—FT flat-top - .15
==FT flat-top - 7.3 5
—FT flat-top - 855
=—FT Flat-top - 9.7 5
—FT 2015

= e

NAGZ |~ 3 e
. MNeutring platform,
Sea NAGT, NAB4, ete.

e

Protons on Target for TCC2 [10%%/year]
-
i

Protons on Target for SHIP [10'*/year]

Proposed implementation is based on minimal modification
to the current SPS complex

LDMA 2017 5

06/11/2017 Fr-Ukr LAL J. Chauveau SHiP
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The v_Detector (Scattering)

NOT TO SCALE

Search for Hdden Particles

Target i

Tracker

ECC Brick

”

NS
ﬂ‘ll

Vi s Ve

©

*  Micrometric accuracy for t @ | ®
identification il
TP
e Only 9 v_events recorded to date decay channel v, A
—_ . N ez A b N ex Nb
e V. yetto be discovered N " *‘\,g I A v A ’ R
_ . T — 570 30 19| 200 140 2
e v_/7V_crosssections to be measured -l 900 80 12| 500 380 1.3
* Charm physics with t’s 7 —3h 210 30 7 | 110 140 0.8
e Proton structure functions total 1770 140 13 ] 900 660 1.4
e Large v, flux to measure charm production
And also,

» Probe LFUV comparing v,andv, CCevents ? to be further studied.
H. Liu, A. Rashed, A. Datta 1505.04594, Phys. Rev. D 92, 073016 (2015)
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Scattering 'iv

Accelerator-based direct (L)DM searchs.

o

A ¢ — X7
DY - 1ty T vt :
— I - ( — . |Emulsion
t p+pn, 4 * XX
et 0 h Detector
o — VY — XX) S
1078, :
e v could be lighter than HS mediator (e.g. V)
> V- yy allowed - A
* With 10% photons in SHiP: «:; ’
» A LDM beam downstream the dump > 50 signal events
. . 5 10-10F @ SHiP
» Scattering experiment ye—> ye on the u
atoms of the SHiP detector (emulsions) g
e Feasibility studies in progress (v background) 10°"1F @ GPSoEvens . BaB
e LDM search beyond relic density "D~ Chectbomsin
T 107" 1
Pioneered in: de Niverville et al., Phys. Rev. D 95, 035006 (2017) my(GeV) CourtesyofPatrick

MiniBoonE: arXiv:1702.02688v2 [hep-ex]
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https://arxiv.org/abs/1702.02688v2

Decay AVa

 Muon shield
The active muon shield in the SHiP experiment
arXiv:1703.03612v2 [physics.ins-det] 2017 _JINST 12 P05011
* Pyramidal shape
* PID, timing
e Technology choices for the subdetectors

06/11/2017 Fr-Ukr LAL J. Chauveau SHiP 35


https://arxiv.org/abs/1703.03612v2

\/ \V/
Towards CDS and more SHib_

Further optimization of the target

Muon Shield configuration

Decay volume geometry, vacuum
Optimization of the sub-detector performance
Optimization of the emulsion detector iSHiP
Massive background simulation

Some examples



Decay

PID, timing

AV
\/ \/
SHiP

Search for Hidden Particles

In the TP:
Shashlik ECAL (+HCAL)
Square cells (38.2 mm)?2.
22.5 X0

6.5% | 44
N + 1%

But, what about:

Heavy Neutral y
Particle 9).
ﬁh‘::-u-.-._"_”
R ELLTE
Y

FA TD
2.50r3.5X0
[sFRY
gt
oq

tracking stations

Conceptual studies in progress, like:

A possible setup with preshower (Feb 2017)

5=2 + Upstream point 5, via tracking

ECAL

+ Use 2 tracking stations
+ Reconstruct 3D track segments in each
+ Match them: form track candidates
+ Clean them/remove satellites using
+ energy of clusters,
* angles
+ Vertex track candidates to determine
position of the shower starting point §,.

+ Downstream point 5,
+ Use z of the shower maximum inferred

from energy
*  obtain (x,y) from the lateral shower
5 . profile
10cm-1m? 25 X0 * Which lengitudinal segmentation if any?
0.1-1mm

31
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.
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g —
4y

06/11/2017

Fr-Ukr LAL J. Chauveau SHiP

37



LPNHE = Alternate SplitCal Design
with DT, EB...
Measure 2 points (S,, S,) across a base L with o~L/1000.
e S, the location of the 1st pair
e S, the position of the shower maximum or...
e The hard part is to measure S,
» Use tracking (TPC, uM, straws?..)

Need simulation
e Reconstruct 3D track

candidates 1l
e Clean them/remove 2

satellites using &f/ satellites
e energy of clusters, \'“\
e angles

* Vertexto gets;.
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SHiP path at CERN ST

Not yet approved, but a leading project for the future of CERN fixed
target program
e 2013-2015
— EOI, formation of the Collaboration, T&P proposals
e 2016 SPSC/RB/ decisions by CERN management
» SHIP in the 2017_2021 MTP,

» PBC study group (the 3rd of F. Gianotti’s 3 pillars)
» ~5 MCHF funding for Beam Dump Facility feasibility study

» CDS (Comprehensive Design Study) report end 2018

» Approval path in time with ESPP : TDRs, Module-0’s
» ~ 5 years construction,

» installation during LS3,

> data while LHC Run4 (2027)

SHiP
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https://greybook.cern.ch/greybook/experiment/detail?id=SHiP
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