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To start... A Note of Optimistism

® We are living privileged times for experimental neutrino physics

® Major experiments (KM3NeT, IC-Upgrade, JUNO, DUNE, HyperK)
started (or are about) = plenty of data to chew on!

N
SN

® New experiments will allow to explore uncharted territory:
NMO, leptonic CP violation etc...
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Recall on Long baseline neutrino experiments

Protons collided on target
produce mesons that decay
to neutrinos (Tt=>Hv)
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Recall on Long baseline neutrino experiments

vV beam characterised
(rate, energy, flavour)
with a near detector

Sanford
Underground
Research
Facility
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Flux Efficiency

Intraction Energy
cross-section Response
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Recall on Long baseline neutrino experiments

Neutrinos propagate
through Earth crust and
“oscillate”

Sanford
Undergrouhd "
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Probability of detecting electron, muon and tau neutrinos
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Recall on Long baseline neutrino experiments

v beam characterised
(rate, energy, flavour)
with a far detector

Fermilab
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Recall on Long baseline neutrino experiments

e Cancellation Far to Near detector is only approximate
— energy spectrum at ND and FD are substantially different due to detector acceptances

Nl;jMD (Ereco) — (I)ND (Etrue)a_(Etrue)e(Etrue)S(Etrue7 Ereco)

D (Etrue)O(Etrue)e(Etrue)S(Etrue’ Ereco)

® Next experiments (DUNE HyperK) will collect 10-100 times larger than their predecessors

e To exploit this statistical precision, systematic uncertainties must be reduced

EXp. Vi anti-v, Ve anti-ve Syst. Errors
T2K 318 137 94 16
5%
NoVa 211 105 82 33
HyperK ~10k ~14k ~2k ~2k :
DUNE 7k | -85k | ~15k ~0.5k needs 1-3%
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Systematic Uncertainties

® Dominant systematic errors arise from neutrino interactions
— Dbetter control of the neutrino flux (differential) is needed
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https://arxiv.org/abs/2605.28671

Neutrino Tagging: an novel approach

. N Reconstructing Neutrino
n ,// Interactions is difficult !
P [ S Z © e
.................................................. v o - So

Energy Resolution 20%

I\ Key Slide
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Neutrino Tagging: an novel approach

Instrument beamline to Reconstruct precisely v,
track 1" and p* properties from 1t* and p*

Associate the interaction

+
Tt with its parent decay
P Qe Qe M / /\—>i&
............................... » ol
Energy ReSOIut'On <l ............... Y"*: ‘ P A

[ Eur. Phys. J. C, 82,465 (2022) ]

I\ Key Slide
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Neutrino Tagging: an novel approach

Instrument beamline to Reconstruct precisely v,
track 1" and p* properties from 1+ and p*

Associate the interaction
with its parent decay

......................... / ’:\ |
.............................. v foe Sl
\&1 ...

-I-[+

Ideal setup to study:
- V Interactions
- v oscillations

I\ Key Slide
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https://doi.org/https://doi.org/10.1140/epjc/s10052-022-10397-8

Neutrino Tagging: an novel approach

Instrument beamline to Reconstruct precisely v,
track 1 Tnd P properties from 1+ and p*
J+
wh B D D D~
- -->("—
p [ R v /—\ ;
LI L e /L
ﬂel’Qy ReSOIut'On g Ea |

Challenge: high particule rate
(at nuSCOPE: 10" 11%/5)

[ Eur. Phys. J. C, 82,465 (2022) ]

I\ Key Slide
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The Challenge — Beam Particle Rate

4 )
At conventional beamlines (e.g. DUNE), particle rate is “huge” (~10* part/s)
protons Proton and
| Horn 1 Horn 2 Decay volume Had:::n dump
fast (us) —w=—— l P [ i
extraction pulsed horns Neutrinos
\_ to collect 1t's y
( . . . . .
A tagged beam requires an alternative beamline design, using:
® Slow extraction (few sec. long pulse instead of pys) with static focusing
® Momentum selection (remove soft 1's)
® Large (10x10cm?) beam transverse size (what really matters is part/s/cm?)
Sign and momentum selection momentum selection
Collimator Hadron
Decay volume dump B
. d Neutrino
Detector
slow (sec.) \ I ;
\ extraction [ magnets D
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A running demonstrator — NA62

=
__F:#-" - T

™ -

* Fixed target kaon experiment at CERN SPS (2015-present)
 Goal: measure B(K+ — ntvv) =gu (7.86 +0.061) x 10711
« ~10'2 kaon decays per year, mostly K™ — p*p,

* Instrumentation available to detect the K*, u*
and v, CC interaction

B
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http://dx.doi.org/10.1088/1748-0221/12/05/P05025

NA62 Simplified Layout

[ JINST . 14 . P0O7010 (2019) ]

Experiment
H2/H4
HB/H8

AMBER

MUV12
STRAW
Had.Calorimeter Muon Veto
: decay product spectrometer . o )
oam pg:ﬂzzr:gg;:umeter (Straw tubes) (Shashlik)  (scintillator tiles)
(4D pixel tracker)
KTAG
Kaon Id.
(Cherenkov)

Beam:
750MHz of
K*, " and p
(6%, 24% and 70%)
at 75 GeVl/c

14/09/2026

CHOD LKr Iron wall
Hodoscope EM Calorimeter
(scintillators) (liquid Krypton 20 ton)
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The first tagged neutrino candidate of NA62

* Data collected in 2022 with a dedicated v trigger line
* About ~5x10*? K* decays were collected

* Expected signal events:

0.208 £ 0.0134¢at £ 0.009¢yt
* Expected background events:

0.03470035] ..., £ 0.004gy4¢
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The first tagged neutrino candidate of NA62

* Data collected in 2022 with a dedicated v trigger line

About ~5x101? K* decays were collected

Expected signal events:

0.208 £ 0.013stat £ 0.009¢yst ot
MUV3
* Expected background events: 1 - Muvl - MUVR
X . CHOD Worc R t plane
+0.041
0034_0023 stat :|: 0-004syst v, + nucleon
- E ,‘ L~ hadronic shower + p~
* One signal event observed >
| [ [
EV = EK"‘ — E,u"‘ = 5209G€V o{ e I
OE, /EV = 0.34% . pt : - [
-1 -
[PLB 863 (2025) 139345] —— R T
238 240 242 244 246
Z [m]

* How to go from NA62 to a full scale tagged v experiment?
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The nuSCOPE project

® A short baseline v experiment with a tagged and monitored beam
® Bornin 2025 as the merger of the nuTAG and ENBUET concepts

® Goal: open the path to precision physics in neutrino oscillations by measuring with high
precision the neutrino interaction cross-sections on various targets

@ Ressources:
— ESPPU Contribution arxiv.2503.21589
— Kick-off workshop organised at CERN INDICO

— Atrticle on CERN Couier May/June 2026
Neutrinos on the clock

CERNCOURIER

e +

Ut \S

‘0. p:" no sps 00‘_“98(\\6
eC’Sion ExpefV

https://nuscope.web.cern.ch/
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Beam line Design

Optimised in collaboration with CERN and based on

ENUBET design

é )

Monitoring estimate
* Ve flux from K*>m%*v,
* v, flux from K*=>p*v and "->p’v

. by counting charged leptons

| l

Neutrino
- Muon ~ Muon Detectors
calorimeter Spectrometer range
_T7Ts_ToTi0 MeEter =
...... _
‘ Decay Tunnel
“‘Q3 Spectrometer y LAr TPC
?6 ’ o < 500t
%ea 0 (%ge\ Water
\G 23m 40m Cerenkov
g | > < \ 100t
Tagging

kinematically reconstruct v,
from t*->p*v (& K'>u'v)

14/09/2026
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Beam Parameters

e Proton consumption

1USCOPE

— allow to collect in <byears 10* v.-CC (~10° vu-CC) with a protoDUNE like detector (500t LAY)
— fully compatible (<25% of TCC2) with approved CERN experiments (including ShiP)

@ Central meson momentum of 8.5 GeV/c) to matched DUNE and HyperK spectra

Parameter Value

Primary proton momentum (GeV/c) 400

Beamline meson momentum (GeV /c) max. 8.5 3
Proton-beam spill duration slow (4.8s to 9.65) S
Spill intensity (protons/spill) 1 x 10!3 5
Event rate (THz) 1-2 s
Instantaneous power on target (W) 170 — 340 E
(K, 1) yield per proton (1.3 x 1072, 1.9 x 1072) %
(K*, ) rate (GHz) max. (2.7, 40) £
Annual proton intensity (protons/year) 2.1-3.2 x 1018 =
Total proton requirement (protons) 1.4 x 1019

14/09/2026
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Neutrino detector and interaction rates

® Reference detectors:

500t of liquid argon (4x4x22.3m?3) similar to protoDUNEs at 25m from decay tunnel end
Improved time reso. (0.3 - 1ns) assuming more photon coverage (R&D for 3rd/4th module)

x103‘ _

100t water Cerenkov or WBLS detector:

studies ongoing to optimise the size and placement

800

Ve

SCOPE

T T T T T

T U T | T T T _]
Ve event rate

> >
(O} (O}
C I v, event rate 0 g Event per 1.4x10%° POT
o 80 I euv_ — 1 o 700 — total event rate =
S -- monitored event rate S E === monitored event rateE 500t LAr 100t Water
© -- tagged event rate 3 600 g EENE ]
o O 1 = s00f _ v, 1.3 x 10¢
=) © : ] .
5 a0l | T 400f 1 | Monitoredv, | 1.0 x 10¢
< 40 < i i M
\ +~ 300} -
> ~ i Tagged v, 7.6x10° | 1.4x10°
% o0 |- | 48 200 f .
———————— ) B 4
q>_) | ; i 5 100 : ] Ve 1.7 X 10
, N * . ] : )
05 2 " 5 70 0 y . . . Monitored v, | 1.2 x 10
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Tagging Performance

How to match the interaction with its parent decay ?

1-[+

25 GHz

(Tt & K) (Tt=>pv & K->pv)

Association is performed using time and space coincidences

E
>_

2

Expected positions of pile-up decays

Neutrino Dectector Tagger
Time Resolution 300 ps <10ps
Space Resolution Tmm 40mm

On average: 2 in-time pile-up decays.

Ambiguity resolved using spacial coincidence

14/09/2026
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Expected positions of pile-up decays

Tagging Performance

How to match the interaction with its parent decay ?

‘I-[+

25 GHz
(Tt & K)

Association is pe pace coincidences

\ @a\e O' o Dectector Tagger
Time Resolution \. 300 ps <10ps
Space Resolution Tmm 40mm

On average: 2 in-time pile-up decays.
Ambiguity resolved using spacial coincidence
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Tagqging Efficiency SCOPE

Tagging efficiency Mis-tagging
* about 80% for Tt->pv * low (<1%) between 1-4 GeV/c
* lower for K->pv: pis emitted at larger * higher for K=»pv and at low energy (worse
angle outside spectrometer acceptance angular resolution)
* measurable on data
= 1oo>_<10.3 — 1 - = 1oo>_<10.3 — — ———————
0] C T=>UuVv all v, (13_0.105) ’ 0] L correctly tagged v, (7.9-105) i
g 80:— M tagged v, (8.110°) _: g 80:_ —— mis-tagged v, (0.210°) _:
= C N = C N
g E g o E
2 - 2 wp .
= K>uv i = i
=z 20 ﬂ ] > 20— —
o 0 2 4 6 8 10 o C ‘ ' ' ]
o i L—
+ . -
M < H \‘ % 2 4 6 8 10
D T e E, [GeV]
T & K*
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Energy Resolution

@ Muon neutrino energy estimated independently of interaction
@ Tagging gives individual v, energy with subpercent precision

| e | I T T T [ T T T T T T T I
32 | : f f
o, | 5 — 0.5% X, per tracking plane
LLl 2__ A S — 1% X, per tracking plane
~ L : g :
——
>

L
~—

©

*

6 8
E, [GeV]
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Energy Resolution

@ Muon neutrino energy estimated independently of interaction
@ Tagging gives individual v, energy with subpercent precision — |

v detector

¥

Energy
|

@ Monitoring enables to select neutrinos samples where energy is kown at 10-20%
v, eventrate / 1.4 - 10" pot

o(E )/ E [%]

14/09/2026

[T ! I R
: : — 0.5% X, per tracking plane i
_— ------------------------------------------- 1% X, per tracking plane [
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0 6 8
E, [GeV]
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Energy Resolution

@ Muon neutrino energy estimated independently of interaction

@ Tagging gives individual v, energy with subpercent precision

Energy
_—

v detector

¥

\

@ Monitoring enables to select neutrinos samples where energy is kown at ~10% (NBOA)

o(E )/ E [%]

14/09/2026

— 0.5% X, per tracking plane

_ ' = }
- — @
I : B O
_— """"""""" 1% X, per tracking plane ] -
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N ] @
= -
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0 6 8
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Cross section as function of energy

v cross section energy dependence:

crucial to extrapolate flux between near and far detectors

Study by F. Bramati

-~

(o}

g, [10738cm?/nucleon]
= (%]

W

1T | LI | LI I | LI
— AR23_20i 00 000
— G21_11a_00 000
B8 tagged v, sample oy(E,), 1.4 -10'° pot
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Study by A. Pripon

Cross section as function of energy

v cross section energy dependence:
crucial to extrapolate flux between near and far detectors

1.0 = - T T R T T =
— o(E,) 8 08—
= | oPE Pk & | =
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(42} . 7
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= 02 F— —
e 100t H,0 5 F T NoWa2s 3
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Slide from L. Munteanu

Energy Smearing

Can measure the difference between true

> .o I I I ] I I I I | I I | I | I | I I l I I I I | I | ! I I I ]
ClR s tr 0 7] i
Sl Wt b : and reconstructed neutrino energy
3|8 [ =8 G21_11a_00_000 :
—|3 S EE AR23_20i 00_000 =
¢ F = coa 500t Ar ; Er°=E,+ Y Ti+ Y E
W 47 2p2h | E et 0
d_?} i RES CCInc. . S RS
i w3 other ] “visible” energy using calorimetric method (like DUNE,
SlE. | 0 - NOvA, MINERVA)
W2 5 - =
g | 3
Wk - s ; :
o B ! :L ; v
g ——————— - Measures the amount of invisble \T
EUE Ll 1 1 J Ll 1 | A B i T | l_;— - | L E energ CarriEd away by neutrons -{,
“06 05 -04 03 02 -01 00 0.1 - o
and neutrinos ‘e
Study by F. Bramati (EY™ - Egue)f’ Egue

Calibrate out nuclear effects
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Slide from L. Munteanu

Energy Smearing

Can measure the difference between true
and reconstructed neutrino energy

= CCOn events

r 10000

8000+

EQE _ lm? + ('mgf)? = m;%w = 2E“m‘i{f

6000

2 Ey — |py| cos 6 — mi{f ’
4000+ 100t HZO m;{f =mpy — Eb
2000 JIJ CCOm “QE” energy using kinematic reconstruction (T2K/SK/HK)

[=]

I
=

Relative Error [%] Events / 1.4x10% POT / 100 t Hz0

L\\///f Measures the neutrino energy bias

=1.00 =0.75 =0.50 =0.25 0.00 0.25 0.50 0.75 1.00

(Erece _ Etrue)  Etrue due to Fermi motion, npnh, FSI...
Study by M. Pripon

Calibrate out nuclear effects

14/09/2026 Mathieu Perrin-Terrin | Seminar at LPNHE 34 /54



Electron like scattering experiments with v

® |arge statistics allows for multi-differential measurements

® Tagging allows to measure Q% and W from the leptons only

s [T T [T .
Phys Rev. Lett 116, 071802 587 e B
e e T g,/GeV <0.60 bff o 500t Ar S -
1.0} ' Do & I CCInc. =rom««{| Large model disagreement
—iﬁe:llﬁm- arrar g & - PE. 2p2h StUdy by F. Bramati
:I:::IIa :TL - 1l +‘ Q Z,EE
1 I:D — |k {’< 1 "
. ; % AERePRR
S | IS T e amae
80" 02 o040 % S LI ¥ B () oo
Available energy [GeV] gn'llfr?fTTfﬂ’Pfjr; " . “-an E
Energy transfer (GeV) |°E |
= 5001: Ar
0.1 =g
. A b CCine,
Gives access to fundamental % -
nuclear physics processes C MNRANA S, o

505 25 a0 35
14/09/2 Invariant hadronic mass (GeV) wiGev




Slide by L. Munteanu

Constraining the v,/ve cross section ratio

— v at @, === v, reweighted to @, v, at native @, (right axis)
Measuring the ve/v, cross section ratioin | OPE Hone
a traditional neutrino beam is challenging: = | 9 30000
v, and ve fluxes are different and S '~ Q o
measurements are flux averaged A b 2
w 2001 ! 20000 E
% m;— I _:13.3.;.;. ;
. = : L | =
With nuSCORP, the tagged v, flux can be £ *°f 110000 =
. = i ] oA
reweighted to match exactly the g 100F |
monitored ve flux (1% flux uncertainty) o fh
to take a consistent flux-averaged e — : l l .
. . = S 3 ' ' I T
cross-sction ratio B 75H | ]
) :
*E 25K L W oo
. E . i 1""--'7 ------------ e o it e '-'I
Theory uncertainty: 3% "0 1 e o 1 5
Phys.Rev.D 108 (2023) 1031301 Oy,
—==10.971+0.0078 (0.801 %)
y
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How long would It take

@ Number of years for nuSCOPE to reach the statistical uncertainty level expected at DUNE
and HyperK after ~10 years of operation*

175F ' ' [— years to match DUNE-FD (0.5-8.0 GeV) 10f | ' (o iy i D HypacE 0 55 G
O’OOPE ----- :‘nomina] 5yr I (JOPE R Eiomina] 5yr '
sob Q DUNE-FD osc. rate (arb.) : n 9 Q o —
E C BT C
g 125F 2 |
g 100 g 6__
2 .
= E Ot
m 075 moal
=] =}
o) 5
[ - L
v 050 73]
= N
0.00g I 2 3 i 5 6 "85 10 15 20 25 a0 35
Efrie [GeV] Efrie [GeV]
Can provide informative constraints in the Can provide informative constraints in the
region of the oscillation maxima of DUNE region of the oscillation maximum of Hyper-K
almost immediately once operation starts within ~1 year once operation starts

* time at which the statistical uncertainty should be comparable to the systematic one
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Even richer physics program

Neutrino Interactions

large v interaction samples.

Beyond Standard Model flux knowledge, energy resolution

pea

: d
alioral® +
wense & - H " P
TTH Decay: : | " S £

— Propagation/os Interaction:

T B R LLLLTT PSR H " .
K¥  eg HNL koo e it QN Os Cillation: €., Mono-v

sterile v
See next

Kaon Physics Nuclear Physics/QCD

ultra rare decay exploiting large stats repeat electron scattering exp. but with v as probe
access axial structure...
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Short baseline oscillations

® nuSCOPE opens new possibilities as:
— neutrino energy is precisely known (1<%)
— baseline is precisely known (mm)
— initial flavour of v, is known (apperance)

v, appearance sensitivity
¥ T

10°

£

10" 4

— 10
-
=

<] 10° 4

||'_|"

10

e =

=== guSCOPE 5y %% CL (0o bkg.)

mSCOPE 5y 2o (no blkg.)

=== SN} i, appearance signal 95% CL

— MicroBooNE rejected 95% CL (2023)
Ly-ox allowed (my = 3 kel

Fa
N ' bl i

07/09/2026

1w’

10 i 10" 10

PERRIN

AmF, [eV?]

A Novel Approach to Short Baseline Oscillation

Searches Using Neutrino Tagging with nuSCOPE

https://arxiv.org/pdf/2606.14263

v, disappearance sensitivity

10" 4

| = leeCube atm. 2a

=== muSCOPE 5y shape-only 90% CL (w/o syst.) [y allowed (my = 3 keV)
—— muSCOPE Sy shape-only 20 (w/o syst.) iustrative WDM bound)

=== [ceCube atm. 90% CL —_‘_‘,__-—"_‘

Ly-cv allowed (my = 3 keV)

sin? (204)
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Possible Implementations

Physics
? ;1 Beyolly
e Studies performed under the umbrella of CERN Physics Beyond Colliders bt

® Three options are considered all require

LSS2 North Area

* reference facility for
fixed target exp.

 slow extraction

* numMerous experiments
(inc. neutrino platform)

LSS4

* fast extraction (us)

* injection to LHC Beam?2

* Formerly housing
CNGS now AWAKE
(no space available)

LSS6 (TNC)

* fast extraction (us)

* injection to LHC Beaml

* Formerly housing v exp.
now only HiRadMat
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LSS2 — The obvious choice?

® New underground cavern needed as

— radioprotection prevents using surface building
(including EHN1 housing the protoDUNES)

— existing underground (ECN3) cavern already used (ShiP)

e Similar option already studied for SHiP (ECN4*) but
NuSCOPE requirements are significantly lower

e Pros/Cons
O new facility with full flexibility
© slow extraction avaiable
() technical challenge (beam splitter)
@ minimal shielding from cosmics
0 proton sharing (shared SPS cycle)

Y /)
' | F g o
¢ & 4 4
L f= P, L £
1 L
e s’
£ ;
- i r 3
~
{

J ] 5
-
(154 5

* https://cds.cern.ch/record/2802785
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*https://cds.cern.ch/record/2918573

LSS6 — The most promising option!

® No slow extraction in LSS6
(electrostatic septa are missing)

TI2 TT61 TNC Proposed relocation of new infrastructures
~90m upstream of TT61.

Junction Cavern

® Could be restored with a non-local extraction* Preliminary] N @
without modifing the LHC extractions \,/
® NnuSCOPE could be implemented in TNC

O shielding from cosmics (underground location)
0 advantageous for proton sharing (SPS cycles)
@ need excavation
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. . : ame g : Muon
Monitoring Instrumentation W e
}6 S 710 E ’ I_“ =
. ) Q506 Q7 | T[*/' - y
Segmented calorimeter build from elementary cells Beam —lrs

Spectrometer lDecayTunnel l
N -—sibM

o SiPM readout
behind 30cm of boroted polyethylene

Three radial layers of sampling calorimeter
(iron/scintillator/Wave length shiting fibers) x 5

|30\ 50 L
|~ e
I I
T T
—

T
:

Particle identification based on the energy deposit pattern

= T B

- - - - .
' (background) topology u*(signal/bkg) topology e* (signal) topology n' (background) topology
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Tagging Instrumentation

calorimeter Beam Muon || LHCb-VELO | NA62-GTK
(tube) e 1778 T9T10 Specifications [units] | Spectro. || Spectro. (2028) (since 2014)
st e K* Vv Peak Dose [Mrad| 700 60 || > 10° 16
||A=== ] 7O Peak Fluence [IMeVn,,/cm?] | 1x 1016 [ 6 x 101 5 x 1016 4.5 x 101
- QBT it / vy Peak Rate [MHz/mm?| 20 0.6 10 — 100 2
Beam RS Time Resolution [ps] < 40 < 100 < 50 < 130
Decay Tunnel —
Spectrometer Y Muon Pixel Pitch [um] 300 45 300
l Specuomiter Material Budget [Xg] < 1% 0.8% 0.5%
" - * Beam Spectrometer
18 € : £ .
16 E Za0f 05E - Time reso & rate beyond state of the art
2 20 04 by factor 10
10 35 0 0.3 ] ]
s Ll 0o - Aligned with LHCb upgrade and other
4 0] 0.1 R&D projects (see next)
- - ~60 I Yo e 0
Y w0 020 020 4 €0 * Muon Spectrometer
cm

14/09/2026

- Time reso and material budget challenging
on such large scale
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____________________________________________________

Sensor Raadout ASIC 0.5% X, (i.g.
0.5 mm of Si)

LHCb U2 Upgrade: Technology

Hybrid pixel technology >, ey
ensor technology based on two innovations
1/ Planar - 3D: drift distance (L) decoupled 2| Electrode geometry optimised for
from sensor thickness (A) high weighting field homogeneity N
cm
S o MP pr n* 1000
514 4, ﬁg';' 833
by g ~e[0- 667
Planar ?° L | A Bl A 3D 500
etrét i< 2 M 333
b S 167
? t e s

—e— 510 1 MeVn,_ /cm?
—e— Not irradiated - 2022 data

Time Resolution < 20 ps after
massive irradiation 10"n.,/cm?!

Time Reso [ps]

& &
IGNITE, <~

INFN Ground-up INITiative for | Electronics ' evelopments

lIIllllllllllllllllllllllIlllll

50 100 150 200 250 300
Reverse Bias [V]
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____________________________________________________

Sensor Readout ASIC 0.5% X, (i.g.
0.5 mm of Si)

LHCb U2 Upgrade: Technology

New ASIC: Two R&Ds based on CMOS 28nm

IGNITE/TIMESPOT (INFN)

@ Fractal Design: repeat structures small enough to
be fully simulated, produced, and tested

® Scale to large size using vertical integration

® First tests of Ignite32/64 very promising:
<20 ps before hybridisation

Jitter vs Injected charge

pbonding

507
Orpc = 16.6 ps (high charge)
0" =427 ke friotoe lavet-Back

— 40T TDC_LSB = 32.7 ps
w
o #— Oare (Oscilloscope)
c - d¢c (Full Chain + TDC)
O 30t X
]
= 1fC 2fC
o 1 i
"n 1
L 20¢ ! :
Lil] 1
E 1

1
= 10} i ;

!T

0 i L i 1 i i 'l
0 > 10 - 20 - 0 ¥ Fractal Design Vertical integration

Injected charge [ke]
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LHCb U2 Upgrade: Technology

New ASIC: Two R&Ds based on CMOS 28nm

PICOPIX (CERN/NIKHEF)

® Continuation of the TimePix series

____________________________________________________

- e e e e e e e e e e e e e e e e Ee e e e e e e e e e e e e e e e e e e e e e e e

TIMEPIX TIMEPIX3 VELOPIX TIMEPIX4 PICOPIX //
o o o o o /
/

® More “classical” design i /
(end of column, no vertical integration) /

® Integration of numerous data processing /
functionalities (calibration, clustering...) | ioney

ol SPRINT |

@ R&D Strategy: full scale ASIC submission
(no demonstrator)

Common submission IGNITE/PICOPIX in 2026

14/09/2026 Mathieu Perrin-Terrin |
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Pixel array

‘ ‘ ‘ ‘ ‘ ‘ ‘ |128x 57l|3 Ltlr‘.ltl\d-lz—1-166b

vvvvvvv

| Packet sorter ’

[ Event ::Juilder ]

FIFO

8x36b 12x24b

4x72
| |
| |
i '
HEHE
23« 2304 2304 23
Ghis Ghb's Gb'fs Gb/fs

Vo
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Alternative technology BICMOS Monolithic pixels

Technology developped at University of Geneva
® BICMOS process: Si/Ge (SG13G2 IHP 130 nm) MONOLITH prototype2 (2022) - no gain layer

60 T T I |

%) [ T T L B 5]

® Monolithic technolgy I <40ps after 1-10%° neg/cm? :
(cheaper and thinner than hybrid) 3 R + + =

® Front end exploiting HBT* % 40[- + t ¢ e
— Low noise - 3

— Large bandwidth E d

— Low power R R . e e

i ] *Sr data, T = -35 °C = &= 1x10" negfem’®

e Excellent time resolution 20 ps 0 . =090 W ey ey
® Promising results concering radiation hardness T TV
40 PS after 1x101%° neqlcm2 High Voltage [V]

® Already used in FASER (pre-shower application)

* Heterojunction Bipolar Transistor
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____________________________________________________

' | Sensor 0.5% X, (i.e.
COO|Ing i Readout ASIC 0

0.5 mm of Si)

® essential for radiation hardness and time resolutiop------------------- oo B

® Power density (1-2W/cm?) and material budget (<0.5%Xo) Measured TA jitter vs Power consumption

. . . . for 2 fC input charge
only achievable with micro-channel cooling 100.0 1
90.0 - =g VS config lamp

® Technology pioneered by LHCb and NA62 80.0 —¥— Vs config luisc
® On going R&T at IN2P3 (CPPM, LPNHE, LPC, LEGI) ot

60.0 -
50.0
40.0 -
30.0 1
20.0
10.0 -
7571 SN NN IO SN —

00 50 100 150 20.0 25.0

Power [uW] Courtesy:A. Lai

jitter [ps]

anthalpy
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Tracking Technology — Muon Spectrometer

@ Specifications: — . Beam | Muon
i ] ] Specifications [units] Spectro. | Spectro.

— rate and tm_1e resolutl_ons are access_lble | Peak Dose [Mrad] -0 -

— size (Im2) is challengingHybrid solution using  peak Fluence [IMeVne, /em?] | 1 x 1016 | 6 x 101
® Inner region: Pixels Peak Rate [MHz/mm?] 20 0.6

Candidate Technology: HV-CMOS Cactus Time Resolution [ps| < 40 < 100
e Out ion: micromegas + Pixel Pitch [pm)] 300

uter region: mi :

) Material Budget [X < 1%
Candidate Technology: get [Xol ‘
Micromegas and Picosec Micromega

25cm B 125 cm 25 em
:Particle v Micromegas ($)
MgF, crystal ‘ , v material
. Cherenkov ligh -
e erenkov light Pixel ($$$) / space reso
e 7/ material X time reso
Gas volume v/ sSpace reso

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll ‘/ time reSO

Mesh ' .

Readout anode ‘ ‘ X material

X space reso
718 ™  TI10 v/ time reso
hybrid solution
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Outline

@ Introduction
— scientific context
— neutrino tagging concept

® Proof-of-principle with existing data (NA62)

® The nuSCOPE project
— motivations
— design
— physics case
— technology

® Longer terms perspectives
® Conclusions
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What about tagged LBL

e Ideal setup to study oscillations

— know individually neutrino energy with sub-percent precision
— know individually which neutrinos changed (or not) flavour

e But require very large detectors to compensate for heam intensity limitation (tagger)

Far Detector

________ Near Detector

Beam composition measured
on average
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What about tagged LBL

e Ideal setup to study oscillations

— know individually neutrino energy with sub-percent precision
— know individually which neutrinos changed (or not) flavour

e But require very large detectors to compensate for heam intensity limitation (tagger)

Far Detector

Tagger
____________ Vyu
______________::::::====-— V”
————————— V“

Muon neutrinos individually tracked
from creation to interaction

(after propagation and oscillation)
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What about tagged LBL

® |deal setup to study oscillations
— know individually neutrino energy with sub percent precision
— know individually which neutrinos changed (or not) flavour

® Require very large detectors to compensate for beam intensity limitation (tagger)

® Tagged LBL with neutrino telescope (ORCA-like)
— very lair volume e.g. ORCA: 7Mton (vs DUNE 40kton)

— energy threshold >1GeV

— tagging precision compensating for detector coarseness (expect for PID)

14/09/2026

Baseline| Energy
km GeV
U70 KM3NeT-Fr | 2600 5.0 See P20
ESS  KM3NeT-Fr | 1500 2.9
CERN KM3NeT-It 1300 2.5
CERN KM3NeT-Gr| 1700 3.3 |See NESTOR, C2GT

Mathieu Perrin-Terrin |
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https://doi.org/10.1140/epjc/s10052-019-7259-5
https://doi.org/10.1016/S0168-9002(96)00711-5
https://doi.org/10.1140/epjc/s10052-006-0193-3

What about tagged LBL

® Preliminary studies are encouraging
— beamline design [within PBC] (EPJC 2024 84:1024)
— sensitivity studies (EPJC 2022 83:465)

® Tagging give access to multiple ellipses
on bi-probability plot

— some are more circular
— apsides not always reached at 90 or 270°

— only with a wide band beam (challenging without horn)
0.08

\4

T T T T % —

o)
1300km 3GeV NH >
I . Rk 0 o1
) S ,/= 0 . S )
0.06 0 Oep
I /,(:./ ﬁ:p = +HJI2 tagglng |D\>-/
> i FOpp=-m/2
i o
T1 0.04 gy & Vom0t
e “e~_ NO 0.05
- sin ’d =03 - h"x_,,h 1|
ﬂ.ﬂl 4in E‘ = HH:: i i,
= iIn H e H 15 x" |
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.’_‘q.m —‘{‘-HI ;"'." ! O
< L & L : - ! b 4 i |
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S€Irinar dal LFEFNAce

[Eur Phys J C (2022) 83 465]

o
@] - T —
© - —_ HyperK [arXiv: 1805 04163] 7
g - DUNE [arXiv:2006.16043] i
- 30 | ——tag P20 [arXivi2112.12848][ "]
.Q - — tag P20 Ideal FD [arXiv:2112.12848] ]
U - S s —
@ Or -
- 5 i
o = -
N e e et EPRPU rwere e
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true [ ]
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https://link.springer.com/article/10.1140/epjc/s10052-022-10397-8
https://link.springer.com/article/10.1140/epjc/s10052-024-13324-1

Conclusions

e Remember: we are living privileged times for experimental v physics 6 - 3

e Neutrino tagging is finally becoming possible thanks to technological progress

— a first tagged neutrino candidate was observed at NA62

e A new international collaboration — nuSCOPE - is forming

— aim at delivering landmark measurements on v interactions
using tagging and monitoring

— physics case is already compelling and keeps growing

— experiment technological readiness is high and
offer unique R&D opportunities

- Current proto-Collaboration comprises 25 institutions,
14 new ones expressed interest

e Publication of an Expression of Interest for nuSCOPE
foreseen by the end of 2026
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NEAREST RECRUITING STATION
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https://nuscope.web.cern.ch/

Kinematics

g 140

—— K'>putv (63.6%)

— oty

Q0
o
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o

P, [GeV/c]
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Tagging Efficiency

Three outcomes for
matching algorithm —s

N

NUSCOPE

and it is the correct one

no matching decay is found
(no match)

exactly one matching decay is foun
(tagged)

>1 matching decays is found
(ambiguities) = these can be

but it is NOT the correct one (mistag)

(5]

discarded@

3
= 100 )_<1C'| I I A ] = 100 )_<10' T L I A e — ]
8 - all v, (13.0-1 0°) 4 8 - correctly tagged v, (7.910°)
o 80— 5 — o 80— . 5 —
(=) B tagged v, (8.110°) 5 =) - mis-tagged v, (0.210%) .
'6 60 — v, with no match (4.5-1 0°) 7 '5 60 - ]
9_9- B v, with ambiguities (0.4-10°) ] ?_?- C 7
. - T 40 4 T ep .
Tagging efﬁuency/y 1 = F ]
* high for m»pv = = 20 = ]
c n c ~ —
. (~80%) 2 15 ok ' . A
O - - : - O : - :
* lower for K=>pv___+ E g E
2 ] 2 ]
(larger p angle) - ] . . :
% > 1 3 8 10 % 7 \ 4 6 8 10
N IJ+ \ E, [GeV] E, [GeV]
H e SNe——om mis-tag is low (<1%)
...... N o +

14/09/2026
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Complementarity Tagging/Monitoring

Space angle between mother (K*,11%)
and charged daughter (u*,1t*,e%)

Tunnel Wall Instrumentation

— T T T T T T T T T | T T T T
go} U S SO S S
© 140 - Tt—=utv 7
£.120 e N —— KTV (63.6%) o .
D - —— K'—»n*n® (20.7%) 1 wed™
] b e ST . e ] vy
100 - K=z (5.6%) . oo calorimeter Spezntgc?rgeter mgg
YL B P N Keondery (5.1%) 7 - (wbe) e meter
2 Koy 34%) - |
60 :_ .................................................................................................................................... .......... _: -|| ggg 3 “
_ ................................................................................................................................... .......... _] Beam R5
40 - . Spectrometer «— 40mlong __, T dump
] decay tunnel
20 R e - + 12 mrad
0 I | | ——T _'_l f 1
0 2 4 6 8
ur,e’, p [GeV/c]
K /€
—p-
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Sterile Neutrino at nuSCOPE

* nuSCOPE is an opportunity to test long standing anomalies in neutrino exp. field
* Pioneering true L/E probe thanks to neutrino tagging
» Very precise energy and position resolution — almost no smearing on oscillations patterns
* 3 simultaneous oscillation channels

I[r;_.. - _——————

e
'Up U

e U, — U, tagging cancels flux and x-section uncertainty limitations

7,

e U, — U, flux and x-sec constrains from

vy disappearance sensitivity

=== guSCOPE 5y shape-only 90% CL (w0 5y8L) Lveo allowed (s = 3 keV)
—— muSCOPE Sy shape-only 2o (w/o syst.) RN ]
e JeCube atm. 0% CL __'_‘_‘.r""'"—-‘-
ID"‘ — lzeCube atm. 2a "
Ly allowed (g = 3 keVy
-
= 1
-
=] 10
iy QGPE
&
b |
c k )
w? =
1y T 10 i
sin® (26 )
Study by A. Blanchet
14/09/2026 y by

Am], [¢V7]

3
Li¥

&
1

1’

1"

U, very precise spectrum shape analysis

U

i, ApPearance sensitivity
¥ T .
==r nuSCOPE Sy Ws CL (0 hkg.r
—— uSCOPE fy 2a (bo bke.)
=== [SNDu, appearance sipnal 95% CL
—— MicroBooNE :ujn.'ch.'d G5% UL (2023

Ly-ex allowed (my = 3 keV)

QP

QPE
©
{©)
) 1w’

-
=p
-

2
1=

"

sin® (24,
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10"

v, allows to test the disappearance

i, disappearance sensitivity
T ]

1 [1-1 A

1 [3-1 J

1603 4

102

10‘"'

'].U';.l.

107142

-2

=== muSCOPE 5y stat-only 30% CL (no syst.)
= nuSCOPE 5y stat-only 20 {no syst.)

=—— STEREOD rejection (shape-only) 95% CL

—— KATRIN run 1.5 rejection 95% CL

= MicroBooNE exclusion profiling 95% CL
=== GALEX+SAGE+BEST anomaly 95% CL

10-2 10-1 100
sin® (20
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A first attempt...

the Big ARgon Spectrometer (BARS): 2 x 216t of LAr
Stopped in the 1990's, limited legacy

Trackers  gpm Iron Muon

e st B _&

K"é—-———————-—-;——————
R

== @““

Hy Hy Hs G Fe Hy
x¥ Xy Xy xy
Puc. 2. CTasnus MedeHns. , H2, H3, ABYXKOOPIHHATHEIE CHMHTHUIHIMOHHEE 10~
Pue. 2. C H1, H2, H3, H4 A I
mockonst (x, v); G anexTpoMarHnTH kanopmaetp PEITAPH; Fe 3-MeTpOBLIR

WEeNesHbI NOrI0THTENL ANpPoOHOB.

http://web.ihep.su/library/pubs/prep1997/ps/97-

32.pdf
RUN 6860 Spil 102 Event 1844

| ol \\‘ 1 _Eetector

500

ol

Eiv, | = 234 Gev

300}

N e —
Efv, )= 12.5Gev
200}
P
wol

“The dotted line shows the v.
trajectory calculated for a Kuv
decay detected in the tagging

a K, ;-decay detected in the tagging station.

14/09/2026

station.”
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Tagged LBL Beamline

@ Beam line designed to exploit the fact that the tagger determines the neutrino chirality
(v/v): both t* and 11" are transported

First Meson Second Meson

Final Focusing . . ! ¢
Stage Tracking Statien Tracking Station

I
High-Energy
Primary Beam

Mormentum
Selection

Acceptance
Stage

Decay Region

8
8
o
o
b

Focusmg of positive secondaries

R Etaselihe 2505 km

Laecay bpe=180 m

Rdeca}r .pIpE: 1m
1

Minimum Flux {5 Mton)
Minimum Flux {10 Mtan)

- [ p_=12 GeVic- 1.8 10'° POT
. [ lp =8Gevic-1810"POT
100 [ ]p -6Cevic-1810"POT

T
® Flux is sufficently intense "
but too narrow to fully take 8

$

Flux [v,/0.2GeV/em */y]

advantge of the tagging
energy resolution

AaF

=> more studies are needed

—
[=]

0 5 10 15 20 7 8 9
Energy, GeV E [GeV]
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Neutrino Tagging: an novel approach

Instrument beamline to
track 1t and p*

D

|

AN

™\

N

N

N

A

\/

Reconstruct precisely v,

properties from 1t* and p*

Challenge: high particule rate
At nuSCOPE: 10" 117/s

14/09/2026
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Reconstructing Neutrino
Interactions is difficult !

Energy Resolution 20%

[ Eur. Phys. J. C, 82,465 (2022) ]
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https://doi.org/https://doi.org/10.1140/epjc/s10052-022-10397-8

CERN to Pylos

[ E. Ball, S. Katsanevas, N. Vassilopoulos NIMA , 383, 277--290 (1996) ]

http://km3net.phys.uoa.gr/nestor/hena/location/cern_nestor.htm

{
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Corshen t..'j' . R0 .
< VATH ..-.
Cany [

f\,f:’) Naplegm:
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Sardiria ! g |_‘~ rrhenan
i £ T
Cagliari
) Palerm
an Sea O
P
'
2'3 o . NESTOR b
d—-"?_“"_'l‘h_ﬁ"'—'_'_fr l. _-I"rqi a L — 1 = a o s . —

A/ in deg @/ in deg
CERN 6.0732 46.2442
GRAN-SASSO 13.5744 42.4525
NESTOR 21.3500 36.3500
Coordinates of CERN, GRAN-SASS0, NESTOR

Az/indeg|| o/indeg [|Distance

GRAN-5AS50( 122.502 |3.283 [5.?3%]| 731Km

NESTOR 1241775 ||8.526 [13.5%)| 1676Km
Angular pointing and distance from CERN

SPS/LSS4 to LHC/P8. On a two dimensional projec-
tion CERN, Gran Sasso and NESTOR are lined up.
Calculations by Mayoud (CERN) show that a v beam
pointing to NESTOR would have to be diverted by only
1° to the west in azimuth and 5° or 7.5% downwards in
declination, with respect to the one pointing to Gran
Sasso.

https://cds.cern.ch/record/338290/files/p192.pdf
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https://doi.org/https://doi.org/10.1016/s0168-9002(96)00711-5

C2GT: intercepting CERN neutrinos to Gran Sasso [ Eur. Phys. J. C , 49 , 1117--1142 (2007) ]
in the Gulf of Taranto to measure 6,
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" » Figz. 2. Schematic view of the underwater detector (not to
Fig. 1. Chart of the Gulf of Taranto. The axis of the CNGS is shown as a solid line. For orientation, the points A, B, and C scale), including the lower mooring system. The upper moor-
show locations separated by 50 km, with B at a distance of 1200 km from CERN. In practice, the C2GT detector would be located ing s:.-;'.t.e:n which completes the stabilization of the structure
slightly south-west of the line, i.e., at positions that are not exactly vertical below the beam axis 15 ik shuu.:u '
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https://doi.org/https://doi.org/10.1140/epjc/s10052-006-0193-3

SIS Transition

leptons only)

=CCQE CC2p2h=CC1in  CCSIS+ CCoth=CCDIS

Credit: C. Wret
Using nuSCOPE Flux
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14/09/2026

from Resonant to DIS is poorly
known and may ORCAI/IC and DUNE

® SIS can be uniquely studied at nuSCOPE using
v energy resolution (Q? and W measurable from

do/dE, (cm¥GeV/nucleon)
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Credit: Pena Martinez / Katori

¥ Higherbaryon
resonances
y, mostly unknown

Shallow-Inelastic Scattering
mostly unknown

CCQE CC2p2h=CC1tn  CCSIS- CCoth-C

DUNE events
credits C. Wrets

1 Large SIS
Contribution
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Courtesy S. DOLAN

Systematic Uncertainties

® Dominant systematic errors arise from neutrino interactions

Plots from work with C. Wilkinson, C. Wret, L. Pickering. P. Stowell
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Neutrino Detector Time Resolution

® New decay reconstruction (kinematic fit) significantly improves (x2) the resolution on

neutrino direction

® With improved reco, a ~1ns time resolution is sufficient to recover ESPPU tagging

efficiency

oo =02+ 0y

}  Empirical without constraint
I Empirical with vertex constraint
I Empirical with vertex + E-p constraint
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Resolutions computed by estimating the
standard deviation of the difference between

the true and the estimated angle
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® More refined preformance accounting for more realistic tracking effects (ghost and fake
tracks) and realistic beam composition (full BDSim simulation) expected for Eol



Water Cerenkov Detector Design

® Water Cerenkov detector design (size and position) is progressing

Not to scale wt Liquid Argon Water Cherenkov
Decay h"“ detector detector
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Water Cerenkov Detector Design

@ Water Cerenkov detector design (size and position) is progressing

@25 m

@50 m

Fiducial volume dimension 100t D4 100t D3 100t D5 315t D4 333t D5 339t D6
Diameter [m)] 3 fi 4 5 fi
Length |m]| 14 i 25 17 12
Interaction 100t D4 100t D3 100t D5 315t D4 333t D5 339t D6
Total sub 1.5 GeV 2.7307 x 107 3.1062 x 10" 2.2779 x 104 7.6046 x 10" | 6.9133 x 10* 5.8841 x 10*
(% of total) (29.5%) {21.3%) {35.0%) (27.05%) (51.25%) (34.55%)
Contained 1.7011 x 10* 1.6856 x 10* 1.4511 x 109 5.2180 x 10* | 5.3803 x 10" 4.8271 x 10%
(% of total cont.) (74.9%) (51.5%) (83.8%) (44.4%) (54.3%) (64.1%)

(% of sub-GeV) (61.2%) (54.3%) (63.7%) (68.6%) (77.8%) (82.0%)
Uncontained 1.0795 x 10* 1.4206 x 10* 8.2678 x 109 2.3856 x 10* | 1.5330 x 10* 1.0570 x 10%
(% of total uncont.) {15.1%) (12.6%) (16.0%) (14.5%) (12.5%) (11.1%)

(% of sub-GeV) (38.8%) (45.7%) (36.3%) (31.4%) (22.2%) (18.0%)
Interaction 100t D4 100t D3 100t D5 315t D4 333t D5 339t D6
Total sub 1.5 GeV 1.7360 x 107 1.3131 x 10" 1.6411 x 104 4.5233 x 10* 4.9737 x 109 4.3260 x 10*
(% of total) f22.1%) f18.8%) (27.9%) (19.4%) (25.9%) (29.25)
Contained 9.6915 x 10* 6.5256 x 10* 9.0337 x 10 2.7956 x 10" 3.4448 % 101 3.2934 x 10*
(% of total cont.) (63.1%) (33.5%) (79.4%) (32.8%) (45.0%) (56.7%)

(% of sub-GeV) (54.2%) (49.7%) (55.0%) (61.8%) (69.3%) (76.1%)
Uncontained 8.1776 x 10*° 6.6058 x 10* 7.3768 x 1090 1.7277 x 10* 1.5289 % 101 1.0325 x 10*
(% of total uncont.) (12.5%) (7.6%) (15.6%) (11.8%) (13.3%) (11.5%)

(% of sub-GeV') (45.8%) (50.9%) (45.0%) (38.2%) (30.7%) (23.9%)




