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The need for new physics

Standard Model of Elementary Particles

three generations of matter Interactions / force carriers
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Are we searching in the correct place?

* SHiP will search for Feebly Interacting Particles (FIPs)

Standard Model
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Search for Hidden Particles of Nature

CERNCOURIER /i
high-energy physics

* Globally unique potential - CERN
approval Of the SHiP experiment Physics v | Technology~ Community~ Infocus & Magazine

SEARCHES FOR NEW PHYSICS | NEWS

SHiP to chart hiddén sector

 Search for a broad range of FIPs: ~ «» ™™
» Heavy Neutral Leptons (HNLSs) 8
e Dark photons
« Dark Scalar Higgs-like particles
* Axion-like particles (ALPs)

... and make unprecedented L T —
measurements of tau neutrinos

In March, CERN selected a new experiment called SHiP to search for hidden particles
using high-intensity proton beams from the SPS. First proposed in 2013, SHiP is
scheduled to operate in the North Area’s ECN3 hall from 2031, where it will enable
searches for new physics at the “coupling frontier” complementary to those at high-

energy and precision-flavour experiments. 4



What is the SHIP experiment?

CERN accelerator complex

* CERN’s SPS accelerator will be used to
fire protons on to a target (6x102%°
protons in 15 years) D
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What is the SHIP experiment?

* CERN’s SPS accelerator will be used to
fire protons on to a target (6x10%°
protons in 15 years)

 Facility already under construction

* Collisions could generate new FIPs but
will also get:
* hadrons — hadron absorber
* muons — muon shield
* neutrinos — neutrino detector
- 108 charm and >107° v_
- So far only a dozen of v_ detected

... can exploit collisions only to
extent can control backgrounds

CERN accelerator complex
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The approved version of SHIP

* SHiP approved with a conservative detector design:

Hadronabs. | [Tl

Target |
Neutrino det. |08
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Initial configuration of SHIP

* Transform the detector design to start data taking in 2031/32:

* Replace neutrino detector with
a new Magnetised Tracking
Calorimeter (MTC)

* Integrate into the muon shield
— improved neutrino physics

Neutrino det.

Magnetic absorber_ _
Scint________---
SR o




Initial configuration of SHIP

* Transform the detector design to start data taking in 2031/32

* Expand the muon shield into
the space freed-up

— reduce muon-induced
backgrounds




Initial configuration of SHIP

* Transform the detector design to start data taking in 2031/32:

* Replace vacuum vessel with a
helium-filled balloon

—> reduce muon- & neutrino-
induced backgrounds
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Calorimetry in SHIP

Two types of calorimeters:
* Neutrino physics and search for LDM scattering:
- LDM and v, = SI/W
-v,and v, 2> Magnetised Tracking Calorimeter (MTC)
Both are integrated to the muon shield
« Searches for FIPs and PID
- Sampling ECAL with pointing capabilities (e.g. ALP->yy)
- HCAL to discriminate between muons and hadrons in
wide momentum range
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Calorimetry for neutrino physics

Requirements:
 Embedded to a massive neutrino target to maximize the rate
of neutrino interactions
« Reconstruction of neutrino interaction vertex
- em-shower (v,) with modest energy resolution and good pointing
- muon identification and momentum measurement - need magnetised
absorber with tracking capability (v,)
- Measurement of hadronic energy (v, v, v,)
- Tau lepton identification in both leptonic and hadronic decays
- Reconstruct the tau-decay vertex > need vertex detector (a la CHORUS method)
Challenging since the tau travel distance ~0.5mm at the SPS energies

- Reconstruct missing Py using kinematical methods > MTC (a la NOMAD method)
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Calorimetry concept for neutrino physics

quoted dimensions
refer to sensitive
volumes
Electronic bords ~10cm
around
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Tau-neutrino physics

« Experimental signature of tau neutrino:
(i) “double-kink” topology
(from v_—interaction and t—decay)
(i) Missing P, carried away by
neutrinos from t—decay

* Very large sample of tau neutrinos available
at BDF/SHIP via D= tv. = ogy < 1% for all
neutrino flavours

» Accuracy determined by systematic
uncertainties ~5% in all neutrino fluxes,
dominated by the uncertainty of cascade charm
production of in the thick SHiP target made of W
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Magnetised Tracking Calorimeter (MTC)

 Layout of the surrounding

" electronics will be optimised:
stay within ~10 cm onll
- sides S

Magnetized Tracking Calorimeter

5cm

Scintillating Fibre Tracker

=

h 13000 channels per plane = possibly
reduced by a factor > 5

~35m

»
»

Extruded scintillator with fibre guides / |

Fibers every 1 cm
Both horizontal and vertical
reading them on both sides for 40 x 40 cm2 - 160 SiPM per plane
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MTC performance

Muon momentum measurement in
magnetised iron (1.7T field) ~15%
accuracy
Hadronic energy measurement
o(E) 50%
E VE

Neutrino interaction vertex:
c ~ 1.5 cm in xy-plane

Tau neutrino direction ~1%

- Enable to calculate the missing momentum

Events are very clean:
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N N
B0 e s ]
) L B I SRR
200—_ """""""""""""" M """""""""""""""""""""""" B0 e
1 200__ .......................................................................
ABO—f oo eeee e ;
' ABO— e eeeeres e
10—+ oo )
- . A0 +++eeeeerresere e
B0 B ma e
rer 2
N IR

transverse to the tau neutrino direction




E mu

102‘ Wt

10'

109

v, reconstruction with MTC

Main background: muon neutrino interactions
(CC for leptonic, NC for hadronic tau decays)
Kinematical variables used in ML-algorithm

- missing momentum wrt v_ direction-of-flight
- muon momentum
- energy of hadrons

numu/nutau fraction
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v. /v, are well separated in 3D
ML-based analysis is being optimised
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10° 102
E hadr/Pt miss

10°

102

10!

10°

= —V, +V,
Ve +V,
-
- ] L Ve +V,
e
B _Ll‘*~L1_ |
10" ;1“—ijﬁ‘ |
F T
102
10°E
11 1 | 1 1 1 l 11 1 | 1 1 L l L.} 1 | 1 L 1 I 11 1 | 1
10-40 20 40 60 80 100 120 140
E(GeV)
— 'v
T 800
e —
v
7}
600
g .
o . ° E
8 o %% hadr
%
200
0

10000



Neutrino interaction physics

LFU in neutrino interactions
* Ostat+syst™9 /o accuracy in ratios: v, /v, , v, /v, and v, /v,

Measurement of neutrino DIS cross-sections up to 100 GeV

* E,, <10 GeV as input to neutrino oscillation programme (DUNE in
particular)
* v_cross-section at higher energies input to cosmic neutrino studies

o)
* Ostat+syst< 2%

Test of F, and F5 (F, = 0, Fs = F,/2x with m; — 0) structure

functions in o,_cc prs

 Never measured, only accessible with tau neutrinos
[C.Albright and C.Jarlskog, NP B84 (1975)]
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Scattering and :
ming and
particle identification

Neutrino Detector (SND)

» Located downstream the SHIP spectrometer
« Composed of sampling ECAL and HCAL

based on scintillators readout by SiPMs
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Calorimetry for FIPs searches (and PID)

» Located downstream the SHIP spectrometer
« Composed of sampling ECAL and HCAL
based on scintillators readout by SiPMs
« ECAL (SplitCal concept) with pointing
- to reconstruct neutral final states
(e.g. ALP—>vyy and also n° from FIPs decays)

- Technologies: scintillator bars and GEM or
MicroMegas for high precision layers
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SplitCal:

Pl

Calorimetry for FIPs, Challenges

Achieve angular resolution

~few mrad for ALP->vyy search
Optimise position and granularity
of high precision layers (HPC)

- Main challenge to eliminate
satellite activities for precision
measurement of the barycentre

With absorber layers

2 scintillator 2 micro-megas 2 scintillator 22 absorber layers (~5 X,)
Energy resolution ~15%/\E ayers(xy overs(x &
D: Measured with 5 GeV electrons
Provide e/u/n — discrimination 02% sl wt
in a wide momentum range o e oo B L vl B e Y (i
(5150 GeV)
Optimise the cost-to-performance - " -
for a large detector “ )
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Conclusion

 Calorimetry plays essential role

In SHIP physics reach

| Orders of magnitude
| improvement in FIP searches

 Discovery would change the
direction of the entire field

-_ Rich and “guarantied” physics of
| neutrino interactions

~ 1 We must see if there are FIPs
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SHIP sensitivities: LDM decaying and
scattering signatures

Inelastic DM coupled via DP: my/my = 1/3, ap = 0.1
DP 2 X,... > X, 2> X, put - 10—
- Excluded \ ] 5
A=0.1,m,/my=0.33, ap = 0.1 il
\ T T
0.001} —
Excluded
10—6/\__\_\//’\’\/\,\/\1 Qpwm
10_9 i L 1 L L 1 P R | L 1 s L
10 20 50 100 200 500
Yy m, [MeV]
107

23



SHIP sensitivities: Dark photons &

Higgs-like scalars
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