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1. Problems and opportunities with neutrino masses

2025 January 24, CERN Lu, Xianguo /& 2 [H, Warwick



Neutrino Mass and Mixing

Standard Model

Beyond Standard Model

Ve Pontecorvo—Maki—Nakagawa—Sakata U
. PMNS matrix -

'SS
e -

Mass Ordering
Problems

® ® 1 What are the neutrino masses?
< Mass gaps, Am34, |Am3,|, and ordering, sgn(Am5%,)?
: d What are the mixing parameters?

¢ Mixing angles, 045, 0,3, 043, and CP-phase, dcp?

Normal Inverted .
1 Are there more than three types of neutrinos?

Am?2 leads to neutrino oscillations
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0..=0 Neutrinos Antineutrinos
IR

2-flavor oscillation
A VB VB

\\ P(Va) + P(VB) =1 P(Va) + P(\_)B) =1

 2-flavor oscillation: CP not observable
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6,,% 0 Neutrinos Antineutrinos

3-flavor oscillation ~
s Vo V.

P(ve) + P(vy) +P(v)) =1 P(ve) + P(vy) +P(vy) =1

Opportunities
d 3-flavor oscillation: CP-violation possible
d Short-baseline anomalies: sterile neutrinos?
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Outline

2. Callfora GeV v, and v, machine
d Accelerator neutrino experiments vs. nuSTORM
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Accelerator Neutrino Experiments

D U N E Sanford Underground

Research Facility

Fermilab

________
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Accelerator Neutrino Experiments

D U N E Sanford Underground

Research Facility Fermilab
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Accelerator Neutrino Experiments

Accelerator v

E,/GeV @ Flux Peak

Far Detector

Target Nuclei

Experiment Technology
Water
T2K / Hyper-K 0.6 Cherenkov H,O
Liquid
NOVA 2 Scintillator CH
DUNE 2.4 LAr TPC Ar

Signal = (Beam flux - Oscillation probability - Cross section) @ Detector effects

d Beam: v,and v,

1 Osc

\/
000

\/
000
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illation

v, and v, disappearance (most oscillated to v, and v,)
vV, and v, appearance, then CP violation
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Accelerator Neutrino Experiments

- : Focusing Decay Pipe
drge . A
Froton \ u | ‘—]

\ vy

Beam
>
LBNF T, ]\

K (m_p,)

“B decay” of collision products
(v, from &, v, from K)

Neutrino beams from accelerators
- Directional

Charge selectionon &
—> High purity v or v beams
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T2K flux T2K, Phys.Rev.Lett. 116, 181801 (2016)
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E, (GeV) E, (GeV)

J Maximise v, and v, flux
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Accelerator Neutrino Experiments 12k flux

T2K, Phys.Rev.Lett. 116, 181801 (2016)

T : Focusing Decay Pipe 106 -
af e N \I - > F
Proton y T | j
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Beam
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)
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T

“B decay” of collision products
(v, from &, v, from K)

Flux (/cm?/50MeV/10°'POT)
=

Neutrino beams from accelerators O 1 2 3 4 1 2 8 4 b
- Directional E, (GeV) E, (GeV)
Charge selection on = J Maximise v, and v, flux
—> High purity v or v beams O Minimise v, and v, to observe appearance

d v, and v, flux are background
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Call for a GeV v, and v, Machine

Oscillation Signal = (Beam flux - Oscillation probability - Cross section) @ Detector effects

Jeanne Wilson, Neutrino2022

v, (V,) cross sections: major 6.p systematics % fE- .~ =
| 5CP ~ 7V, appearance ~nov, in beams \><1_ 10__.|:|-n/4 ...... O Hyper-Kamiokande e
% No in situ v, measurements IERE
d v, forv, via lepton universality, but higher é D "
precision needed for dcp L R
T S i
:O% 4:_ e ....... T .......................................................... E
Hyper-K example g 2;_ ................................................ Iséfsri.tﬁd Zr;ls/t (07, s eron 275 _;
Improving error of v./V, xsec ratio 4.9% = 2.7% ol 4'1 -legK' o g-ys-t"(-vj-ve-fs?z'-efr?r-z'?%? J
O Improve §.p sensitivity by ~ 1 ¢ for 6 year Hyper-K preliminary HK Years (2.7E21 POT 1:3 v)

True normal ordering (known)

d Significantly shorten running time toreach5c sin’(0,3) = 0.0218 sin’(8,5) =0.528 |Am3,| =2.509E-3

Host

v

Time
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Call for a GeV v, and v, Machine

Oscillation Signal = (Beam flux - Oscillation probability - Cross section) @ Detector effects

Jeanne Wilson, Neutrino2022

v, (V,) cross sections: major 6.p systematics % fE- .~ =
| 5CP ~ 7V, appearance ~nov, in beams \><1_ 10__.|:|-n/4 ...... O Hyper-Kamiokande e
% No in situ v, measurements IERE
d v, forv, via lepton universality, but higher é D "
precision needed for dcp L R
Y et -
:O% 4:_ e ....... T .......................................................... E
Hyper-K example g 2;_ ................................................ Iséfsri.tﬁd Zr;ls/t (07, s eron 275 _;
Improving error of v./V, xsec ratio 4.9% = 2.7% ol 4'1 -legK' o g-ys-t"(-vj-ve-fs?z'-efr?r-z'?%? J
O Improve §.p sensitivity by ~ 1 ¢ for 6 year Hyper-K preliminary HK Years (2.7E21 POT 1:3 v)

True normal ordering (known)

d Significantly shorten running time toreach5c sin’(0,3) = 0.0218 sin’(8,5) =0.528 |Am3,| =2.509E-3

Host
Co-Host
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Call for a GeV v, and v, Machine

Oscillation Signal = (Beam flux - Oscillation probability - Cross section) @ Detector effects

v' Dedicated v, measurements
1. Better-understood fluxes

2. Correct settings for oscillations: beam
energy, final-state acceptance, etc.

3. Higher statistics

4. Lower v, background

5. Optimised detection for v,

¢ Shorten running time = redute share cost

Host
Co-Host
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v from STORed Muons (nuSTORM)

Target

“p

- - +
d v,+v,and v +v, fluxes from pu~ decays

% Optimisable v, and v, fluxes

Detector

nuSTORM, arXiv:2203.07545

*» Perfect understanding of flux shape and normalisation

O Scientific objectives
» %-level v cross sections

“* BSM searches, e.g. steriles beyond FNAL SBN

*¢*» Muon collider demonstrator

2025 January 24, CERN

Lu, Xianguo /& 2 [H, Warwick

-

16



v from STORed Muons (nuSTORM)

Target

O 1stv beam facility based on a stored

muon beam
[ Highest ever stored-muon beam power

d v flux deduced by u beam monitoring
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Detector
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v from STORed Muons (nuSTORM)

Target Production Straight
Return

Arc
Return Straight

O 1stv beam facility based on a stored

muon beam
[ Highest ever stored-muon beam power

d v flux deduced by u beam monitoring

2025 January 24, CERN
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v from STORed Muons (nuSTORM)

Fixed Field Alternating gradient (FFA) lattice

Improve acceptance of muon

-30}F

=

32

- 31

31
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55

FODO lattice

= m— | —

Minimise dispersion

| N | —

- 5 30A§\5.0

55 60 5

— e

pduction Straight

Return Straight

Return
Arc

0
[m]

O 1stv beam facility based on a stored

muohn beam

[ Highest ever stored-muon beam power

d v flux deduced by u beam monitoring
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J. Pasternak, J.B.Lagrange

O Production Straight (example w/ ™

o/

o/

o v.+v, fluxfromu®™ - etv.v
e’ Vu 12 eVu

* Maximise u capture efficiency

[ Arcs and Return Straight

s 1 momentum tunable between 1 and 6 GeV/c,
spread £16%

Lu, Xianguo /& £ [F, Warwick

80 90 100110120130140

injection)

% v, fluxfrom Tt - u+vﬂ (“pion flash”)
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A Brief HiStOry of nuSTORM CERN-PBC-REPORT-2019-003
| eX | 22l Ll ‘;

o s : i ‘ '::'\\
&g POINT 2 S
s

2012-2013

» Sterile neutrinos
» Neutrino-nucleus scattering
» Technology test-bed for muon accelerators

2014 Steriles sensitivity physRev.D 89, 071301 (2014)
» nuSTORM at FNAL
2019 Feasibility of nuUSTORM at CERN [cern-rpBc-REPORT-2019-003]

» SPS 100 GeV proton beam
» Optimised for neutrino-nucleus scattering, maintaining sensitivity to BSM
(steriles + non-unitarity, NSI, Lorentz-invariance/CPT violation)
2022 Snowmass 2021 (arxiv:2203.07545]
» Advocating synergy with ENUBET and Muon Collider Demonstrator
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nuSTORM at CERN

v Muon Collider demonstrator
O 6-D cooling

v ENUBET (see talks yesterday)
Q v, frome* tagging for K* - nletv,
Q v, from u™ tagging
O Flux uncertainty ~ 1%

v nuSTORM as testbed for muon storage ring
» Complete implementation for large acceptance (inc. injection and extraction
sections)
» R&D for very precise determination of stored-muon energy and spread

2025 January 24, CERN Lu, Xianguo /& 2 [H, Warwick
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nuSTORM Fluxes

+ +o, 7
p - e vy,

, . . .
NUSTORM Preliminary 1
I v, flux (2206v2) 1
o) 3k P, (GeV/ic) = 16% |
[ 0.57
g 1.16
— —1.
g —1.80
8 —2.46
oL —3.12
g L —4.60
S r —6.00
= L
% L
v$ 1 EY]
! v, flux
0
0 2 4

Beam properties

O Oscillation-relevant energy regime
% Hyper-K: 0.6 GeV
 DUNE: 2.4 GeV

O Neutral lepton

0 100% polarized

U Isospin sensitive
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T. Alves, M. Pfaff

@, (E,) (area normalised)

: . . .
NUSTORM Preliminary 7
v, flux (2206v2)

P, (GeVic) = 16% |
0.57

—1.16

—1.80

—2.46 4

—3.12 —

—4.60

—6.00

V. flux

E, (GeV)

O Accelerator "tune" gives fine control

*» E.g. optimise flux shape (or spread) by
adjusting the ring acceptance

d Unique opportunity

< E,-scan measurements
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nuSTORM Fluxes

Muon Neutrino Energy Spectra

— T
— Ticewt
PRISM concept: Combine multiple fluxes to — 16 eue
synthesise a statistically equivalent flux to the A
desired one %ol
1 nuSTORM synthetic flux: beam energy -
tune, no detector moving
d PRISM at Hyper-K or DUNE: sample fluxes
at different detector locations C ey T
é R. Kamath
Q?o"él On axis Comparison of Muon Neutrino Energy Spectra
A ean ooy,

—— Weighted Sum: 4 py

i

2 3 4 5
Neutrino Energy (GeV)

Flux (a.u.)
o
&

Far off axis 0.10 ]

.. 2 3 3 5 Image credit: Luke Pickering
Neutrino Energy (GeV) 0.05 1

0.00 A
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Outline

2025 January 24, CERN

3. nuSTORM physics programs
a. Neutrino cross section
b. BSM

Lu, Xianguo /& 2 [H, Warwick
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Neutrino interactions at nuSTORM

d Flavour-dependent effects
+ Radiative corrections

Y N

-
.

n p

Tomalak et al., Nature Commun. 13, 5286 (2022)

1 Various elementary processes

Minoo Kabirnezhad, Luis Alvarez Ruso

5
- vy N = X — E,=3.0 GeV
. — E,=2.0 GeV
— E,=1.5 GeV
&; 3 — EV=1 .0 GeV
() E,=0.7 GeV
S
ol 2
@)

Diffractive
scattering

1st/resongnce redgion

1.2 1.4 1.6 1.8 2 2.2 2.4

* W(GeV)

Quasi-elastic
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Neutrino interactions at nuSTORM

U Nuclear medium dynamics

Collective effects

o O (Hadronic) Final-State Interactions
Fermi motion &

MF potential 2p2h

®
w0
3 QE A
2,
92
8 *
) N DIS
g
z S 2N
= =
S} Z. Nucleus
2 | . =
§ Elastic ’
=
2 N* DIS
g Van Cuyck, PhD Thesis, Ghent University (2017)
. Nucleon
=

Energy transfer from neutrino
Van Cuyck, PhD Thesis, Ghent University (2017)
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nuSTORM v, and v, Cross Section Measurements

arXiv:1308.6822

—t
1 I LI |

o — = E—
L ¢ MiniBooNE o 1:| st @ 10% une. flux
1.6 A AN 2 rap
i X em o
_ % n e | % serp
- ¥  SERP
ar v E Y  skar
: ‘e 08 —0—
- £
1.2_— 5
o]
<Q
o
F
~
w
(&)
(&)
(&)

-38 2
V, Occqe (1077 cm“/nucleon)

0.8F
osf-. 0.4
L =
X >
0.4_—'
_1,' 0.2
0.2F
0-|I|||||||||||||||||||||||||||||||||||||||IIII|IIII o-l';IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 05 1 15 2 25 3 35 4 45 5 0 05 1 15 2 25 3 35 4 45 5
E, (GeV) E, (GeV)

A 100-ton fiducial mass (carbon) detector, 50 m from end of Production Straight, 102" POT (5 years)
d 1% (green) and 10% (yellow) flux uncertainty + detector systematics
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nuSTORM v_, and v, Cross Section Measurements

arXiv:1308.6822
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Q
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0“‘IIIIIIIIIIIIIIIIIIIIIII 0,IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIlIIIlIII
0 05 1 15 2 25 3 35 4 45 5 0 05 1 156 2 25 3 35 4 45 5
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A 100-ton fiducial mass (carbon) detector, 50 m from end of Production Straight, 10%" POT (5 years)
O 1% (green) and 10% (yellow) flux uncertainty + detector systematics
O Very sparse existing data (mainly from MINERVA and T2K from last decade)
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nuSTORM TKI Measurements

X1 IO_39l [ T T T T l T T T T II\A. Plfaff,l XL

| nuSTORM Preliminary (2206v2)
. GiBUU ND-GAr v, “°Ar — u~p
- Stored P, (GeV/c) £ 16%

0.15 T 057

L —1.16

- —1.79

- —2.46

—3.12

o
N

—
T

| —460
. —6.00

Image credit: LU Xianguo

o
o
(3]

I T

do/ddo, (cm®/degree/nucleon)

o

Transverse Kinematic Imbalance (TK|) [Phys.Rev.C 94, 015503 (2016)] ‘ 160' TR 1'50'
Measurement of nuclear effects with minimal do.; (degree)
dependence on neutrino energy
d Measured at T2K, MINERVA, MicroBooNE
O E, scan to extract dynamical evolution of nuclear

medium effects

o
(&)
o
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nuSTORM TKI Measurements

x1 0‘39[ M. Fl’faff,l XL
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|

50 100 150

Transverse Kinematic Imbalance (TK|) [Phys.Rev.C 94, 015503 (2016)]

ool T T T

Measurement of nuclear effects with minimal do.; (degree)
dependence on neutrino energy o _
0 Measured at T2K, MINERVA, MicroBooNE  Dissipative processes: 2p2h, FSI

U Dynamical evolution mapped out

O E, scan to extract dynamical evolution of nuclear _
via E, scan

medium effects
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nuSTORM BSM Physics

d nuSTORM has sensitivity to the weak mixing angle
with protoDUNE-like detector

0 nuSTORM high competitive in constraining lepton
flavour violation (LFV) & neutrino tridents

D. Pasari
J. Turner

LFV (95 % C.L.)

D. Pasari
J. Turner

0.22

0.23

0.24

sin? Oy

0.25

0.26

: : - - Neutrino Trident Events ) pasar
Experiment (Uncertainty) | BR (7" — p"ve) Channel | SBND | gBooNe | TCARUS | DUNE | 7 STORM
BEBC 8 x 1073 (eFuT)
— Coherent | 10 0.7 1 2093 193
SBND (10%) 1.5 x 10~° Diffractive | 2 0.1 0.2 692 31
SBND-PRISM (10%, 5%) 1.2 x 1073 el T Ny N
SBND-PRISM (10%, 2%) 8.9 x 10~ Diffractive | 0.7 0 0.1 143 6.5
— -
nuST.OBM(l%) 7.25 x 10 C((ﬁbhefen)t 0.4 0 0.0 286 15
Statistics only 8.5 x 10~° Diffractive | 0.4 0 0.0 196 9
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nuSTORM BSM Physics

J. Turner, D. Pasari

- | Detector at 50m
O Large Extra dimension (LED) can explain the 3 —n
. . 30 1 == Rigp 50 =0.073 (um)
lightness of neutrino masses e | = R <0887 )|
¢ Using protoDUNE like detector with 50 m : §
baseline, nuSTORM has sensitivity to um g
LED length scales I 3
< NuUSTORM can set very competitive limits |
on LED length scale for inverted ordering |
103 102 T 10°
Rigp(um)
MINOS+Daya Bay
JUNO+TAO CHOOZ+KamLAND+MINOS
mSTORM(30)| | Double CHOOZ | NOvA
nuSTORM(:SU) DU‘NE 12K
0.0 0.2 0.4 0.6 0.8 1.0
RLED(Mm> J. Turner, D. Pasari
32
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Summary, Outlook, and Discussions

1.

Problems and opportunities with neutrino masses

» Future accelerator neutrino experiments will be systematics dominated. We

need a community plan after Hyper-K and DUNE.

» How to position the neutrino community for ESPPU?

2.

>

Call for a GeV v, and v, machine

d Accelerator neutrino experiments vs. nuSTORM

Synergies with other future machines (ENUBET, Muon Collider)

Advanced detector R&D for near-future experiments will guide nuSTORM’s
choice of detector technology

NUSTORM physics programs

a. Neutrino cross section

b. BSM

Opportunities with perfectly understood v, and v, flux (shape and
normalisation) in the few GeV regime
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BACKUP

2025 January 24, CERN
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Table 1: Key parameters of the SPS beam required to serve nuSTORM.

Total circumference 616 m
Momentum 100 GeV/c Length of one straight section 180 m
Beam Intensity per cycle 4 x 10" One straight section/circumference ratio 29%
Cycle length 365 Operational momentum range 1-6 GeV/c
Nominal proton beam power 156 kW
: Reference momentum 5.2GeV/c

Maximum proton beam power 240 kW
Protons on target (PoT)/year 4 % 1019 Reference tunes (Qr, Qv) (8.203, 5.159)
Total PoT in 5 year’s data taking 2 x 10?0 Momentum acceptance +16%
Nominal / short cycle time 6/3.6 s Number of cells in the ring:
Max. normal?sed hori.zontal s:mittance (1 ) 8 mm.mrad Straight quad cells 6
Max. normalised vertical emittance (1 o) 5 mm.mrad .

: Arc first matching cells -
Number of extractions per cycle 2
Interval between extractions 50 ms Arc cells 12
Duration per extraction 10.5 ps Arc second matching cells B
Number of bunches per extraction 2100 Straight matching FFA cells 1 (+1 mairror)
Bunch lengt.h 4 0) 2 ns Straight FFA cells 8
Bunch spacing 5 ns
Momentum spread (dp/p) 2 x 1074

Table 1: Selected parameters of the hybrid FFA storage ring.

CERN-PBC-REPORT-2019-003 arXiv:2203.07545

DOI:10.17181/CERN.FQTB.O8QN
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doi:10.18429/JACoW-IPAC2022-THPOTK052

6D cooling test facility

2025 January 24, CERN

ENUBET

NuSTORM

w/ CERN PS 26 GeV proton beam
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T. Alves, M. Pfaff
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® nuSTORM can constrain the presence of an additional light sterile & is complementary to
other current SBN programmes
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