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C\ERN s ‘d“
o)) Future physics prospects ata

~10% of LHC+HL-LHC datarecorded-s t i | | no sign of ANew Physicsé

Why do we assume there must be 0 Ne wpossiblg mew padides édnd y o n
interactions?

Experimental evidence of unexplained phenomena
1. Flavour mixing and mass of neutrinos
2. Matter/antimatter asymmetry of the Universe
A Measurements from BBN and CMB — <—> X <

) Qo pm
m
A Current measured CP violation in quark sector C — p 1t Il

3. Dark Matter i Non-baryonic, neutral and stable or long-lived

4. Dark Energy

(@

No prejudice on mass scale of the finew physicso required to s

Theoreticalinpeejddnceo

1. Mass of the Higgs

2. Structure of Standard Model

3. Unification of interactions

4. Description of gravity

5. Inflation

6. €.

C Some preference for new particles with | arge massesé@.
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@\ So where is it...? AVa

C For the first time, no definitive unambiguous guidance from experiments or theory!
C New Physics should either be very heavy OR interact very feebly to have escaped detection!

C Possible guidance from cosmology and astrophysics!

Limited theoretical

gua d i
L
Nucl. Phys. B106 (1976) % 10°—

Q.
A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON ‘a
1 .
John ELLIS, Mary K. GAILLARD * and DV, NANOPOULOS ** Q
CERN, Geneva Q
S

Received 7 November 1975 g 102

134 . Ellis et al. | Higgs boson

We ghould perhaps finish with an apology and a caution, We apologize to ex-
perimentalists for having no idea what is the mass ol the Higgs boson, unlike the
case with charm [3,4] and for not being sure of its couplings to other particles, except
that they are probably all very small. For these reasons we do not want to encourage
big experimental searches for the Higgs boson, but we do feel that people performing
experiments vulnerable to the Higgs boson should know how it may turn up,

A. Belyaev, Southhampton University & RAL

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
year
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. >
@) Mass or coupling? A%
Standard Model has given us successful formalism to implement particles, interaction and mediators a

A SM not only successful, we discovered what it predicted
A SM describes both what we observe and what we do not observe directly

. f & ’ With sizeable couplings
- i ¥ | EW scale

% New opportunities offered by the Aequivalenceo of
A Hidden Sector : Any Particles engaging in Feeble Interactions (FIPs) with the SM particles
C Fair (but not necessary) starting point: Dark Matter

~

C Another starting point: Sterile neutrinos

v Exploration of Feebly Interacting Particles up to now mainly as by-product of experiments built for other
purposes i post-analyses, data mining, often limited to exclusion capability

v Enough reasons to build a dedicated accelerator-based facility to explore FIPs, optimized for discovery
A We are sharing the Universe already with feebly coupled and not-understood neighbours!
A Light feebly coupled sector can provide solutions to well-established problems!
A Essential complementarity with projects in launch/commissioning on the cosmofrontier
A One of the main objectivesof HL-L HC (and FCC) wi | | be exploring FI Psé
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@\ Theory of a Hidden Sector? AVa

v, Standard Model gives us tools to implement Hidden Sector with well-defined phenomenology

~

LI YR T

Hidden Sector

Visible Sector
ifDar k st and

1- £ Standard Model

,’ + EDy +he

” T & Yug PP th
W RV

Port al I nteractions| may ndr.i
Options for fportalso |= corr es|ppsededirftBe \tisleBéctor!
neutral features of Standard Model A Dark Matter (trivial)
C Dark Photons A Neutrino mass and oscillations
C Dark Higgses A Matter-antimatter asymmetry
C Heavy Neutrinos A Higgs mass
C Axion-Like Particles A Structure formation
C also some SUper-SYmmetricipor t afl s o é A Inflation and Dark Energy
Ae.
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&N Portal interactions under the microscope AVa
Example_of FIP physics case

Ordinary Matter (~1/6) Dark Matter (~5/6) Ordinary Matter

RN
y.s’ [ ®

Dark Matter Ordinary Matter

Dark Matter
5% nQ Ay
N W . ‘W\}r\'ng
n (v o\ ®
*, =%

- @

79 55 20
,,QM‘)A;;\’” °

. \

o‘. ° U,
DM selfs *n t era
mi xi pgeflicted?o

Ctegl ®®tha/ kK Nlb

I n St
Profiting from Aportal o coupling at accelera
C Typical coupling at 106 - 10-10¢

C Long-lived with ct ~ metres-kilometresé

Similar behaviour T ©
for all types of FIPs
Production Detection by decay or by scattering
SM W--—ELP-—---———>H—SM

SM
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(iERN 1 1 1 ‘d“
o) New Physics prospects in Hidden Sector ate

Composite operators as fdAportal so:

e
v D =2: Vector portal Ko
A Kinetic mixing with massive dark/secluded/paraphoton A 6 —--"O "O AO g
CMotivated in part by idea of fAimirror2 wonmdmdal y,eséd¢ oring L/ R symmetry, dart
/
v» D=2:Scalarportal s aGREEEEEE y
A Mass mixing with dark singlet scalar ? D('Q.. _...)'0"O
C Mass to Higgs boson and mass generation in dark sector, inflaton, dar k phase transitions BAU, 0 dar k o M2 tter,
1 1
i B 1 (B)
v» D =5/2: Neutrino portal - e
7 6 114 f
A Mixing with right-handed neutrino . (Heavy Neutral Lepton): 9 5{ . , g v
C Neutrino oscillation and mass, baryon asymmetry, dark matter
% D =4: Axion portal gwiz s
A Mixing with Axion Like Particles, pseudo-scalars pNGB: ="O 'O ,—([ [ [ [ ,etc 0 h
gwiz Q

C Generically light pseudo-scalars arise in spontaneous breaking of approximate symmetries at a high mass scale F
C Extended Higgs, SUSY breaking, dark matter, possibility of inflaton, é

% Also light SUSY (Neutralino, sgoldstino, axino, saxion, hidden photinosé )
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N Making neutrinos count! aVa

e
% Introduce three right-handed Majorana fermions 0 withmass0 k o Heavy Newutr al L e pf~o'n :

A Make the |l eptonic sector O6similaré to the Ordinary neutrinos ’
A No electric, strong or weak chargesC fist er i | e 0
Three Generations Three Generations
of Matter (Fermions) spin %2 of Matter (Fermions) spin %2
| 1] n | Il 1}
charge - | 24 u %4 C %4 t 0 g charge - | 24 u %A C %A t 0 g

4.8 MeV 104 MeV/ 4.2 GeV 0 4.8 MeV. 104 Mev 4.2 GeV 0

%] ]

=< |- -5 -5 0 X< |- -5 - 0
-d S b Y -d S b Y
(e o

down strange bottom photon down strange bottom photon
- i
= |91.2Gev O 126 GeV 10 ke ~GeV ~GeV - |91.2 GeV 0 126 GeV
OVC o\ OVI 2o Z 0 H o\ 0 OV‘E Zlo 0
L ’ ’ ) I? — c —
%) 0 0
electron = muoyl £ L ey S| weak Higgs electrgn muol [ § weak Higgs
eutrno neutripio = | force boson neutrino neutrifio = | force boson
L ! L ‘
" 0.511 Mev 105.7 Mev 1.777 Gev  |soacer spin 0 " 0.511 Mev. 105.7 Mev 1.777 Gev —[m0acey spin 0
< c c o =
S 1 =il =il T 5 |t 1 S =il -1 -1 g +1
3 2 5 2
- jy-ctron . Eu @ ‘I%?gg - electron muon tau @ %?cag

»w APortal o through neutr i imandefnektranesa coupl i ng Wkiowstkilgr% ri ght

Y y T woon © w oo N Yanagida 1979
fl fl (®) T/r U oobe U U U DU (€210 Gell-Mann, Ramond, Slansky 1979

.. Glashow 1979
o hhn L,
Jb hh hh
cmp fl

—= @7 77RO ¥ px006
where 0, are the lepton doublets, "Ois the Higgs doublet, and wp.are the corresponding new Yukawa couplings
C Lepton flavour violating term results in mixing between 0 and SM active neutrinos

NOTE: Discovery of Higgs vital for this extension!
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) Making neutrinos count!

LA

% Neutrino mass matrix with both Dirac and Majorana masses

CL{
Ve

f ) 460 @ 006 @s [ [g

v, With Majorana mass scale 0 >>a (= @ p) obtain physical mass eigenstates

/b X

C Active neutrino mass & X

eV
l 010

)x[‘)x[‘)

C Heavy singlet fermion mass & x 0 (p

10°
10

1072

C See-saw mechanism

» Effective mixing between 0 and active neutrino > j —& — 106

B ﬁ
/b hh

C Total coupling » i
h

h
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a“U] BB

No new energy scale!

t
c b i ¢ N2 N; BRU 11010
S osc
¢ DM
VN, 102
V3
VNI v, 1 0_2
quarks leptons Vi 1076

ﬂxu(—) L pT U OQ¢ffiseesaw |

Dirac masses

I mi t 0)

Majorana masses

R. Jacobsson



Intriguing possibility with HNLs in “vMSM” o e};

arXiv:0804.4543v2

v, 0 and 0 with degenerate massof“ & 7& (100 MeV i GeV) responsible for neutrino oscillation and tiny
masses and extra CP violation through interference in oscillation leading to leptogenesis A baryogenesis

10°°
1076
U F] 10-7 .;’.-.'... aes
0 ) ” " CP violation 3
’, 7, O . . 8 i
O : : O - ..O\ L=~ In oscillations o " \
I : / \‘ '/ \\ Sphal = o
I < I — 1 phalerons
? x ) 1} » ) ” 1> " 3 A‘ > 3 \{ [
U ) U ) )
e.g. Phys.Rev D, Vol. 42, 10 (1990) 107"

e.g. arXiv:1006.0133v3

v, 0 with very small coupling and a mass of ¥ (keV) as Dark Matter!

Subdominant radiative decay

?
0! ) [

Interaction strength sin2(29)
Tremaine-Gunn / Lyman-o. /

0

1 2 5 10 50
C Dark matter mass Mpy [keV]
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&N Observational consequences of HNLs (accelerators) AVa

v Indirect observables
A PMNS matrix unitarity violation
A Deficit in Z «invisible» width
A LNV and cLFV
A Modification of Fermi constant C Electroweak precision observables
O Op P p 2]

v Direct observables:
A Visible decays 0 © & i ¢n detectors with displaced vertices, lepton and charge identification
A Production in
A Kaon, charm and beauty hadron leptonic/semi-leptonic decays
A Higgs, Z, W, visible exotic decays with LFV and LNV

Ex. Proton-proton colliders (LHC) Ex. Proton beam dump (Near future!) Ex. Electron-electron colliders (future)

Colloguium at 15t International Neutrino Summer School, Bologna, ltaly i 5 May 2024 R. Jacobsson



. >
&N Why SHiP? a%a
v, SPS accelerator energy and intensity unique to explore Light Dark Matter and associated mediators, and /77 mass
generation T FIPs generically - Region that can only be explored by optimised beam-dump experiment
C Large lifetime acceptance - production modes in limited forward cone

~

C SPS energy and intensity provide huge production of charm, beauty and electromagnetic processes

E.q. Heavy Neutral Leptons

I N Excluded

05 1 | 5 10 ‘ 50
my [GeV]

A Return CERN SPS accelerator to full exploitation of unique physics potential made available with termination of CNGS
C MHIPPhysi cs HRepoRray.sPhys.d9 (2016)124201
C Unique direct discovery potential in the world in the heavy flavour region,capabl e of reaching fiph
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https://cds.cern.ch/record/2007686/files/arXiv:1504.04855.pdf

&N Why SHiP? AVa
\/ \/
v, SPS accelerator energy and intensity unique to explore Light Dark Matter and associated mediators, and /77 mass
generation T FIPs generically - Region that can only be explored by optimised beam-dump experiment

C Large lifetime acceptance - production modes in limited forward cone

C SPS energy and intensity provide huge production of charm, beauty and electromagnetic processes

E.g. Heavy Neutral Leptons

Vo)
S ~ AN N ‘o
S N N X Baplided
S N N\ (e,

whp Q
2] 00

A Return CERN SPS accelerator to full exploitation of unique physics potential made available with termination of CNGS
C MHIPPhysi cs HRepoRray.sPhys.d9 (2016)124201
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. >
&N Why SHiP? a%a
v, SPS accelerator energy and intensity unique to explore Light Dark Matter and associated mediators, and /77 mass
generation T FIPs generically - Region that can only be explored by optimised beam-dump experiment
C Large lifetime acceptance - production modes in limited forward cone

~

C SPS energy and intensity provide huge production of charm, beauty and electromagnetic processes

E.g. Heavy Neutral Leptons

1075

whp Q
15 00

U2

10-10_

05
my [GeV]

A Return CERN SPS accelerator to full exploitation of physics potential made available with termination of CNGS project
C MHIPPhysi cs HRepoRray.sPhys.d9 (2016)124201
C Unique direct discovery potential in the world in the heavy flavour region,capabl e of reaching fph
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SHiP @ SPS ECN3 beam facility

m From SPS L

4x101° protons per year available

Colloquium at 15™ International Neutrino Summer School, Bologna, Italy i 5 May 2024

AVa
\/

Experimental halls

Underground beam
tunnels, caverns

Service buildings

Underground
Technical galleries

-

. Jacobsson
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) BDF/SHiP optimization of physics reach AVa

LA

v» Target design for signal/background optimisation: o AN T
A Very thick A use full beam and secondary interactions (12! ) ;7810“5— 5 sy i #ﬁ E
A High-A&Z A maximise production cross-sections (Mo/W) W
A Short | (high density) A stop pions/kaons before decay 10°E E
¢ BDF luminosity with the optimised target and 4x10° protons on target e
per year currently available in the SPS g
C BDF@SPSfl [Ww QO] =>4 x 10% cm2 (cascade not incl.) A/
C HL-LHCHl [0Q& 1] = 10%2 cm2 mT Lol

C BDF/SHiP annually access to yields inside detector acceptance:
A D 2x10'” charmed hadrons (>10 times the yield at HL-LHC)
A D 2 x 1012 beauty hadrons
A D 2x10% tau leptons

A Q1029 photons above 100 MeV

A Large number of neutrinos detected with 3t-W n-target:
ouv Tt '[peryear, and 2x10%’ "X 7x10° " [ despite target design

v, No technical limitations to operate beam and facility with 4x101° protons/year for 15 years
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BDF/SHiP experimental techniques e}'l

C Explore Light Dark Matter, and associated mediators - generically domain of FIPs - and n mass generation
through :

Decay sighatures Scattering signatures

-

Heavy target + detector ,.»

.
o
.
.
I \
S,

Also suitable for neutrino interaction physics with all flavours

Absorber/sweeper Decay volume

1318w 01109
2}

Pr Protons L

% Designed for exhaustive search by aiming at model-independent detector setup

A Full reconstruction and identification of as many final states as possible of both fully and partially reconstructible modes
C Sensitivity to partially reconstructed modes also proxy for the unknown

A In case of discovery C precise measurements to discriminate between models / test compatibility with
hypothetical signal

¢ Critical with FIP decay signature search in background-free environment and LDM scattering

~

¢ Rich fAibread and buttero neutrino interaction physi
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BDF/SHIP in ECN3 AVa

Examples of primary final states: ' '

Physies model Final state
SUSY neutralino Eav, (FKT, (Fp7 (v
Dark photons ere 2, 3m 4m, KK, qq, DD
Dark scalars o, KK, qp. DD, GG
ALP (fermion coupling) 00, 3m,grm, g

HSDS ALP (gluon coupling) N Ty, WL T, Y

Two separate detector systems: NSNDO agg_rdmﬂ“nm—ISD
XIno v

ALP (photon coupling) ¥y
SUSY sgoldstino Ny, 070 2w 2K
LDM electron, proton. hadronic shower

SND  v., 7, measurements 7t

Ventilation wall

Neutrino-induced charm production (v, v,,v,) D, D*, DO, DY AF, A.

Access shaft (4x8m?2)
(existing)

Hadron absorber

Service bul
(existing)

ing

Target complex

Access shaft (8x8m?2)
(new)

Muon shield ’

Scattering and
Neutrino Detector (SND)

Decay volume

Spectrometer

Particle ID
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G}

Target tracker
Upstream Background

HCAL/ 1mystem
. Tagger Decay volume
Neutrino target / \

Tagger

SHiP detector in more detail

Surrounding Background

Timing detector

| o

Main tracker

N

PID - ECAL/HCAL

/

E
(o)
2 =
——22.00 - - J300—
o o o o o o o
S ™ ~ - N o ~
o Ln] - o o ()] 0o
+ o o 0o 0o (03]
+ + + + +
- > <€ > € > <€ > \?
\0'\' > R Q}b SND detector Hidden Sector Decay Spectrometer
O@Q 5 & é&@ ée‘ Spectrometer magnet (SC)
(¢ Q ’ 4 . - < .
R A oY Designed for dAzero backgrou|ndo in decay sear
S &FF o S : :
<2 s & A Suppression of p/K decays by target design
é‘bq? A Suppression of muons by magnetic shield
< A Suppression of neutrino by decay volume under low air pressure
A Background veto taggers
A Momentum and decay vertex information } by main tracker
A Impact parameter at target
A Coincidence timing
A Invariant mass } Not currently used in
A Particle identification background suppression
R. Jacobsson 17
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Target tracker

HCAL/ 1mystem
Neutrino target \

SHiP detector in more detail AV

Surrounding Background Timing detector

Tagger Main tracker

Decay volume
/ \ / \ PID - ECAL/HCAL

Upstream Background
Tagger

4x6 m?
I
[

22.00 - J300—
o o o o o o o
= ™ ~ N N N
o Ln] - o o ()] 0o
+ o o 0o 0o (03]
+ + + + +
- > <€ > € > <€ > ?
\0'\' D X Q}b SND detector Hidden Sector Decay Spectrometer
@Q N ~Q\0 <& Spectrometer magnet (SC)
& > QQ P ' . .
R A oY Designed for Azero backgrouyndo i n decay sear
O FP oo S : :
N @"’&b*o{\ Suppression of p/K decays by target design

A Impact parameter at target
A Coincidence timing

A Invariant mass } Not currently used in
A Particle identification

<& All subsystems have undergone first level prototyping/beam test, and critical
components have been through large-scale prototyping

U CA U U V CA w,

by main tracker

background suppression
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- AV
@\ Beam-induced background VA

Background and detector optimisation studied with complete experimental setup implemented in GEANT (FairShip)

% Critical muon shield optimised for muon spectrum

p. (GeVic)
uons/s

8 - 50 mrad 25 mrad

20 mrad

10*
10°
102
10
0 . 50 100 150 200 250 300 350 !
p (GeV/c)

C Most fidan g e-tymemaods aseiprgduced in charm and beauty decays, and in QED resonance decays (e.g.” © * ).

10000

1x1010
6 2000 .
a 1500 1108
1000 6
Target 2 . 1x10
b : 500 |
Protons > S > s

é-

x (cm)
o
usw/h

100

Magnetisation of 500 |

hadron absorber 1000

-1500

0.01
-2000

0.0001

! L L L L b o
0] 5 10 15 20 25 30 35

0 2000 4000 6000 8000 10000 12000 14000

zlcm)
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) HSDS: FIP decay search background evaluation

Residual flux of muons and neutrinos lead to three categories of physics background

Muon combinatorial Muon DIS

wall

m

ey Sy
:ED u sweeping field

HS decay volume
@, " -
— _ = 7“‘77

decay vessel

AVa
\/ \/

Neutrino DIS

spectrometer

HS decay volume

vacuum

A Backgrounds from muon and neutrino DIS are dominated by random combinations of secondaries, not by V%

([@%

([@h

Criterion Selection Requirement

Track momentum (and track quality) > 1.0 GeV/e

Vertex quality (distance of closest approach)
Track pair vertex position in decay volume

Impact parameter w.r.t. target (fully reconstructed)
Impact parameter w.rt. target (partially reconstructed)

< 250 cm

<= 1locm

= Hem from inner wall

=100 cm from entrance (partially)
< 1l cm

Background source

Very simple and common selection for both fully and partially reconstructed modes i model independence
Redundant - Possibility to measure background with data, relaxing suppression techniques

Expected background is <1 event
for 6 102° pot (15 years of operation)

Expected events

4+ Time coincidence 4 UBT/SBT

Colloguium at 15t International Neutrino Summer School, Bologna, ltaly i 5 May 2024

Neutrino DIS
Muon DIS (factorisation)*
Muon combinatorial

< 0.1 (fully)/< 0.3(partially)
< 5 x 1073 (fully) / < 0.2(partially)

(1.34+2.1) x 1074

R. Jacobsson
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N HSDS: FIP decay search performance, all benchmarks £

HNLs (e) (BC6) Dark scalars (BC4) "
10-4} @) Excluded ] b) Excluded |! |‘ T_
1078 J of
1078
HNLs (m (BC7) __ HNLs (t) (BC7)
1071 | | | | 2 | | . . | 104_3) Excluded 10—4.b} Hﬁ Excluded \\
0.1 05 1 5 01 02 05 1 2 5 ] '
my, [GeV] ms [GeV] 108l 107
—— Dark photons (BC1) A —— ALPsA g ¢BCY9) = S
10-7 El."‘-,.-\,\:-._‘___ﬁwf,..\h_, \v“-”rf.«\k.\,-'\f\h“a’\f"ll\ _|I'|L_ ] '_ql_ S ETCIUﬂEG | 1078 10-?
0.001} VH e .
"T; 10-1t 107
oy, 10711 ] {,q_','tJ . . . . . 1072 L 1 .
Excluded = 02 0.5 1 2 5 0.1 05 1
15 2 1078 .. My [G'e""l] My [GEV] .
10 ) — Dark scalar (BC5) —— Ug_((1) - mediator —
e | 10*g) Excluded ' 1 10"e) -
0.05 0.10 050 1 0.05 0.10 050 1 Ol el T
m, [GeV] m, [GeV] L
ALPsA ff (BC10) — ALPsA gg (BC11) _ §10'15'
AL B e, ."/ | J",l 7 — 10_1? I
0.001 L g S
107 E— 107"
4 17
s 10 E . . . . . 1021} . . . .
1050 1= 01 02 05 1 2 5 0.05 0.10 050 1
= 1078k ms [GeV] my, [GeV]
1078 |
X T R— Y 5 02

+ also SUSY-related benchmarks

my [GeV]
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HSDS: FIP decay search performance, all benchmarks (3

HNLs (e) (BC6) ~ Dark scalars (BC4) "'
104} ) Excluded _ |‘ |LT
J |

1078

1079

HNLs (m (BC7) _____ HNLs (t) (BC7)

1[]—10

e
10712 | 104t a) Excluded 1 DA;Fb] H“x Excluded N
0.1 05 1 5 01 02 05 1 2 5 ]
my; [GeV] ms [GeV] | 107
—— Dark photons (BC1) —— ALPsA g ¢BCY9) = % 109
c . Excluded
1077 _}'%N\”WN’WVWWJ\J | IS —ql— 1M | 1077
0.001 \ ) r]- -Lx._\_,_wm-mﬂ o8
— < n
"W 107" 18 N : : - : 100 : : '
Excluded .y - D 02 05 1 2 5 0.1 05 1
> = B my [GeV] my [GeV]

Ug_ (1) - mediator

10—11 e

Dark scalar (BC5)

Excluded

Exploration of (2-5 S 1-2) orders of magnitude (coupling? § mass) beyond current experiments
In all benchmark models

0.001 I,-'I \ “l L|I1y-'_ o 10_19

107 - 10712
N I I I I I 10—21 I I I I
= T B — 01 02 05 1 2 5 0.05 0.10 050 1

> ms [GeV] my [GeV]
1078
107 b . s
0.05 0.10 0.50 1 5 0.2 05 1 2 + also SUSY-related benchmarks
m, [GeV] m, [GeV]
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G}

2.3 events
100 events
- — — 1000 ever_1ts )

104

|

10-5

10-

Ve

Heavy Neutral Leptons

Physics sensitivities - FIPs cont'd

Experiment aimed at discovery and measurements C Number of signal events (6x102° pot)

AVa
\/

- Step 1: Characterise new object - precise mass, branching ratios, spin: * (p Jtevts

- Step 2: Test compatibility with hypothesis addressing SM issues: “ (p Tt TTp TT TI @ViS

O. Mikulenko (Leiden Univ.) et al.,

: ANew physics at tHe
10, how much can we | ga
- L Loguoled to be submitted

0.5 1 2 5
g my [GeV/c?]
C E.g. check if HNL mixing pattern fits neutrino flavour oscillations, and lepton number violation and BAU
U? 2
NH@SHIP-ECN3 (my=15ev) Uzeesaw IH@SHIP-ECN3 (my=15 Gev) s -
25 -8.0 0., 1. o - TRyl
0. o1 10 10 1 = B ‘_'_S_jlp W. 2X1020 pot -.‘...
1020 M 10-85 =3 | Belle 2
10"5 ll 10-29 0.2 0.8 107 1. ' w — FcCee
S00events 4110 Ml 10-95 300 events 10-5 CHARM o — SHiP, U7 ]
' .1 = BAU possibl =
-6 | LA 107 o — BAUIlimits 1
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N LDM scattering and neutrino detector (SND) e};l

v 3 tonne LDM/neutrino W-target instrumented with layers of emulsion films
A Micrometric accuracy is crucial for detecting tau neutrino by tau lepton decay vertices, and detecting neutrino-induced charm

A Reconstruct electron and muon neutrino flavour from identification of electromagnetic showers and muons

A Magnetised muon system for charge determination 0.04 ons
muonf;;n HS spectro
n ILDM target system 0.035 “m":::s i:":ND et
ECC + SciFi T acceptance

Muon spectrometer 0.03

18x Target Trackers

17x Target walls

0.025

3.1t W/ 160 m2 emulsion 0.02

PR

(Emulsion 4 x SND@LHC)

|I[I|IIII|IIII1IIIIII‘1=T=II

0.015

0.01

UBT 0005
L ‘-'Iu s v--t%:ﬂgq
Ee————s etant i dey oy, s b g A AR PR
0 20 40 60 80 100 120 140 160 180 200

P[GeV/C)

A Neutrino energy from determination of electromagnetic/hadronic energy in target and muon momentum

A Muon momentum range covered by both SND muon system and HSDS spectrometer (25% of total flux)

C Purely electronic techniques under investigation in the context of SND@LHC upgrade to replace emulsion
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LDM scattering and neutrino detector (SND) e};.

% 3 tonne LDM/neutrino W-target instrumented with layers of emulsion films

A Micrometric accuracy is crucial for detecting tau neutrino by tau lepton decay vertices, and detecting neutrino-induced charm
A Reconstruct ele{

and muons
A Magnetised muc

muons

____ muons in HS spectro
acceptance

muons in SND spectro

acceptance
18x Target Trackers

" S B,

| PHYSICAL REVIEW LETTERS

2.6m

. Recent Accepted Collections Authors Referees Search Press About Editorial Team R
(Emulsion 4 x SHf

:::7—____:7“%'—‘-@"_"‘“&3*"—'%4, O ST AT S e
60 80 100 120 140 160 180 200
P[GeV/C]

Experiment

mentum
R. Albanese et al. (SND@LHC Collaboration)
Phys. Rev. Lett. 131, 031802 — Published 19 July 2023

A Neutrino energy}

A Muon moment

flux)

C Purely electronic techniques under investigation in the context of SND@LHC upgrade to replace emulsion
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SND: “Direct” light dark matter search

Background is dominated by neutrino elastic

% Direct LDM search through scattering, sensitivity tof

instead of indirect searches|

.~ Electrg

X )
showe
BN

n-induced

VES

with missing-E technique

e“ap(my/my)*

Y =

my/my = 1/3, ap = 0.1

~

C

AVa
\/ \/

and quasi-elastic scattering, for 6 102° PoT

6 102

Ve

ve v, b, all

Elastic scattering on e
Quasi - elastic scattering
Resonant scattering
Deep inelastic scattering

156

81 192 126 555
27 27

Total

156

108 192 126 582

-

<Q
—
—

—

Q
—_
he]

—

Q
—_
w

Excluded

Expectation from relic density is within rea¢h

—
o™

20

50 100
my [MeV]
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o : ino | ' | i
=N SND: Neutrino interaction physics (1) \VAV,

. Huge sample of tau neutrinos available at BDF/SHIP viaDA t n :'\ (N:gug:golr?gigypfgfggumf°f [— wantiw
10 — Ve+anti-ve

— Vetanti-ve

N

A Despite target design to suppress pion&kaon decays, statistically valid
sample of electron and muon neutrinos as well

107

A, p bfor all neutrino flavours

A Measure kinematic variables in both CC and NC DIS

10 |

|

i

<E>[GeV | Beam dump | <E>[GeV | CC DIS interactions -
N, 6.3 4.1 x 107 63 2.8 x 10° R,
N, 2.6 5.4 x 10'® 40 8.0 x 10°
N,. 9.0 2.6 x 10'° 54 8.8 x 10* : :
N, 6.6 3.6 x 107 49 5.9 x 10° Systematic uncertainty from knowledge of n, flux
N5, 2.8 3.4 x 108 33 1.8 x 106 - -
N, 0.6 57 % 1016 74 6.1 % 10 1. D, production cross-section at SPS
A Currently 10%, but NA65 expects to reconstruct ~1000 events
Incl. reconstruction efficiencies 2. BR(DA t n) ~3-4%
Decay channel l ”-‘HI.\ - ’_”-‘“_, 3. Cascade production of charm in thick target
T — H < 107 3 = 107 . . :
’__} ’:1_! 97« 10 A SHiP plans dedicated experiment to measure J/y and charm
S 11 = 10° production using muons in targets of variable depths
T—e 5w 108 . _ _ .
Total FT % 105 C Plan to reach ~5% uncertainty in n, flux seems realistic
C Also plan ~5-10% uncertainty in n, nflux
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SND: Neutrino interaction physics (2)

C Measurement of neutrino DIS cross-sections up to 100 GeV
A 'O <10 GeV as input to accelerator-based neutrino oscillation programme

A n, cross-section input to atmospheric oscillations and cosmic neutrino studies

A ~5%

C LFU in neutrino interactions
A, ~5% accuracy in ratios: n, /n.,, n, /n, and n.,/n,

C Testof F,and F; (O mh"O "Oj ¢ awith & © m) structure functions in ,,

A Never measured, only accessible with tau neutrinos, realistically at <10%
[C.Albright and C.Jarlskog, NP B84 (1975)]

C Exotics, &

olv,) (v, events observed) ,'FEv#[""n Aux)dE

;_rl:'L'P:I N (v, events observed ) I,Errivp flux ldE

=1.08+0.17. C 15%)!

=l - %  MicroBooNE, PRL 123, 131801 (2019) §  CCER (1097 Seligman Thesis)
§ 0| - Full phase-space a <] —_ Lo b Y IHEP_LINR, 2P C70, 36 (1958)
= N - - b, > 1.6 79 MINERvA, PRD 95, 072009 (2017) ~ O CDHS, ZP C35, 443 (1887) )
] - . o O (] [ 4 T2K, PRD 93, 072002 (2016) 4 BNL, PRD 25, 617 (1982)
= - 1 /'/ - N (4] L 4 T2K(CH), PRO 90, 052010 (2014) =  GGM-SPS, PL 104B, 235 (1981) ()
N % T S Qe D TRR T & s on e
"t 40~ - fay —~ r % SSRoNE PRDSB,'DIZGDE({Z]H]] o EEBCPZSPEZ' 1:7“979]
E N — . - :;;.' <t lé 1.2 u ® MINOS, PRD &1, 072002 (2010) L) M-PS, PL 84B (1979)
] 2 o o o ke | 4 NOMAD, PLB 680, 19 (2008) ¥ IHEP-ITEP. SJMP 30, 527 (1979)
- - E-" N o [ & NuTeV, PRD 74, 012008 (2008) % SKAT, PLB1B, 255 (1979)
L] I - m L
= 30 " i1 2 1
= = D 3
v L K j/ T2K v, fux E — -— F
bl - : o . v = o8 v, N - n"X
= N s I - === NEUT prediction "‘E = . U . T
£ - .
e . GENIE prediction o o w W:F ---------
- N 7 [ — — ~.0.6
o - . T = =m = NEUT average T > 3
}'4 10 et -« Ml —+— GEMIE averags 1;:' O] © pa
= —a— Gargamelle data L 0: W‘@*‘;-%;‘"
C w
- —— T2K data z 9 0.2 Vo.N - u X
L = 2
0 \ [T P T FE RN PR TN PR B
T * QO 0
0 b3 4 56 ' # . 9 “? - 150 200 250 300 350
E, (GeV) E, (GeV)
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@\ SND: Neutrino interaction physics (3)

Neutrino-induced charm production programme

% Expect ~6 10° neutrino induced charm hadrons for 6 10%° pot o CC DIS
A More than an order of magnitude larger than currently available (GeV) with charm prod
N,. o7 35 x10°
% Anti-charmed hadrons are predominantly produced by e 0 P o
anti-strange content of the nucleon (~90%) Ne 60 0.3 w108 0% fromi® of
A Understanding of nucleon strangeness is critical for precision tests total 6.2 107
of SM at LHC
C Improvement on |w | by directly identifying inclusive charm No charm candidate from n, and n,

interactions ever reported

Large data samples at SHiP will greatly improve SHIP sensitivity to PDF for x < 0.35
current measurements up to high values of x ) (evaluated in [Prog. Phys. 79 (2016) 124201)]

Meanx -0.9133
Meany 07183
. Std Dev x 0.42|59
| | StdDevy 0.5619

=
o

log10{Q2)
w

6 102

o= b p—y

=
size of uncertainty on s
., N O o ; )
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BDF/SHiP tentative schedule

Accelerator schedule 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031 | 2032 | 2033
LHC Run 3
SPS (North Area)
BDF / SHiP Study “Pesign and prototyping Production / C&#dction / Installation
Miestones BOF _/DRsstudies JRR %
Milestones SHiP 7. TDRstudies PRR
1 I
Approval for TDR Submission of TDRs Facility commissioning

~3 years for detector TDRs (approval in 2023 is critical to ensure timely funding)
Construction / installation of facility and detector is decoupled from NA operation
Important to start data taking >1 year before LS4

Several upgrades/extensions of the BDF/SHIP in consideration over the operational life

2030 2031 2032 2033 2034 2035 2036 2037 2038

JIFMAM|J|J|A|SIO|ND|J [FMAM|J|J|A|SIO|NID| J | FMIAM|J|J|A|ISIONID{ J|FIMIAM|J [J|ASIONID{ J | FIMIAM J | J|A[S|ON|D ] |FIM AM| J|J|A[S|O[N|D] J | FIMAM| ]| J|A/SIOIN[D] J | FIMAM|J | J|A/S|ON|D J |FIMAM ]| J|AIS|O|N|DJ

C X

Opportunity for ‘

gansolidatic rjrﬁe ENSion Run 5 ‘

I TT

SPS decoupled from injector role in 2042, fully dedicated to proton/ion FT physics

BDF | ||| Run4 |BDF/SHiIPopenatiar ¢
¢ommissjoii F‘ ‘

2039 2040 2041 2042 2043 2044 2045 2046 2047
JFMAMJJASdNDJFMAMJJASOWDJFMAMJJASONDJ M| J| FM Dy J|FM| JIFM| J|FM Dy J| FM| Di
'LSS ‘ Run 6 LSx
0 rlElbln il t |y [ETENd of LHG

Last update: April 2
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cE) Overview of BDF extensions AVa
\/ \/

»w Preliminary studies of oppopragammetsynergeticdllowiteSHiPe nd BDF O
A Irradiation stations (nuclear astrophysics and accelerator / material science applications)

A LArTPC to extend search for FIPs using different technology

A TauFV to search for lepton flavour violation and rare decays of tau leptons and D-mesons
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v Can be exploited synergetically with SHIP as complementary radiation facility

Extensions: Irradiation stations AVa

A Similar profile of radiation as at spallation neutron sources

A Aflux of ~1013 - 101* neutrons/cm?/pulse in the proximity of the BDF target ranging from 1x1018}

thermal neutrons up to 100 MeV

A Unparalleled mixed field radiation near target ~400 MGy and 1018 1MeV neg/cm? per year

| | S

External irradiation station

\/ \/

Energy distribution at the side of the target, 1=4.101%
1x10%?

70 cm target side

1x1017§

n
phys—
n at Al position

1x1016[

dn/dInE [1/cm3]

1x1013

1x1014} 3.4 m target side 4
1x1013F ’ ; H i ) 3
1012 101 10 10% 10% 102 100
E [GeV]
TWO zonhes:

Internal irradiation station

v, Cross-sections important for nuclear astrophysics

- Internal: 100-400 MGy / year
adapted for irradiation of
small volumes

- External: Larger zone of O(m?)
with lower radiation level

v Radiation tolerance test of materials and electronic components at extreme conditions expected at FCC

Colloguium at 15t International Neutrino Summer School, Bologna, ltaly i 5 May 2024
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Extensions: FIP searches with LAr TPC detector AVa

LArTPC technology is currently used in neutrino and cosmic Dark
Matter search experiments

v Large experience at CERN with building 700 t detectors for
DUNE

v Space available behind SHiP allows installation of LArTPC with
an active volume ~3 3 10 m3(~130t) and associated
infrastructure . Milli-charged particles

0'100;_ Excluded

CExtends SHi P6s physics reach001%3sing di fferept ~techno

w i e

— — — —
—_
- -

0.001¢ - - -

_ -~ - — — —— LAr@SHiPg,  -30mev]

New opportunities with LAr@SHiP, - = - - = LAr@SHiPe,, - 1omev]

A. De Roeck et al, to be submitted 1074t — - LAr@SHiPg,, - 1vev |
: —— MiliQan, Run3 7

50 100 5001000 5000 107
m, [MeV]
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Extensions: Tau flavour violation experiment

Intercepting 1-2% of protons in BDF line with wire target and mini-LHCb-like detector ___

A n, [year!] ~O(10'%):t A 3m tA m tgA eemt A emm

A Ny resons [Yeart ~ O(10%%) : Also opportunity for 00 *

y
L

NS

~5 x (0.4mm x 2mm) tungsten

wires (actually bl ad

L
o= e

C to yields with 5 years of operationand
assuming branching ratio 1019

TaUF Helium vessel with
] target blades +

pixel detector

(TauFV acceptance * preselection efficiency = 5%)

| E

Downstream
Spectrometer tracker calorimeter

Side view

N\

magnet / Muon system
\ ¥

-

Experiment PoT / [ Ldt  Yield
TauFV 4 % 10™ 800
Belle 11 S0ab! 1
LHCbh Upgrade I 50 fb~! 14
LHCbH Upgrade II  300fb~" 84
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cE) Summar aAVa
=~ d \/ \/

v, Unique physics potential of SPS to exploreiin Co u p | 1 n gwithrsynengyt betweenaccelerator-based searches
and searches in astrophysics/cosmology

A First hints might come with breadth of modern earth/space-based telescopes

»w TNew Physi aaPhyqch(RP) @ 2 7?1
CSearchmorfewscaled very feebly interactin ysics highly |
C HNLs with masses in Q@ & A  provide very interesting possibilities
as a minimal SM extension (b mass and oscillation, BAU, DM)
C Theoretical calculations in some models may give input on preferred & b |5 |

v, BDF/SHIP capable of covering the heavy flavour region of parameter spal
out of reach at collider experiments

A Capability not only to establish existence but to measure properties and test
compatibility with solutions to SM problems

See-saw limit is almost
A Unique complementarity to FIP searches at HL-LHC and future e*e--collider, where in reach below charm mass

FIPs can be searched in boson decays

% Ri cthi shncui pom@ubhwmno physics programme, including fun
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