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1 - The Neutrino Puzzle

to save energy
ve turned out to

¢ ‘Invisible’ particle postulated by
Pauli to save energy conservation

¢ Only a chiral
gauge charge

> Only particle that can
be its own antiparticle

o The least massive of all

* Key to understanding
weak interactions




Neutrino masses

¢ Atmospheric, solar, reactor and long baseline
heutrino oscillation experiments have spectacularly

<

<

<

shown us that neutrinos are massive.
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... but extremely light...

Fundamental questions

What are the neutrino masses! Why so small?
Majorana or Dirac! Is L consetved?
Are there only 3 neutrinos!
s there |ep’con|’c CP violation?
What can neutrinos tell us about the Universe?
- Bariogenesis
- Dark matter

- Large sca le structure
- Astrophysical sources



Neutrino masses in the SM

¢ The other helicity states:
~ At least 3 new fundamental Weyl fields without

any charge:
Most general oy T, | ‘
renormalizable OLm =L1 < D NR +5NR CM NR +he.
lagrangian \ /
L violating

— What is the new physics scale M?
* M =0 < Dirac neutrino masses < L conserved
*M#0 < N, Majorana < L violated
-M» v? — decoupling physics
- M ~ v? — new sector around the corner

Neutrino masses in the SM

* A more general alternative:
Neutrino masses generated
by heavy hidden sector:

eff /

(Such as ‘che@case wi’ch@

See-saw model

L7 = %Li C cpf(/;, ﬁz}”} OL,+..




Standard 3 neutrino scenario

o Whatever the mechanism for neutrino mass

generation (see-saw or more comp|ica‘ced physics),
at low energies the neutrino mass matrix can be
described in terms of 9 new parameters:
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T. Schwetz, hep-ph/0606060



Standard 3 neutrino scenario

1 0 0Y ¢ 0 5% ¢, s, 0
rlrar | \ . - - 3 . -
Ve =10 ¢y sy 0 I 0 |—=s, ¢, U‘
Y e o B 0
L e AR P 0O e, L O 0 1)
Atmospheric Solar
¢ However:

-Not much known about 0,...
~Is 0,z maximal?

-CP violation: 8, a, a.,

-What is the absolute mass scale?
-Normal or inverted hierarchy?

Since discovered, neutrinos have taken us
further and further in our understanding of
the SM...

And still they offer to take us beyond. ..
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Phys
rameters

.

o,

o,
- Majorana or Dil

- Absolute masses

.

- Mass hierarchy
0,z octant

- 953
0

the measurement of the unknown pa

¢ The obvious next step in the field of v

ination of

ise determ

ith a more prec

¢ Together w
the known ones

New symmetries?
More Neutrinos?
New Physics!!
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— Need to solve correlations!

B o5

B 068, 88, Cosmology

B Osillation



Channel Tuning

) < ) T win2 ( 51njsz | '
P(v,—>Vg) =8, — 42 Re[WE] sin®| — = ‘ + — CP conserving
k=] N J
|'/.
J

. Am2L )
+ 2 Zhn[\-’\-";;] sin a ‘

k= \ =

— CP violating

: Tk _ *
with WX =Uu_ U U’

U,

o The sensitivity of a3 channel to 3 specl'ﬁ'c parametter
can be enhanced by tuning the ratio E/L.

¢ Forthe measurement of the unknowns, the
is tostay at E/L~ Am?,

Channel Tuning

<@ At E/L - I Am223 IC
Unknowns:

Channel:

© ©
® ® O ®
Q@

~g2 | € =small parameters:
O13, Am? g5 /AM?y




Channel Tuning

<@ At E/I_ "‘"I Am223 IZ
Knowns:

Sin22923 |Am223| 5[”22912
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Channel Tuning
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Cotrelation and degeneracies

¢ Intrinsic degeneracy:
— Keeping E/L fixed:
o Curve of solutions for v
and Veach.
o They intersect at the
“true” value of (83, &),

but also at another
“fake” one.

- Changing E/L:
o Different set of curves,

intersecting the others
only at the “true” value.

Burquet-Castell et al, hep-ph/0103258

Correlation and degeneracies

¢ Discrete degeneracies:

S

E)13

Minakata, Nunokawa, hep-ph/0108085
Barger et al, hep-ph/O0112119

2 intrinsic degeneracies
x 2 possible v hierarchies

=1 true solution + 7 clones!!

> Each color belongs to a different space.

> Intrinsic fake solution and its clones *.%, depend strongly
on E/L ratio Cunlike the clones of the true solution m).

o 1% 54 greatly increase the errors, particularly for 8.



Cotrelation and degeneracies

. - Minakata, Nunokawa, hep-ph/0108085
¢ Discrete deg eneracies: Barger et al, hep-ph/O112119

5 @ 2 intrinsic degeneracies
x 2 possible v hierarchies
S
E}13

* Each color belongs to a different space.

=1 true solution + 7 clones!!

* Intrinsic fake solution and its clones *.%, /& depend strongly
on E/L ratio (unlike the clones of the true solution CU).

o b ;:;}f:-’"’grea’cly increase the errors, particulatly for 3.

The experimental challenge

¢ Need for precision measurements of very small
oscillation probabilities at E/L ®xAm?,q,, :

B High Statistics: { ° Very intense beams
o Very large detectors

~ Low Systematics: 4 © Well-known beams
Control of detector systematics

<

<

Superbeams
o Proposed beams: < « v-Factories

Beta beams

<



Superbeams (coming soon!)

o Very intense conventional v beams:
Absorher

Tmyetf e L
= s :j;;;ﬂ Pions I_>—> A\
rotons M@mﬁc Horns ﬂemy @'pf Newtrinos

o OFF—axl's to reduce v, contamination

et + polarization- - polarization
r 4 R
4 MW _
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Mostly v, ...but contamination still present
(particularly wrong-sign)

Superbeams (coming soon!)

< Channels:

v,V (1’# — 1_6) Signal: detected

_ DisaPPCal'anCC: 11/{4E %11# (p# —> ;ﬂ) Signal; detected pt

o 2 of them in the near future! opefully
- T2K (apan)
— NOVA (here at Fermilab)

rs

¢ (Caveats:

- Sensitivity limited by beam systematics
(flavour and sign contamination)
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v-Factories (next generation!)

> Very intense and pure W
v/v orv / v, beams - 3
From muonh clecay _ N,..-,L’“: )
LT e, )
![ %lﬂ +e +‘ e E‘__ et e %
+ + i
/,[ —> l"{u +e + l/e? g .,..,m..,a...., .
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v-Factories (next generation!)

¢ ha N I’)GIS:
Ve >V (VE - Vﬂ) Signal;
- Silver: Ve ve (v, >v.) = Signfl: detected w
- Disappearance: v, oV, (;ﬂ N ;ﬂ) Signahi
=» Access to most interesting channels!
Magnetized
detector
o (Caveats: required
~ Technical challenge, requiring lots of R&D
— Cost issues

> Itis believed by many to be the ultimate
Fa(:|'||"cy...
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Bety Beam:
g Channels:

— Disappearance: v, - v, (1_ v

1.’2 — ]-’jlf (l.’g — l’j[{) 51’91)3[; detected
) Signal: detected e +

> No need to detect the charge:

— On|y one type of neutrino

o Caveats:

— No access to v, disappearance.
— Technical challenge = R&D

The Beta Beam’s birth

* Original idea:

EURJ SO L Existing at CERN m
\ DECAY
RING
SPL
' B=5T
 Isol target L =20m

i
» & lon source
]




The Beta Beam’s birth

o Baseline scenario:

6 67 + -,
He™ = "Li™" +e +v.
1837 10 18 -9

Ne™m — F " +e" + Vv,

— lons:

- L =130 km (CERN to Frejus)

y = 60 for ¢He

- Boost:
vy =100 for 8Ne

— Detector: Megaton Water Cherenkov

M-Mezzetto et al, ). Phys. G29, 2003

...growing up...
o However it soon became clear that those

settings were not op‘cl'ma|:

- Alarge part of the neutrinos, particularly for 6He,
were uhder the muon threshold

= Not good for degeneracies

* Moving to higher gammas and baselines:

% < Signal grows at least linearly with y
~ Flux o« | = _
L ¢ Energy dependence increases
~cocy |
o Matter effects increase

Burqguet-Castell et al, hep-ph/0312068




...growing up...

< CERN scenario:
— For the Frejus baseline:

L=I30 km
35

s I — Optimal boost

. W, 2 turns out to be:
ZD y=100~120

s it (for both ions)

8=-90"

a 1 1
50 75 100 126 150

Burquet-Castell, Casper, E.C., Gomez-Cadenas, Hernandez, hep-ph/0503021

...growing up...

¢ CERN scenario:

— But changing the baseline allows us to reach the
full potential of the SPS:
¢ SPS maximum boost: y = 150/250
* Optimal baseline: ~ 300 km

246 T semsifty T OF icdabion, e 4.4 Man 7 by, = 3 degl 9 CLaersiidy oy, or 44 Mion y

A————

L}
| = EL 8 — PN —
ar 4
25
af { z
XE -3\ = 90cp
A
18 1 ool
H \
. s \
ab | \
i:&nmj\\_
] N T T R T L N T S T T A
Coo B0 3D B0 S0 60 0 Ee W0 0N 0 0 A) 30 40 K0 80 W B0 WO Do
Likr Lim

Burquet-Castell, Casper, E.C., Gomez-Cadenas, Hernandez, hep-ph/0503021



...and moving out

> What if we do not restrict ourselves to the
CERN baseline scenario? What's the
! How good could it be?

¢ SPSis not the only choice:

Refurbished SPS Tevatron
Yona = 300/580 Yrnax = 390/580
" LHC

(might be necessary ~
for LHC upgrades!) Yrnax = 2488/4158

...and moving out

o Ifwe stick to Water Cherenkov technology:

CC events passing slgnal selection per kicn y

> Maximum boost: y ~350
Afterwards:
+ Non-elastic cross section begins to
dominate...
© Single-pion background increases... |
> Optimal distance: L~ 700 km
(atm. peak)

400
¥ {3/L tixed}

CERN to Canfranc or Gran $asso

Fermilab to Soudan

Burqguet-Castell et al, hep-ph/0312068
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Why a Water Cherenkov Detector?

o For B—bearns, unlike v-Factories, we dont heed to be
able to tell the charge of the detected fermion.

o We to make Water Cherenkovs.
- They’ve a|reac|y told us 3 lot about neutrino oscillations!

o They are versatile:
- a’cmospherics, proton decay, supernova...

¢ Water is cheap!

— Detectors at least 10 times more massive than for any other
Jcechno|ogy. .

Why not ... =1 Mega‘conT




Studies on different detectors

° SCfﬂtfllatOI’ d Ia NOVA  Huberetal, hep-ph/0506237

¢ [ron ca|or|'me‘cer Donini et al, hep-ph/0604229

eBetter intrinsic performance for high y option

<...But not enough to compensate mass difference

Signal Issues

* Intrinsic energy resolution (Fermi motion)

¢ For 3 Water Cherenkov, energy reconstruction
is done assuming QE dynamics. ..

- non-QFE

But energy migrations can be studied and
accounted for from Monte Carlo simulations




Background Issues

o Atmospheric backgrou nd:
— Ex’creme|y |arge' OE@H@

m 2 cu’cs
cI pomt of spectrum
- To deal wi S Minimum enerdy cut

> Bunching of the parent ions

Finsic background:
— From the miss-id’ed electrons.

Let's take 3 closer look. ..

~ . oy < ID cut
To deal with it: { Michel e— ce

Signal/ Background discrimination

o P-ID cut: p/e separation

H-like event e-like event

High—y B- beam aFterﬁcIuaalcuts

liatca por kicaon Gaf tor & [-Loam v 7 - S and L — () k. ¥ gea, § -0 Gog

e
Fa

=
e

Sigmal v, —— o

) vy - -t T

izl anli-vy
anli-vg

P-1D cut

Rates per kiloton year
=

Rates per kiloton year
o

<

1650 1560 7000 7300 (9 _ 30) 1000 1500 002500
Reconstruted Energy (MeV) 13 — Reconstruted Energy (MeV)

u,

=

(=]
n,
e
o




Signal/Background discrimination

o Michel e- cut: /e separation:

M=V, Fre [+Ve
Signal Michel e-
(Observation of

a delayed ring)
High-y B-beam after P-ID cut:

Rates per klofon vear fora § beam wkh 7= 350 and L - 700 km. 6.~ 3deq, § - 41 deg

Vs el e Tom o febwcsnnn vl = T sl = AID B By = Bk = A0 0y
0. Signal v 0.05 -
Signal v, :
Backady, — - - B:l:io]ﬂ I“ J—

L - Slonal anl-v, = [ Sl uuli-'r:
g Backad antisc, 8 |oay ! Tackalanli-r,
2 foas D [ d -
g elgye =
2 i t B
3 ring cu B [o-03
X |oa ! é =
—
Y B
=3 =3
g [}
a B

i}
[nd st

—_——— e gy
o :
o oo
500 1000 1500 2000 2500 500 1000 1500 2000 2500

Reconstruted Energy (MeV)

(633 = 3°)

Reconstruted Energy (MeV)

Signal to noise ratio

70 7

signal/ sqribkgnd)

(6,3 = 39)

B0

18)e
—— SHe

50+

=0
20

10

Fiducial 4
FPID

Michel e -
E=200 MeV-
E=400 MeV-
E=&o00 MeW

High-y p-beam

Ex>200 MeV

E=1000 MeV-
Ex=1200 MeV




Assumptions: )

6, = 33°
. -3 2
o Atmospheric and solar parameters: < .2 :{ 2 A0 ey
G.L. Fogli hep-ph/0506083 ~2.45:107 eV®
b {41 5°
. 23 o
o Total runtime: 5+5 yeqrs ~ T 48S
- 2.9:10"™ °He decays per year
¢ Intensities: o P
1.110™ "Ne decays per year
o 500 kton fiducial mass Water Cherenkov detector

< Signal global norm. (fiducial vol.) .....5%
o SYS'tC ma’cic errors: < Background global norm. ............... 10%

cvtovxsectionratio...................1%



Looking for 6,5and &

Region of the 8- & plane where we can expect, at 36 or better,
the real values of 0,zand 8.

(The actual true values
used to calculate the
plot are indicated with
black dots)

8 {deg)
=}

162

Cietermination of (8,4, &) a1 3e for 5 Mion - y (all cegeneracies)

135 -

A5 -

gy b

=135 -

-180

high- p-beam
Tows-¢ \-beam

Looking for CP-vio

Region of the 8,5~ & plane where we can establish, at 36 or
better, that there is CP vio.

We can distinquish “true”
& from non-CP-violating
3 (0° and 180°), for any
best fit value of 05 §

3¢ SENSMVILY 10 CP viokation for 5 Mton - y [only Intrinsic dageneracy)

100 -

=

_ lowy p-beam
nigh-y [i-beam

-100 -

\
1e-04

I
0001

sin%(28,5)

‘|- 170°

L 100
1 -100

— -170°

E.C, hep-ph/0607008



Looking for 0,

Region of the 0,; - & plane where we can establish, at 56 or
better, that 0,5 # O.

G o)

30 RENSMIVIEY T 8.4 # (1107 5 RioN -y (0NY INMNSIT deJRNerAcy)

Ilnw-y beam ——
nigh-y [-heam

anm p

0001 |

sin?(26,)

1c-04 [

1e-05 L
-180 155 -90 -45 ] 45 a0 138 180

E.C, hep-ph/0607008

Looking for the mass hierarchy

Region of the O;;- & plane where we can establish, at 56 or
better, the sign of AmZ2,

We an distinguish the ¢we sign from the
wrong one for any best fit value of 8 and 0

Jos 2en3ITIY 10 the reutring heraretty Tor e sim(anﬂ_‘l u Dand 5 Mitan -y Sgscmsilivily o W meubina ticraady o e sigr-:mu’,,) « 0and & Mion -y
T

162
g b am
W=y f-ceam

T
L ——
hFAm
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B{degy

. M- . 1
0001 am nocd oot
sy

sirf i )



Fraction of true) dcp

High-y B-beam vs v-Factory

] CP violation
GLOBES 2006 Gemma
0.8
0.6
0.4 === Standard NF, Opt. for dcp -
Add magic baseline
[ Improve detector, Lower E,|
0.2 Il Utiize platinum channel
——- Reference beta beam
0
1078 10°* 1072 1072 107"
True value of sin®26;3

Mass hierarchy
1 I
I
!
Ir!
0.8 i
!
i
o
& /
g 06 ’
k)
(=
S04
8
IS
0.2
0 GLoBES 2006
1073 10~ 1073 1072 1077

True value of sin?265

Plots from P. Huber et al, hep-ph/0606119




Changing the ions

* lons with larger E; (and similar g/m ratio)
have beel’) PI’OPOSGCI: Rubbia et al, hep-ph/0602032

8L| 3+ SB S5+
> > Higher energies for same y

o “High y-like” B-beam at less powerful accelerators. ..
... say, the Main Injector at Fermilab, maybe?

* Combination with He and Ne to solve degeneracies
A Donini, E. Fernandez-Martinez, hep-ph/0603261

e- capture beams

* A very interesting idea:

). Bernabeu et al, hep-ph/0602032

Electron capture:

Carbon-11 Boroen-11

| Elel:t.ron | Neul}'ino bOOSt ::
+ @ = + ©
S s 2 body decay!

From the single energy electron capture neutrino spectrum,
we can get a pure and monochromatic beam by "' - -
accelerating ec-unstable ions 2N, Tuo Novs

dSdt T rwl?

YPO(E - 2vEy)
). Burquet-Castell, NufactO3

— Monoenergetic neutrino beams!




e~ capture beams

* Advantages:

— All neutrinos at the enerqy of interest Not wasted flux
— Energy of interest can be changed = Solving degeneracies
- Extremely low detector backgrounds (energy reconstruction)

¢ (Caveats:
— No anti-neutrino beams combination with a B--beam?

— Techniaal feasibili‘cy nhot clear yet

If lux similar to pr-beam, it would dearly outp erform it

e~ capture beams

> Performance

2 fitto 8,20

15D

10000
100

Assuming: e
a0
< 10" ions/year g . L
o L =130 km L '°
1
> Y= 90/195 100
> Megaton W. ChkOV 150
o 2 4 k] 8 10
9.5 (g

Plot: ). Burquet-Castell @ Nufact 05
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7 - Conclusions

Bety Beam:

* Elegant idea of using beta decay to produce
pure v, (v,) beams.

¢ Most likely at energies beneath the t-threshold:
- Golden channel v, > v,
~ v, disappearance (not very useful)

¢ No charge discrimination needed:
— Water Cherenkov detector (massive and versatile)



Bety Beam:

o It has grown into a serious competitor of the
v-Factory as the “ultimate neutrino oscillation
experiment”:

~Comparable sensitivities to 6,5 and &

~Some sensitivity to the hierarchy, although not
comparable:

shotter baseline

conly golden channel

SO the of the PMSN
matrix:
>Needs Atmospheric + T2K data

Bety Beam:

o It has grown into a serious competitor of the
v-Factory as the “ultimate neutrino oscillation
experiment”:

Bottom line:
— Given current global assumptions, their performances
are comparable
— Technical progress will probably be the key to the final
choice:

>Fluxes
> Mton Water Cherenkov Facility ?
>Muon collider ?

~ ... Not to mention political and economic issues. ..
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Beta decay gave the first word. ..
...may it also give the last one!?



