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VAV, Physics motivation

SHiP

Search for Hidden Par

The Standard Model provides a consistent description
of Nature’s fundamental constituents and their interactions.

Although largely tested and confirmed by several experiments,
the SM cannot be regarded as the ultimate theory of Nature,
since it cannot account for a number of established
experimental facts, such as:

* Neutrino masses and oscillation

* Excess of matter over antimatter in the Universe

 Dark matter

M. De Serio TAUP 2015, Torino
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SHiP

Search for Hideden Particles

Physics motivation

New, yet unknown particles and/or interactions should exist.

Known physics Energy Frontier
SUSY, extra dim.
Composite Higgs

=» LHC, FHC

Intensity Frontier
Hidden Sector

= Fixed target facility
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Unknown physics

Inter

Very weakly interacting _
light particles Energy scale = Heavy particles

Hidden particles, not directly interacting with SM particles,
could be coupled to the visible sector via gauge-singlet operators (portals).

M. De Serio
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Search for Hideden Particles
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The SHiP experiment

CERNSISC-2015-016
SPSCPA%
8 Aped 205

Proposal of a beam dump facility at CERN SPS
designed to investigate the hidden sector
Search for Hidden Particles 2 in the GeV mass region
oo it ol vnating and study v, physics
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Technical Proposal (arXiv:1504.04956)
submitted last April, signed by
235 experimentalists from 45 institutes

Physics Proposal (arXiv:1504.04855)
signed by 80 theorists

M. De Serio

TAUP 2015, Torino 4



>

‘e . .
The SHiP physics program

Search for Hidelen Particles
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Neutrinos: current picture
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Oscillation mechanism among active neutrinos
well established after several decades of
experimental searches, described in terms of

two mass splittings and three mixing angles I

= Non-zero v masses = Beyond SM physics

TAUP 2015, Torino
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Search for Hidden Parsicles

Neutrino portal

Most general renormalizable Lagrangian (see-saw generation of neutrino masses):

N, (I =12,...,n) gauge-singlet fermions

\

Majorana mass term

Laingtet = iN10,y"N; — Yia N§HLy — M{N§N; + h.c + Ly,

Yukawa term: mixing with active neutrinos

if N=3 and M, <M, : Neutrino Minimal Standard Model (vMSM)

—

M. De Serio TAUP 2015, Torino
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Neutrino portal

VaY
SHiP
Search for Hideden Particles
2.4 MeV 1.27 Gev 171.2 Gev
. . ol
up charm top
4.8 MeV 104 MeV 4.2 Gev
*d s |[*b
down srange bottom
~0.01 ~0.04 ¥ /
Vi N2 Vi Ny
] _' sterike
ne f neutnno
% 0.511 Mev 105.7 Mev 1777 Gev
5[4 4 a1
2 e il it
= electron muen tau

T.Asaka e M.Shaposhnikov, PLB620 (2005) 17

vMSM:
3 additional sterile right-handed neutrinos,
Majorana partners of active neutrinos with masses < M,,
(Heavy Neutral Leptons, HNL)

N, with mass in the keV region: dark matter candidate

N,_; with mass in the GeV region : allow for the explanation
of v masses and oscillation and baryon asymmetry

Production: semi-leptonic decay of mesons

M. De Serio
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Neutrino portal

Ny
SHiP
Search for f Hidelen Particles
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vMSM:
3 additional sterile right-handed neutrinos,
Majorana partners of active neutrinos with masses < M,,
(Heavy Neutral Leptons, HNL)

N, with mass in the keV region: dark matter candidate

N,_; with mass in the GeV region : allow for the explanation
of v masses and oscillation and baryon asymmetry

Very small HNL — active v coupling:
HNL long-lived particles (flight length O(km) )

M. De Serio
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Search for Hideden Particles

Search for HNLs produced in charmed hadron decays

Detection of HNL decays to SM particles

L
-
© detector
Requirements:
= Maximize production of charmed hadrons = Hadron and electron/gamma absorber
»= Minimize neutrinos from = and K decays = Detector close to target to maximize

geometrical acceptance (large P,)
» Effective and compact muon shield

M. De Serio TAUP 2015, Torino 10
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A The SHiP facility

SHiP

Search for Hideden Particles

Beam: 4x10%3 p.o.t./ cycle (7.2s)
with slow extraction (1s) to reduce detector
occupancy (combinatorial background);
4x10%9 p.o.t. / year

Hidden Sector
decay volume

Target: titanium-zirconium doped molybdenum +
pure tungsten, water cooled

\

Target/
hadron absorbe

Spectrometer
Particle ID

v, detector

ctive muon shield

E |30 GeV
— — —38. mrad
] | +W
) ) g .
Active muon filter: N /!I
two mag_net!zed regions with olr -
opposite field orientation i“‘\
to bend out beam muons -1 Hi.._' I
M. De Serio | 11
=3a 020 30 a0
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VaY; The SHiP detector

SHiP

Search for Hideden Particles

* Hidden particle detector:
long, evacuated decay volume with a magnetic spectrometer, calorimeters and p detectors

* Tau neutrino detector:
emulsion target equipped with®lectronic trackers in a magnetic field followed by a u spectrometer

Electromagnetic/Hadronic Calorimeter

Spectrom e o
pectrometer Magnet

HS Vacuum Vessel

TN

Goliath magnet

/

Muon Mégnetic Spectrometg

Spectrometer Straw Tracker

gn Detector

\ Surround Background Tagger

< Straw Veto Tagger

~
‘\\ Upstream Veto Tagger
Drift Tube Tracker

Neutrino Emulsion Target and Target Tracker

M. De Serio TAUP 2015, Torino 12
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Large aperture dipole magnet
SHiP H N L d ete Cto r instrumented with Straw Tracker planes

Search for Hideden Particles

+ timing detector (~ 100 ps resolution)

to suppress combinatorial background

Electromagnetic/Hadronic Calorimeter

HS Vacuum Vessel

HS Spectrometer Magnet

Muon detector

Surround Sackground Tagger

Upstream Veto Tagger

Spectrometer Straw Tracker

Muon Detector

HNL discovery potential critically dependent on background rejection:

5m x 10m x 50m evacuated elliptical decay volume
(pressure ~ 106 bar ) to suppress v and p interactions,
instrumented with surrounding liquid scintillator background tagger
+ upstream veto tagger

Electromagnetic / hadronic calorimeter
—_— (Shashlik technique, LHCb)

(plastic scintillator bars, MINOS)

M. De Serio TAUP 2015, Torino
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Search for Hidelen Parsicles

HNL: sensitivity

T I r2 B 1 : T r 1 R r
UZ2:U7: U2 ~52:1:1, inverted hierarchy U2:02: 02~ 1:16: 3.8, normal hierarchy

SHiP sensitivity to HMLs

SHIP sensitivity to HNLs

i NuTeV =’
F BAU
,.:m"!-
= f Br(N > we x) ~0.1-50%
21 F BriN 2 u/e p)~05-20%
g 2 BriN = vue) ~1-10%
§Iﬂq_r
Z f
L
(1] r
BAU / Seesaw ; BAU/ S
1“'-”.;'.1 L 2 M Erer | ":rhlnl_q L L MR |
' HNL mass (GeV) ! HHL mass (GeV)
SHIP sensitivity to HNLs
0 g = . e .
- HuTev = Significant improvement
'bw,jr of present limits
= f
E:m .- = Largely unexplored region
L f above m, up to mg
E'lﬂ E"
z
T w
1o E
? BAU/ Seesaw
el 1 i i PR W | i i i
2x1020 p.o.t. @ 400 GeV T '
5 years f.-"f : {? : I: ~ 0,061 : 1: 4.3, normal hierarchy

M. De Serio
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Search for Hideden Particles

The SHiP detector

* Hidden particle detector:
long, evacuated decay volume with a magnetic spectrometer, calorimeters and p detectors

* Tau neutrino detector:
emulsion target equipped with electronic trackers in a magnetic field followed by a u spectrometer

Electromagnetic/Hadronic Calorimeter

Spectromater liming Detector

HS Spectrometer Magnet

=

HS Vacuum Vessel

TN

Goliath magnet

)

Spectrometer Straw Tracker

Muon Magnetic Spectromet:

Muon Detector

\ Surround Background Tagger

Straw Veto Tagger

~

Upstream Veto Tagger

N Drift Tube Tracker

Neutrino Emulsion Target and Target Tracker

M. De Serio
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Only 9 v, events (with 1.5 background events)
observed in DONUT and 5 v, events
(from v, oscillation) observed so far in OPERA

v. physics

Abundant production of neutrinos in charmed hadron decays

SHIiP ideally suited for studying v physics

~ = First direct observation of anti-v,

~ = Measurement of v, and anti-v, cross section

7 daughter

T—=p Ve
p~—T° TT-
LS A

M. De Serio TAUP 2015, Torino 16
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Search for Hideden Particles

v detector

Coils

Upper Return yoke

Maguetic Requirements:

Specrometer

= Compact high-density magnetized target

with sub-micrometric position resolution
Goliath Magnet

= Muon magnetic spectrometer

Neutrino Ta\get
Target Trackers  SciFi/GEM/Micromegas

Drift Tube Tracker

= Magnetized nuclear
emulsion - lead target

= Electronic trackers
(time stamp)

ELECTRONIC

. TRACKERS
OPERA-like COMPACT EMULSION
b |’| C k SPECTROMETER

rohacell
ECC BRICK

4

M.

De Serio TAUP 2015, Torino Cemitsion
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=  Unique capability of detecting all v flavors

muon reconstruction in the
magnetic spectrometer

observation of v interaction
and t decay vertices in the brick

e.m. shower reconstruction in
the brick

AV
Y v._ detector
SHiP T
Search for Hideden Particles
Coils
\ Upper Rflnm yoke
Magnetic "
Specrometer V.
p
iath Vv .
Goliath Magnet Vel
VT:
Neutrino Ta\get
Target Trackers
Drift Tube Tracker
M. De Serio TAUP 2015, Torino

Phys. Rev. D 89 (2014) 051102(R)

P, (GeVio)

b, (Gevic)




(N~
VAV, d
SHiP T
Search for Hideden Particles
Coils
\ Upper Rf«m yoke
Wieguatic | = v /anti-v, separation
Specrometer T T
T—u . muon charge measurement
Goliath Magnet in the magnetic spectrometer
t—h : hadron charge measurement in
the Compact Emulsion Spectrometer
Target Trackers
/ ™~
z A
- 1
- ELECTRONIC
OPERA-I I ke OMPACT EMULSION =t
i b I’i c k SPECTROMETER
- rohacell
1 ECC BRICK
M. De Serio TAUP 2015, Torino emutsion
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v, physics performance

Search for Hideen Particles

Expected number of signal
and background events

decay channel 7 v,
Nerr Nb R | Ne*P N R
T— U 570 30 19| 200 140 2
T—h 090 80 12| 500 380 1.3 25107 .0t @ 400 GeV
T — 3 210 30 7 | 110 140 0.8 5 yearsp. -
Total 1770 140 13 | 900 660 1.4 Target mass: 9.6 t
BACKGROUND

Main background source:
charm production in v CC interactions
with unidentified primary lepton

M. De Serio TAUP 2015, Torino
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v, physics performance

SHIP,
Structure functions F, and F; , neglected in v, / v, interactions,
contribute to v_ cross section (higher t lepton mass)
d*ev ™) G+ME . m2y Mz,
! 5 i 5 (y% + VF + )| Fo
drdy (1 + Q=/My) 2E, M’ 2E,’
12 D (1m2
Y. mzy (mz + Q )
+ |zy(l — =) — F:
[ y(1—3) 4.-;1,;1;] '
; - 1 I | : -' 1 1 1 T T T T
[5, ] [
: L oW oF, Fy
;.ﬂ‘wm, 1.4 GeV F,=F. =0 ] o _
ol IR ; . intheSM
S, k. I = - 4
E S i N
Hﬂ - M predictionj 0 . Expected v_interactions: ~ 300 ‘
IE =1 1: - ir
- r>164t _
\Q; Pb. per nucleon ] 1 e
; TMC (selid) ‘ It .
F,"CF, =0 {dazh) i 1
= | | Pt vy by by by b L 1y
50 100 150 200 10 20 30 A s 80 70 8
E [GeV) N el
E(v,) <38GeV
M. De Serio TAUP 2015, Torino 21
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SHiP

Search for Hideen Particles

SHIP ideally suited to study v and anti-v physics for all three active flavours

Expected v-induced

charm production _
Expected charm yield exceeds

Expected events available statistics from previous experiments
Yy {fi‘* 1? by more than one order of magnitude
/e Rl

yt
v, 97 . 1[}"_1 NuTeV: ~§100 (v,) and ~$460 (an'Fi-vu)
7, =410 CHORUS: ~2000 (v, ) and 32 (anti-v,)

Total 11100

NNPDF3.0 NNLO

5s'ss’

NNPDF3.0 NNLO + SHiP charm

Charm production in anti-v interactions
selects the anti-strange quark in the nucleon

Significant improvement in the knowledge
of nucleon s-quark content
with SHIP data
in the range 0.03 <x<0.35

pbe— v L L L b L 11 1
0.05 0.1 0.15 02 0.25 03 0.35

M. De Serio TAUP 2015, Torino 22
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SHiP
Search for Hidden Parsicles

« SHiP designed to complement searches for New Physics at LHC
by probing a largely unexplored domain at the intensity frontier:
search for new, very weakly interacting particles with masses O(GeV)

« Technical and Physics proposals submitted to the SPSC in April 2015

« Rich physics program including Heavy Neutral Leptons and v, physics
with unprecedented sensitivities

M. De Serio TAUP 2015, Torino 23
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Time schedule

hmleraturwedula 2015 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 2023 2024 2025
LHC Run 4
SPS
Detector R&D, design and TDR Production Inst. Installation
Milestones 1P LTOR| OB CwB Data taking |
Facility Iniegration [CwE .
Civil engineering | | Pre-construction . . . _ \ Commissioning
Infrastructure m‘ i Instaiation ] with beam
Beamiine | R&D, design and TDR Production Inst. Installation | | Installation
Target complex R&D, design and TDR Productior Installation
Target R&D, design and TDR + prototyping Production
« TDRs by end of 2018
» Detector construction (4 years) + installation (2 years)
« Commissioning in 2023 (beam line, target, muon shield)
» Data-taking in 2026
M. De Serio TAUP 2015, Torino 25




Scalar and vector portals: sensitivity

o I Dark photon
Eoe
10
1
10°
i
10®
10°
™=
= 8
- 2 B p — p#y'
e 9 "L mesons — 7'X
10 : =10
‘ me (GeV/c) 10" BBN exciuded areas
Exclusion limit at 90 % C.L. 30 'Euﬂ'-‘l 200 100 20 ”“1”H 2 345
for a light hidden scalar particle of mass mg v mass (GeV)
coupling to the Higgs with sin?6 mixing parameter
and decaying in ee, pu, nw, kk
M. De Serio TAUP 2015, Torino 26



