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* The Big Questions in Neutrino Physics
o * * s * *x x

Thebig questions ofparticle physicsand neutrinos
-- Howwasthe Universeborn and howit works

-- Matter exists butwhat happenedto antimatter?
-- darkmatter anddarkenergy

-- The Standard Model

Who are neutrinos?
-- neutral, left-nanded massive mixing and oscillating(we know allthat)

Neutrino questions and future
-- are neutrinosviolating time-reversal (C.P or T) invariance
-- are neutrinos able tdransforminto antineutrinos
-- fermion number conservation?
-- The neutrino mas$e explainedin the Standard Model
-- how canwe check allthat?
-- Neutrino massneasurementgin O\ kandcosmology
-- Neutrino oscillations and CP violation future neutrino program
24 How canwe discoverthat neutrinos have &Majoranamassterm?
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) Dark matter is observed as modifications of the laws of gravitation in gala
-- interacting gravitationally
-- Particle physics knows no particle that could play the role of dark matte
O2dz R 6S Ylyeée (GKAy3Ia FNRY A3
popular: Lightest Supersymmetric Particle, a.k.a.
WIMP (Weakly Interacting Massive Particle) from GeV toTiew
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Dark energy is a niakame for an unknown effect that leads to the observedea

acceleration of the extension of the Universe. ¥

-- *Might* be related to a modification of the space time properties
by physics at a higher energy than we have explored yet




ParticlePhysicsthe STANDARD MODEL

Three Generations
of Matter (Fermions)

Each fermion
also appears as
Anti-fermion

with opposite
chargeanshelicity

masseigenstates S
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TRECTE O 0 INeutrinos: the birth of the idea

Pauli's letter of the 4th of December 1930

Q=3.5078 MeV T/2 =0.8067 s Dear Radioactive Ladies and Gentlemen,

€ spectrum in beta deca : : : :
dN P y As the bearer of these lines, to whom | graciously ask you to listen, will

explain to you in more detail, how because of the "wrong" statistics of the N and
Li6 nuclei and the continuous beta spectrum, | have hit upon a desperate remedy
to save the "exchange theorem" of statistics and the law of conservation of
energy. Namely, the possibility that there could exist in the nuclei electrically
neutral particles, that | wish to call neutrons, which have spin 1/2 and obey the
exclusion principle and which further differ from light quanta in that they do not
few MeV travel with the velocity of light. The mass of the neutrons should be of the same
order of magnitude as the electron mass and in any event not larger than 0.01
proton masses. The continuous beta spectrum would then become
understandable by the assumption that in beta decay a neutron is emitted in
addition to the electron such that the sum of the energies of the neutron and the
electron is constant...

| agree that my remedy could seem incredible because one should have seen
those neutrons very earlier if they really exist. But only the one who dare can win
and the difficult situation, due to the continuous structure of the beta spectrum,
is lighted by a remark of my honoured predecessor, Mr Debye, who told me
recently in Bruxelles: "Oh, It's well better not to think to this at all, like new
taxes". From now on, every solution to the issue must be discussed. Thus, dear
radioactive people, look and judge.

Unfortunately, | cannot appear in Tubingen personally since | am indispensable
here in Zurich because of a ball on the night of 6/7 December. With my best
regards to you, and also to Mr Back.

Your humble servant
. W. Pauli

Wolfgang Pauli 7




Reines and Cowan | 1953

Neutrinos: direct detection

The target is
made of about
400 liters of
water mixed
with cadmium

= " chloride
n, +p- € +n“

The anti-neutrino coming from the nuclear
reactor interacts with a proton of the target,
giving a positron and a neutron.

] mni\H 1l

The positron annihilates with an electron
of target and gives two simultaneous
photons (et+e - g)g

The neutron slows down before being
eventually captured by a cadmium
nucleus, that gives the emission of 2
photons about 15 microseconds after
those of the positron.

All those 4 photons are detected and the

;53Jrgp|§)£?seconds |dentify the "neutrino H 4-fold delayed coincidenc#)z
interaction.




1956 Parity violation in Co betadecay. electronis left-handed(C.S. Wu et al)
electronswith negativehelicity
Interact with weak interaction

positronswith positive helicity

S.p
h=—=—
1957Neutrino helicity measurement Is-1p]
M. Goldhaberet al Phys.Rev.109(1958)1015
(anti)neutrinos havenegativgpositive) helicity
(If masslesshis is the sameasleft-handed)
S
S ———
—;
P
Ng
h=+1 right-handed not observed h=-1, lefthanded

3 July 2024 9



Another neutrino was detected in 1947 with the discovery of the pion.
(Powell et al, 1947). Maybe it was the same neutrino than in beta decay?

These emulsions were made of photographic gel and stacked.

Placed in high altitude balloons at up to 10km altitude, they allowed the observation of
strongly interacting particles which are otherwise stopped by the atmosphere.

Emulsions played an important role in establishing the nature of the tau neutrino
(E531,11986) and detection of n, interactions (DONUT and OPERA experiments) *°



Unrelated Preamble
Why do pions decay into p* - nt n,, much much more than into p*- e*n_,?

Imagine the p decay at rest. (obviously the decay fraction is Lorentz invariant)

mt + -
P W /
u

+ °d
P o*
N,

nm
momentaare equaland opposite(P,,,)* =(n?, - m? - m?))/2 m,
How are the spins? The andn, originatefrom weakinteraction
C nt andn,_ are chiralityleft-handedX howeverthe pion has spin 0

If helicity and chirality were identical | Howeverthey are not.
we would have violation of |R>, |[L>chiralitystates; |+ >, }> helicity states

angular momentum conservation! |L>=]-> + m/E |[+>
| L>=|+> + m/E {>

reall \ thusthe decayrate is proportionalto
\ 4 o IS L) 2= (e

Alsomultlply by the phasespacefactor
span p* spin0 P \\‘ proportionalto (AM?=(n?,- m? - m?)/2 m,

11




Howeverthey are not.

|R>, |L>chirality states; |+ >, }> helicity states
|L>=[|-> + m/E |+>

| 'L>=]+> + m/E-}>

thusthe decayrate is proportionalto

1< LI->]] 2= (My/E?

Alsomultiply by the phasespacefactor
proportionalto (AM?2=(m¥,- m?,, - m2)/2 m,

m—>eV
(lamrd VAY

So we can derive the ratio Ry =

2
2 2
Ry = (me/m,)? (m“ - ) —  1.2351(2) 10 (theory)

2
1.230(4) 104 (exp)

It is very well established that the fermions that interact with the W are

chirality (Lorentz invariant) lefhanded
(one also calls the antiparticle Léfanded, although this corresponds to the

opposite sign for the helicity)

3 July 2024 12



1959 Ray Davisestablishedthat
(anti) neutrinos from reactorsdo notinteract with chlorine to produce argon

reactor:n - p e n, orn,?

thesen,d o ndo t N, + 3'Cl- S7Ar +e

they do this: n, +p- e’ +n

they are called anti-neutrinos!

Introduce a lepton number which is
+1 for eandn,

and

-1 for éand n,

which is (sofar) observedto be conservedin weak/EM/ Strong interactions

3 July 2024 13



Neutrinos
the properties 11960 |

In 1960, Lee and Yang
realized that iIf a reaction like

m- e+g

IS not observed, this is because
two types of neutrinos exist
n,and n,

m- e+n,+ .n

Lee and Yang

otherwisem - e +n + n
has the same Quantum
numbersasm - e +g

3 July 2024 14



1962 discovery of the muon neutrino

OBSERVATION OF HIGH-ENERGY NEUTRINO REACTIONS AND THE EXISTENCE
OF TWO KINDS OF NEUTRINOS*

G. Danby, J-M. Gaillard, K. Goulianos, L. M. Lederman, N. Mistry,
M. Schwartz,t and J. Steinbergerf

Columbia University, New York, New York and Brookhaven National Laboratory, Upton, New York
(Received June 15, 1962)

In the course of an experiment at the Brook-
haven AGS, we have observed the interaction
of high-energy neutrinos with matter. These
neutring seimarily as the result
e decay of the pion:

(1)

pose of this Letts report some of
the results of this experiment including (1) dem-
onstration that the neutrinos we have used pro-

T -+ (v/D).

duce ;. mesons but do not produce electrons, and
hence are very likely different from the neutrinos
involved in B decay and (2) approximate cross
sections.

Behavior of cross section as a function of en-
ergy. The Fermi theory of weak interactions
which works well at low energies implies a cross
section for weak interactions which increases as
phase space. Calculation indicates that weak in-
teracting cross sections should be in the neigh-

V4

The guestiorwasnot whetherthere wasa neutrinoproducedin tau p|on yS
but whetherthis neutrino wasa new one!

3 July 2024



1962 discovery of the muon neutrino ‘
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- - m
first neutrino beam!

Fig. 11. Plan view of the 2nd neutrino experiment.

Fig. 14. Event with penetrating muon and hadron shower.

Fig. 12. Spark chamber and counter arrangement. A are triggering counters; B, C, and D are anticoincidence counters. 16



Two Neutrinos

|1962 |

AGS Proton Beam Schwartz  Lederman  Steinberger

protomn .
beam target proton accelerator 7 7] " gL :-___,.--F
L EmN e == éa# -j
= - ¢ T 7 detector -
pi-meson oo steel shield spark chamber
beam “ "ﬂ-q.._
Neutrinos from n T S
: ‘r-i 4 -r. 1
p-decay only W beam
produce muons hadrons —
(not electrons) o |
N . H
when they interact SPARK CHAMBERS:

In matter HeNe+ HV Al plates +scintillators



Neutrinos
the weak neutral current

Gargamelle Bubble Chamber
CERN

Discovery of weak neutral current

n,+e - n.,+e

n,+N - n,+X (no muon)

previous searches for neutral currents had been performed in particle decays
(e.g. K->mm) leading to extremely stringent limits (107 or so)

early neutrino experiments had set their trigger on final state (charged) lepton!

3 July 2024 18



e e

elastic scattering of neutrino
i off electron in the liquid

‘ _:11973 Gargamelle
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Gargamelle neutral current event (all particles are identified as hadrons)




The Third (and last) Family of (light) Neutrinos N

A.B. arXiv:1812.11362  LEP 1989 only 3 families

ALEPH

11109 /247

C>
50 ] — j T s g
4-5'¢E:_m,‘6.0 G!V b
a0 |- — rT=wug -
o 30 -
g ]
3 I . 1 L 1 R
W 20 89 o1 EM
1985 UA1 k4 t {@NA €ng ENERGY (Gev)
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0 1
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PION ENERGY (GeV) -

1977: Discovery in tau decayst+€ collisions @SPEAR)
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2000 observation ofi, interactions g :photo srARy




W decayis preciselywhat we use todefine the neutrino flavours.

Boris Kayser (1938-2024) .
VIIth Pontecorvo School, 2017 The Neutrlno Flavors

There are three flavors of charged leptons: e , 1, T

There are three known flavors of neutrinos: v_, Vs Vo

We define the neutrinos of specific flavor, v_, v , v

> Yer Y Voo

by W boson decays:
e :’ 1L T
\\ W W
Ve VH Vi

the existence of the three W decay modes with similar branching ratios (1985-1998)
establishes the tau and its neutrino as a new sequential heavy lepton doublet

3 July 2024 23



Neutrinos Ray Davis
astrophysical neutrinos since ~1968

Homestake Detector Solar Neutrino Detection

i 600 tons of chlorine.

sl

ADetected neutrinos E> 1MeV '..:\“
; /a&t.@\

solar:pp- pnen, (then D gives

Afus.lon process in the sun

thesen.do n, + 3Cl- S7Ar + e

they are neutrinos

AThe rate of neutrinos detected is
three times less than predicted!

solar neutrino O0{WHR z I e

solution: 1) solar nuclear modeliswrong or Z)N'E%HB‘Bﬁ;%%éi'-laﬁ‘?ain
Blondel



Sun = Fusion reactor

Different reactions
Spectrum in energy

Neutrino Flux

N, solar neutrinos

Only n, produced

-
(=]
-

e | N

IG.] 0.3

ptp— D""E+“",>
(pp: 99.75%)

pte+p—= D+V,

(pep: 0.25%)

!

D+p —= "He + Y

]

JHe +3He —= 1 +2p

‘He +'He—"Be + ¥

‘Hetp —w (1 + €'+,

(pp-1: 86%)

—

- 7
(Be) | "Be+e —=Li+ v,
. Superk
. _
| Gallium ICh]nrlne

: ' " Bahcall-Pinsonnesult 98 Lit+p —=2
i !:_._,_.-——"'"-_._._._p;‘] 1

1 (pp-Il: 14%)
F |
ir 1

: "Be "Be Pep
3 1
;r - 1
1 | 1
E "rﬂ_r__,..--"" .l
1
hep

1

1

I
3

i
10

Neutrino Energy (MeV)

)

(HeP: 0.00002%)

TBe+p—-BB+“;'

g

B—+ Bete +V ('B)

"Bé—e 2

(pp-1lI: 0.02%)

Counting experiments vs
flux calculated by SSM

BUT ...

Neutrino physics -- Alain

Blondel




The Pioneer: Chlorine Experimen

31CI(n,ey’Ar (E;, = 813 keV)

, Kqhel EC i t =50.5d
The interaction 3Cl + 2.82 keV Augere, X)

pep+hep  0.15 SNU ( 4.6%)
n Signal Composition: Be 0.65 SNU (20.0%)
(BPO4+N14 SSM+n osc) | | B 2.30 SNU (71.0%)
CNO 0.13 SNU ( 4.0%)
Tot 3.23 SNUN 0.68 1s

Expected Signal ig
(BPO4 + N14) 8.2 SNU™¢,41s




Generalities on radiochemical experiments

Data used N Average Hot | Sourc R,
for R runs | efficiency | chem | e calib [SNU]
determina check
_ expected
tion (no 0sc)
Chlorine 1970- | 106 | 0.958 | 36Cl | No 2.55 N0.17N0.18
(Homestake 1993 N oo A
Mine);South 2.6 NO.3
Dakota USA 0.007 8.5+ -1.8
GALLEX 1991- 124 37TAs | Yes 69.3 N4.1N3.6
/GNO 2003 twice 5.9% 5%
51
LNGS ltaly Cr 131+ -11
source
SAGE 1990- 104 No Yes 70.5 N4.8 N3.7
Baksan ongoing >iCr 6.8% 5.2%
Kabardino STAr 705 N 6.0
Balkaria

131+ -11




SUPEFrK detector

! "0 B | water Cerenkov
g detector
50000 tons of

pure light
water

©10000 PMTs

/ 2

Neutrino physics -- Alain
Blondel



Super-Kamiokande-| solar neutrino data
May 31 1996 July 13 20{31 (1496 days )

5—20 MEV

v+e =2 v+e

Event/day/bin

//
22400+230 solar v events
(14 5 eventsfday)

n 1 ] i 1 1 [ 1
-1.0 -0.5 ﬂ.ﬂ 05 cos 0 I‘!nﬂ
8B flux : 2.35+0.02 £ 0.08 [x 10 /cm?/sec]

Data +0.014

SSM(BP2004) = 0.406 £0.004 _5 443

( Data/SSM(BP2000) = 0.465 £0.005 +0.016/-0.013) .i.,0 physics - Alain
Blondel



MiISsINng Solar Neutrinos

Only fraction of the expected flux is measured !

Possible explications:

Theory ™ 'He W PP PEP Experiments pg
B CNO
wrong SSM B
NO. Helio -seismology e ous o e
"Be

wrong experiments

NO. Agreement between
different techniques 5 oo BT
2 56:023
or I
NnOS go I nto somet h WN e ofibka  SAGE GALLEX
Cl

Oscillations?

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 28

Neutrino physics -- Alain
Blondel



Atmospnerial . up-aown

asym nS]L%E!‘ X results

e m

E'l:" _E_I_.I_I:IM I|—Iikl:l
E-IIIII

= 58

._.'_!.'Iu _._’_,-.ﬁ-_-ﬂ
= 200 -

= 150

100
&0

c-w-.EI
180 plti-Gayl .II-Ilkﬂ + B

u p d OW T \eutrino physics -- Alain
Blondel



Am? (eVz)

Atmospheric Neutrinos

SunerKamiokande "

1.9x103 eVZ2 < Am2 < 3.0 x 10-3 eV2
2 Sin220>0.90 at90% CL

10 i I I
| Best Fit:
- sin220 = 1.02
- Am2=2.4 x 10-3 eV2
" %2 = 37.7/40 dof
J—
- — 99% C.L. C
— 80% C.L.
— 68% C.L.
3
10 | |
0.7 0.8 0.9 1
sin®20

1.8 ——rrm

1.6
1.4
1.2

1

0.8
06F
04F
0.2}
n- [N EEIT

-~~~ _ ___1

10° ‘10° 10
L/E (km/GeV)

Neutrino physics -- Alain
Blondel



Neutri no masse

The simpldact that neutrinostransformduringtheir flight
from source to detectors a proofthat they have mass.

Particlethat has no massannottransfornt

1:Iab: gtparticle = E/mt particle if m A 0 é tIab'At a |



neutrino definitions

the electronneutrino is present in association with arelectron (e.g. beta decay)

the muon neutrino is present in association with a muon  (pion decay)
the tau neutrino is present in association with a tau (W- t ndecay)
theseflavor-neutrinos are not (as we know now) quantum states of well
defined IMaASS(neutrino mixing)

the massneutrino with the highestelectronneutrino content is called N,
the massneutrino with the next-to-highestelectron neutrino contentis N,

the massneutrino with the smallestelectron neutrino content is called n

Neutrino physics -- Alain
Blondel



Neutrino Oscillations (Quantum Mechanics lesson 5)

sincePontecorvy

.—> propagation in vacuum-- or matter |=——» detection

L
weak interaction _ _
produces weak interaction: (CC)
6fl avour o neutr i rEpegy (i.e. mass) eigenstates
propagate n,N- mC

e.g. piondecap- mn

n>= 1|/,> +n,b +ny or n.N- € C

n®>= > exp(iE, 1)
+ N> exp(iE,t) oo n N- 1t C
+ ng exp(iE;t)

P(n.,- n)="!<n,!n(t)>~
t = propertime ~ L/E

a is noted U,

b is noted U,

g is noted U, et cé.

Neutrino physics -- Alain
Blondel



% The Nobel Prize in Physics 2015
Takaaki Kajita, Arthur B. McDonald

Share this: E1E EAE3 951

The Nobel Prize in Physics
2015

Photo © Takaaki Kajita Photo: K.UMacFarIane.

s 3 ueen's Universi
Takaaki Kajita /QSNOLAB Rl
Prize share: 1/2 Arthur B. McDonald

Prize share: 1/2

The Nobel Prize in Physics 2015 was awarded jointly to Takaaki
Kajita and Arthur B. McDonald "for the discovery of neutrino
oscillations, which shows that neutrinos have mass"

Q | Terms Copyright © Nobel Media AB 2015



Lepton Sector MiXing

+ If neutrinos are massive particles, then it is possible that the
mass eigenstates and the weak eigenstates are not the same:

(v (v,

Y s s
/ v

Mass eigenstates

3 independent parameters

Weak eigenstates + 1 complex phase

.flavor eigenstates"

@ W e

Pontecorvo 1957 m 1 m 2 m 3

e S

Blondel



1 he neutrino mixing matre
" 5 and a phase
n 1

Dm? = 2 10%\?
Pﬁ ——— % bmz 8105 ev2
OR?
pﬁ Dm2, = 8 105e\2
n Dm?2 = -2 103e\2
] _ ) Unknown or poorly known
~ % ~ —% sin f5 €' h d . fDm2
e | 1 o phased, signo
2 2 2
~L ol ~ V2
2 2 2



food for thought: (simple)

what result would one get if one measured the mass of a ne (in K - capture for instance)?

what result would one get if one measured the mass of a

Is energy conserved when neutrinos oscillate?

would measure a distribution with three
values of mass with the following
probabilities

1 12 1 12 1 12
|U1e| |U2e| |U3e|

_ 2 2 Ny 12
<M >=1U o7 M+ U, 2 my + U5 2 mg

(in pion decay) ?




Is energy conserved when neutrinos oscillate?

Energy (i.e. mass) eigenstates
propagate

nt>=U,.INn > exp(iE t)
+ Uy 1N, > exp(iE,t)
+ U, INs> exp(iEst)

P(nl): :Ule:z
P(nZ): :UZe:Z
Phy) = [Uge?

are conserved during propagation




Why do neutrinos oscillate?

take p - mmecay M=m, m;=m_m,=m,

. i‘) i‘) i‘)
p M —m7—m3

muon momentum:

oM

variation of muon momentum upon neutrino mass and mass differences

C  C /=0 C / my=mg C . C J my=mop C /Jmy= m.f:,

lr'_‘.fl[_)” ms — m‘” me

C :-:_""'!H-I,—;

£)

‘)

N 2 2 2 2 2
0" Py mo —im;, —mgy ML — N, —

J”

C ':;’Ifi-;;

!I




However we need to take into account the width of the pion since it decays
with a life time of 26ns or ct=7.8m (hbar.c = 200 MeV.fm)
Dm, = hbar/t ~4 104 MeV/c? C Dp,~ 3 10-** MeV/c

C the uncertainty due to the pion decay width is much larger than the difference
In momentum between the neutrino mass eigenstates.

This is the same relationship that ensures that interference happens between
light coming from different holes. (c a &l which hole the light went through)

Neutrinos oscillate for the fundamental quantum reason that the width of the

decaying parent makes it impossible to tell the neutrino mass
by measuring its mass from kinematics.

from DmIO

much amplified: the central value of p. ("), p,{n2), p,{n3) distribution




Neutrino oscillations

Solar sector: 612, 013, Am?2y; Atmospheric sector:20;: 013 °Am?23;, 8§

ariam Tortola (IFIC-CSIC/UValencia) 0 Neutrino"2024;'Milano



Global fit to v oscillation parameters

Valenc:1a Global Fit (Pre Nu2024)
m m#? To$c 7T

PRI B L ]
0.020 0.022 0.024 0.026
sin2 913

65 70 75 80 8522 23 24 23 16

Am3, [107° eV |Am3,| [1073 eV?] 6/7:
SSM HZ model - MB22m with SK atmospheric Ly2(IO-NO) =
Mariam Tértola (IFIC-CSIC/UValencia) 1 Neutrino 2024, Milano

No conclusion yet concerning the mass ordering or the T (CP) wolEﬁ{WrﬁwsBlggg




HyperKamiokandavater Cherenkov detector

T2K beam with upgrade to 1.3MW (presently 800KW running)
Upgraded near detector (angular coverage) and (later) new off axis WC
And a formidable 180kton fidar detector (SK x &eam in 2027/8

i




Number of Events

J-PARC off-axis vy & vu beam (~0.6 GeV, ~295 )

~8 x Super-KfF™= >

&Y

The Japanese Alp

02

04

v Reconstructed Energy (GeV)

S

2501

L
[X] 1 1

| |
06 08 1 121 04 06

=
2

v Reconstructed Energy (GeV)

v,/

Ve appearance signal = single e event
CCQE:ve+n—e+p

(dominant process at J-PARC beam energy)

0. ‘6 08 1 12
v Reconstructed Energy (GeV)

HK 10 yr, 2.7x1022 POT 1:3 vi¥, 1-ring e-like + 0 decay e, > 1000 events each

sind.,=0 exclusion (| Ay

Scp

Relatively
Small matter
Effect &
Large CPV
Effect

2.5 deg. off-axis

Precision measurement of neutrino oscillations

Projected sensitivity to CPV

Statistics only
== Improved syst. (v /v, xsec. error 2.7%)
«  T2K 2020 syst. (v/v, xsec. error 4.9%)

‘ Illlli)efctl of sly.ét. I

- 000 after 10yT =t e

&)
Q

- - =

0
Hyper-K preliminary

1
HK years (2.7x10%' POT/year 1:3 v¥)

True normal ordering (known)

. 2 . 2 2 32t
sir’ 9‘3:0,021Bt0 0007, sin’ Bﬂ:O,EZB, Am3,=2 509x10~eV /¢

Discovery of CP violation at >5 a for >60% of d¢p
1o resolution of §-p in 10 yrs
~20°for 8, = —90°/ ~6°for 6, = 0°

Reduction of systematic uncertainty has sizable impact:

+  Upgrade of ND280 + ~600 ton Intermediate Water
Cherenkov detector (IWCD)
- Aim to suppress detector error below 1%
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HyperKamiokandevater Cherenkov detector

Proton decay searches (note: FV ~8 x Super-K)
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HK 10 years
« p>e'nl ~6x10% yrs
« p>VvK*:~2x1034 yrs

Hyper-K will play a leading role in
the next-generation proton decay search

Neutrino physics -- Alain
Blondel



L LA L B B B

I —— DUNE (1.2 MW) 1

— MINERVA ]
NOVA

—— BNB (SBND)

* Wideband (anti)neutrino beamline with >2MW intensity
* Underground, modular LArTPC Far Detector with 240 kt fiducial mass

* Movable LArTPC Near Detector with muon spectrometer and
separate on-axis detector

* Global collaboration of >1400 scientists and engineers

v, /cm?/GeVl/year (x 10'?)

8 10
E, (GeV)

D DUNE - Neutrino24 - Chris Marshall @ R(L)FHMF":'YF/ED (\

DUNE Horizontal Drift | DUNE Horizontal Drift ENEETEe[21=leite] @ lale [0]s =1

| On and off axis var. angle
Detectors.

Far site excavation is complete
Building& Site Infrastructuravork micd2025
Far Detector installation 1802627
Physics i12028/early2029
Beam physics with Ne&etector

+ 2 far modules2031




v 4V, per 0.5 GeV

v +v, per 0.5 GeV
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If . ~ -11/2, DUNE will measure an enhancement in

electron neutrino appearance, and a reduction in electron
antineutrino appearance

If the mass ordering is normal, DUNE will measure a much
larger enhancement in electron neutrino appearance, and a
reduction in electron antineutrino appearance

MO, &.p, and 08,; all affect spectra with different shape —
additional handle on resolving degeneracies

If new physics is present, there may be no combination of
MO, d.p, and 0., that fits data

CP Violation Sensitivity (0)
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After 8yrs w. 4 detectors

Neutrino physics -- Alain
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Proposed 2008(PRD78:111103,2008; PRD79:073007,2009

53km from 2 nuclear reactors. Far (JUNO) and near (JJ&) detectors
20kton LS, 3% energy resolution, 700 m underground

Approvedin 2013Construction in20152024 (2025 conferences!)

TR

almostfinished

Jian i'nen
L q?ﬁ

reactor (antineutrino)+

solar, supernova,atmospheric,
geo-neutrinos, proton decay,
exoticsearches

Neutrino physics -- Alain
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