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There are Quizzes and Homework!
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Great lectures on neutrinos if you want to dive into the subject
0 Steve Boyd, University of Warwick, Neutrino Physics Lectures, Warwick Week, 2025

Great text on nuclear, particle, and neutrino physics
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https://indico.global/event/14139/overview

Part 1: Neutrino Oscillations
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Fundamental matter in our current world view:
Standard Model
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Neutrinos and antineutrinos in Standard Model
1. Charge neutral

2. Massless

% How can we tell all 6 of them apart?

LEPTONS

0 0 0 0 0
0 0 0 0 0
Yz Yz Yz Yz Yz
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Neutrinos and antineutrinos in Standard Model
1. Charge neutral

2. Massless Ve
% How can we tell all 6 of them apart?
3. Flavour, defined by charged-current interactions

~1.7768 GeV/c?

=105.66 MeV/c?

=0.511 MeV/c?
1 |
Yz

electron

=0.511 MeV/c?
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positron

electron
antineutrino

tau
neutrino

electron
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muon
neutrino

LEPTONS

2025 August 22, Hangzhou LU Xianguo # £ &, Warwick

muon
antineutrino

=1.7768 GeV/c?

tau
antineutrino

£+



Neutrinos and antineutrinos in Nature
1. Charge neutral

2—Massless turns out to be tiny but not zero!
“ How can we tell all 6 of them apart? One more way (too many) to tell the neutrinos apart!

3. Flavour, defined by charged-current interactions

=1 05.66 MeV/c? =1.7768 GeV/c?

~105.66 MeV/c? =1.7768 GeV/c? | ~0.511 MeVi/c

| ~0.511 MeV/c?

| <18.2 MeVic?

muon tau
antineutrino, antineutrino

muon tau electron
neutrino neutrino antineutrino

electron
neutrino

LEPTONS
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Neutrino Mass and Mixing

Standard Model

Beyond Standard Model

Mass “levels”
V1
1%) ———
78] —_—

o A problem only when there are
more than 2 masses!

Y
S
v
-——————IP———————

Normal / Inverted Mass Ordering (MO, Hierarchy)

Mass gap (Am?) and mixing lead to neutrino flavour oscillations
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https://www.hep.phy.cam.ac.uk/~thomson/lectures/partIIIparticles/Handout11_2009.pdf

Analogy: spin rotation in a magnetic field

Applied magnetic field
4

B+0

Precessional

........

Homework: Show that

B=0 . Z AE AE
] = —— - .
s o l/ ARt |Sy) /2 (11 - 1)) |Sz), = cos Tt 1S2)o — sin Tt 1Sy)o
_('/ i Spinning ) . .
N A5 nucleus Oscillation probability
\\ : E 1 AE
NN T |Sz) = 75 (1) + 1)) Ps _s. (t) = cos? Tt
A > AE
. Sl , - X = i 2—
1), |4): energy eigenstates Ps,~s,(t) =sin 9 t
Image source: https://teaching.shu.ac.uk/hwb/chemistry/tutorials/molspec/nmr1.htm L
.. SurVivaI PI/ -V (_)
Energy gap Mixing T\ E
: L
()= (0. ) (o S\ _ L (1 1y () Appearance P, ()
)" -i8E [\ Sy)) ~ -i i) \|}
e A S)) /2 V) Oscillation Phase: [E?]
Q Am2 [E2]
‘ O L: propagation distance [E-"]
” 4 Ve ” O E: energy [E]
I ~ 2
Vs ! AmQ VN — PMNS Vs Phase ~ Am2L/E
Vg P X v, Vs The phase that is responsible for oscillation is often written as (with ¢ and % restored)
° v Ajp(me)*L _ GeVim Asm® L GeV . Dpm® L GeV
dheE  4dhe | ov2 km E T2 km B
Wiki: https://en.wikipedia.org/wiki/Neutrino _oscillation
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https://teaching.shu.ac.uk/hwb/chemistry/tutorials/molspec/nmr1.htm
https://en.wikipedia.org/wiki/Neutrino_oscillation

e N

PMNS matrix
Ve 1 0 0 cos 013 0 sinilg e~ 0op cosfio sinfio 0\l
Vul| =|| O |cosblas sinbas 0 1 0 —sinfi9 cosbio O |ll|vo
U, 0 |-sinfa3 cosbos|) \ —sinh3e’cP 0 cos 613 0 0 LJ\v3

N

Open questions

1 What are the neutrino masses?
< Mass gaps (Am3,, |Am%,|) and ordering (sgn Am3,)?

O What are the mixing parameters?
** Mixing angles (04,, 6,5 , 845) and CP-phase (d:p)?

6,3# 0 — Ocp can be observed

& Not accessible through oscillation measurements:

O Absolute mass
O Dirac/Majorana nature

2025 August 22, Hangzhou LU Xianguo # £ &, Warwick

042: mixing between v4 and v,

0,3: mixing between v, and v,

0,5: if 0, effective 2 flavour mixing
Ve 1 0 0 7z

: /
Vp ) = 0 COS(923 Sln(923 Vo
U, 0 —sinfy3 cosflyz) \13

11



O3=0 Antineutrinos
2-flavor oscillation

R VB VB

N\ _P(vo) + P(vp) = 1 \_ P +P(Fp) =1

v

Oscillation as a function of time
line-in-line = same trivia
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037 0 Antineutrinos
3-flavor oscillation

+ Ve V.

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

Oscillation as a function of fime
line-in-plane = CP-violation possible
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PMNS

Ve Ue Ue2 Ues V1
Vu | = | Uan U U V)
Vr Un Uro Urs V3

Trimaximal mixing
— maximally CP-violating

(|Uia|2) —

Wl W= W=
Wl W= W
Wl W= W
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PMNS

Ve Uel Ue2 Ue3 V]. ve VIS OS .m
. Trimaximal ~ 0.003 GeV ’
vyl =1 Ua Usx Us Vo A v0.2.3
0 km (0%)
Vr U. 71 U7'2 U'r3 V3 M Anti-ve

0 km (0%)

Trimaximal mixing
— maximally CP-violating

(|Uia|2) —

R Vi
w VISOS

Wl W= W=
Wl W= W
Wl W= W

Beautiful but not how Nature works \ (V) /[

2025 August 22, Hangzhou LU Xianguo # £ &, Warwick 15


https://luxianguo.github.io/html/visos/

How Nature might work:

|Uel| er2| |Ue3|
|Uu1| |Uu2| |Uu3|
Un| |Ur2| |Uss|

0.801 ...0.845 0.513...0.579 0.143 ... 0.156

=1 0.233...0.507 0.461...0.694 0.631...0.778
0.261...0.526 0.471...0.701 0.611...0.761

Quiz: Which experiment has a 50 km
baseline observing few-MeV neutrinos?

2025 August 22, Hangzhou

PDG 2018 0.003 GeV VI S OS i m

M ve v0.2.3
0 km (0%)

" Anti-ve
0 km (0%)

w VISOS
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https://luxianguo.github.io/html/visos/

How Nature might work:

|Uel| er2| |Ue3|
|Uu1| |Uu2| |Uﬂ3|
\Un|  |[Ura| |Urs|

0.801 ...0.845 0.513...0.579 0.143 ... 0.156
0.233 ... 0.507 0.461 ...0.694 0.631...0.778
0.261...0.526 0.471...0.701 0.611...0.761

Quiz: Which experiment has a 50 km
baseline observing few-MeV neutrinos?

Quiz: Is the oscillation driven by Am?3,
fast or slow? Estimate |Am3,|/Am53,.

o— ’
o— Homework: Estimate Am5, Vu
. and compare your result

with PDG.
Normal / Inverted MO

2025 August 22, Hangzhou

Distance: 0 km Ve

Time: 0 ms
PDG 2021 0.003 GeV

5CP = 222° Anti-ve VI S OSi m

& v0.2.4

w VISOS

LU Xianguo /% 2 H, Warwick
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https://luxianguo.github.io/html/visos/

...will come back to IceCube later
ORCA ) KMBNeT-ARC'_é

1023 Summer Blot, Neutrino 2020

107
Oscillation Phase ~ Am?L/E
1022
Only two Am? 10°
. . ';.I'“ 1021
> 10° g
Q
] U el
o [T’ b~
3 1020

\.\ 2 _)
La I:ge Am tau production 104

~* DAEbSALUS threshold

Normal Inverted

-

103

I “Wasteland”
Quiz: Name a few experiments ‘\’.OOZ

in the “wasteland”? What are o
they for? 1018

103 102 101 100 101 102 103
E, [GeV]
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Oscillation experiments

Q Flux:v,and v,
U Oscillation

Future Oscillation E,/GeV Detector Target % v, and7, disappearance (most oscillated to
Experiment @Flux Peak | Technology | Nuclei , Vzandv)
% v, and v, appearance
T2K/HK 0.6 Water Che' H,O v
Liquid szm e VISOSim
NOvA 2 Scintillator b W ooy v0.2.4
[ | 2.4 GeV
DUNE 2.4 LAr TPC Ar g 14000 m100%)
6000.0 km (100%)
IceCube 3-10 Ch_ere.nkov H,0
(NMO sensitive Inice
SK/KM3NeT region) Water Che’ H,O

Signal = (Flux - Oscillation probability - Cross section) & Detector effects

... lo discuss tomorrow

Quiz: Is it driven by Am5, or Am3,?

w VISOS
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https://luxianguo.github.io/html/visos/im/

Oscillation experiments

Distance: 0 km ve

B 050 VISOSim
2 v0.2.4

Quiz: What is |Am3,|/Am3,
now? Is it reasonable?

2025 August 22, Hangzhou LU Xianguo j 2 &, Warwick 20



Part 2: Accelerator Neutrinos

2025 August 22, Hangzhou LU Xianguo # 2 &, Warwick
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Accelerator Neutrinos

How to obtain a controlled sample of neutrinos?

Let’s start from © decays

v (E,)

2025 August 22, Hangzhou LU Xianguo # £ &, Warwick
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Accelerator Neutrinos

Magnetic “Horn"

Froton
Beam

LBNF

Mostly v, from =, few v, from K
Proton energy flow and horn - Directional
Horn charge selection on © = High purity v or ¥ beams

2025 August 22, Hangzhou LU Xianguo # £ &, Warwick

23


https://j-parc.jp/c/en/press-release/2024/01/17001274.html
https://j-parc.jp/c/en/press-release/2024/01/17001274.html
https://j-parc.jp/c/en/press-release/2024/01/17001274.html
https://j-parc.jp/c/en/press-release/2024/01/17001274.html
https://j-parc.jp/c/en/press-release/2024/01/17001274.html

Accelerator Neutrinos

Focusing Decay Pipe
Proton Target ¢ = —"n:/ \ L]

Rearn W '&:"’.
LBNF K

Mostly v, from =, few v, from K
Proton energy flow and horn - Directional
Horn charge selection on © = High purity v or v beams

2025 August 22, Hangzhou LU Xianguo # £ &, Warwick

Detector (on axis)

24



Accelerator Neutrinos
Off-axis (OA) technique - Narrow-band beams

D. Beavis, et al., P889: long baseline neutrino oscillation experiment at the AGS,
Report No. BNL-52459. April, 1995

Focusing Decay Pipe [*

Proton Taret P —— i o\ j
Beam {7_—& / ’ '
K SR

;v

-_— e == == == = Proton beam axis

Off-axis angle
LBNF

Mostly v, from =, few v, from K Detector (off axis)

Proton energy flow and horn - Directional

Horn charge selection on © = High purity v or v beams
T2K, Phys. Rev. D 87, 012001 (2013)

From energy, momentum conservation [ T S
2 _ 2 NG
E = m.~m, e %‘Ng/ HHE OA 0.0° —
i NES " . i
v 2(E'—p.6080) “Flux” ggggé 44 0A2.0
D. - E?‘o‘
1 < i
. i ,
4 Z_ 05
4 -1
o
0
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https://inis.iaea.org/collection/NCLCollectionStore/_Public/26/063/26063806.pdf
https://inis.iaea.org/collection/NCLCollectionStore/_Public/26/063/26063806.pdf
https://inis.iaea.org/collection/NCLCollectionStore/_Public/26/063/26063806.pdf
https://inis.iaea.org/collection/NCLCollectionStore/_Public/26/063/26063806.pdf

Accelerator Neutrino Experiments

hitps://www-sk.icrr.u-

"INGRID

D U N E Sanford Underground

Research Facility

Fermilab

.
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https://www-sk.icrr.u-tokyo.ac.jp/en/hk/about/outline/
https://www-sk.icrr.u-tokyo.ac.jp/en/hk/about/outline/
https://www-sk.icrr.u-tokyo.ac.jp/en/hk/about/outline/
https://www-sk.icrr.u-tokyo.ac.jp/en/hk/about/outline/
https://www-sk.icrr.u-tokyo.ac.jp/en/hk/about/outline/

Accelerator Neutrino Experiments

hitps://www-sl!

D U N E Sanford Underground

Research Facility Fermilab

—————————
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https://www-sk.icrr.u-tokyo.ac.jp/en/hk/about/outline/
https://www-sk.icrr.u-tokyo.ac.jp/en/hk/about/outline/
https://www-sk.icrr.u-tokyo.ac.jp/en/hk/about/outline/
https://www-sk.icrr.u-tokyo.ac.jp/en/hk/about/outline/
https://www-sk.icrr.u-tokyo.ac.jp/en/hk/about/outline/

Accelerator Neutrino Experiments

hitps://www-sk.icrr.u-

Fermilab

D U N E Sanford Underground

Research Facility Fermilab

2025 August 22, Hangzhou LU Xianguo # £ &, Warwick 28


https://www-sk.icrr.u-tokyo.ac.jp/en/hk/about/outline/
https://www-sk.icrr.u-tokyo.ac.jp/en/hk/about/outline/
https://www-sk.icrr.u-tokyo.ac.jp/en/hk/about/outline/
https://www-sk.icrr.u-tokyo.ac.jp/en/hk/about/outline/
https://www-sk.icrr.u-tokyo.ac.jp/en/hk/about/outline/

Accelerator Neutrino Experiments

Super-Kamiokandcies
(ICRR, Univ. Tokyo)s

Will check the detectors tomorrow... e
... flux and oscillation measurements today ' INGRID

"}
)./

ar Detector
2025 August 22, Hangzhou LU Xianguo & % H, Warwick Ne clecto



T2K Beams .

beam
p30GeV ™ dump deteclors off-axis (0A)
primary d - ---- -------------
beamline target n """""" - N T

1.3 MW power near the beginning of the

station d?cay muon ‘i o - . :
B W o el & suPer'Ka.m'oka"de Hyper-Kamiokande data taking (+k, 2505.15019]
om 110m 120m  280m 2km 7 295km —F

-------------------- accumulated POT for physics analysis (total)

accumulated POT for physics analysis (v-mode)

T2K, 21st Rencontres du Vietnam, Neutrino Physics, 07/2025 T e )

200
100

10

— —_— ~~~
S —
NO 50 __ Run1 Run2 Run3 Run4 Run5 Runé Run7 Run8 Run9 Run10 Run11 Run12 Runi3 Runl 900 E
o L ) -
X - beam power (v-mode, +205 kA) ; lf +— 800 :
g 40 __ ° heam power (EHEESSECIERY .| BN B J-- S j-s - __ 700 g
50 ~ ° beam power (v-mode, +320kA) | | 7 AR I HH _ o
S — ° beam power (V-mode, -250 kA) / ¢ g —600 =
= 30 __ ° beam power (V-mode, =320 kA) / """"""""" . — §
= Tk : g 500 @
2 - A f v # r,_/_,—' - 2
z - '1 ! F Cprenns ‘, | : H ] 400
2 20 S y : ] B
= - LR A S, 7 —300
= - £ g f E....... / ,/ /_/ | o
[ / ' |
_ Lo ; —

-
:
2 ‘
. ! '
Z‘:‘ | ; ...: :
o ';'/J |
I(f'-_. 1 1 I 1 1 I 1 1 1 I 1

O 1 ] 1 1 I 1 1 1 0
20092010 2011120121 2013120141 201520162017 12018 2019 2050 202112022 12023 12024 2025
_— Year

T2K, Eur.Phys.J.C 83, 9, 782 (2023)— Latest analysis (07/25)
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T2K Beams

T2K, Eur.Phys.J.C 83, 9, 782 (2023)

Neutrino mode flux at the FD FD: Neutrino mode v,
= N I B B ’
8 5 T T N
gﬂ" I [5 T ——— Hadron Interactions | ®xE,, Arb. Norm. ]
g 1000_ _Zu _Ze (x100) _ E 0'3__ ——— Proton Beam Profile & Off-axis Angle Material Modelling __
% —Vu T Ve (x100) g - ——— Hom Current & Field ~—— Number of Protons B
g ......... 2018 (thin) § : — Hom & Target Alignment — 2020 flux (replica target) :
:\é 500_ if — 2020 (replica) = — Bl e B
3 - -
. . = ] o +
For v oscillations % ] Fluxmodel error 5%
= . - - Extremely hard to get
2 LI ' R 3 1 it further down
R e — :
0.9 R R | | TR B | T
0 0.5 1 1.5 2 2.5 3
Bkg from 3 other types E, [GeV]
... moreonthislater _ x10® _ Anti-neutrino mode flux at the FD Li
8 I I I I I d
=¥ L
”9 1000 —V, —V, (x100) R i, | ST T S
% I —V, —Vexti00 | target e G},
— . . g - 2018 (thin)
For v oscillations T 500 — 2020 repica) monitors
3] - L L1
E Om 110m 120m
o No control over neutrino parents (rn, K) after focusing.
b Everything relies on the horn.
. L ) R .
0o 05 1 15 2 25 3 ... more on this later
E, [GeV]
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Accelerator Neutrino Experiments

Super-Kamiok2ndeke
(ICRR, Univ. TokyO)&

2025 August 22, Hangzhou LU Xianguo # £ &, Warwick
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INGRID

Near Detector
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T2K Near Detector (ND) Fits

T2K, Eur.Phys.J.C 83, 9, 782 (2023) Signal = (Flux - Osecillation-probability -|Cross section) @ Detector effects
/a\ :' I"'I"'I"'I'"I"'I"'I'v"l"'l"
35000 — ‘\lf)::t::ZPZh =vgg(ll:;ln 5 13 ' '
D - v CCCoh1x [ v CC Other £ 12
= 4000 — v NC 7V modes 9
2. g .
%3“““ 3 Before ND fits g Flux prediction (mean and
2000 £ S spread) improved after ND
- 0.8 -
_ 0.7 - Before ND280 analysis
il 8 i% 0.6 —4— After ND280 analysis
4 4 g.g : 0.5 L
"0 200 400 600 800 1000 1200 1400 1600 1800 2000 107 1 10
pu [MeV/c] Neutrino Energy [GeV]
CO T T Pl =
> 5000 — Bl CC2p2h v CCRes Ix g 10 =
D - v CCCoh1x [ v CC Other 220l =
4000 v NC 1 V modes = £ .
S g g Cross section models now
3000 — . o L5 .
Sk After ND fits s £ have constraints or are
g 2 1) Z better constrained after ND
2 1000 £ :
= 1000 £ osh fits
12 E
zi . })g E_..?.....n......p.,.a...o..n..f.l..............a......l..l--..n. 0.0 3:( > o L o = = = IF
06 B E E 2 & g 9 voo
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2 2 O g = £ EE E
pu [MeV/c '-E. '-:'. E §'. = moEom =
(a) FGD1 v-mode v, CCOT -
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Accelerator Neutrino Experiments

2025 August 22, Hangzhou LU Xianguo # £ &, Warwick
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Near Detector
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T2K Far Detector Events

T2K, Eur.Phys.J.C 83, 9, 782 (2023) Q Flux:v,and v,
20 | +Dwa : 4Dua ] Q1 Oscillation
E . 7 20 — _ . .
10F } —Bestfic i T Bestfit % v, and v, disappearance (most oscillated to
0_ | ! AN 0— | | L 1] =
'?0180"""" T L L L B LU R B TDISONHIH' L L R vTandvT)
3 1 F 3 % v, and v, appearance, then CP violation
‘;‘ 1501 10 | * Data 1., ‘;‘ 150~ = * Data 3 e e ’
%0 120: _: _ [T Best fit _: %0 120:_ C [T Best fit
g 90l JL ] g 90 L 2 5. =
a ol 1 F ] g f ©168% systerr. atbest-fit | — sin’0,, = 0.45, 0.50, 0.5, 0.60 g »F_ T
3 ok Jr TP 3 ek C v Bestfit —— AL, =249x10°eV2(NO) & o
i 1 ] C 1 —o—Data (68%staterr) ~ ---- Amj =—246x10"eV2(10) ¢ (F__ o
30 1rC 5 AL . 30+ - : cp
[ _ [ .‘. .. Y e | - . w) _l T I T T T T I L I T T T 7T I L I L l L I T T T T ] T l_
0_. 1 L .“. ..l'.i'."..l\r..".‘ 0 Lo T Y T 0 % 24— n_ -
00 05 1 15 2 25 3 %10 00 200 400 600 800 1000 1200 2 - o .
Reconstructed v-energy [GeV] Lepton momentum [MeV/c] f‘g 22:_ - E
[ — -
(a) v-mode 1Ry (b) v-mode 1Re = 00 = ]
o 18 =
(rrrrrrrrrr T T T T T T T T T T T T T ] 10-_‘ LI L L L L L L B | B "8 - -
10F * FDaua : _|, FDaa 4 £ 16 —
C —Bestfit SE —Bestfit g C ]
r ] g M ] ‘£ l4c -
0_ 0‘ | P A ‘J_| | ih | [ I' 8 C .
'g‘o 180_' T _' Tt T T rrrrrrrrrrrrrrrp e ’Eo 180'_' T _' TrrT T T T T T T T T T T T T T T 06 _g 12:_ _:
% 150:— ] :— * Data L5 % 150:— - :— * Data ’ é 10— | | | | | | | | —
2 120F 1E & ° W Best fit 2 1500 C W Best fit 50 60 70 8 90 100 110 120
o [ 1 = L 0.4 Neutrino mode e-like candidates
S 90f 1 S 90- -
§ i g L
60 - = 60 T _H
r ] 05 i 0.2 . . L E
ol it i 2ol g . Normal ordering, §cp = ,
L | - .— L ..‘-I...i; T‘ PRI B .— -. PR NS TN (N T S S ST (N SN S NSNS S Y I l?
™S 00 o5 1 15 2 25 3 0 057700 200 400 600 800 1000 1200 ° LUCky fluctuations?
Reconstructed v-energy [GeV] Lepton momentum [MeV/c] L. neXt Sl |de
(d) v-mode 1Ru (e) v-mode 1Re
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T2K Oscillation Parameter Results

T2K, Eur.Phys.J.C 83, 9, 782 (2023)

SIE T e RO L R R B BN
r < 25— ]
N3 E — Normal ordering E
t?se:/t fit !:3/6 O oo~ Inverted ordering ]
1- —T2Konly  — T2K+PDG 6,, - lo €L -
- C B 9% cL / ]
- 15— [wa ' -
N - [ J3ecL
- AN T y - ]
-1 10:l —:
© st :
—3:—. red L./ | L %107 0:
15 25 30 35 sinze40 -3 -2 —1 0 1 2 3
8CI»’
in,. = 0.45, 0.50, 0.55, 0. o&cpju
6,5 relies on v, appearance, statistically very limited B e a0 oy B 2
. == Data (68% stat err.) ---- Am2, =—2.46x10"° eV (I0) o 6°P= N
» Need reactor constraints S
- . =
o ) S nf 3
Similar 6¢p intervals for both MO Sk E
> What happens if Nature gives us different event rates here ——=—s D
> Need external constraints on MO £ ten R
... will come to this later £ "¢ E
£ 12 =
é IOET.I....I....I....I....I.. | Ll I_E

50 60 70 80 9 100 110 120
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One slide about NOVA

Total events - antineutrino beam

60

a
o

N
o

w
o

N
o

NOVA, 21st Rencontres du Vietham, Neutrino Physics, 07/2025

NOVA Preliminary

T T T T | T T T T I T T T T I T T T T | T T
- NOVA FD L .
B o . sin“26,,=0.085
| 26.61x 10%° POT-equiv (v) i
L 12.50 x 10%° POT (v) .
B Inverted MO B
- AM2,=-2.47x10%V? .
i LO 1
| ., i
i sin“e,,=0.46 |
3 Normal MO .
- -3 —]
[ o 6CP= 0 e 6CP= /2 Am§2:+2.43x1 0 eV2 |
[0 8 p=T d.p=3n/2 X Best Fit Prediction 7
L l | | | l | | | | l l | | | l l l | | | [
50 100 150 200 250

Total events - neutrino beam

NOVA Preliminary

0.025F Bayesian Cred. Int. ! " Marginalized jointly
= - With 1D Daya Bay constraint over orderings ]
» 0.02 § § g __
5 ; =BothMO =15 -
0O o.015F |W/ 1D DayaBay == Inverted MO =26 -
o ¥ 3 ==Normal MO --3c 1
§ 0.01}; -
8 0.005F
ok
I 1 : 1 ] T T T T T : T I 1 : T T
Both MO [+ t - E==i e R
Inverted | .- -I----;---l- o
Normal i l t -;:—I----l- e e p———
0 % n 3n on
2
8CP

» Not knowing NMO makes it very difficult to determine é¢p
» Already difficult even if NMO known

2025 August 22, Hangzhou

LU Xianguo # £ &, Warwick

0.7

in2,
Sin“0,4

0.4

0.6

0.4 —

Normal Ordering

NOVA, Phys.Rev.D 106, 032004 (2022)

[ T2K. — —ane o < pno, o]

- Nat. 580 = BF <90% CL SSS/OCL:

" Nova: +BF | | <e0% cL ] <ee% cL ]

Attt

| Inverted Ordering i

N 1 ()

T2K. _ o ]

[ Nat. 580 <90% CL

= . < Oo S Oo —
0.3 [ N.OV.A |. . L _| 9(.)/. C.L D| .68./ .CIT_-

0 z T 3n 2n

2
6CP
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Coming back to the flux T2K flux T2K, Phys.Rev.Lett. 116, 181801 (2016)

baCkI"OLlnd I|Illllllllllllllllllll'IIIIIIIlIIIIlIIIIIIIIIII
g 106§ G

[ER—
o)
N

[E—
o~
(98]
T

Flux (/cm*/50MeV/10*'POT)
=

IIlllllIIlIIll:': ,IllIIlIIlIIIlIIllil.I:llll

0 1 2 3 4 I Z 3 4 5
E, (GeV) E, (GeV)

O Maximise Vv, and v, flux



Coming back to the flux T2K flux T2K, Phys.Rev.Lett. 116, 181801 (2016)
background...

106 é_ ::'33':'.;; ................................................................. - l ............................................................. _§

e
-]
()]

Flux (/cm*/50MeV/10°'POT)
5 5

o 1 2 3 4 1 2 3 4 5
E, (GeV) E, (GeV)

O Maximise Vv, and v, flux

d Minimise v, and v, to observe appearance
d v, and v, flux are background

2025 August 22, Hangzhou LU Xianguo # 2 &, Warwick
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Call for a GeV v, and v, Machine

—— Statistical errors only
snmengennnnns  |[MpProved syst. (Ve/ve XSec. error 2.7%)
v, (V,) cross sections: major §.p systematics ppp=— 2K S}’S"l Ret{4] ‘V,e"’le == e',’°’l4"°’, %)
Q Very few v, scattering data 3 F
: =10
d 6. ~ v, appearance ~ no v, in beams § [ =5 —o0°
< No in situ v, measurements 3 8-t
Q v, for v, via lepton universality, but higher 3 [ =45
u o e CI? 6
precision needed for §p B pommmes
% G T g
Hyper-K example - i
Improving error of v /v, xsec ratio 4.9% -2 2.7% : HK, 250515019 ]

Q Improve §.p sensitivity by ~ 1 c for 6 year 2 4 6 8 10
d Significantly shorten running time to reach 5¢ HK years (2.7x10%' POT/year 1:3 vV)

v' Wishlist
1. v, and v, beams with the relevant energy for appearance
2. Well-understood fluxes
3. High statistics
4. Low v, background

2025 August 22, Hangzhou LU Xianguo # £ &, Warwick 40



v from STORed Muons (nuSTORM) Focusing C

Proton Target )

Be
Coming back to the beam control... -

LBNF

- 7T
Target - [ Detector

K nuSTORM, arXiv:2203.07545

O = captured by storage ring - u =2 v, instead of decay pipe =2 v

Q v,+v.and v, +v, fluxes from u* decays Dy 5
s Storage ring: tunable fluxes ]
* u decay: perfect understanding of flux shape and normalisation €
_—’W_
e

2025 August 22, Hangzhou LU Xianguo # £ &, Warwick 41



Part 3: Atmospheric Neutrinos

2025 August 22, Hangzhou LU Xianguo # 2 &, Warwick
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More on Neutrino Mass:

Before getting into atmospheric v ...

All neutrinos experience the same NC matter potential
in medium.
Additional CC potential for v, (“+7) and 7, (“=7)

Vbc}= i\/ﬁ(;pne

Electron density ne

3
Fermi constant \/2Gg =~ 7.63 x 10714 —eVNcAm
fiCC)E 213‘&30

Homework: Write down the
Feynman diagrams of v, and v,
CC interactions with electrons.

2025 August 22, Hangzhou

MSW Matter Effect

Extremely relativistic kinematics
2
m
E~p+—, p~FE
2p

2 2

As usual, Am? = m2 — m?

1. No mixing: vy = ve, va = v,
Ve Hamiltonian in matter

2 m?

m
H=E+Voc=E+-M
+Vee + 2F

Effective mass mﬁ,l =m? + Acc
(NC induces the same Anc for all neutrino flavours)

Effective mass gap Amj; = Am? — Acc

e When the matter potential fills up the mass

gap
Acc = Am?
E[GeV]ne [ c]:g;» ] L [10_‘56‘/\2/] 3

2% 7.63 x 10714 [Vem® |
Eng ~ Al—’gz,E in GeV,n, in CNFA?,,Am? in 107%eV?
Water ne = gCNmAS

For Am? =107%V?, E =0.12 GeV
e For Acc > Am?, Am3; <0
(] Ptn'fQCC}>>£§7n2,Z&nlilﬁ-—fQCc

LU Xianguo j 2 &, Warwick

N

Bethe, Phys.Rev.Lett.

56, 1305 (1986)
Ve

Level crossing

Y

)
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More on Neutrino Mass

Extremely relativistic kinematics

2
m
E~p+—, p~FE
2p

MSW Matter Effect

2. Mixing: Vacuum Hamiltonian in (Zl) basis

()-(0 " ) ()

As usual, Am? = m2 - m?

1. No mixing: vy = ve, va =1,
ve Hamiltonian in matter

2
H=E+Voc=E+ M

2F

Effective mass m2; = m? + Acc
M

(NC induces the same Anc for all neutrino flavours)
Effective mass gap Am3; = Am? - Acc

e When the matter potential fills up the mass

gap
Acc = Am?
Am?2[1073eV?
E[GeV]ne[NAS]: m? | ]
cIm

2% 7.63x 10714 [V |
2

Am .
Ene =~ ?,E 11 GeV, Ne ms,

Water ne = g (f;’;f:o,

For Am? =107%eV?, E = 0.12 GeV
e For Acc > Am?, Am3; <0

e For ACC > Amz, Amlz\/[ = _ACC

2025 August 22, Hangzhou

in Na Am? in 107%eV?
C

. gL A (-1 0) " ® t
4 \0 1 ) L Am?
V3 [ ] X
1% 171 i v
Full Hamiltonian in ( e) =U ( ) basis
l/” V9
N Bethe, Phys.Rev.Lett. 56, 1305 (1986)
Am —1 0 t ACC 1 0 2
!
—» H 3—4E U(O 1)U ik (0 _1) m Ve
_ Amyp, (<100) g
T 4E UM( 0 1)UM’
U Vu
with effective mass gap Am%,I and mixing
U = €08 O sinby
M=\_sinfy cosby A
P
e When Acc > Am?, U becomes irrelevant,

AN

Acc (1 0\ _ Amgy -1 0\,
AE (0 —1)' AE UM(O I)UM

a) Ami;=—-Acc, Oy =0, falling back to the
previous no mixing case, or

(b) Am3; = Acc, Oy = +7, naming vy = v,
Vg = lVeg.

Quiz: Is there oscillation when the mixing angle is /2?7

LU Xianguo # £ &, Warwick 44



More on Neutrino Mass: MSW Matter Effect

Extremely relativistic kinematics
2
m
E~p+—, p~FE
2p

As usual, Am? = m2 - m?

1. No mixing: vy = ve, va =1,
ve Hamiltonian in matter
2
m
H=FE+Vec=E+-M
cc 5F
Effective mass m12v1 =m? + Acc
(NC induces the same Anc for all neutrino flavours)
Effective mass gap Amgy = Am* - Acc
e When the matter potential fills up the mass
gap
Acc = Am?
Am?[107%eV?]
x7.63x 10-14 [ Vem |

E[GeV]ne[NA]:2

Ene ~ A—m2,E in GeV,n, in &,Amz in 107%eV?
15 cm3
Water ne = g%
For Am? =107%eV?, E = 0.12 GeV
e For Acc > Am?, Am3; <0
e For ACC > Am2, Amlz\/I = _ACC

2025 August 22, Hangzhou

2. Mixing: Vacuum Hamiltonian in (Zl) basis
2

2
H:)Am (_1 0)

48 \0 1

Full Hamiltonian in (Z) U (Zl) basis

N 2
Am? -10 A 1 0
/ T CC
H> =5 U(O 1)U T uE (0 —1)
_ Amyrp (<10) g
- AE UM(O 1)UM’

with effective mass gap Am%,I and mixing

cosby  sinfy )

Um = (— sinfy cos by

e When Acc > Am?, U becomes irrelevant,

Acc (1 0\ _ Amgy -1 0\,
AE (0 —1)' AE UM(O I)UM

(a) Am3;=—-Acc, by =0, falling back to the
previous no mixing case, or
(b) AmIZVI = Acc, 0M =T

2 nanming vy = vy,
Vg = Veg.

LU Xianguo # £ &, Warwick

e In general, with

U= ( cos 6 sinH)

“\-sinf cos#

The effective mass gap and mixing angle are

Am; =\ (Am? cos 20 - Acc)? + (Am?sin 26)°
tan 260

{__ Acc
Am? cos 260

tan 26 = e.g. Giunti & Kim (2007)

Mikheyev-Smirnov-Wolfenstein effect

Resonance at A8« = Am? cos 26

oR = %, regardless of 6

... will come back to this later

Homework: Recover the previous
no-mixing and small gap cases
with the general effective mass
gap and mixing angle.
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Oscillation experiments

Q Flux:v,and v,
O Oscillation
% v, and v, disappearance (most oscillated to
v, and v,)

< v,and v, appearance

Future Oscillation
Experiment

E,/GeV
@Flux Peak

Ve

VISOSim

v0.2.4

PDG 2021
OCP = 222° Vi

[] 0.6 GeV

350.0 km (100%)
(] 2.4 GeV

1400.0 km (100%)
] 10 GeV

6000.0 km (100%)

IceCube 3-10 .
(NMO sensitive
SK/IKM3NeT region)

Signal = (Flux - Oscillation probability -

.. to discuss tomorrow
v, appear

w VISOS

2025 August 22, Hangzhou LU Xianguo # 2 &, Warwick 46


https://luxianguo.github.io/html/visos/im/

Atmospheric Neutrinos

Q Flux:v,and v,
O Oscillation
< v, and v, disappearance (most oscillated to

v, and v;)
% v, and v, appearance
AIR Ve
\ PDG 2021 VISOSim
t‘ ) N UCLE US 6:P_ = o_evgev v0.2.4
; 3504 km (100%)
§ . [ | 2.4 GeV

400.0 km (100%)
10 GeV
6000.0 km (100%)

MUON
ELECTRON

‘Smaller contributor:
‘smaller flux, smaller
disappearance prob.

neutrinos 4 Lioctron.
neutrino

v, appear

Kajita, Nobel Lecture

w VISOS

2025 August 22, Hangzhou LU Xianguo # £ &, Warwick 47


https://www.nobelprize.org/uploads/2018/06/kajita-lecture-slides.pdf
https://luxianguo.github.io/html/visos/im/

Atmospheric Neutrinos

AIR

:

> " NUCLEUS

ELECTRON

Smaller contributor:
smaller flux, smaller
disappearance Rrob.

1 electron-
neutrino

neutrinos

Kajita, Nobel Lecture

2025 August 22, Hangzhou

Vy +V Ve +9,

Q Flux:v,and v,
U Oscillation

J/
0‘0

R/
0‘0

v, and v, disappearance (most oscillated to
v, and v;)
v, and v, appearance

1.2

| All direction average
| — Honda-Kamioka

Honda-Kam 1c error

r ----Bartol-Kamioka
[ —Honda-JUNO
| - FLUKA-Kamioka

1'4j All direction average
] I — Honda-Kamioka
ya 13F | Honda-Kam 1c error = a gl
7 [ ---Bartol-Kamioka P ]
[ —Honda-JUNO 5
- - FLUKA-Kamioka 5

10

w

N
o
——

| All direction average
| — Honda-Kamioka

Honda-Kam 1. error

| ----Bartol-Kamioka
| —Honda-JUNO
[ ----FLUKA-Kamioka

107

LU Xianguo # £ &, Warwick

10 1
E, (GeV)

Figure courtesy: Z.-O. He, Warwick
Naive expectation

_ Vy + 0y _9 v 1
Vo + e | U
Quiz: What causes

10 % =2 to fail?
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https://www.nobelprize.org/uploads/2018/06/kajita-lecture-slides.pdf

Atmospheric Neutrinos

Fully uncontrolled —— | QO Flux: v, and v,
O Oscillation
< v, and v, disappearance (most oscillated to
v, and v;)
% v, and v, appearance

Kajita, Nobel Lecture
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https://www.nobelprize.org/uploads/2018/06/kajita-lecture-slides.pdf

Atmospheric Neutrinos

Fully uncontrolled —— QO Flux: v, and v,
Q Oscillation
< v, and v, disappearance (most oscillated to
v, and v,)
< v, and v, appearance

. Nuctear abundance: cosmic rays compared to solar system - T2K p_be am 30 Gev o s
10 T T T T T T T t E

- Depth (g/cmz)
10" | 5.5 (x10%)

| i L q s
© r i E

E L 23 (x10%) M w0 | i full:v, (n decay) F
10 L H I F

10" 48 (x107 \M d & ot

A L ¢ 5) N\ [ H i dashed:v,,v, (1 decay) 10 4=—
77 (x10%) L 3

=100

3 g 108 \ o L
- B - o H -
£ q'; 0" T 105 (X105)m\¢\\ g, I & P
L " ~ -5
o - 6 137(X104) \ g L H H 0 F 5
w - E
9 w 10 s -MN\ i‘ H b > '..‘
® | > L 165 (x10%) o | it i A
e 2 L ore X102 "'I‘l\-\.\\ ] H 4 [ L
% w 10% ( )m\ 3 220 [ ; | AR =
2 3 p812(10) ] & 3 f
g | = 102 I )’N\\ b E_ < L
g S 466 (x1) FooA by 107k
& <] - \\ L E “-: F
3 & 10 | 885 (x1) o b § ' i

Lio ' , : 1 ;
104 | S i I \ \ Ll “h 10k
2 i ~ F

] 10 \ L h E

) I K ey

6 Be, i J i i . PR L I i , ! L —o| o

10 10 1 0 10 20 30 40 50 60 70 80 30 10 = E— —
0 5 10 15 20 25 30 10° 10! 102 10 1 10 10
Nuclear charge Kinetic Energy (GeV) ALTITUDE (Km) ALTITUDE (Km)
Gaisser and Stanev, Nucl.Phys.A 777, 98 (2006) Gaisser, astro-ph/0501195 Favier et al., Phys.Rev.D 68, 093006 (2003)
0 Cosmic rays: p + others U0 Not monoenergetic U inhomogeneous target, non-localised production
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Slide by Kajita, NPB 2024

Atmospheric neutrino problem

v’ Proton decay experiments in the 1980’s observed many atmospheric neutrino events.

v’ Because atmospheric neutrinos were the most serious background to the proton decay
searches, it was necessary to understand atmospheric neutrino interactions.

v' During these studies, a significant deficit of the muon-neutrinos events was observed.

0 05 1 15
(W e)datal (w/ e)MC



https://indico.ihep.ac.cn/event/20514/contributions/149590/attachments/76002/93912/240219NeutrinoOscillation-Takaaki%20kajita.pdf

Atmospheric Neutrinos

Discovery of neutrino oscillations

Kajita, Nobel Lecture

& /\
INCOMING 0 P T oy g r A
COSMIC RAYS
.
.
>
N
/
-
. e
1 10
/ ) Momentum (GeV/c)
/ » L-dependence: zenith angle variation
/ \ » Many systematics cancelled in up-down asymmetry
e / QDavid Fierstel\-, origifally published in Scientific American, August 1999
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https://www.nobelprize.org/uploads/2018/06/kajita-lecture-slides.pdf

Geomagnetic eﬁect Honda et al., Phys.Rev.D 92, 023004 (2015)

e A JUNO ® SK H INO ¢ Pyhasalmi
Remember-the."Horn™? 80 [
$ l S “‘\\ Ny, N B

10000nT
Z— 20000nT

P 4
N
o

Latitude
T 1 1] w 1, |

30000nT

30000nT

geomagnetic Geomagnetic ~40 20000nT
field field 10000nT
A -80 -
™ . L 11 - South Pole
T -150 -100 -50. 0 50. 100 5
______ Longitude
Cook, PhD thesis, Oxford, 2022 : : : : —
| V., up: -0.4 > cose,; down: cos6, > 0.4 |
"""" — Honda-Kamioka
1.4 Honda-Kam 1o error
B (G) Down (local sky) Up (over much larger sky region) ---- Bartol-Kamioka
— Honda-JUNO
SK 0.30 - g - FLUKA-Kamioka
JUNO 0.38 . =7 ]
Q Intrinsic up-down flux asymmetry can mimic oscillation —— e e courony
» Local B in flux calculation is crucial ' | - | Z-0. He, Warwick

» Worse at low energy eyt 6 7800

2025 August 22, Hangzhou LU Xianguo /% 2 &, Warwick 53



SK flux error in a typical
oscillation analysis

2025 August 22, Hangzhou

SK, PTEP 053F01 (2019)

Table Al. Systematic error used in this analysis. The second column shows the best-fit value of the systematic
error parameter in % and the third column shows the estimated 1o error size in %. The fit result is within the

Systematic error Fit value (%) o (%)
Flux normalization E, <1GeV' 7.3 25
E, > 1 GeV? 9.6 15
(g + V) /(ve + V) E, <1GeV 1.3 2
1 <E, <10GeV 2.7 3
E, > 10 GeV? 6.6 5
Ve /Ve E, <1GeV —1.1 5
|l <E, <10GeV —2.7 5
E, > 10 GeV* —0.34 8
Vu/Vy E, <1GeV 0.36 2
1 <E, <10GeV 3.24 6
E, > 10 GeV® 9.2 15
Up/down ratio < 400 MeV e-like 0.079 0.1
p-like 0.24 0.3
0-decay pu-like 0.87 1.1
> 400 MeV e-like 0.63 0.8
p-like 0.40 0.5
0-decay u-like 1.34 1.7
Multi-GeV e-like 0.55 0.7
pu-like 0.16 0.2
Multi-ring sub-GeV e-like 0.32 04
u-like 0.16 0.2
Multi-ring multi-GeV e-like 0.24 0.3
p-like 0.16 0.2
PC 0.16 0.2
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SK Measurement of Atmospheric Neutrino Fluxes

10!

102

107

10

107

10

E’>® [GeV cm™ sec! sr1]

107
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TTTTII
A

IIITllIIIIIII|IIIIIIIII|II]I|II

] Super-Kamiokande I-IV Vi ; x
\

Frejus v
IceCube v, unfolding
| IceCube v, forward folding

—  AMANDA-II v, unfolding l_{_,
§ AMANDA-II v, forward folding \

ANTARES v i
——  HKKMII1 VH+VH (w/ osc.)

° Super-Kamiokande [-IV v |

SK, Phys.Rev.D 94, 052001 (2016)

—f— Frejusv,
IceCube/DeepCore 2013 v

—%— IceCube 2014 v
———— HKKMII v +V_ (W/ osc.)

| IIIIIIII | I'IIIIII| | IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| | IIIIIII|

-1

0 1 2 3 4
LoglO(Ev/GeV)

5

LU Xianguo j 2 &, Warwick

Coming back to IceCube...

SK: low energy
lceCube (DeepCore): high energy

95



Introducing IceCube

I EEB use N ELITRIND OBSERVATO RY

IceCube Laboratory
Amundsen-Scott

@Surfacemray /Statlon -

T

2025 August 22, Hangzhou

Slide courtesy: Donglian Xu

LU Xianguo # £ &, Warwick

@ SOUTH POLE NEUTRINO OBSERVATORY
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SK NMO Measurement with Atmospheric Neutrinos

Relation between cos(6) and R

Coming back to the MSW resonance...

Vacuum
5 ((1.27Am3,L

P(ve = ve) = 1 — sin’ 26,5 sin -

Pvy—=v)=1-4 cos’ 013 sin’ O3 (1 — cos’ 013 sin’ 6>3)

5 (1.27Am3,L
E

X sin

5 [ 1.27Am3,L

P(v, <> ve) = sin? fy3 sin? 263 sin =
Effective mixing and mass gap in matter

sin® 2013
(c0s 2013 — Acc/Am3,)? + sin? 20;3

sin® 2013, =

Am%z’M = Amgz\/(cos 2013 — ACC/Amgz)2 + sin? 20y,

o— 2
N
® Small 6,5, MSW resonance at
° 2 Acc = Am?,
° : 3 NO: Acc >0, resonance with v

Normal / Inverted MO |O: Acc <0, resonance with v

e.g. SK, PTEP 053F01 (2019)

2025 August 22, Hangzhou

6000

5000

4000

Distance from the centre, R (km)

3000

2000

1000

TS [T T T[T T[T T T[T T[T TT

Figure courtesy:
Z.-0. He,| Warwick
|

Matter effect seen as
probability distortion

Acc = Am?
_ Am?[107%eV?]
2763 x 10714 [V ]

E[GeV]ne [ Na ]

cm3

Am? N,
Ene~2""" Ein GeV,ne in —2, Am? in 10-5eV?
15 cm?

‘Water ne = chTAa

For Am? =107%eV?, E = 0.12 GeV

For [Am3,|=2x1073eV?, E = 24 GeV

LU Xianguo /% 2 H, Warwick

Normal

| |
-04 -03

-0.1 0
cos(0)

cosh,

1 10 10
E, (GeV)
T =T T I
P =)
=
2 0
o
1 1 1
1 10 10°
E, (GeV)

p [g/em3]

13.0

1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

R [km]

pper

Mantle
1 T T T 1
0.8F 0.9
061 P(Vu — V) 08
0.4 0.7
02F 0.6
g o;: 05
-02F 0.4
-0.4 _LW 0.3
-06F 02
-08F 0.1
E
—E L 1 L
b 1 10 10° o
E, (GeV)
0.8 0.9
06 Hi =) 08
04— 0.7
02F 0.6
g oé 05
-02F 0.4
0.4 E—% 0.3
-0.6 0.2
-0.8 LE 0.1
i . : )
1 10 10?
E, (GeV)
SK, Phys.Rev.D 109, 072014 (2024)
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SK NMO Measurement with Atmospheric Neutrinos

SK, Phys.Rev.D 109, 072014 (2024)

Up - Down / Up + Down

~06F

SK I-1lIl Multi-GeV v-like

SK I-lll Multi-GeV V. -like

—— Data, |cos0,] > 0.6
—— Normal

—— Inverted

with sin20,5 constrained

06 ¥ SK IV-V Multi-GeV ¥,-like 0 n :
0.4F - t

0.2F |_.
O:

-0.2F
—-04F ] 3
—06f SKIV-VMulti-GeV v like ] ¥
06 * 3
ook —3
0-2F ! T, 4+ T ;
0 xé:’ - = i | 3
-02F ¥ + T ]
~04F ¥ ¥ + ;
06 _ SK I-V Multi-Ring v -like 3 SK |-V Multi-Ring ¥ -like ¥  SK I-V Multi-Ring Other _
3.5 4 4.5 3.5 4 4.5 3.5 4 4.5

Iogm[Energy (MeV)]

10"

Fraction of Toy Data Sets

1072 3

1073 E

CL,

34
3.2
3.0
2.8

2.6

AmZ, (10° eV?)

24

22

2.0

104 3

[ TrueN.O.
1 Truel.O.
Pn.o. (0.88)

constrained

T
— Data (-5.69)

pi.o. (0.0091)
with Sin2913 ]

LI LI L L L LB LI LN

Super-K

x

-30 -20 -10 0 10 20 30
MxRo.-10.
___Pro. _ o o
1~ 0.077, rejecting 10 at 92.3% (~ 1.40)
PNo. Posiadala-Zezula, NEUTRINO 2024

~ARAN RLARRE LALLE RS LR LS LN R

Normal ordering, 90% C.L.

4o MINOS/MINOS+ 2020

4 — — NOVA 2020 I

& - - -- T2K 2023 with sin“6;3

® —-— lceCube 2023 constrained

035 04 045 05 055 06 0.65
Sin“0,,



v Best-fit — Am?, =2.49x107 ¢V? (NO)

= L T2K, Eur.Phys.J.C 83, 9, 782 (2023)
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IceCube DeepCore Atmospheric Oscillation Measurement
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lceCube, Phys.Rev.D 108, 012014 (2023)
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IceCube, Phys.Rev.Lett. 134, 091801 (2025)
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Quiz: What are cascade-like events?

IceCube, Phys.Rev.Lett. 134, 091801 (2025)

3.2

Normal Ordering 90% CL
== NOVA 2022
---- T2K 2023
~—-- Super-K 2024

—-= MINOS+ 2020

IceCube 2024
(this result)

0 0.35 0.40 045 0.50 055 0.60 0.65 O.

sin?(6,3)

Competitive with other experiments!

aobrwpbd=

But not for NMO:

> Miss the MSW resonance at lower energy
» PINGU (or ORCA) will lower the energy threshold
% But then all the low-energy systematics (flux, xsec)

are like SK—no way around for NMO

70

Huge statistics: km3-scale detector - far more multi-GeV
Best L/E coverage: optimised for 5-50 GeV range

Lower flux uncertainty: multi-GeV flux is better modelled
Cross section uncertainty: multi-GeV xsec dominated by DIS
In-situ flux calibration: high-energy unoscillated sample

% One can play with stat. and detector technology.

L/E [km/GeV]
Larger E ‘—1—’ Larger L

10k km/10 GeV

LU Xianguo /& % &, Warwick
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v, Appearance with Atmospheric Neutrinos

Completing the 3-flavour oscillation picture

Negligible v, at production Quiz: Is there matter effectinv, — v, ?

AIR Ve
)t PDG 2021

5 NUCLEUS B 056w

350.0 km (100%)

- ] 2.4 GeV

' , 1400.0 km (100%)
] 10 GeV

l O N 6000.0 km (100%)

MUON

VISOSim

v0.2.4

v, appear

ELECTRON

neutrinos . appear

1 electron-
neutrino

w VISOS
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https://luxianguo.github.io/html/visos/im/

Measurements of v. Appearance
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SK, Phys.Rev.D 98, 052006 (2018)

Expected appearance from both v, and v, fluxes
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SK, Phys.Rev.D 98, 052006 (2018)
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Accelerator and Atmospheric Neutrinos

Neutrino mass gap and mixing - oscillation
Three masses = NMO
Three-flavor mixing =2 Jcp

1. Neutrino Oscillations

a. Visualisation: spin rotation analogy, VISOSim
2. Accelerator Neutrinos

a. Technigues: hadron decay beams, near-far measurements

b. Key results: T2K and NOVA - 6¢cp precision needs NMO constraints

c. Future vision: nuSTORM (maybe!)—futuristic, unique v, and v, machine
3. Atmospheric Neutrinos

a. MSW matter effect: start with no mixing / no gap cases

b. Flux: systematics

c. Key results: SK and IceCube = NMO determination still pending
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A Short Demo for VISOSim
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Quiz
Which experiment has a 50 km baseline observing few-MeV neutrinos?
Is the oscillation driven by Am%, fast or slow? Estimate |Am3,|/Am5,.
Name a few experiments in the “wasteland”? What are they for?
Is it driven by Am35, or Am3,? (What is |Am3,|/AmZ, now? Is it reasonable?)
Is there osc:llatlon when the mixing angle is n/2?
What causes -, H: 2 to fail?

What are cascade-like events?
Is there matter effectinv, - v, ?

NSO RN
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Rwh~

Homework

Show that 15:),=cos St15.) - sin 22115,

Estimate Am3, and compare your result with PDG.

Write down the Feynman diagrams of v, and v, CC interactions with electrons.
Recover the previous no-mixing and small gap cases with the general effective mass

gap and mixing angle.

2025 August 22, Hangzhou LU Xianguo j 2 &, Warwick
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P(v,(;)=v,(¥,))= P+ P,+ P,+P, \ 01z

AV B ¢0,3>45 or 6,3<45
Plzsinzezasinhew(i sin®(—=L) *Sign(Am2s?)
I B_+ 2 QGXH

AL\ A
P,=co0s*0,.sin°20,, [ —2| sin*(=L
2 2351 12( A 1 (2 )
A A, A B,
P,=J cosd cos( =2 L) (= Bf’)sin(?L)sin(T'L)
A A, A B.
P,=+Jsin8sin(—=L)(—= 13)sin(éL)sin(—'L)
— 2 A B 2 2

J=cos0,sin20,,sin20,,5In 20,

e.g. Boyd, Warwick Week 2025 lecture
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& 20,3 = 0.

1 2 3
<P(v, => v,)> %

05
lllllll.llllllll¢ll.l_-.l
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https://indico.global/event/14139/contributions/125019/attachments/58137/111702/neutrino_lec_4.pdf

v from STORed Muons (nuSTORM)

Target

Q 1stv beam facility & highest ever beam power
based on stored muons
O Fine tune neutrino fluxes via u acceptance

2025 August 22, Hangzhou LU Xianguo # £ &, Warwick
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v from STORed Muons (nuSTORM)

LT

Target Production Straight

Return Return

Arc _ Arc
Return Straight

Q 1stv beam facility & highest ever beam power
based on stored muons
O Fine tune neutrino fluxes via u acceptance

2025 August 22, Hangzhou LU Xianguo # £ &, Warwick
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v from STORed Muons (nuSTORM)

Fixed Field Alternating gradient (FFA) lattice FODO lattice
Improve acceptance of muon 32 Minimise dispersion
-30¢ ' m _I =N ] ¥ i | | ' ' '
60 5

— e :

: 326\60 -85 = 35 305\50 55

Return Straight

Prpduction Straight

Return
Arc

2100 -50

y [m]

0

50

d 1st v beam facility & highest ever beam power

based on stored muons

O Fine tune neutrino fluxes via u acceptance
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30F
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J. Pasternak, J.B.Lagrange
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Q Production Straight (example w/ * injection)

‘0

)

4

L)

)

4

L)

+ + (1P ”
v, flux from ™ - u™v, ("pion flash”)
* Vet v, flux from pu™ — ey,
» Maximise u capture efficiency

O Return Arcs and Straight
< p, tunable between 1 and 6 GeV/c,
spread +16%
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DOI:10.17181/CERN.FQTB.O8QN

A Brlef Hlstory of nuS TORM

2012-13

2014

2019

2022

2025

Lol and Proposal to FNAL PAC [arXiv:1206.0294, arXiv:1308.6822], Eol to CERN [arxiv:1305.1419]
»  Sterile neutrinos
» Neutrino-nucleus scattering
» Technology test bed for muon accelerators

Steriles sensitivity [Phys.Rev.D 89, 071301 (2014)]

> nuSTORM at FNAL O Why do we need nuSTORM?
Feasibility of nuSTORM at CERN [CERN-PBC-REPORT-2019-003] L ient
» SPS 100 GeV proton beam Wishlist

1. v, and v, beams with the relevant
energy for appearance
Well-understood fluxes

High statistics

Low v, background

» Optimised for neutrino-nucleus scattering, maintaining sensitivity to BSM (steriles +
non-unitarity, NSI, Lorentz-invariance/CPT violation) 2
Snowmass 2021 [arXiv:2203.07545] 3.
» Advocating synergy with ENUBET and Muon Collider Demonstrator 4
v" Muon Collider demonstrator
% 6-D cooling
v nuSTORM as test bed for muon storage ring

X/

% Complete implementation for large acceptance do with it?
% R&D for very precise determination of stored-muon energy and spread
On-going: European Strategy Update for Particle Physics

» Submission: https://indico.cern.ch/event/1439855/abstracts/191113/

L What other physics can we

2025 August 22, Hangzhou LU Xianguo /& % [F, Warwick 72


https://indico.cern.ch/event/1439855/abstracts/191113/

