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The Universe

 Visible matter is only 5% of the Universe

* 25% is Dark Matter showing gravitational effects

* Rest is Dark Energy

Important question is not why matter is only 5%
but why is there matter at all?



Why is there Matter at all? I o @

Energy Physics

* Particles/anti-particles are always
produced in pairs

* Particles/anti-particles are destroyed in
pairs in annihalition

; ‘777 v o => There should be no matter excess

) Pair production (b) Annihilation

e\ %8

* Some anti-particles must have decayed
before annihilation

* Tiny effect: only 1 of 6 billion particles
survived

e What are the conditions to achieve this?
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CP Symmetry/Violation
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* Wu showed that Parity (mirroring) is not
conserved in weak force (1956)

Mirror Plane

Mirror-reversed
arrangement

Original
arrangement

* Assumption was at least CP (Charge conjunction

/\ Predicted direction of

+ Parity) is conserved retered director | beta cmisonitpary
:mi:siacl;;ay } 4 G Y
 Turned out that this is not true ... s |
ALLOWED NOT ALLOWED ALLOWED prr Co-60 nuclgi_,
? neutrino 9 neutrino * anti-neutrino 2 .

Vg

4 ‘ S ‘ & pion— Observed direction
=+ plon w¢ plon P fi Electr{m rowM of beta emission in
through the mirror-reversed

solent}nd coils arrangement

. . |
G anti-muon v anti-muon : muon |

M. Strassler 2013
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Sakharov Conditions
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Andrei Sakharov defined 3 conditions which need to be
fulfilled (1967):

1. Baryon number violation

2. System must go out of thermal equilibrium
3. Cand CP violation
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Sakharov Conditions

Andrei Sakharov defined 3 conditions which need to be
fulfilled (1967):

1. Baryon number violation
2. System must go out of thermal equilibrium
3. Cand CP violation
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e
CP Violation in the Quark Sector - l' P
Energy Physic%
* Kaons are produced by the strong force and decay by the
weak force
* 2 CP Eigenstates with different lifetimes and decay channels: The Fitch-Cronin experiment
* Ki->2m (CP=+1,71=0.9 10105) -
« K ->3m(CP=-1,1=0.5107s) o
 Fitch-Cronin first test of CP violation (4 page proposal)
* Archieve pure K by producing K° beam in strong interaction . ZE#ZZ e i~
and let K decay ) .
e If CP is conserved one should only observe 3 it in final state
* In 0.2% of the case 21 were found ™ i Bog R

Rev. Mod. Phys., Vol. 53, No. 3, July 1981

Conclusion:

CP is violated but effect too small to explain matter excess
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What else could cause the Asymmetry?

Theorist have many theories:

GUT baryogenesis
Leptogenesis

Electroweak baryogenesis
The Affleck-Dine mechanism

More exotic ideas ....
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Interesting Alternatives

Baryogenesis from
= Cosmic Strings
> Magnetic Fields
=> Black Holes
Dissipative Baryogenesis
Warm Baryogenesis
Cloistered Baryogenesis
Cold Baryogenesis
Planck Baryogenesis
Post-Sphaleron Baryogenesis
WIMPy Baryogenesis
Dirac Leptogenesis
Non-Local Electroweak Baryogenesis
Magnetic-Assisted EW Baryogenesis
Singlet-Assisted EW Baryogenesis
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What else could cause the Asymmetry?
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Theorist have many theories:

 GUT baryogenesis

* Electroweak baryogenesis

.
o |
‘Ah.(

A

 The Affleck-Dine mechanism

T N,
Jum [ = 5 G ~CnR3 %.m

* More exotic ideas ....

~
SnrGlaSae’ |

Is there a CP violation in the leptonic sector?
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Tokai-to-Kamiokande (T2K)
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Super-Kamiokande

Mt. Noguchi-Goro
2,924m

Mt. Ikeno-Yama

1,360 m
1,700 m below sea level
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: decay
— pipe 22:::0,3 On-axijs & Super-Kamiokande
L | ! ! |
om 110m 120m  280m /7 295km

Neutrino beam produced
in Tokai
Measured with near

detector on site
And with far detector 295

km away
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Neutrino Beam
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* 30 GeV proton beam collides with graphite target

* Magnetic horn system allows to select either /K-
or tt/K*

* 100 m long decay tunnel to produce v orv

PR O
B E v

= - - Hadron Beam Facility
Materials and Life Science

Experimental Facility

,.M

Nuclear
Transmutation

Neutrino to Near
: Kamiokande Y
N\ : detector
T § complex
? Syachrotron, RCS 50 GeV Main Ring

25 Hz IMW. Synchrotron (0.75 M'W)

_al JPARC =Japan Proton Accelerator Research Complex
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Beam composition

Energy Physics
aseis@eos  Simulations e 7, 220414 (95.3%)
: S _,,,,,,_,3“5_39+12[1_5uf=) R, —VF19+13(4.4 Vo)
5l — e . v, 1.7e+12 (0.42 %) al e ¥, 6.4e411(0.28 %)
107 107 P .
--------- v, 6e+10 (0.015 %) o oy s ¥ 1.2€411 (0.05 %)

* |deally one would like
to have pure
(anti-)neutrino beam
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Near Detectors: INGRID + ND280
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POD TPC1 TPC2 TPC3

SMRD
UAT Magnet Yoke

FGD1 FGD2 ECAL
Cosmic track across all detectors Clean CC |nteract|on in FGD1

,f’,

DIS candidate in FGD1 POD/TPC event with shower

INGRID: non-magnetized on-axis detector
=> direction and rate

ND280: magnetized off-axis detector =>
flux/composition, cross sections
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* 50 kt water Cherenkov detecot
e 22.5 kt fiducial mass

* 40 m diameter and ~ 50 m height 3332222000 saasse 2
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Far Detector: Super-Kamiokande M

Energy Physics

* Shape of Cherenkov ring depends strongly on O —4— r2xdata B o5, charged curent |
pa rt|C|e type i v, and v, charged current Neutral current |

* Excellent electron/muon seperation
e But not charge sensitive

* Threshold: some particles might be
undetected

Number of events

it
[
1
SR
1
il
L
1
1
1
I
1
I
AN
28

-2,000 -1,000 0 1,000 2,000

Electron or muon PID discriminator
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Neutrino Oscillation: 2v case
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Why this near and far detector configuration?

Flavor, Vew and mass, v, ,, Eigenstates are not identical but connected via a
mixing angle,®:

()= Cone cose) )

Starting with pure v, beam we might detect after distance, L, v, in the beam

m3 — m3
Probability:
. 9 . 5 Neutrino
P(vﬂ - v, ) = sin?(26) sin? | 1.27 energy
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Neutrino Oscillation: 2v case
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Am* =0.003eVZ,  sin?20=0.8, E,=1GeV

AmZ2. L. o A ZUTbeY,  amev e A
P(v, = v,) = sin?(20) sin? ( 1.27 —=- U N

: . D DN DS DX Dag
What would CP Violation imply? @ @G DD
Ot
- © O O @ @ﬁ@@f
P(9; - 9¢) # P(9% — 9&) & AR o
a8 P, = 1-sin26 sin® (AmT/AE,) -
=> Measure oscillations with neutrinos and ;
anti-neutrinos B /i

Ev n MeV

06/05/2020 IFAE Pizza Seminar Fig. 1: Anillustration [4] of neutring cscillation of two flavors with baseline L=180Km.
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More complicated: 3v

* In reality we have 3 neutrino families
* Mixing is described by PMNS matrix, U (3 mixing angles, 1 CP violating phase)

V1

Flavour © Mass
Eigenstates v, |=U| v, | Eigenstates
\V: \V3
[ Pontecorvo-Maki- ] 923 ~ 45° 913 ~ 9° _ E’12 ~ 30°
Nakagawa-Sakata Uel UEZ UES 1 O 0 C13 0 513 e—zﬁ Cl2 S12 0
Upmns = | Upt U2 Uz | =0 c23 s23 O 1 0 —s12 ¢12 0
Ui Un Ui 0 —s23 ¢23 J\ —513¢° 0 ¢33 0 0 1
Sij = Sll’lggj , Cij = COS Qij
Atmospheric Reactor/accelerator Solar
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More complications: Matter Effects s
Energy Physics

* Even without CP violation: Weak forward scattering

L L R R) Ve =3 Ve Ve
P(9L —» 9%) = P(IR - 9}
: W
* Neutrinos cross the Earth and there are only W
electrons but no positrons! - - -
* Corresponds to additional potential V:
V — i \/ ZGFne e — (11,) (mZ)ZTZ)SO]
GF: Fermi const., ne: electron number, sign depends on neutrinos or anti- () e
neutrinos
| Y
* Depends on mass hierarchy in addition: normal B
preferred at 3o level by SK atmospheric neutrinos L (e
How to disentagle matter from CP violation effects? R ——
(Am®)
I —————— —) (ml)z (m3)2* I

06/05/2020 IFAE Pizza Seminar normal hierarchy inverted hierarchy, ,



2 Approaches: Longer Long Baseline

* Use wideband neutrino energy beam => on-axis

* Use high energy (E >2 GeV) 1st maximum for mass
hierarchy

e Use low energy 2nd maximum for CP violation

L > 1000 km

| 1300 km On Axis new WBB |

C Events/KT/1E20/250MeV

Q V.oy

Vu

06/05/2020
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Unoscillated v ,CC events
Appearance Probability x 10 : v Scp=0
Appearance Probability x 10 : ¥ Scp=0

CP Conserved

5 6 7 8 9 10
True Neutrino Energy (GeV)
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| 1300 km On Axis new WBB |

v,CC Events/KT/1E20/250MeV

s T

e o

e @
N

TTT]TTT

0

D ® a N R o LN
0 L0 m m

Unoscillated v, CC events
Appearance Probability x 10 : v 5cp=1(.’2

Appearance Probability x 10 : 7 8,,=r/2

CP Violated

4 5 6 7 8 9 10

True Neutrino Energy (GeV)
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0
2 Approaches: Shorter Long Baseline - l' & -

Energy Physics

L = few hundred km
* Baseline so short that matter effects have almost no impact
* Focus on 1st maximum => E <1 GeV
* Aim on maximal flux at E ™ => off-axis configuration

* To improve sensitivity use mass hierarchy from ' ]
other measurements or add another detector  _ Sk
=) \ ° ]
at larger L 2 . AR
N g n R
X 2 o2 ]
N 77{&::; e . |
I 2 K H'hi'”%‘& : ' 2 3

- K E, (GeV)

yper-Fu (Hyper-KK)
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T2K Analysis Strategy ~ -

Institute for High @ Scionce and Tochnology
Energy Physics

Aly)

Probability without matter effects (for results they are considered) .

1.27TAm?2, L
P (v, — ve) = sin*(2613) sin?(fa3) sin* ( m3, )

E
2 2
. 1.27%;211, ST sin? ( 1*2751.;321, ) |

(2)
Magnitude of CP violating effect is described by Jarlskok invariant
(analog exists in quark sector):

1
Jopl = 3 cos 13 sin(2612) sin(2623 ) sin(2613) sin(écp)

Experiment Dominant Important
Solar Experiments 12 ri‘-.-m%l , 13
Reactor LBL (KamLAND) Am3, B2 . B3
Reactor MBL (Daya-Bay, Reno, D-Chooz) b3, |Am3, 0|

e 2L t0spheric Experiments (SK, IC-DC)
Accel LBL v,,p,, Disapp (K2K, MINOS, T2K, NOrA) |/_".-m%1!32|, oz
06/05/2020 Accel LBL v,,7. App (MINOS, T2K, NOrA) IFAE Pizza Sqrgpgar ts , fag 23
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T2K Analysis Strategy IE T T
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Probability without matter effects (for results they are considered) .
l D Fit parameters

| . L, [12

P(v, — ve) = 51112( 51112 sin” —
E All appearanch and
1.2 1. 2TAm2 disappearance channels are
T _ 20 8J p sin? ( _ =2 ) * used to contrain parameters:
2 E * V2V,

(2) . i%v
Magnitude of CP violating effect is described by Jarlskok invariant |~ Y7
u

° ev
(analog exists in quark sector):
Also constraints from ND280 +

Beam simulations +
Jcpg — — CDSEIH . 5111 . 5111 HSH]H
( NA61/Shine

Fixed by external Solar Experiments
measurements heactor
2018 PDG A

o — {05 pheric Experiments (5K, IC-DC
Accel LBL v, Disapp (K2K, MINOS, T2K, NOvA) | |[Am2, .,|, 623
06/05/2020 Accel LBL v,,7. App (MINOS, T2K, NOrA) IFAE Pizza Sqrgpgar ts , fog 24
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Data Set
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otal Accumulated POT for Physics.
-Mode Accumulated POT for Physics
-Mode Accumulated POT for Physics
20 . v-Mode Beam Power

x 10 . V-Mode Beam Power

1 Run2 Run3 Run4 "Run5 Run6  Run7 Run8  Run9

<|<—

RunlQ600

Analysis #
P_ongoing _¢

40

('S ]
Ln

900

o8]
-

]
Lh

300

2
o

Accumulated POT
Beam Power (kW)

—

doubled —100

- N one run i

[
h

o Lh
MIIIIIIIIIlIIIIIIIIIIIIIIIIIII

f—l
p—
e

5 " 1|

2010 2011'2012 2013'2014 2015'2016 2017 '2018 2019'20%
Analyzed: 3.1 X 10?! protons on target (POT) Year

v-mode : v-mode ~ 50 : 50

515 kW operation achieved recently!
33% increase of v-mode data in upcoming analysis.
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Reconstructed Energy Spectra

Energy Physics
v, 3.9e+14 (98.0 %)
£ _"—l—'_'_'—l—'_'_'—l—'_'_'_ [T, vu 6.3e+12 [1_6 “/,) }2 L T T T I T T T | T T T I T T T | T T T | T T T ]
= | e v 178412 (0.42 %) = - T |
=P e o . . ed.. __ I . -
Em Wi B, SeraRInR: Lﬁ 251 Tot. Pred.. 8. 5 Vy— V. 8¢ 0__ \ 4 at
3 C 7 easured a
8 N ]
S i _.I o o _
S gt L =semas Tot. Pred.. 8,=+5 I\!u—) V.. 0p=0 |
Expected spectrum ¢ 20 2 - SK
& L _
at J_PARC g‘lﬂ" - —e— Data 7
E P SN 15 _]
101u % . . . : :
Oscillations + cross sections g ]
"o - - .
) lm"'“'ﬁ... 5 - :_ ]
M IS APAArS A i 1‘|J|Jlﬂf'-'1':lf'1 : et :
0 02 04 06 08 1 12 14 T emad
E, (GeV) -
......... T, 220414 (95.3 %) -
— v, 16413 (4.4%) = 10 ]
=
g A wonee ¥, 840411 (0.28 %) g i ]
%10 AT o v, 120411 (0.05 %) aa B |
E 3 o, e 8 __ __
€107 u 4
g i |
Ng' H 6 — e, ] —
e L |
S oMk _........----u---:
s
::;. 4
1010;: —
10°F 2
TN TN TN TN 0
0 02 04 06 08 1 12 14 0 0.2 0.4 0.6 0.8 1 1.2
| | .
SIS Reconstructed Energy (GeV)
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Results B o
o 0.032

* sin%0,;=0.53 -0.04 +0.03 (for both mass hierarchies) ’ ;{EZ
* Am?;, =(2.4520.07) x 103 eV?%/c* (normal hierarchy) 0036
* Am213 = (2-45i0-07) x 103 eVZ/C4 (inverted hierarchy) 0.024
* 6-,=-1.89-0.58 +0.70 (normal hierarchy) 0.022
0.02

6p=—1.38 —0.54 +0.48 (inverted hierarchy)

CP conserving phase is excluded at 2+ confidence tfg
level |
Strong preference towards negative CP violating
phase

Best fit results close to maximal CP violating phase
=> would imply Jcp larger than J; , by 3 magnitudes

06/05/2020 IFAE Pizza Seminar

T2K Run 1-9
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T2K + Reactors
T2K Only
Reactor
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68.27% CL
99.73% CL
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CP phase
Ooﬁ CP symmetric
CP Violation
P(v,~>ve) > P, 7,)
>3(99.7%)
—90° +90°
—108°\“ Best fit _ CP Violation

P (17”—)‘ ‘]79) > (Vu -> Ue)
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Does this confirms Leptogenesisis?
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* The result is a strong indication for CP violation in the leptonic sector

* But...

it does not imply directly leptogenesis

* Leptogenesis models are based on CP violation in decay of heavy

neutrinos

* No model available to connect observed CP violation in “standard”
neutrinos to CP violation with “heavy” neutrinos

* Heavy neutrinos still not found => SBN programme at Fermilab

8th of May at 3 pm
https://indico.cern.ch/event/910572/

More details might be given at CERN seminar:

Flfare pdia SEhesdiagrams contributing to the CP asymmetry .
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 Made it on the cover page of Nature

* Great job by Sebastian and Isodoro (IFIC) to
translate and distribute press reléase

e Articles ein EIMundo, Abc, ...

Un experimento explica por qué la materia sobrevivio
después del Big Bang

® Una asimetria en el comportamiento de los neutrinos podria explicar por qué la materia domino a la antimateria, lo que acabo

permitiendo nuestra existencia

Publicidad

LN

THE MIRRIIR
CRACKD

" ‘Anindication ofmatter antlmatter
‘symimetry,violation in néutrinos +

IFAE Pizza Seminar le, en Japon capaz de albergar 50 000 toneladas de agua 30
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Further Improvements: T2K-I 17 RS0
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EXCELENCIA

Further Improvements: T2K(-11)+Nova e O

* Nova is another long baseline experiment
* L=810km, E, > 1 GeV

* Complementary to T2K

* Combined study in ideal case 50

 Work on combined study started in 2018
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Possible Improvements: SK+Gd / Horn Upgrade L 9§

Institute for High @ Senceand Tochnaioay

Energy Physics
SK + Gadolinium Doping >
. Anti-electron neutring F"U[U”
* Look for delayed signal from n capture \
(Atz3ousl vertex: 50 Cm) Gadolinium
* Main purpose: SN neutrinos detection Pasitran & ,f,.,mmmj
* Might help to reduce in anti-neutrino Cherenkovligt.
Cherenkay Ilght i
mode -
{Ei'_gg" ’-'—-M—-«—*——‘T-; -------------- S FUNUUTISEUSS -
si2p | T P
Horn current 250 kA -> 320 kA Jag vent e E%ﬁ&__ e ;
204f : ' Wr 3
e Increase flux by 20% EO.SEHon.tontal beam dnrectlon im&h?é)DN
: ot -
* Reduce contamination 1
S ol
_15-“ [
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Summary

Institute for High
Energy Physics

* T2K experiments reported first measurement of 6.p
* Large region of 6.,>0 rejected at 99.7% level

* Best fit result close to maximal CP violation

* 6,,=0 excluded at 30, 6.,,=180 excluded at >20

* Further improvements expected from T2K-Il, synergies with Nova, SK +
horn upgrade

* Next generation of neutrino oscillation experiments will give precision
results

 Measurement of CP violation in oscillations, is not directly related to
leptogenesis and is not explaining the full matter asymmetry or serves to
explain Dark Matter (via heavy neutrinos)
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T2K Run 1-9 prehmmary
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Analysis procedure



Beam model

T=

NA61

results

Beam model is obtained from a full GEANT simulation of the particle transport reweighed by the

m—

Beam monitors

&*n/(dpde) [rad. (GeV/ic)"|
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Near detector data

Neutrino mode Anti-neutrino mode

CCOm
tl
S
_CC‘I trk
‘L—
+

CC1im
‘»‘1+ t
|
CCNtrk
Q
+

CCOtD_er
f J j:l
CCitrk
= /
|

CCNtrk
g

Each sample for two targets FGD1,2 ~ (C,0)

CCOther are CC events with
multiple s, n° or i candidates

punoibxoeq
ubis-buoapn

T 2/K

- Analysis of muon kinematics: (pu cos 8y)

. Evobatined from interaction model in
generators.

- Three samples of neutrinos (two for

antineutrinos): enriched in
- CCQE — CCOmr
- CCRes — CCAT

. CC-DIS — CCOther

- the different samples also have different Ev

dependencies.

- Wrong Sign background:

« neutrinos in anti-neutrino mode.

- Neutrino interaction in Oxygen from FGD2 data.
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Conceptually

§ E””I””I””I””I””I””IItnelﬁ c,,)' 5007””'””II”III”IIIHIIII”I+Da(a g
2 3000}~ B ccox H u 2 250
5T CcComr* B oo § r £
s s | e CC-Other ‘g 400~ CC 1 'IT+ CC-Other - ook ‘
] F | BKG = - S 200[ CC-Other
_Lnx = EE B L BKG s BKG
F Bl external < L
g 2000 D’:;’r"a £ 300f B8 external ‘é F B exora
Near detector Z r { 2™ £ f
1500 | — B -
El E 20 F 10(): ]
data : _ ] : ;
Su0f . ']‘M E - E 0 i LR =
L . E ] s 2
0 s e terms 3 . | s 7 Zai
(1] 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5 5 s i, ik A d L L
p 05007 10001300 2000NGQU0 300013500 900 200, 5100 %07500 1000 1500 2000 2500 3000 3500 4000 4500 5000
pp (MeVic) pu (MeV/e)

pu (MeV/e)

| T2K Runl-4 Flux at ND280 |

adron production
ux prediction
hive + beam
onitors

Flux (/cmZ/SOMeV/IO2 Ip.o.[)

o 2 4 6 8 10
E, (GeV)

Corrected flux

10

06

05 ©

ND280 FHC v, Flux

T T T T L |

and cross-section -
model

e
ks

E Prior to ND280 constraint
+ After ND28O0 constraint

raaal L | L el

TN FRRTN FRRTE PUW b (4 i ey

107 1 10
Neutrino Energy (GeV)

feed back

&

matrix

Cross-secti
model

N N A
w . w' P
~F AR
- N - N
N N N N

Parameter Number

41



Oscillation fits

T=

vu—Ve and vy—Vve combined analysis within the 3v oscillation paradigm (PMNS).

Other oscillation parameters from 2018 PDG values.

Binned likelihood comparing data to MC predictions.

Bins of reconstructed energy from lepton kinematics
assuming CCQE two body interactions.

Ve sample also bins in Be

Bayesian Markov Chain MonteCarlo and 2 frequentist
approach.

Frequentists confidence intervals (grid search) agree
with the Bayesian factors and credible intervals.

o N nc_:»bs
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]
Oscillation Probabilities for 3v O

Barcelona Institute of

Institute for High @ Scionce and Tochnology

Energy Physics

sin?([1 — x]A)
[1— x]? Leading term

P(vﬂ — V,) = sin? 26, sin2 0,5

sin[xA] sin([1 — x]A) CP violating term

—a sin 8p sin? 26, sin 26,5 sin 26,5 sin A

x[1 — x]
_ _ _ sin[xA] sin([1 — x]A) cp :
+0cos 8¢p sin 20, sin 20,3 sin 26,3 cos A conserving term
x[1 — x]
+
For p(9R — 9R):
p ('9# - 193) x_Z\/iGFneEﬁ - Ami| 1 AmiL
o U7 =>1” T amg, Y |amg,| T 3007 TaE,

* replace 6 and x with -6 and -x

But how to disentagle matter from CP violation effects?
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Approx oscillation
formulae

T 2/K

r—| Appearance \
42 22 i 2a 5
— A my,
+8 C§3 S15 513523( C{,C,3COSO — Sy, 513523) cos A3,sin A;; sinA CP Conserving
VVS. v o 2 2 2 : alL 2
sign +8¢1;351355,3,C0s Ay, 51HA314 E (1-253) Matter effect
change _ . . . . At
g F8C33C1)Cp35125135238i0 8Sin A,Sin A, sin Ay, CP Violating
2 2 2 2 2 « 2
+4512013(012023+512513523—2 C15Cy3 517513573 COS 6)511'1 A, Solar term
_ o L _
\ c;=cosb, , s,=sinB; A = Amfjdr—& a=2v2Ggn,E )

~—1 Disappearance

Am3,-L
P(Vp, "V“) ~ 1—(c054813~sin22 0,, + 511122813-si112623 -sin’ ;n;

"
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