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3}3 SHIP experiment
SILP Search for Hidden Particles -

Search for Hidden Particles

A new experiment proposed at CERN

in order to search for Hidden particles

with mass from sub-GeV up to O (10)
GeV with super-weak coupling down to 1019,
and to study Tau neutrino physics.

Using High-intensity
400 GeV proton beam
2 X 1020 pot, 5 years run



Physics Motivation
Higgs discovery

SM very successful but incomplete ...

¥

Baryon asymm
Dark matter
Neutrino mass
Inflation ..

¥

Beyond SM = Search for
so far Neutrino osc. New Physics

only



Wher'e is the New Physucs
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A Energy Frontier

Heavy new

states?
LHC, FCC, ILC

Coupling Standard Model

Intensity Frontier

Super-weak Hidden *L~ New Physics may not be
coupling sector? .  observed because of its
down to 10-10 SHiP \‘ very weak coupling.

>
b Long lifetime Mass

Need high intensity



Explore the unexplored region
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The SHiP is a new experiment at the intensity

frontier aimed at exploring the Hidden sector region




Extensions of SM

Dark photon HNL & Dark Matter

Hidden kec, : Hidden
Sector '°°hfq /°f’ g Sector

Dark Matter \
/\oc 4

Dark Matter

Hidden JEZLg ,oo,;"' ,
Sector <° o

Many hidden sector models often include low mass particles

around GeV scale ( Light dark matter candidates ).




Search for Dark Sector
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Neutrino portal
vMSM “u *c |*t 2

Extends SM by RH partners of neutrinos T e nw

T.Asaka, M.Shaposhnikov -’/sd Vs i Left chirality
PLB 620 (2005) 17 S s“ange bmm l

<0.0001 ev/ ~keV 1ev )/ ~Gev ~oo4ev ~Gev T
0 /
N; (~10 keV) Ve NV W 1
1 ( € 7 " mu sleme Right chirality
.n 1
l'eileeu%Ptr .fﬁo géeurglem" io rs‘teeJtll-,en neutnno

Dark matter candidate , —-— — =
- € T
N2,3 ( 1 O O MeV~ GeV) electron mu0n tau

Matter-Antimatter asymmetry
Neutrino mass (oscillation)

N = Heavy Neutral Lepton (HNL)

Majorana partners of active neutrinos
Sterile RH neutrinos



HNL2‘3 P rOdUC‘rion
Ds2> p Ny, 3
D> nuN,,

Decays of Charm & Beauty

Particles (above Kaon mass)

Super-week coupling

- long lifetime

2x1020 pot
(1078D, 10'4 B,
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HNL mix with active v



HNLZ‘ 3 DCCQY

N=->un" |

S e | 01750%
Tt

N->p p*
2 e pt

— 0.5~20%

N>vpe  1~10%

Branching ratio
depends on Mixing

Typical lifetime > 10 ps  for m(N,3) ~1 GeV
Decay distance (FL) ~ O (km)
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Technical proposal

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

Physics proposal
A facility to Search for Hidden Particles at the CERN
SPS: the SHiP physics case
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... Main objectives

SHiP " Hidden particles

Soarfor Hidlen Parrices
Heavy Neutral Leptons (HNL)
Dark photons
Hidden Scalar
Axion Like Particles (ALP)
Low enerqy SUSY particles etc.

See laroslava Bezshyiko's talk

v Tau neutrinos

Expect ~10,000 Vr interactions
In ~7 tons Emulsion target

Vr and Anti- Vr physics (Cross-section ...)



Fixed-target facility at the SPS

SIP High-intensity proton beam: 2 x102 pot, 5 years run

The SHIP facility is located
on the North Area (Prévessin site),
and shares the TT20 transfer line.




Access building
/

Crane B

+29m

Crane

+12m ‘!
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Beam
axis

F. Sanchez Galan

Underground ~40
supervised area

~90 120

- Min. ground level*

*aprox. (drawn for illustration)




SHiP detectors

¥ Hidden particle detector
Long evacuated decay vessel
Straw trackers with magnet

Calorimeters and Muon detector

¥ Tau neutrino detector
Emulsion target (ECC)
Target trackers (TT) in Magnetic field

Muon spectrometer



N\ Detector

optimization

Spectrometer
Particle ID

Target/
hadron absorber

Decay vessel now pyramidal frustum shaped

Type of Muon shield modified




) SHiP Detector

SIHIP
Active muon shield
deflect muons from 2ry meson decay PID
~ 35m long, 1.7 T magnet Energy measure
Calorimeter
Target V.. detector e —
Hadronabsorber  Muon shield T Vacuum vessel ~60m Muon spectrometer

~30m
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Neutrino detector Hidden particle detector
~150 m
Hadron absorber Nuclear Emulsion Vzg%uurrll decay vesie:j
eliminate Tau-neutrino physics ;eca;n v:szgles\;iigjneded by
2ry mesons SRS AR
- ?Slm Feo LDM search liquid scintillator veto

system



HNL production HNL decay
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Neutrino Hidden particle detector
detector



Beam dump target

e Titanium/Zirconium/Molibdenum
followed by layers of pure W

« Each layer is cooled by water
alternative cooling with He
under study

High A/Z target

- maximize D, B production
and to stop «, K before decay
info uv

Energy deposition

[J/em®/pulse]

TZM 58 cm-thick + Tungsten 58 cm-thick

AN
| Water cooling slits
e

-288888838¢
——
12

y [cm]

JULHLELL L L B

D e
TZM W (Ta clad.)

[uSv/h]

-40 -20 0 20 40 60 80 100

TZM blocks

Outer tank

Inner tank W blocks

13 TZM+5 W blocks



Active muon shield

— 350 Gev u*
- 50 GeV u~

Large muon flux

e Deal with 10" muons/spill from m, K, o, w and
charm mesons

« Series of magnets to deflect out off acceptance

« Large p range — complicates geometry

205 70 15 20 25 30 35 40
z (m)

Dose rate in the SHIP hall

top view

SHIP Coll., JINST 12 (2017) P05011

Recent optimization

e reduced length from 50 to 35 m
« reduced total weight from 1.7 to 1.3 kt

.B=17T ozooo 4000 6000 BO00 10000 12000 14000 16000

z [om]



Hidden Sector detector

. Timing
Tracking magnet detector uon
system' \\ * system
,\‘ \ I A
10 m
oo ] v
20 m "y Em & Hadron
L calorimeters
Challenges

Many Trackers ECAL, HCAL

- Large vacuum vessel
g Muon detector

- 5 m long straw tubes Vertex

- 100 ps timing resolution reconstruction PID
Charge
Timing detector Momentum



Decay of Hidden Particles

pmt
Models tested Final states
Neutrino portal, SUSY neutralino (Er KT 1+ pF

Vector, scalar, axion portals, SUSY sgoldstino eTe™, u™pu~
Vector, scalar, axion portals, SUSY sgoldstino 77—, KK~

Neutrino portal ,SUSY neutralino, axino (0 v
Axion portal, SUSY sgoldstino 04
SUSY sgoldstino oY

(= (e,p,v), p* -

Many Vee decay modes
- Particle ID and Full reconstruction are essential
to minimize model dependence.

See laroslava Bezshyiko's talk



HNL sensitivity

Cosmologically interesting
region at low couplings

* MyyL < My

SHiP will have much better
sensitivity than LHCb or Belle2

‘M, < MyyL < My

FCC-ee, improvements expected Updated from

from ATLAS/CMS 0.100| K. Bondarenko et al., 1805.08567
c Myy > My 0.001

targeted by ATLAS/CMS 5

at HL-LHC L

At myy, = 1 GeV and U% = 108
(50 x lower than present limit), 107}
SHiP will see more than 1,000
fully reconstructed events.

0.5 5 50 50(C
HNL mass [GeV]




AVa

Neutrino Physics with SHiP

Search for Hidden Partict:

e V_ least known SM particle

e Anti-V_ not yet observed

e ~ 10,000 v events with 7 tons detector

e First direct observation of Anti-v_

e Cross sections & Mag moments of vV_ & Anti-V_
e Charm physics with v_ & Anti-v_

e F,, F5evaluation from v & Anti-V_events
etc...

—> Using Nuclear Emulsion Technique



Nuclear Emulsion

Old type of detector but still very effective
tool thanks to development of High speed
Auto-scanning system and new analysis method

(mainly by Nagoya group) msp

-Spa‘rial resolution > sub micron

PID - electron, pion, tau ...
 Momemtum measurement - using MCS

Tracker, Calorimeter
Target (C, N, O,Aqg, Br)

. Kr 200keV
3D visual detector Bl

,{' :'Applica'rion to various fields

Neutrino exp, WIMP search,

S=-2 nuclei, Gamma ray telescope,

Anti-matter, Muon radiography ...




Emulsion Plate

CHORUS exp 71 cm x 36 cm (CHORUS)

50 cm x 50 cm (DONuT)
10 cm x 12.5 cm (OPERA)



View orthogonal to beam

Ve vertex

~ T—Primary electron

\ Electron

shower

Ve CC event in Emulsion

PID in emulsion 2 electron, n°
Tau efc.



TOLI NeLITr‘iﬂOS SO far‘ Flight Length:280um ‘

DONuT 9 events

First direct observation
Proton beam dump exp. 1
Cross section, mag mom Emdlelon

gy ) = (0:39 +0.13 £.0.13) X 107" em* GeV ™"
can not distinguish v, and v_

OPERA 10 events (from oscillation)

Discovery of Nu tau appearance
(5.10, 2015) (final 6.1, 2018)

identified t = T~ > v_ (notv,)

Using Emulsion-Counter hybrid system &
High speed auto-scanning system

-~ Same technique will be used in SHiP



€ 7. DONuT (Direct Observation of Nu Tau)

T

-

Proton beam dump exp at Fermilab =2 same method with SHiP

Tungsten target Nuclear emulsion

-------------------------- > V’C
--------------------------------- - V
800GeV )
pI’Oton
----------------------------------- _— Ve

v,)

V. CC events: 9
VM CC events : 225
Ve CC events: 82



t — Th ( hadronic kink event ) t fight length (um) 1335 + 35
(T PV, po> RO, 0> 2y) 17342

daughter




SHiP Neutrino detector

Calorimeter
Target

Hadron absorber ~ Muon shield

V. detector

o

\7acuurn Vessel ~45m NIUOI] SPeCtl'Olnetel'

~30m

|
|

‘ » ol ad e e d o L ot i : Lo R PP
7 ol X KALoud viy
U -‘B;-i i eleteisiedaesie e -

L

Upper Return yoke

Magnetic
Specrometer

Goliath Magnet

Two magnet

type

High Precision Trackers

High Precision Trackers
Lower Return yoke



ECC target




Giovanni De Lellis

Typical Tau Neutrino event

NOT TO SCALE

Target
Tracker

ECC Brick CES

ECC
Micrometric accuracy for t1d RPC
Momentum and Charge measurement
for t*/1 separation

Muon identification
Momentum and Charge measurement



ECC(Emulsion Cloud Chamber ) Brick Structure

ECC Brick
57 Lead plates and
58 Nuclear emulsion films

CES (Compact Emulsion Spectrometer)
Air gaps and Nuclear Emulsions
Electric charge measurement of T lepton

v./anti-v, separation OPERA Film after development



Basic unit of Detector
(OPERA type)

10cm

ECC brick

N\

Target Tracker

I 2.6cm
ECC
. TSWLS fibres
brick . Kuraray
“ >

CS

PMT
Hamamatsu

Plastic Scintillator H7546



Anti-Tau Neutrino by CES ~ Measurement of Sagitt
CES Emulsion film
Rohacell Plate Emulsion Film/

15000 290 (um) 15 mm
600 E-
— — = data 2 GeV/c

Ve 7 © — H w0 E

300 a)
- + + 200 ;—
100 E-

VT — 4 — ILI 0 -1100 -5;0 (I) 510 1(IJO S
« Electric charge can be determined with -

better than 3o level up to 10 GeV/c o )
« Momentum estimated from the Sagitta  if
Ap/p < 20% up to 12 GeV/c b




Expected Number of Tau Neutrions

2x10%%pot

« v_and anti-v, produced in the leptonic decay of a D, meson into T and anti-v_,
and the subsequent decay of the T~ into a v,
« Number of v. and anti-v, produced in the Beam dump

fp.Br(Ds = 7) =326 x 107°N, =6.5 x 10"

decay channel — Vr e
7=t 290 | 140

7 —h" 500 | 380
T h hTh" 110 140
Total 900 660

Océ
Ny 45, = 4N, =
In Neutrino detector
Z/T
decay channel oo NG
T 570 | 30
T —h 990 80
 —>h hh 210 30
Total 1770 140
v_ .,V
decay channel I
N=® | N%
T—¢€ 850 160

Since the charge of the electron is not
measurable, only an inclusive measurement
of tau neutrinos and anti-tau neutrinos is
possible in the tau> e decay channel.

After geometrical, location and decay search efficiencies consideration

Total expected number of Tau neutrinos and Anti-tau neutrinos
- 3520 events with 960 bg events in 5 yrs run



A. Di Crescenzo

One magnet option
Muon Filter

Spectrometer 40 A
Planes x 3 0 YL

Target
Brick Walls Trackers
x 19 x 19

wpo Lev

& >
~ 7

Emulsion films : High spatial resolution to observe the rdecay (~1 mm)
Target tracker (TT) : Electronic detector to predict ECC brick contained
v interaction and provide the time stamp
Magnet : magnetized target to measure the charge of t products
Spectrometer (CES) : Compact Emulsion Spectrometer to measure muon
momentum & charge
Muon filter (RPC) : Muon identification



220 cm
FRONT VIEW

100 cm

v
Y~ 0.8 m

3.2m — ECC Brick Bin=1.2T




V. fluxes

3969 cm
One magnet
option
BEAM DUMP INTERACTING CC-DIS
<E> (GeV) Yield | | <E> (GeV) | Yield
Ve 4.1 28%107 Ve 59 11 %108
Vi 15 42%10° | Vu 42 2.7 x 108
Vr 7.4 faxi06 | Vr b2 32 1
ve-bar 4.7 23x107 Ve-bar 46 2.0 x10°
vu-bar 1.6 27x10% vu-bar 36 6.0x10°
ve-bar 8.1 taxion | v-bar | 70 | 21 x°102

Antonia Di Crescenzo



One magnet option
5 years run 2x10%° p.o.t.

NZZE (7 =) = Noyor) Br(r = i3

Neutrino Signal Yield

v: SIGNAL EVENTS anti-v: SIGNAL EVENTS
Yield Yield
T 1200 T 1000
T—h 4000 T—h 3000
1—-3h 1000 - 3h 700
TOTAL 6200 TOTAL 4700

No kinematical selection applied
»Background from charm and hadronic re-interactions to be evaluated
»Signal/background rejection to be optimized



Structure Function F4, F5

First evaluation of F4 and F5s, not accessible with other neutrinos

d’e"")  GLME, m2y m2 M T

— F + E.
dedy  w(1+ Q2 /M3 ((y “T 2B, M) ! [ 157 )] :
Neutrino <« y, miy ] m2 + QO ( i)
+ |zyll—2) — —— F
Anti neutrino «— [ ( 2) 4E,M E2M9 1

The DIS Charged Current Tau neutrino (Anti-Tau neutrino) differential cross-section
IS given by 5 structure function. The contribution to the cross-section of F4 and F5

is negligible in Muon and Electron neutrino interactions due to light charged lepton mass.
(Albright & Jarlskog)

On the contrary, Tau neutrino (Anti-Tau neutrino) scattering can contribute to F4 and F5
due to non-negligible Tau lepton mass.

For Tau neutrino, the effect of F4 and F5 is 30% at E=20 GeV and 7% at 200GeV.
For Anti-Tau neutrino, the effects are 53% and 14% at the corresponding energy.

(Y.S.Jeong)



Strange quark content in nucleon

Charm production in Neutrino scattering is extremely sensitive to s-quark content
of nucleon, especially with Anti-neutrino where anti-s quark is dominant.

Significant improvement (factor two) of the uncertainty on s-quark distribution
in nucleon with SHIP data in the x range between 0.03 and 0.35

NNPDF3.0 NNLO / 2
NNPDF3.0 NNLO + SHiP charm A

o 1.8

- INPOF3.0
16—

1.4—

osf-

086

oaf-

02

T+As*t/s*

PR AR T I WA | : s gl o' N S R .
0.05 0.1 0.15 02 0.25 0.3 0.35
x

s = s(x) —3(x) st = s(x) +5(x)
Improvement of the accuracy on S~ and S*

Charm yield in v int. @ SHIP is >10 the sample
from previous experiments (~10° expected events)



Light dark matter detection in Neutrino detector

A 2Dy
Y e >y e

Electron recoil
Cascade shower in Emulsion




8000, initial (large) shower

. Development of new software tools
. based on Machine learning techniques
i . to improve electron identification
0 .= . and energy measurement in ECC
‘m: T also for signal/background discrimination
o \ '~ >Dominant background in DM search
o ) ) ) ) | comes from neutrino interactions
Ve Ve vy v, all
Quasi-elastic scattering 105 73 178
Elastic scatteringone™ 16 2 20 18 56
Resonant scattering 13 27 40
Deep inelastic scattering 3 (4 10
Total 137 109 20 18 284 v BACKGROUND
Number of background events to the dark matter search

after cuts, from neutrino interactions with 2x102° pot.
SHIP TP




Example of ~GeV electron from v, CC events in emulsion

By 2192 634356

392 2223 (103) DONuUT exp
Using Net-Scan

22683
0.0783 —~o.01Y(

~[§T7250.6 —-88166.F o)
&
395 > QP4
T 3 7 \ £
E Fe 22 o
e i / 26
22 *“ﬁiﬁ%mwﬂm¢~_.,flffﬂ
J ST e R
0.09¢ = ~ \\,._ oy NS,
/ 776 ~0.0140 N\ e 812 2223
$T265 & ™~ S SO s
126 ‘S‘S?I’]z_y X \\/
) \ .
( 392 2233 ) \
' 22/ 683
m—{:‘e Em L\d
251 609 24 0.0825 -0.0145 -157442.2 -88139. 3 -0. 0053 0.0034 1.1 0.20
221 683 20 0.0783 -0. 0141 157250. 6 -88166.9 0.0019 -0. 0031 =51 -1.9 Uk 22 23 I‘?
191 583 6 0.0829 -0.0i31 157067. 9 88211.8 -0.0173 0. 0095 18. 6 10 32 l.']
211 676 3 0.0737 -0.0145 157182, 9 88184.4 0. 0000 -0. 0065 -12.8 .00




LDM search in emulsion

ex-ex a'=0.5 POT=2x10%°

my=3m,

LDM y produced by a dark photon  10-¢

decay - interact with electron
in Neutrino detector

Yy e >y e
SIGNAL SELECTION

0.01 < 6 <0.02
E <20 GeV

Electron ID and its
Energy measurements
are very crucial ...

1077

[ Excluded
>1 Event

10-‘3:

50 signal
events
@ SHiP

----- SHiP 50 events
—— LSND

E137

BaBar

— K*—>7*+invisible

—— Electron/Muon g-2
—J/—>invisible

my(GeV)

= Relic Density |
[ >10 Events Direct Detection E
[l >10° Events weenemee NAB4 2017 ]
PR R | " n " PR | I L L L PR
1072 1071 1

Patrick deNiverville



Test experiments in July 2018 at CERN
(2018.7.4-8.1)

AVa SPSC-EOI-016
\/ \/

S}Iil) June 2, 2017
Search for Hidden Particles

p-flux measurements for SHiP at H4

SPSC-EOI-017

Measurement of associated charm
production induced by 400 GeV /c
protons

The SHiP Collaboration



Charm cross-section measurement

Goliath
Beam Target e

counter Move s

R1 R2 R3 R4 RS

ECC target 12x10 cm? Pb blocks (few cm) interleaved with emulsion

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

July 2108 : ~150 fully reconstructed charm-pairs
Data taking after LS2 (2021) : >1000 fully reconstructed charmed pairs



RPC for the Test experiment

‘ﬂ HHLPR 5

B ech T2

I/ -.h
assembled at CERN

Gaps and Strip panels
fabricated by KODEL, Korea Univ




Infrastructure at CERN
Emulsion handling room

Laboratory used for past emulsion experiments
(CHORUS, OPERA preparatory phase)

Emulsion
development

Flash box used
in CHORUS

-

_ Dark room
Brick

Assembling CES
machine ’



Member countries of the SHiP

Search for Hidden Particles

~250 scientific authors

16 member countries: Bulgaria, Chile,

Kingdom, Ukraine, United States of America

48 member institutes: Sofia, Valparaiso, Niels

Mainz, Bari, Bologna, Cagliari, Ferrara, Lab. N;

Coimbra, Dubna, ITEP Moscow, INR. Mosco i i i Protvin
Petersburg Nuclear Physics Institute St. Peters Muscnw Engineering Physics Institute, Skobeltsyn Institute of NucleanPhys:;:ﬁuscnw,
Yandex School of Data Analysis, Stockholm, CERN, Geneva, EPFL Lausanne, Zurich, Middle East Technical University Ankara,
Ankara University, Imperial College London, Upiversity College London, Rutherford Appleton Laboratory, Bristol, Warwick, Taras
Shevchenko National University Kyiv, Florida

5 associated institutes: Jeju, Gwangju, Chunnam,;{atiunal University of Science and Technology "MISIS“ Moscow, St. Petersburg Polytechnic
University

57 institutes from 18 countries
~250 members




Project schedule

CERN final approval

SHiP
Accelerator schedule | 016 | | 020 | | | | | | |
LHC Run 2 Run 3 Run 4
SPS ’
ESPP
Detector % CDS Profolyping, design %ﬁucﬁon % Installaion
Milestones TP CDR TDR % PRR CwBJData taking|
Facility . 7/;7/?//;///2% Integration CwB
Civil engineering /)7 APre-construciion Target- Defector hall - Beamline  Junction
Infrastructure Installation E:,::missioning
Beamline CDS :Prototyping, design T } Production I Installaion withbeam
Target complex CDS Profolyping, design B) Producfion Installaion
Target CDS Profotyping, design R Produclionl Installation
Figure 1: SHiP master schedule (SHiP EDMS 1821284)
> € > ——) ——
TP & PP :
<psC CDR 1 Prototyping Production Beam
Recommen-  Test exp TDR Install Physics
dation
(2018. 7)

» Currently produce CDS (Comprehensive Design Study) by end 2018

for next update of the ESPP (European Strategy for Particle Physics)
Four years for detector construction, plus two years for installation
Data taking 2026~



Summary

The SHIP is a multi-purpose and very timely experiment for

Hidden particles and Tau neutrino.

~10,000 Tau Neutrino and Anti-tau neutrino CC events are expected
(more than 10,000 events with target mass of ~10 tons).

First observation of the Anti-v,

v_/Anti-v_ Cross-section and Mag moment measurements

First evaluation of the F4 and F5 structure functions

Study of Strange quark content of nucleon

LDM search in Neutrino detector

And others ...




dSHIP : Hidden Sector search through decay to SM

vSHIP : Neutrino physics

ISHIP . Hidden Sector search through interaction
with SM matter

tSHIP . LFV t search

The Physics Seascape in 2027
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TB-e SHiP Armada (inSpired by Gunnar Schnell)‘."

PBC 2017, Richard



Thank you for your attention !

Ship in Jeju island
Korea




Backup



UCE

Ny, 15, = 4Np——fp Br(Ds = 1) =3.26 x 107°N, = 6.5 x 10"

OpN
Np is the number of interacting protons (all incoming ones)
ccc = 18.1 + 1.7 pybarn the associated charm production per nucleon
o pN = 10.7 mbarn the hadronic cross-section per nucleon in a Mo target

The inelastic cross section pA shows the A%’" dependence

f Ds = (88 =+ 0.67%> _,,)% is the fraction of Ds mesons produced
Br(Ds>tau) = (5.54 + 0.24)% is the Ds branching ratio into tau

Factor 4 accounts for the charm pair production and for the two Tau
neutrinos produced per Ds decay.

The SHIP facility is therefore a factory with 6.5 x 107> Tau neutrinos
produced, equally divided in neutrinos and anti-neutrinos.

Given the neutrino target mass of about 10 tons, one expects more than
10,000 interactions of tau neutrinos and anti-neutrinos.



