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The SHiP experiment

BDF service building Experiment service building
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background taggers
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The SHiP experiment

SM processes Gl . .
e Measure neutrinos (all flavours) &=Synergy with SND@HL-LHC
Separate anti-neutrinos (mu and tau)

e | DM and other BSM processes

Tag residual muons and

~ 30&int (W+Fe)
muon/neutrino inelastic

Stop everything but muons Deflect muons

and neutrinos interactions
\ E
High-intensity | Hadron =) i
400 GeV p Absorber _ _Muon shield _ _ ‘ ..... SR
—_————————
|
Dense target. He balloon spectrometer tracker
+ timing det
+ PID detectors.

SHIP physics programme
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Neutrino physics

106 = 107 = 10° —
i s Ve + Ve vy + Uy Ve + Uy
FPF: 20 ton / 3ab™! SHiP NuTev
5] .,” » AT ey ™ 4 EPE' 20 to 3aph—!
= W o TN FPF: 20 ton / 3ab~? 10 FPF: 20 ton / 3ab
\s N e, e L ma = ’__,/”‘\\
FASER/AAVSND '\ Mo 7 Ny
4 n / 3abh-1 N 3 R »
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3 \ 3 " 1ton/3ab™? \\\ g /,’ lton/3ab™'
X 1 < 1 LY amemT e . ) o
Wygdd = 102 I 8 3
2 ’ “ FASERvRun3
7
107 ; 1034/ 10*;
ISND@LHC
/ I Run3 m SND@LHC Run3
10t L7 — i : 102 - e il 10° ; .
10! 102 103 10 10! 102 103 10 10! 102 103 104
Neutrino Energy E [GeV] Neutrino Energy E [GeV] Neutrino Energy E [GeV]
. . . CERN-PBC-REPORT-2025-003
— running experiments - - - planned experiments

Very complementary projects. Unique sensitivity of SHiP for tau neutrinos up to O(100) GeV.
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Neutrinos @ SHiP

PDG - nu_mu data

O /E(v,v,)=0.68x107 cm?/GeV

* vz‘:%NgEé PBNED‘OZSiZ‘g‘:)m (2019) ¢, CCFR (1997 Seligman Thesis)
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No data for nu_tau
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A detector concept within the muon shield magnets

2 sections, 3 technologies:

o  SiStrip-W/SiPad-W high granularity calo (HGC)

o  SiPad-Fe/SciFi+scintillator tiles-Fe magnetized tracking calo (MTC)
PS: Emsion: too high constraint from experimental rate

High-Granularity Calorimeter:

1.3 tons W (baseline),
B=0,
4 )\int’

1X, per layer,
Moliere radius ~1cm for W

Magnetic fiux density norm (T)

Anne-Marie Magnan, Imperial College London

Magnetised Tracking Calorimeter:

4.24 tons Fe (baseline)
B~1.9T (in Fe)

12\
n

~3 X, per layer,
Moliere radius ~1.7cm for Fe

&=Synergy with SND@HL-LHC

Magnetized Tracking Calorimeter

High Granularity Calorimeter

HIGH GRANULARITY CAL
Tungsten [ 120
Silicon [120
Weight | 1.3 tonnes

35m

quoted dimensions refer
to sensitive volumes
Electronic bords ~10cm
around

MAGNETIZED TRA(

42

CKING CAL

Iron

42

SciFi

42

Weight

4.2 tonnes

‘%‘

60 cm

42 Fe slabs, 5 cm each
ZI10A
[Bdl~3Tm ©




Expected statistics per year — To be updated!

1.3 W tons in the Si/W : 5 1n t g .
W tons in the Si 4.2 Fe tons in the MTC From 2018target simulation
Interactions/ i.e.4.5x 10! pot Interactions/year - &
e e S0 1 GeV cut, “withCharm” cascade
CC DIS (W) Charm CC DIS (W) CC DIS (Fe) Charm CC DIS (Fe)
N, 6.8 x 10* 41 % 10° N, 1.6 x 10° 08 x 103
N, | 20x10° 8.7 x 10? N,, | 4.6x10° 2.0 x 10*
N, | 21 %10° 1.2'% 10 N, | 5.1x10° 2.8 x 10?
Ny, | 1.4 x 10 7.4 x 102 Ny, | 3.7 x 10 1.9 x 10°
N, 44 x 10* 1.7 x 10° N-. | Llx10° 4.1 x 10°
N; 1.5 x 103 8.6 x 10! Ny, | 38X 10° 2.1 %10

To be updated with new

s <10 i .
Ostat <1% for all neutrino flavours. target production!

* Need to focus on systematics

Anne-Marie Magnan, Imperial College London Spain in SHiP, 5-6 May 2026



Few highlights of the neutrino physics programme

Charm-tagging and e Differential cross section for each neutrino type,
strange PDF e anti-nu separation for nu_mu and nu_tau where lepton
- charge can be measured in MTC.
_—

G. De Lellis et al. / Physics Reports 399 (2004) 227-320

+  Other Standard Model 7
measurements. .. >

(=)
Ve

¢

Figure 5.32: Diagram for charm production in neutrino (left) and anti-neutrino (right) charged-

current interactions. 1) . (l
. V= = Ehad .
Y K b A 2
. Q" =—q" =2E,(Ena + E)(1 —cosl,) .
2 _ Q0 _ EuEna+ E)( —cost)
X X " 2p-q M Eaq ' 3 = }[Bud
= - v, P-4q Ehad Nucleon Hadron
¢ D " V= — . Shower
p-ki Enhad+ Ey
b W?=(p+q)* = M* + 2M Epaq + 2E,(Epaa + E,)(cos 0, — 1)
+  Light dark matter

+  Other BSM signatures
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Tau decay Branching Signature Background

Main challenges for the SND detector

T = pvv 17.4% Missing Pr CCy,
T — evv 17.8% EM shower & Missing Pr CCre
T T U 10.8% Hadron shower & Missing Pr
& i 7777"'0'/ 25.5% NC
Ve
_ 0.0 - Hadron & EM showers
T T Y 9.3% & Missing Py
T atnTy 9.3%
K, 1T,
T a7y 4.6%

e Demonstrate ability of our design choices for identifying different types of neutrinos:

O

o O O O

O

Separate/identify electron shower within DIS hadronic shower

Identify tau_had within DIS hadronic shower

Perform leakage corrections event-by-event to recover good missingET resolution.

Tag mu in HGC for nu_mu events with mu going out of acceptance before MTC.

Separate nu_e,nu_mu from nu_tau, tau — e,mu decay (missingET, IP reco)

Limit background from NC interaction with fake lepton reconstructed within DIS shower.

e Detector optimisation

(@)

O

(@)

Within tight constraints from the magnet design, TDR due early 2027

Overall design for the final detector configuration
Within overall design, placement of layers for an initial configuration with limited budget.

Anne-Marie Magnan, Imperial College London Spain in SHiP, 5-6 May 2026



Hidden-sector physics

dark showers

10—6.
‘ dark glueball o
o hidden valle £
S ¥ hnls hnl s
107% sterile neutrinos I X
) alps == 3
S — Py axion
0 : LU peccei-quinn
-12 = ~ b
1074t s dark photons
o hidden sector
©

0.5
susyrpvll  disappearing track

rebeca's dark roomba
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Physics channels

Physics model Final state
SUSY neutralino (EnF, (EKF, (EpF 0ty
Dark photons 0+0-,2m, 37,47, KK, q§, DD . . T
Dark scalars ¢, nm, KK, q3, DD,GG ° With hlgh StatlstICS, can also
ALP (fermion coupling) 00, 3w, prm, qf further Separate models
HSDS ALP (gluon coupling) Y, 3T, NI, 7Y using invariant mass
HNL e+, ml, pl, ™, q7'l 9 4
Axino ey ~ F
ALP (photon coupling) 2% ;% 120k
SUSY sgoldstino vy, €te,2m, 2K 8 100:_
LDM electron, proton, hadronic shower £
SND vy, Uy measurements T+ 80

[rrrpre

Neutrino-induced charm production (ve,v,,v.) DE, D* D° DO, A}, A,
60

Signal reconstruction

T

| R

@ Tracking to reconstruct decay vertex of Backg round rejecti on
charged FS. il ::(’ l w

@ Calorimeters to measure neutral candidates @ Background taggers: oy e M R, s o L)
and invariant mass. upstream and Surroundlng. inv. mass [GeV/c 7]

@ Particle identification to further distinguish @ Timing detectors.

models.
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Background rejection strategy

o u . I iteri spectrometer
SESImpIcentane, Background estimates
to suppress
. p
baCkgrouqu thIISI Background source Expected events
keeping high signal 6 P
efficiency, valid for spectrometer Neutrino DIS < 0.1 (fully)/< 0.3(partially)
all signals. decay vessel Muon DIS (factorisation) < 5 x 107 (fully) / < 0.2(partially)
v s ki I’ \ 3 -4
@ Optimisation still _ | & Muon combinatorial (1.3+2.1) x 10
) spectrometer J
ongoing. 5
decay vessel
EI H 3 To be re-optimised.
i 0 015 Backgrouna
08 Nl i ‘:] Ty o8] SN Ceey, Criterion Requirement
: o8l [0 N> p v, with m=1GeVic®
Track momentum >1.0GeV/e
06 odll bt Track pair distance of closest approach <lcm
Track pair vertex position in decay volume >5cm from inner wall
04 odll 04 > 100 cm from entrance (partially)
i Impact parameter w.r.t. target (fully reconstructed) <10cm
02 i 02 M Impact parameter w.r.t. target (partially reconstructed) <250 cm
0.0 c " % 100 200 300 400 500 600 700 800 o 200 400 600 800
( 200 Imml‘:(‘l']mmm(::;.w (m:)““ Impact Parameter w.r.1. Target (cm) Impact Parameter wrt Target (cm)
12
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1 = P _—— 1 year, full reco, charged omyg
® Dark photons (top-left) [BC1]. w_.' . : Pl e o -~ TSyears 22 partcles, , ]
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Sensitivity projections for various benchmark models defined by Physics
Beyond Colliders working group

)\ University of

Zurich™
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Challenges for 0-background strategy

e Understanding of the muon shield and impact of exact muon flux
® Systematics on neutrino and muon DIS production and kinematics of the decay

products:
o ldentify “dangerous” muons, “dangerous” neutrinos.
o GENIE/PYTHIAG/ ...
e Tagging of particles in UBT (muons, pre-UBT DIS vertices)
o Overall efficiency, including EM debris from muon shield exit face.
o Matching with the SST tracks - multiple scattering effects.
o  False-veto rates
® Tagging of DIS products in SBT
o Overall hit rate including muon flames and EM debris
o  DIS within SBT itself and supporting structures
o  False-veto rates

Anne-Marie Magnan, Imperial College London Spain in SHiP, 5-6 May 2026
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Challenges for the signal and reconstruction

® Inclusion of all pileup sources, event builder.
® Performance of SST track reconstruction

o Impact of EM debris
e Vertex reconstruction and resolution

o  For full and partial final states.

® Impact of cascade factors at production level
e Combination of information from all detectors: SND, UBT, SBT, SST, TD, Calo...
e Multiparticle final states wrt veto detectors

o Dedicated signal/background separation methods to not veto signal.

Anne-Marie Magnan, Imperial College London Spain in SHiP, 5-6 May 2026
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To do list

Physics potential of the initial “Run 4” detector configuration

o Full simulation with final target + Run-4 and Run-5 detector configurations
o  Physics TDR - 2027-2028

Plans for initial background measurements:

o Magnetic-shield OFF, low intensity
o .7

Calibration strategies

Commissioning with SM physics signals
Validation of the MC

SHiP-charm ?

o  Cascade factor has huge impact on neutrino (=HNL!) predicted rate.

Anne-Marie Magnan, Imperial College London Spain in SHiP, 5-6 May 2026
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Backups

Anne-Marie Magnan, Imperial College London

Spain in SHiP, 5-6 May 2026
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Configuration of SND within the MS optimisation

Guglielmo Frisella
The configuration of the SND inside the MS has been revised: cqudieiiucgime aniicsane

1. The SND is placed upstream of the final magnets (M4,
M5).

2. The SiT is located in the passive M4 layer and can be

extended up to 2.28 m.

The HCal is installed in M5.

4. The effective magnetic field in the HCal is assumed to be
1.1 T, accounting for the fraction of non-magnetic o s
m ateri a I s Magnetic Flux By iny-z plane for x=0 cm

e

Moved by 3m
upstream: factor O
(10%) gain in flux?

z[m}
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Neutrino induced charm production

Charm production via anti-neutrinos dominated by s-quarks
Via neutrinos shared 50/50 between d (valence) and s (sea)

. —_Rep. Prog. Phys. 79 (2016) 124201

£ [E - |based on 2 x10* pot
§ \j NNPDFS 0NNLO - SH

Study strange quark
content of the nucleon

i 3 s-quark content

L . | L | L
0.05 0.1 0.15 02 025 03 0.35

|V(;_d| = 0.230 + 0_011 “ (PDG 2022 value from neutrinos)

Goal: to measure V.4 with <2% accuracy

8
27 March 2026 Iuliano - SND Physics
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Tau neutrino cross section measurements

* Measurement of F4 and F5 structure functions

* Impact on oscillation studies, at SK/HK and IceCube

lllll T ! T T

Yo: o ' ‘ J—. Statistics
— & | ein®1-4 GeV el 2 v Xsec.
% ‘ g FSI
:\’ g Flux shape
E . . 0 € Neutron production
80 S bins with 5% 3 Non-v, Contamination
o V'r Only © ‘ [?|S Model
- g Single pion Model
‘i N Pb, per nucleon 4 § CCQE MerI
go (%) Flux flavor ratios

© TMC (solid) 1 1 | |

F ¥ F™C w0 (dash) 0 1 2 3 4

Up/Down Ratio Fractional Uncertainty (%)
e 50 100 150 200 8(Nup/Noown) / Nup/Noown

E [GeV]

27 March 2026 Iuliano - SND Physics
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Light Dark Matter Scattering

* Direct search through scattering (Maksym sensitivity studies)

* Background dominated by neutrino elastic (Martina)

 § L™
SIGNAL M vES 'I v QE '7 6 1020 Ve V( VI‘ U/‘ all
' v p Elastic scattering on e~ 156 81 192 126 555
" Electrpn-induced . o o ar >
L& chowls A g Quasi - elastic scattering - 27 27
- . - Resonant scattering - - -
B \\ N D ] acticc e 1 :
eep inelastic scattering - - -
. myfmy = 1/3, ap = 0.1 Total 156 108 192 126 582
10 e —
Excluded ‘

To be updated with new
target production!

€“ap(my/my)*
o
o

Yi=
e 3
»p
\

10- 3. Expectation from relic density is within reach ]

10 20 50 100 200 500
my, [MeV]

27 March 2026 Iuliano - SND Physics
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Hadronic shower reconstruction

Nominally only 4 )\intin HGC: leakage in MTC - or transverse.
Fraction MTC/HGC dependant on interaction z.
Lateral leakage factor (+ corrections): early interaction -> more leakage...

Hadronic shower E resolution in HGC: similar for SiStrip and SiPad, O(40%/\/E).

Hadronic shower E resolution in MTC:
o  Scintillator tiles: ~60%/\E
o  SiPad could be better with smaller sampling.

e Charm tagging: exclusive decays / dilepton, probably better in HGC, final states with

muons better in MTC.
® |Issue of overlapping lepton-hadronic shower: best granularity will help.

Anne-Marie Magnan, Imperial College London Spain in SHiP, 5-6 May 2026 22



SND Optimisation: summary and work ahead

® Reduce parameter space:
o  Fix total target weight for fair comparisons
o  Fix envelop for transverse size:
m Cost + constraints from magnet: baseline design is probably the best we can do...
e \Varying sampling in MTC for inclusion of SiPad layers:
o  Understand better impact on magnet + B field! Ratio %...

e Back layers: wherever we stop looking for neutrino vertices, should choose the cheapest
technology with muon tracking capability + shower tail catcher.

e Study of mixture of different technologies: e
Cost, technology constraints, power/DAQ constraints @

vs. muon neutrino vertex reco (IP) KEEP
vs. lepton reco capacity within hadronic shower

vs. hadronic shower E reco CALM

vs. electron E reco / charge measurement? AND

vs. tau identification, reco and charge measurement

vs. charm-tagging capabilities OPTlM IZE
vs. ??

O O O O O O O O

Anne-Marie Magnan, Imperial College London Spain in SHiP, 5-6 May 2026



dN/dlogio(E/GeV)

dN/dlogi0(E/GeV)

10°
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Hidden sectors and portals

Weakly-coupled new physics
Example: the vMSM

E = ESM + EMediator _|— EHS 2.4 MeV 1.27 GeV m.EGeV
s u s C s
@ Scalar portal: e.g. dark scalar, i i i 2
dark Higgs. 1,:"“”“ _1,:‘26 Left chirality
@ Vector portal: e.g. dark photon. 3 e Ll v
@ Axion-Like Particles (ALP) ooev] ~oo1ev ~Gev [ 0GAeY ]| ~oeV T
portal. D N]_ : T"H.stm3 Right chirality
@ Fermion portal: e.g. heavy Rei 20 Rl o SElieltly ieuin
%) 0.511 MeV 105.7 Mev 1.777 GeV
neutral leptons (HNL). ) ‘B e T
g
= electron muon tau

Example of production in charm decay

@ Minimal extension: add 3 right-handed

H Majorana neutrinos.
e - @ N1: dark matter candidate.
D Vi @ N2/N3: set active neutrino masses, create

. il baryon asymmetry via leptogenesis. y

v
ALIIETIvidric iviagtiidall, miipceridl CUINICgEC LUITIuuVILl SpMdAlll 1 orir, 9V Ividy £Usv




Dark photons - Vector portal

M. Ovchynnikov et al.
Phys. Rev. D 111, 015030 (2025)

@ Kinetic mixing e
i € g

AVAVAVAVOAVAVAVAV

@ Produced in QCD, bremstrahlung or meson decays.

@ Decays to visible particles.

- £y AN e

> M

0
A 4

A 4

5. 16

n° decay Bremsstralung

Annihilation

EPJC 81 (2021)5

08t tid N
O.SIJ Meson
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gal— QCD
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Br

o yPoee
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« P

1:.2F
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Lower bound of bremsstrahlung

Prompt signatures u u UL‘
— DarkQuest-phase-1

1077}
— FASER2-FPF
10_10 — NA62-dump
— SHiP-ECN3

N
{p~14
10165 ——
SN1987A
10—19 ; ] y )
0.05 0.10 0.50 1 5
my [GeV]

Upper bound of bremsstrahlung

Prompt signatures u u Uu
1 0_7 - — DarkQuest-phase-1 |

S — FASER2-FPF
-10 e ' 0 — NA62-dump
1077 — — SHIP-ECN3
W Beam dump N\~
10713 e
A2
10-16F :
SN1987A
10—19 f . ! :
0.05 0.10 0.50 1 5
my, [GeV]
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Dark scalars and HNLs

BC5, BR(h > SS)=0.01

T 1213

Upstream track '

lepton

U?(lepton)

s VELO e Long track :
Gé I;? '-I UZ(lepton’)
= I’hysh = eXClUded VELO track Downstream track ll o
n *Beyond rac T
® Colliders ‘ 10—2 BC7, |Ue|® = |U:|>=0
— 23 o s
% LHCb ("Downstream") ] S — — — — =
&5 < i ]/ FASER2 3 10~ excluded
E . ..’.'::. L 10_6 I*
10 °F ke ey e “TE
o e, | .
10 . Sl o & 1078} ‘l'
_7 MAPP2 | ¥ / N 5 -
L : O . 18 | o
10 SHiP ks ] S
CODEX-b % @ T [~ <' FASER2 2
-8~ ANUBIS ™. 3 / 5
108! ANUBIS ; g / g
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Millicharged particles

JHEP 2024, 137 (2024)
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SHIP-Charm

e A dedicated pilot experiment (2018) to study

: . as0f; — Primary
charm production cross section at SPS ‘°°EJ’ - ile[ascade

e Aimed to measure differential charm production :: _ﬁ
cross section including hadronic cascade \ﬂ
production eI}

¢ Demonstration of matching between emulsions
and electronic detectors in reconstruction 50

e New project developments: associate charm ~ ©  » @ © = W@ @@ e
production with di-muon J/Psi decays /

Courtesy of Kirill
Skovpen (U.
Gent)

~10 m
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Courtesy of Kirill
Skovpen (U.
Gent)

Tuning Pythiad

e A more aggressive model for underlying event (tuned for LHC) in Pythia8

e Simple geometric hadron-nucleus model giving thinner showers in Pythia6

e Tuning internal parameters (e.g. aLund) is tricky (and not enough) - would also affect the

X distribution

e Use particle « absorption » probability (P,) to control shower evolution in space

e P, =09 zmax=~ 120 cm, N~ 2000, R ~ 6 cm

o P,=0.7:Zmax=~90cm, N~ 300, R~4cm

e P,=06:zmnx=80cm, N=100,R~1cm

Hadronic shower evolution

Shawer radius (8) [em]

£ a0 100
2 position (Depth (em]

10

Number of particies (N)

Hadronic shower evolution

£ 0 100
2 position (Depthi fcm)

Charm production

Hadronic shower evolution

" P,=06

o [ %0
2 posxion (Depth) [em)

Number of partic

s ()

Shower evolution

7,
- B
bz

t '
Y
TR
b
bbb AN

-4.5 mm)
o
o
N
T

sentries

Entries/(

o
o
)

=4
2
T

CALICE W-AHCAL
T T

Data

= QGSP_BERT_HP|-
* FTFP_BERT_HP

200 400 600 800
Zcog (mm)

The PA = 0.7 is more consistent with the depth of the shower development
measured in SHIP-Charm (hadronic shower component) with proton beams -
should be best suited for thick targets and proton beams

The P, < 0.6 better matches shower maximum as measured by CALICE using

Charm in cascades
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Summary

e PythiaCascade enables the fast heavy hadron cascade generation in Pythia8

e Pythia8 produces significantly more secondary hadrons than Pythia6 —+ shower
dominates the beam for the charm/heavy production

e Pythiab is better suited for fixed-target experiments but some choices are still
rather arbitrary

¢ More tuning is needed for Pythia8
e Both Pythiac and Pythia8 have to be tuned in « opposite directions »

e Towards a hybrid approach?

- GEANT4 for stochastic propagation Cosukgsx r?f( Si””
- At hadron collision point call Pythia8 to generate charm/beauty Gent)

_ - Hand back the interaction products to GEANT4
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