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matter and antimatter ol

Only matter



Baryon Asymmetry

How would a matter-only universe develop?

e Sakharov Conditions (1967)

#\\Ve need some difference between
matter and antimatter
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®\We have to violate CP symmetry “MEMOIRS
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CP Violation

Left-handed (LH) Right-handed (RH)

CP Symmetric - — -
Universe: Prob(A , B, ) =Prob(A_ —~B_ )



CP Violation
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l.Adachi et al. “Precise measurement of the CP violation parameter sin 24 in
BO — (cc)KO decays”. Phys. Rev. Lett. 108, 171802 (2012). 1201.4643.

Taken from : A. J. Bevan et al., “The Physics of the B Factories”, Eur. Phys. J. 74 (2014),.



CP Violation

The baryon-antibaryon
symmetry determined from
the Cosmic Microwave Background

Using the measured CP violation
In the quark sector :

C. Jarlskog, Phys. Rev. Lett. 55, 1039

We need more sources of CP violation

What about the leptons?



Baryon Asymmetry

How would a matter-only universe develop?

e Sakharov Conditions (1967)

#\\Ve need some difference between
matter and antimatter

®\\/e have to violate CP symmetry

20TH CENTURY
| GIANT

@ CP violation in the quark sector is
not big enough

® CP violation in the neutrino sector
might be!

@ | eptogenesis —» Baryogenesis

PaSCOIi et al aI’XIVhep-ph/0609125V3 Cover Credit: NIKOLAI IGNATIEV / NETWORK/CONTACT PRESS IMAGES



Neutrinos



1914 - the field of atomic 1930, Zurich
physics is in trouble. B decay m—

data just looks weird. SRR

der Eidg. Technischen Hochschule Zirich, Lo Desa 19,
firich Gloriastranse

Iisbe Radioaktive Damen und Herren;

Wie der Ueberbringer dieser Zsilen, den ich kuldvollat
ansuhdren bitte, Imen des nifheren aussinendersetsen wird, bin ich
angesichts dar "falachen” Statistik der Ne und ld.6 Kerne, sowie
des kontinuierlichen beta-Spaktirums auf cinen versWelifelten jusweg
vorfallen um den "Wechseleats® (1) dar Statistik und den Energiesats

Himlich die Mglichkeit, es kBnnten elektrisch neutrsle
Tellohen, die lch Neutrunen nermen will, in det Kernan existiersn,
welche den Spin 1/2 haben und des Ausschliessungsprinsip befolgen und
‘sheh von lichtquanten musserdam noch dadurch unterscheiden, dass sis
mﬂt Lichtgesctwindigkelt laufen. Die Magse der Neutronem

von derselben Orossenordnung wie die Elaltronamasse sain und
wd. nicht grosser als 0,00 Protonemmasse.~ Das kontimiierliche

Spelctrum wire dann nuthnd].tch unter der Annehme, dass beim
Beba~Zerfull mit dem hlekiron jeweils nooh ein Neutron emittiert
Mird, derart, dass die Swme der Energien von Neutron und kleitron
konatsnt ist.

Nun handelt ss sich weiter darum, welchs Krifte anf dis
Neutronen wirken. Dia wahrascheinliohste Modell fiir das Meutron schelnt
mir sus wellenmeshanischen Oriinden (niherea welss dar Usbarbringer
dieser Zeilen) dlecss su sein, dass das ruhende Neutrcam ein
magnetischer Dipol von einem gowissen Moment AL Lok, Die Exporimente
verlinren wohl, dass de ionisierends Wirkung eines solchen Nemtrons
nicht grosser sein kenn, sls die eines pﬂn-stnhu und darf dann
M wohl nicht grogser selnals e ¢ (1075 om),

Number : _—
heta ray Radium-E (Bi-210)

Ich traue mich vorliufig abar nicht, etwas Uber dlese Idse
gu publisieren und wends mich erst vertrausmevcll an Euch, liebe
Radioaktive, mit der Frage, wie es un den experimentellen Nachweis
elnes solchen Neutrons stinde, wern disses ein ebensolches oder stwa

Nmal wuﬂs Durchdringungsverwogen besitsen wirds, wie ein

Ioh g-b' su, dus= mein Ausweg vielleicht von vornherein
‘g wahrscheiniich heinen wird, weil men die Neutromen, weon
[ -hhﬂn wohl sohon IFngst gesshen Nattas Abar m wagt,

1.05 KE (MeV)

bin.-~ Mit vielen Ori{ssen an Euch, sowie an Herrn Bask, Buer
anf mnipwr m-ur

gos, W. Pandd

n

-

‘Desperate remedy.....
“I do not dare publish this idea....”
“I'admit my way out may look
Improbable....”

“Weigh it and pass sentence....

nrn
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mﬂt Lichtgesctwindigkelt laufen. Die Magse der Neutronem

von derselben Orossenordnung wie die Elaltronamasse sain und
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wsll nioht grosser als 0,00 Protonemasse.~ Dar kontimiierliche
Speictrum wilre dann verstiindlich unter der Apnshme, dass beim
Beba~Zerfall mit dem Alektron jeweils nooh ein Neutron emittiert
Mird, derart, dass die Swme der Energien von Neutron und kleitron
konatsnt ist.

Nun handelt ss sich weiter darum, welchs Krifte anf dis
Dua wahrascheinliohste Modell fiir das Neutron schelnt

Orfinden (nineres welss der Usbarbringer
dieser Zeilen) dlecss su sein, dass das ruhende Neutrcam ein
magnetischer Dipol von einem gowissen Moment, uf iak. Die Exporimente
verlinren wohl, dass de ionisierends Wirkung eines solchen Nemtrons
nicht grosser sein kenn, sls die eines pﬂn-stnhu und darf dann
M wohl nicht grogser selnals e ¢ (1075 om),

Ich traue mich vorliufig abar nicht, etwas Uber dlese Idse
gu publisieren und wends mich erst vertrausmevcll an Euch, liebe
Radioaktive, mit der Frage, wie es un den experimentellen Nachweis
eines solchen Neutrons stinde, wern disses ein ebensolches oder stwa

nel grosserss Durchdringungsvermogen besitsen wirda, wie ein
gwma-dtrahl,

Ioh gebe mu, dus= mein Ausweg vielleicht von vornherein
‘wuplg wahracheinlich ersohsinen wird, weil man dis Neutrenm, wenn
™ -hu..ﬂn, wohl sohon Y¥ngst gesehen hNitta. Absr mur wer wagh,
awfomt. und der Ernst der Sitnation baim kemtimerliche bete-Spektrum
wird direh einen Missprech maines vershrien Ve i Mates
Herrn lhbyc, beleuchtet, der air Mirsiieh 1n gesagt hutl
"0, deren soll man am besten gar nicht denken, sowis an dis neuem
Steuern.® Iarum soll man jeden Hog sur Rettung srnatlich disimtierei.-
llebe Radicaktive, priifet, und richtet.- Lelder kenn ich nicht

1.05 KE (MeV)

bin.-~ Mit vielen Ori{ssen an Euch, sowie an Herrn Bask, Buer
untmnipw:- m-ur

“Unfortunately | can’t appear at
Tubingen since | am indispensable
here in Zurich because of a ball.”




1914 - the field of atomic
physics is in trouble. B decay

data just looks weird.

Number : .
bela rays Radium-E (Bi-210)

Specirum

1.05 KE (MeV)

Add a new particle to the
particle universe (p,e)

every light

®spin 7/2

e practically unobservable
“I have done a terrible thing.
| have postulated a particle
that cannot be detected; itis

something no theorist should
ever do.”



Ve

ELECTEON-NEUTRIND MUDON-NEUTRIMNO TAU-HEUTRIND

e Three flavours; associated with charged partner

e Spin Y2

® NO electric or colour charge; they interact only via
the weak force

e Lightest fermions : masses are less than 1 eV/c?



Neutrino Interactions

N ~ 7~
Vo NN \)I\ Ry

Charged Current Interaction Neutral Current Interaction

Happens for all flavours with
equal probability

Preserves neutrino/lepton
flavour

Energy threshold for No energy requirementt
creating the final state

lepton




Neutrino Flavour Oscillations



Neutrino Mixing

ool [ |aVOUT MEERE
e states %+  states
vaz.zhlvgs%J?ETP (Ve’vp.’v't) (Vl’VZ'V3)

26:984-988,1968

.
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Neutrino Flavour Oscillations

2

Prob (v - vﬂ)oc\zi UZ,-PFOP(V,-)U/si‘

If we don’t know which mass state was created then the
the amplitude involves a coherent sum of v states




Neutrino Flavour Oscillations

Let’'s live in a universe with only two neutrino species.
Mixing means:

Vi

Vs

Vi)

|v.(0,0)>=cos 6] v,(0,0)>+sin 6] v,(0,0) >

cosd sind
—sin & cosé

v, (t,x)>=—sin 6] v,(t,x)>+cos O] v,(t, x)>
=—sin 0| v,(0,0)e'”*>+cos 0] v,(0,0)e' ">

Probability that you start with a v_and later measure a v, 1S

P(v,(t,x)|v.(0,0))=|<v,(t,x)]v,(0,0)>



Neutrino Flavour Oscillations

. L
P(vu(t,x)| v,(0,0))=sin*(2 ) sin*(1.27 Am?, E)

Physics parameters :
Am_? : Wavelength

0 . Amplitude

P(yl,—> ‘ﬁl) Survival

Experimental parameters:
L : Distance travelled

E : Neutrino energy P(v,3 v, Flavour

Change

Choose L and E to target 0,
favourlte Amlzz DIZ 500 1[[0' 1500 [[D 500 3000 3500 4000 4500 5000

L/E (km/GeV)




Disappearance Experiment

6=25° ; Am;,=2.5X10"° eV’
1

1000 1500 2000 2500 3000 3500 4000 4500 5000
L/E (km/GeV)




Disappearance Experiment

6=25° ; Am;,=2.5X10"° eV’
1

1000 1500 2000 2500 3000 3500 4000 4500 5000
L/E (km/GeV)




Appearance Experiment
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Three Neutrino Flavours

v\ () U, U, U,
v,|=U| v, U=\U, U, U,
VT \ V3/ \Url U‘L’Z U‘L’3/

U is the Pontecorvo-Maskawa-Nakayama-Sakata (PMNS) matrix

Prob(va—) vﬁ): 5a,5—4zi>j R (U:{iUﬁanjU;ﬂSinZ(Amizfﬁ)

+2 ij\s(Ua, Uﬁ,UajUﬁj)sm(Am,zjﬁ)



Three Neutrino Flavours

i0

U,y U.,, U, cp, Sp O Cy3 0 sze )1 0 0
Uul Uuz UM3 =|—=s;, ¢ O 0 1 0 0 ¢y $p
U’I:l U'cz U—c3 O O 1

id _
—sze’ 0 ¢z [\0 Sz Co3

C;=C0S 0;; s;=sin b,



Three Neutrino Flavours

i0

Uel UeZ UeS

c, S O ¢z O sze’lf1 0 0
Uul Uuz UM3 =|—=s;, ¢ O 0 | 1 0 0 ¢y $p
U1:1 U'c2 U'c3 0 0 1 —S13€lé 0) C 13 0 83 Cop3

Two independent Am?

Prob (v, v;)= aﬁ—4z R (U, U,U, U, )sinE)

+221>! JWU,U,U,U, )sm(AmUé)




Three Neutrino Flavours

i0

Uel UeZ UeS

S12 O O S13e 1 O
UMI Uuz Uu3 =|—F ¢ O " 1 0 0 c¢q
U1:1 U'c2 Ut3 0 | —S el 0) C 13 0 83

— Three mixing angles : 6.,,6__,0__

Prob (v, vs)=8,,~4 2., R(U,U,U,, U, )sin’ (Ami&

L
+2), 3(U,U,U ij)sm(Amuﬁ)

$23
Chs

)



Three Neutrino Flavours

O
Ci3 0 51

Uel UeZ UeS

ci, S O 1 O 0
Uul Uuz UM3 =|—=s;, ¢ O 0 | 1 0 0 ¢y $p
U1:1 U'c2 Ut3 0 0 | _S13€l6 0) Cq 0 83 Cp3

One (potentially CP violating) phase

Prob (v, vs)=8,,~4 2., R(U,U,U,, U, )sin’ (Ami&)

L
+221>! JWU,U,U ij)sm(Amuﬁ)




Status of neutrino oscillation
measurements



Atmospheric ~ cosmicReyArshover
Neutrino

30000 m (23 nn
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Super-Kamiokande




Baseline Scan

13000 km
| Atmosphere

P(v,(t,x) ve(o,o)):sinz(ze)sin2(1.27Ami2@



Atmospheric Anomaly

Multi-GeV e-like

Zenith angle cosO

Super-Kamiokande
Phys.Rev.D71 112005



Atmospheric Anomaly

Atmospheric Sector

VM—) V_
0,,=(48.6+1.4)°

Am;,=(2.45+0.03)x10 eV~

Zenith angle cosO

U, U, U, cp s 0 Ci3 0 51361.65 1 0 0
Uul Uuz UM3 =|=sp ¢ O 0 N 1 0 0 co 8
Url Ur2 U’c3 0 0 1 _S13el 0 C13 0 83 Co3




Solar Neutrino Problem

' Superk, EHI::I

Callium chlorine
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Solar Neutrino Problem

o FwiM Remaw L Observed 1/3 of expected
| v rate

Reaction threshold : 800 keV

Insensitive to other flavours

37Ar production rate (Atoms/day)

2002 Nobel
for R. Davis




Solar Neutrino Oscillations

)

Solar Oscillation Sector

Se€C
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0,,=(33.8+0.8)°

Am;,=(7.4+0.2)x10 eV’

SNO Experiment

Phys.Rev.Lett.89.011301 (2002)

g BN
ﬁu = A. MacDonald
s/ » 2015 Nobel Prize

U, U, U, cp, s 0 Ci3 0 s e’ 1 0 0
Uul Uuz UM3 =S ¢ O 0 | 1 0 0 co 8
Url Ur2 Ur?) 0 0 1 _S13816 0 C13 0 — 83 Co3




Reactor Sector

¢  Savannah River
) Bugey
w  Rovno

Goeseen

A Krasnoyark
O Palo Verde

Chooz KamLAND

I

10° 10° 10

Distance to Reactor (m)

@ ink between atmospheric
and solar sector

e Subdominant oscillations

e wavelength controlled by
Am__? overlaid on the solar

oscillation.
e amplitude controlled by 0_,

qu disappearance at reactors
(no sensitivity to 6CP)

ev_appearance at accelerator
experiments



Reactor Sector

13 Oscillation Sector
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0,,=(8.6+0.1)°

/ Mear(weighted)

Am;,=(2.45+0.03)x10 eV~

Far

Daya Bay
Phys. Rev. Lett. 108 171803

U, U, U, cp, Sp O Ci3 0 51361.65 1 0 0
ul w2 UM3:_512 c, 0 0 1 0 0 ¢y sn

Url Ur2 Ur?) 0 0 1 _S13€i6 0 C13 0 — 83 Co3




Current Picture

Parameter Value
mass (eV)
A Am 2 (2.45 + 0.03) x 10° eV?
-+ - v, 23
2 (7.4 £ 0.2) x 10° eV?
|0.05 Am_
i -- N, (33.8 £ 0.8)°
0.009 ’
(48.6 £ 1.6)°

(8.6 £0.1)°

DPPVVVPVV???77?77




Measuring O

e CP violation shows up as an asymmetry between v and v oscillations

P(v, —»v.) — P(v, — U.)
Py, —v,)+ Pr, > 7.)

Acp =

@ To first order, we can express this in terms of mixing angles as

Acp ~

cos B3 sin 2015sin dcp (Am%lL

+ matter effects
4F, )

Sin 923 Sin 913
e Forward scattering of v_on electrons in matter modifies oscillation

probability from that seen by v_.

® Should separate matter effects from true CP violation

o : NOVA and T2K
L : DUNE and Hyper-Kamiokande



The design of long baseline
oscillation experiments

T2K: A case study









Sketch of an oscillation
experiment

Estimate v, (say) Measure v, flux

flux before at far detector
oscillations start

Neutrino Beam




Sketch of an oscillation
experiment
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gives mixing
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energy at dip
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It's not that easy....

We measure neutrino interactions - not neutrino flux



It’s not that easy....

We measure neutrino interactions - not neutrino flux

dn U( Etrue

N(ET)=N e | ®(EV) =52 )b (BT, E)d &, dE™




It's not that easy....

We measure neutrino interactions - not neutrino flux

Flux must be modelled
- hadronic physics
Introduces uncertainties

N reC true
14 targetS

( Etrue )

14

d §n

M (E",E¥)d & dE""



It's not that easy....

We measure neutrino interactions - not neutrino flux

Flux must be modelled
- hadronic physics
Introduces uncertainties

(EU",E")d & dE""

0\ (E:/ec):Ntargetsf (I)(Etl’;ue)

Neutrino interactions are encoded
by (more or less) poorly known neutrino cross
sections.



It's not that easy....

We measure neutrino interactions - not neutrino flux

Flux must be modelled
- hadronic physics
Introduces uncertainties

0\ ( E :/ec) targets f (I) t’"ue)

Detector isn’t perfect.
Particles can be lost, or
are undetectable
Quantities must be
“reconstructed”

LI

d&n \

OB e

rec g dEtrue

Neutrino interactions are encoded
by poorly known neutrino cross

sections.



It's not that easy....

We measure neutrino interactions - not neutrino flux

Detector isn’t perfect.

Flux must be modelled Particles can be lost, or
are undetectable

;t?c?ccijtzzre”sc upnhcyesrlgasinties Quantities must be
“reconstructed”

an<Etrue) , t
v rue rec Erue
JE M (EV" E¥)d & dE',

0\ (E:/ec):Ntargetsf (I)(Etl’;ue)

Neutrino interactions are encoded
by poorly known neutrino cross
sections.
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Making a neutrino beam

Jarget

/ proton r ’

larget Station L.
- { I-PARC ‘)
|'-. Main Ring

— Total Error

TIT K i SK v, Flux ®2010 T2K flux
' : uncertainty

Interaction Length

Proton Beam Ll nc El‘ldil‘lllt“ S

0.4 — Off-axis An zle :

—— Horm Current

— Hom Alignment e Dominated by

' 5 5 uncertainty on
meson multiplicity in
the proton-graphite
collisions

Fractional Error




NA61l/SHINE @ CERN

BPD-1

CEDAR ] THC
- -m- - H- - -

l

81

.1-.
[
I
I
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I
I
I
I
1
[
I
I
[

4

Gap TPC

Doubly differential n* yield from p-T2K target interactions

w0 0=8<20mrad i 20 = 8 < 40 mrad w0 40 = 8 < 60 mrad

_.+_- NAG1/SHINE =*

MuBeam
41003

QGSP_BERT

"" G4.10.03



Flux Uncertainties

Tuned runl-10b flux at SK SK: Neutrino Mode, v, T2K Preliminary

=+ Hadron Interactions ®xE, , Arb. Norm.
*= Proton Beam Profile & Off-axis Angle ———- Material Modeling
=== Horn Current & Field Number of Protons
== Horn & Target Alignment 2022 Total Flux Error

= == 2020 Total Flux Error

Q
o
E-
S
)
—
S~
>
O
>
-
&
=
-
>
=
M

® A priori prediction of the neutrino flux at far detector was a
15-20% from 0.1-5 GeV
@ Using hadron production data from CERN NA61/SHINE
@ Using in-beam monitor data
®2022 Flux uncertainty has been brought down to 5-6%



It's not that easy....

We observe neutrino interactions - not flux and not neutrinos

Detector isn’t perfect.

Flux must be modelled Particles can be lost, or
are undetectable

:wt?c?ccijtzzre”sc upnhcyesrltcasinties Quantities must be
“reconstructed”

an<Etrue) , t
v rue rec Erue
JE M (EV" E¥)d & dE',

0\ (E:/ec):Ntargetsf (I)(Et\’;ue)

Neutrino interactions are encoded
by poorly known neutrino cross
sections.




Neutrino Interactions

== CCQE-like — CC r@sonant — CC inclusive
----CC DIS
CC coherent

Z
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3
F

gsonant — CC inclusive
== CCDIS
CC coherent

/nucleon/GeV

3

cm-

T of E\ (]UN

E, (GeV)



Neutrino Interactions

== CCQE-like — CC rgsonant — CC inclusive \) \.
+++- CCDIS |

CC coherent W

JT

WE, (10 cm¥nucleon/GeV)

“Resonance
Production “

v,

“Quasielastic
Scattering”

0
3
23
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._.
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o
—
8a

/
c.

V, O

“Deep Inelastic
Scattetring”




Neutrino Interactions

| R e Final state
@ Target is T IO P masti rticles hav
moving in 3 / Scattering pa cles ave
moving to get out of
| @ ’ the nucleus
potential .
.-"" . 1
N Ll - @ Final State
@ |nitial State @ Interaction
MOdel ) _,_/"' f Absorption mOdel

Pion Praduction

@ Bare interaction modified by nuclear effects

®\\Vhat you see in the detector is not
necessarily what happened!



It's not that easy....

We observe neutrino interactions - not flux and not neutrinos

Detector isn’t perfect.

Flux must be modelled Particles can be lost, or
are undetectable

:wt?c?ccijtzzre”sc upnhcyesrltcasinties Quantities must be
“reconstructed”

an<Etrue) , t
v rue rec Erue
JE M (EV" E¥)d & dE',

0\ (E:/ec):Ntargetsf (I)(Et\’;ue)

Neutrino interactions are encoded
by poorly known neutrino cross
sections.




Near Detector Suite

Center

280 m from neutrino ND289 : monitors beam flux and
production targettt tests interaction models



ND280

UA1 Magnet Yoke

Fine-Grain

il J' Downstream
1

b -
o
f
- 4
=y,

Barrel ECAL



-GD1

ND280

FGD2

-...-'

—

TPC

TPC

TPC
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Far Detector - Super-Kamiokande

» Water Cherenkov
Detector

»50 kton water volume

»22.5 kton fiducial
volume

»Viewed by 11,000 50”
photomultipliers

» running since 1996

= S

Ikeno-yama
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Principle of water Cherenkov

CHERENKOV EFFECT
b=vic n{water)=133
cos 0= 1/fn

B=1  0=42degrees
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T2K Results

Reconstructed Energy Reconstructed Energy

Unoscillated Prediction

Oscillated with Reactor Constraint
Oscillated without Reactor Constraint
Data

Unoscillated Prediction
Oscillated with Reactor Constraint
Oscillated without Reactor Constraint

—@®—— Data

v, disappearance ISappearance

Number of events per f

Unoscille
Oscillated with Reactor Constraint Unoscillated Prediction
Oscillated without Reactor Constraint

. v_appearan

Oscillated with Reactor Constraint

Oscillated without Reactor Constraint

- V_ appearan

Number of events per |
Number of events per bin

Reconstpu%ted Neutrino iEnergy (GeV) 12




CP Violation

— sin’8,, = 0.45, 0.50, 0.55, 0.60
—— Amj, =2.49x10™ eV~
-- Am;, = —2.49x107 eV
Ocp =T

Opp = +70/2

Oop=0

O.p = —T1/2

68% syst err. at best-fit
v Best-fit

—o— Data (68% stat err.) T2K Run 1-10, 2022 preliminary
|
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CP Violat
CP violating phase (dcp) — CP symmetric
can take a value between -180° and 180 (No neutrino-antineutrino difference)

Disfavored
the 30 C.L.
Enhance electron neutrino " Enhance electron

appearance e antineutrino appearance

«— CP symmetric
(No neutrinc-antineutrino difference)

CP conservation is disfavoured at around 2-30

Compatible with maximal CP violation




Future Program



Next Generation
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DUNE

\ EXISTING PROTOM
LINDERGROUND
ACCELERATOR PARTICLE

@ 1300 km baseline (Fermilab to Homestake, South Dakota)
@ \\Videband neutrino beam ( 1 - 8 GeV neutrino beam)

@].2 MW Beam Power (upgradeable to 2.4 MW)
@ Minimal near detector suite <
@ Far detector : 40 kton liquid argon TPC




Hyper-Kamiokande

3 Higher Intensity
V beam from J-PARC 4

® 295 km baseline (Tokal
to Kamioka)

@ Same beam as T2K but
upgraded to reach twice
the power (1 MW)

e Upgraded near detector
suite

well...new’ish

® Far detectoN\:; 560 kton
water Cherenkpv
detector












Complementarity

Hyper-Kamiokande DUNE
295 km baseline 1300 km baseline
Peak EV = 0.6 GeV Peak EV = 3.0 GeV

Very weak matter effects Strong matter effects
Narrow-band beam Wide-band beam

Water Cherenkov : Simple, Liquid Argon TPC : Powerful,
robust detector complex detector

Oxygen target Argon target

Complementary coverage of physics phase space, but with
different technologies, systematic uncertainties and energy
ranges.



Measuring &

HK 10 years (2.70E22 POT 1:3 v¥)

St_ﬁfi.-:;:tics only _ o q N O n -Ze ro 6CP Wi I I b e

discovered at > 50 over
60% of true 6CP after 10

years of data taking

.ﬁ;{}

v, Xsec. erro

—
——
p—
=
]

- —
wa
=
]
e
(k]

L
I

[
=]
=

- —
wn

-3 g 3
Hyper-K preliminary .
yper-K preliminary . Trite {5‘.?
True normal ordering (known) .
sin’(0,,) = 0.0218 sin’(0,,) =0.528 IAm3i.l=2.509E-3

@10 error on 6CP 1S

around 20-25° if
6CP= -t/2 after 4-7

years of data taking

Main systematics :

Energy bias

lo error on O, (degrees)




Other physics
e Kamiokande detected 11 events
from SN1987A (50 kpc away)

e Hyper-K would detect ~ 10,000
events

® Also would be sensitive to
supernova remnants - supernovae
from the very early universe

c
O
-
©
o
Q
=
N
|
=]
S
wn
+—
c
Q
=
Q

distance(kpc)

@ imits on some proton decay
modes could be increased by an
order of magnitude or more




DUNE Schedule

Component

Far Detector

Neutrino beamline

Near Detector
Complex

Ready for operation

2029

Comment

Non-beam related
physics (e.qg.
atmospheric
neutrinos)

Oscillation physics
can be begin

Better control of
systematics




Hyper-K Schedule

JFY |=———p
2019 2020 (2021 2022 2023 2024 2025 2026 2027

PMT
| | : | Tank--support—-Water
Geosurvey | Design Cavern excavation lining installation filling
design '

Praparatory  Access Approach
construction  tunnel tunnel

Preparat::iryi
construction for _
excavated rock Excavated rock disposal
| disposal | ' 5
| Tank
“design

System Installa

Electronics Production !
; Tests tion

PMT Production

Beam Upgrade

i MNear and Intermediate Detector




Construction is Underway

Rock transportation
road (~13km)

Excavated rock R, Above ground
disposal site

E.Q 4 - Water line for

Wi Mg . | excavation
R on hut? (500m)
ik:l\

Electricity line for
...\ construction (3.5km)
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1873.5m

| Approa LA tunnel
Approach tunneli ACCeESS tunne




1873.5m

Approaf;h tunnel l Access tunnel

"-.

1
i
-

June 24™ : Approach tunnel‘'reaches the
nominal centre of the main cavern




Summary

@ The source of the matter-antimatter asymmetry in the
observable Universe is a mystery

@ CP violation in the lepton sector may hold the key to
understanding this.

@ Neutrino flavour oscillations is the right tool to explore this
question.

® The current T2K experiment excludes CP conservation at 20

e HyperK will take first data in 2027 and will exclude CP
conservation at 50 by 2030

8 A measurement of CP violation in the neutrino sector is in
reach!



Ma

10.05|

0.009

Open Questions

ss (eV)
A
-+ 1

e What is the value of 6CP?

@ \\Vhat is the mass
ordering?

@ Better values for the other
mixing angles

@ |s the PMNS matrix, as
currently written, correct?

@ \\Vhat is the absolute mass
scale?

@ |s the neutrino a Dirac or
Majorana particle?

@ Are there sterile neutrino
states?



HK Physics Goals

Physics Target Sensitivity

Conditions

Neutrino study w/ J-PARC

— (P phase precision < 19°

- C' PV discovery coverage T6% (3o), |
sin- foq +0.015

7.5 MW x 10° sec
@ sin” 26;3 = 0.1, mass hierarchy known
G sin® 2f13 = 0.1, mass hierarchy known
lo @ sin® fsy = 0.5

Atmospheric neutrino study
MH determination > 30 CL
— fla3 octant determination > 3o CL

10 years observation
G sin® @3 > 0.4

@ sin? #y3 < 0.46 or sin? fy3 > 0.56

Nucleon Decay Searches
p— et +a? 3x10" (90% CL UL)
: 10 yrs (3 o discovery)
- p—a i+ K 3.2 x 10° 90% CL UL

10 yrs (3o discovery)

10 yvears data

Astrophysical neutrino sources
°B v from Sun 200 v’s / day
— Supernova burst v 1 70.,000~-260,000 s
30~-50 1-'s
— Supernova relic v 830 v’'s / 10 vears
WIMP annihilation at Sun

(ogp: WIMP-proton spin osp = 10~

) o
cm-

dependent cross section TLD 10~4%m?

—_

7.0 MeV threshold (total energy) w/ osc.
a Galactic center (10 kpc

a M31 (Andromeda galaxy)

5 YVears l:ulrru'l"l.'ulflllll

a Mywpapr = 10GeV, vy — bb dominant

a Mwmp 100 GeV, yxy = WTW~ dominant




ONTARIO

NOVA'® -

MINNESOTA

[ 2
%
>

WISCONSIN

IOWA

Fermilab®
Muon neutrinos

== | 3u Nneutrinos
Electron neutrinos ILLINOIS

K. ENGMAN/SCIENCE 345, 6204




\\ —— Rea + Minos

. Rea + NOwvA
\\— Rea + T2K
\— Rea + LBL-comb

NuFIT 3.2 (2018)

— Minos
MO A

— T2K

— LBL-comb

e NOVA favours
normal mass
ordering

@ T2K and NOVA
are consistent



Open Questions



Neutrino Mass

c
2
=
@
| =
@
c
@
o

T T 1T T TS 11 )T T T T WA
2

. 4 - 2 - 2 4 6 7 1 1112
10 510 10 310 10 1 10 10 103 10 105 10 10 108 10910 010 10
mass (eV)

g Tritium p-decay (KATRIN)
m(v,) < 1.1 eV
mlv ) < 190 keV Stopped pion decay
Au -
ml\v ) < 18.2 MeV Tau lepton decay
T 10.




Xsec data pre-2007

CC Single Pion Production L , MNC Single Pion Production
Multi Pion Production
CERN—WAZ25, Allasia, Nucl, Phys. B343, 285 (1990), D
ANL, Barish, Phys. Rev. D19, 2521 (1979), H,, D,
ANL, Radecky, Phys. Rev. D25, 1161 (1982), H,, D;
BNL, Kitagoki, Phys. Rev. D34, 2554 (1986), D,
SKAT, Grabosch, Z. Phys. C41, 527 (1989), CF,Br
A BEBC, Allen, Nucl, Phys. B264, 221 (1986), H,
FNAL, Bell, Phys. Rev. Lett. 41, 1008 (1978), H,
ANL, Campbell, Phys. Rev. Lett. 30, 335 (1973), H,

® ANL, Day, Phys. Rev. D28, 2714 (1983), D, E = GO, Kranz; Wue, Pare, 5138, 40 {1978, Cdt » OF
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It's slowly getting better

eriainry

—— GENIE wi F5I

Martini
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p_, (GeVic)

CC ni° differential xsec from
MINERVA
Phys.Lett. B749 (2015) 130-136

Lot's of effort going into trying

—— to understand neutrino
CC O differential Xsec from T2K interaction cross sections

arxXiv:1602.03652



The state of steriles

Over the past 20 years or so, some anomalies in neutrino
oscillation data has been interpreted as weak evidence of
the existence of one (or more) sterile, neutrino states
with a masses of around 1 eV/c?

®| SND - miniBooNE electron neutrino excess
e Apparent electron antineutrino deficit in Gallium decay
@ Apparent electron antineutrino flux deficit in reactors



e.g. Reactor Anomaly

Atmospheric
Oscilation

B
=
:
ldy
g
3
a
E
g
=
L=
5
8
x

Solar
Oscilation

I L1 | I |
100 1000

Aeactior To Dedecior Distances (m)




The state of steriles

Over the past 20 years or so, some anomalies in neutrino
oscillation data has been interpreted as weak evidence of
the existence of one (or more) sterile, neutrino states
with a masses of around 1 eV/c?

®| SND - miniBooNE electron neutrino excess

e Apparent electron antineutrino deficit in Gallium decay

@ Apparent electron antineutrino flux deficit in reactors
Could also be interpreted with:

@ Unknown backgrounds

@ |naccurate production cross sections

@ |naccurate reactor flux predictions

Theoretically, it’s very hard to fit all data into a single model



L B I bl R A L I B ] T TTI I I =TT T

1

3+1 Global Fit - E:?[m MeV

SBL+IceCube 0.8 kin2 =

Sox mE[EBHH}_ﬂ.DEE

ggnfn _i*.l"l'ld-l :1 |?5 Ev
Y

fﬁ\

0.6 q’gﬁﬁ q._"b%
@F"‘ﬂ g ‘*":'?i
g |

0.4}

=
g
<]

Osc. Probability [%&]

0.2

. . . . |
0 100 200 300 400 500 600 700 80O

Distance [m]

0

10 10" 10°
sin” 20,

Experiment being built now - switches on this year




SBND

Distance from Active
Detector BNB Target LAr Mass

SBND 110 m 112 ton
MicroBooNE 470m 87 ton
ICARUS 600 m 476 ton

Experiment being built now - switches on this year



Sakharov Conditions

Dynamic generation of a baryon-antibaryon asymmetry is
possible if;

X e Baryon number is violated

@ X (B#=0) » Y (B#=0) + B (B##0)
@C and CP are violated
@ Production out of thermal equilibrium

e Expanding (cooling) universe
e[ (X >Y + B) # (Y + B - X)



Leptogenesis

@ Suppose that the early universe supported the existence
of a very heavy, right-handed, Majorana, neutral lepton

@ Also suppose that this lepton could mix, and experience
C and CP violation.

[(N>HI)#T'(N->H]I)
AL#0

@ B-L is conserved. Non-perturbative sphaleron transitions
If A(B-L) =0 butAL#0->AB #0

@ Baryon-antibaryon asymmetry dynamically generated
from lepton sector



T2K Strateqgy

Hadron
production data Flux Model Near

Detector Fit

Beam Near Detector -
Monitors Model
Best fit model parameters
and covariance matrix

External cross Cross section

section data Model
(e.g. MINERVA) Far Detector

Fit SuperK
Far Detector Dgta
Model

External Oscillation
Parameter constraints Oscillation

Parameters
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