Searching for CP violation in the
neutrino sector
(Romance con Lagunas)

J.J. Gomez Cadenas

IFIC, Universidad de Valencia and
DPNC, Université de Géneve

Second Part



i Outline (I)

= Primer Romance
» The invention and discovery of neutrinos

» Primera Laguna
= Neutrino sources

= Segundo Romance
= The anomalous particle

» Segunda Laguna
= Neutrino detectors



i Outline (IT)

= Tercer Romance

= The discovery of neutrino oscillations
= Tercera Laguna

= Current experiments
= Cuarto Romance

= The quest for the grial
= Cuarta Laguna

» A Road to Lothlorien
s Ultimo Romance

= Combining it all and a view of the future
s Ultima Laguna.The Unicorn




i Cuarto Romance

= The quest for the grial
s CP violation in neutrino oscillations




Neutrino mixing
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| Present and Future |

If neutrinos have mass: ‘V / > = Z U Ji
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CP violation in ~ oscillations

Vacuum oscillations ( W% = [U,;U;. UL, Uil )

: e .9 ﬂ.mka
Plva, — vz = —4 Re[W ] sin” | ————
k>j .—LEU

. Am? L
+ 2 Z Illl[ﬂ-"'ti“j] sin (TL>
k> j <«

Observability of CP-violation < measurable CP-asymmetries:
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Pve—:vy” VS. Pﬁe_}ﬁ”

!

Distance ikn)

E, =500 MeV #;3=8° & =90°



Spectrum

The same long-baseline experiments to measure 613, can measure sign(Am?.,)
because neutrino propagation in the Earth gets modified by coherent forward

scattering on electrons: &= — v /v Wolfenstein, Mikheyev,Smirnov
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For E,, ~ O(10)GeV — large amplification /suppression of P, ., depending on
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i Cuarta Laguna

s The Road to Lothlorien
= Super Beams
» Beta Beams
= Neutrino Factories



JHF Super Beam
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The SPL Super-Beam

*Low energy beams (~ 250 MeV)
*4 (8, 10...207) MW

v fluxes from SPL

0, (viem®/yr/20 MeV)
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* Megaton water detector

*((10) years?



Beta Beam

. SPL

1’ flux must match the CP-odd oscillating term
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Megaton Water Detector

Example: Hyper-K
1,000 kt
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Control of backgrounds (SPL)
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Beta Beam

E-like Bkgd Mu-like Signal
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Neutrino Factory

layout of a

comprassor

neutrino factory Magnetic
horn capture
Target
lonization
cooling
Phase rotation
Linae = 2 GeV
Recirculating
Linacs 2 = 50 GeV
Decay ring — 60 GeV
w 2000 m circumference
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® Very high
intensity:

1021 v/yr

® Muon energy
30-50 GeV

® Two beams

® 3000 Km
1000 (7000) km

® 15 years from
now? (neutrino
business =
paticence)



« Golden »

sighature :

wrong sigh muons

Very massive calorimeter (50-100
kton)

Good identification of muon
charge

scientillator
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Signal and backgrounds
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Signal & background vs E,
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i Ultimo Romance

= Degeneracies and the way to solve them
= Degeneracies
= Combining base lines
» Combining facilities
= Combining golden and silver channels
» Combine it alll



Oscillation Probability
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i Oscillation Probability

P:I: Xj: sin (2 913)

+Y1 cos ((5 T Aa;mL) cos 013 sin(2 613)
+Z+...
Xy = Al x fi (63,A,1)

(+ neutrinos, — antineutrinos) § Y= = Asun X Agtm X f5 (612,023, 4, L)
7 = AL, X fz(012,003,4,1)
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(0-’13? ) ) are fake solutions of:
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They appear when the full parameier is considered and the energy dependence of the

signal {incuding realistic backgrounds and efliciencies) is not strong enough.

In fact, 3 sources of degeneracies

Intrinsic — P(f,,,0 ) = P(013,0)
(J. Burguet-Castell, et al, Mucl. Phys. B608, (2001))

fs- Octant = P(613,8 , F — fa3) = P(bh13,0)

(G.L. Fogliand E. Lisi, Phys. Rev. D54 (1996); V. Barger ef al, Phys. Rev. D65 (2002).)

Sign-ﬂm:fﬂ —r ..!Dlilf(fillg~ f'gr, .-'i"‘..'”lf;;} = P{f‘:"m, Eﬂ

(H. Minakata and H. Nunokawa, JHEF 0110 (2001); V. Barger ef al, Phys. Rev. D65 (2002).)
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Solving intrinsic degeneracy combining two
facilities
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Superbeams plus Neutrino Factory: the golden path to
leptonic CP violation

J. Burguet-Castell®, M.B. Gavela®!, 1.]. Gémez-Cadenas®<2, P. Herndndez®3, O, MenaP+



a0}

Solving sign Degeneracy
combining two facilities
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Solving 6,5 Degeneracy combining two

facilities
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The silver channel at the
Neutrino Factory
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(’l’hc: Golden Channel at the Neutrino Factory ]
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The oscillation probability is

PE = X sin®(20,3)
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(+ neutrinos, — antineutrinos)
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[Thc: Silver Channel at the Neutrino Factory ]
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Golden vs silver events
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[Rmults for golden muons at L = 3000 I{m_]

Five years of data taking: one polarity only
(" in the storage ring)
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[ Using golden and silver muons ]

Setup A: two iron detectors and two baselines
(zolden muons only)
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Ultima Laguna. The
unicorn

h this beast is the one that never was.

They didn‘t know that; unconcerned, they had
Loved its grace, its walk, and how it stood
Looking at them, calmly, with clear eyes.

It hadn't been. But from their love, a pure beast arose.
It raised its head and hardly needed to exist.

They fed it, not with any grain,

But always just with the thought that

It might be

Rainer Maria Rilke, The sonnets to Orpheus
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