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Parameters of the Standard Model

R Renormalization
Symbol Description 2 Value
scheme (point)

mg Electron mass 511 keV
my Muon mass 106 MeV
m, Tauon mass 1.78 GeV
m, Up quark mass Hys = 2 GeV 1.9 MeV
my Down quark mass His = 2 GeV 4.4 MeV
mg Strange quark mass Hps = 2 GeV 87 MeV
m. Charm quark mass Higs = m. 1.32 GeV
my Bottom quark mass Hygg =my 4.24 GeV
my Top quark mass On-shell scheme |172.7 GeV
6., CKM 12-mixing angle 13.1°

6,5 CKM 23-mixing angle 2.4°

65 CKM 13-mixing angle 0.2°

o CKM CP-violating Phase 0.995

9 U(1) gauge coupling Higs =my, 0.357

9, SU(2) gauge coupling Hygg =my 0.652

g3 SU(3) gauge coupling Mg =my 1.221
6ocp | QCD vacuum angle ~0

I Higgs quadratic coupling Unknown
A Higgs self-coupling strength Unknown
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Parameters added after neutrino oscillations

Parameters of the Standard Model

R lizati =
Symbol Description onarma2oioR) vae | Electron neutrino mass | Unknown
scheme (point)

m, Elect 511 keV .

g bl = My, Muon neutrino mass Unknown
m, Muon mass 106 MeV
m Tauon mass 1.78 GeV m Tau neutrino mass Unknown

< vt
m, Up quark mass Hps = 2 GeV 1.9 MeV -
my Down quark mass His = 2 GeV 4.4 MeV elz MIS ERTPE m!x angle . 0

053 MNSP 23 — mix angle /]45.0 N
= = 2 GeV -
- Stensedb s s 200 FMe | o MNSP 13 —mixangle| | Unknown )
s Chaimigdarkimass Hiws = M 132Gev | 15 MNSP CP-violating Unknown
m, Bottom quark mass His = my, 4.24 GeV phase /
m, Top quark mass On-shell scheme [172.7 GeV nggs H'QQS_ mechanism for Unknown
= scheme | neutrino masses (See —Saw?)

912 CKM 12-mixing angle 13.12
923 CKM 23-mixing angle 2.4°
8.5 CKM 13-mixing angle 0.2°
6 CKM CP-violating Phase 0,995 Am?,= 7.6 10° eV?
9, U(1) gauge coupling Uys = my 0.357 <W23=2.4 102 eV? >
9, SU(2) gauge coupling Mg = my, 0.652 gign!Amzzgg: Unknown __~
g3 SU(3) gauge coupling Hgs =my, 1:22L Absolute scale”Unknown
Oqcp  |QCD vacuum angle =0
I Higgs quadratic coupling Unknown
A Higgs self-coupling strength Unknown To be measured by Long Baseline

neutrino oscillation experiments
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Leptons are VERY different from quarks. (1)

Neutrinos 0 . 8 O . 5 ?
Umnsp ~ 04 06 07
0.4 0.6 0.7

Solar+Atmospherics indicate a quasi bi-maximal mixing matrix, VERY DIFFERENT
from CKM matrix (almost diagonal)!

1 0 0 i3 0 size c2 s 0
Umsp=| 0 a3 s 0 1 0 —sp c2 0 |,

0 —s3 o —s53€% 0 13 0 0 1

fis — 0 = The 3x3 mixing matrix becomes a trivial product of two 2x2
matrixes.

013 drives v, — v, subleading transitions =
the necessary milestone for any subsequent search:
neutrino mass hierarchy and leptonic CP searches.
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Leptons are VERY different from quarks. (I1)

u~5MeV c~1GeV t~175GeV e~ 05MeV p~0.1GeV T ~ 2GeV
d~8MeV s~01GeV b~5GeV  1.<O(1leV) v, <0O1eV) v, <O(1eV

How can the same model generate mass ratio so different?

W ] W Y W
;( é’ “"5<¢
¢
ARG, + he. vl COTdu, :r h.c.
me = )\fV me = Oél,ﬁ
AL

A new physics scale, M, can explain the new hierarchy (if at the GUT
scale) and is associated to the breaking of a global symmetry of the
SM: total lepton number L.
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Sub leading v, — v, oscillations

Ami,L 2a
2 2 2 .2 2 q
P(v = ve) = 4ci3513553 sin Té—s X [1 + A, (- 2513)} 013 dri
1
2 +ac ( 5 ) AmyL  Amil AmszCP
53 C135125135; C12C23COS0 — S5125135; cos sin sin (53
= 3 1312513523 €12€23 12513523 4E 4E 4E
oot gc? s Amd L AmiL . AmP,L CPodd
C13C12C235125135235IN 0 SIn sin sin (o]
F 8c¢j3C12€23512513523 1E iE iE
2 2,2 2 2 2 2 . mf2L 5
+ 4s;,ci3{ i35 + 512503513 — 2€12623512523513€080 } sin ———  solar driver
Lo
Ami L  AmilL al
. T 8¢ls2555, cos 423 sin 4;_3 E(l —2s%) matter effect (CP odd)
- 0,3 discovery reql;ires a B oom
signal (o sin” 20;3) = v
- greater than the solar -
o e e e e o HR 0.004 e
== driven probability e v
. . . 0.002
Leptonic CP discovery requires 0ot
_ P(vu—ve)—PWpu—ve) 0 |
Acp = pradio iz #0 I
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Measuring Leptonic CP violation

CP Asymmetry
0.4
0.3
0.2
A J— P(V,U/*}Ve)ip(?uﬁﬁe) 0.1 Error
CP = P(v,—ve)+P(,—7v.)
-4 -3 -2 -1
L2
Log(sin (2913))
LCPV asymmetry at the first oscillation maximum, § = 1, Error

curve: dependence of the statistical+systematic (2%) computed for a

beta beam the fixed energy E;,, = 0.4 GeV, L = 130 km.
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Measuring Leptonic CP violation

CP Asymmetry
0.4
0.3
0.2
A J— P(V,U/*}Ve)ip(?uﬁﬁe) 0.1 Error
CP = P(v,—ve)+P(,—7v.)
-4 -3 -2 -1
L2
Log(sin (2913))
LCPV asymmetry at the first oscillation maximum, § = 1, Error

curve: dependence of the statistical+systematic (2%) computed for a
beta beam the fixed energy E,, = 0.4 GeV, L = 130 km.
@ The detection of such asymmetry is an evidence of Leptonic CP violation only
in absence of competitive processes (i.e. matter effects, see following slides) =
"short*“ Long Baseline experiments

Epiphayny Worksh., Krakow, 0
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Measuring Leptonic CP violation

CP Asymmetry
0.4
0.3
0.2
A J— P(V,U/*}Ve)ip(?uﬁﬁe) 0.1 Error
CP = P(v,—ve)+P(,—7v.)
-4 -2 -1
L2
Log(sin (2913))
LCPV asymmetry at the first oscillation maximum, § = 1, Error

curve: dependence of the statistical+systematic (2%) computed for a

beta beam the fixed energy E;,, = 0.4 GeV, L = 130 km.
@ The detection of such asymmetry is an evidence of Leptonic CP violation only
in absence of competitive processes (i.e. matter effects, see following slides) =

"short*“ Long Baseline experiments

@ Statistics and systematics play different roles at different values of 613 = impossible

to optimize the experiment without a prior knowledge of 613

@ Contrary to the common belief, the highest values of 613 are not the easiest condition

for LCPV discovery
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Measuring mass hierarchy

An internal degree of freedom of neutrino masses is the sign of Am3;: sign(Am3;).

V3

V2
A mgol
V1
Normal
2
Amge, Inverted AmZn,
V2
A mgcl
V1 V3

Due to the couplings of 1123 to Ve, ~ this parameter decides if v is the lightest or the

heaviest neutrino, with important practical consequencies to direct neutrino mass and
double beta decay experiments.

Mauro Mezzetto (INFN Padova)
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Neutrino Oscillations in Matter

N LAm?

o= Abs(Am%l/Amgl); A = 2% ¢ = cos b3 sin 2012 sin 2023
A= ta/Am?; a=76-10"° p E.(GeV) p = matter density (gcm™?)
The A term changes sign with sign(Am3;)

Matter effects require long “long baselines"

Mauro Mezzetto (INFN Padova) Future Long Baseline Experiments Epiphayny Worksh., Krakow, 08/01/10



Neutrino Oscillations in Matter

Pg,; = sin?(2013)sin 0332 sin2£(A_ 1)A )/(E\ A 12 B
Psins = acsin (2613) sin d sin (LA) sin (AA) sin (1 — A)A)/((1 - A)A)

Peoss = asm(2013)<;cosacosAsm(AA) sin (1 — AA)/((1 A)A);
Psolar = a2c0s 0232 sin? 201 sin (AA)/

o= Abs(Am21/Am31) A= LAm31 ¢ = cos 613 sin 2012 sin 20,3
A= ta/Am?; a=76-10"° p E.(GeV) p = matter density (gcm™?)
The A term changes sign with sign(Am3;)

Matter effects require long “long baselines"
E, = 0.35GeV L ~ 130 km

(Probs’in Vacuum (Magenta) and Matter (blue))
0.025

0.02
0.015
0.01

0.005

50 100 150 200 250 300 350L (kmy
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Neutrino Oscillations in Matter

Pg,; = sin?(2013)sin 0332 sin2£(A_ 1)A )/(E\ A 12 B
Psins = acsin (2613) sin d sin (LA) sin (AA) sin (1 — A)A)/((1 — A)A)

~

Peoss = asm(2013)<;cosacosAsm(AA) sin (1 — AA)/((1 A)A);
Psolar = a2c0s 0232 sin? 201 sin (AA)/

o = Abs(Am3, /Am3,); A = LAm31 ¢ = cos 613 sin 2012 sin 2023

A= ta/Am?; a=76-10"° p E.(GeV) p = matter density (gcm™?)
The A term changes sign with sign(Am3;)

Matter effects require long “long baselines"
E, =0.35GeV L~ 130 km E, =1GeV L ~ 500 km

(Probs’in Vacuum (Magenta) and Matter (blue)

(Probs’in Vacuum (Magenta) and Matter (blue)}
0.025

0.025
0.02

0.02
0.015 0.015
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Neutrino Oscillations in Matter

Pg,; = sin?(2013)sin 0332 sin2£(A_ 1)A )/(E\ A 12 B
Psins = acsin (2613) sin d sin (LA) sin (AA) sin (1 — A)A)/((1 - A)A)

Peoss = asm(2013)<;cosacosAsm(AA) sin (1 — AA)/((1 A)A);
Psolar = a2c0s 0232 sin? 201 sin (AA)/

o = Abs(Am3, /Am3,); A = LAm31 ¢ = cos 613 sin 2012 sin 2023

A= ta/Aml; a=76-10" p E.(GeV) p = matter density (gcm™?)
The A term changes sign with sign(Am3;)

Matter effects require long “long baselines"
E, =0.35GeVL~130 km E, =1GeV L~ 500 km E, =3GeV L ~ 1500 km

(Probs’in Vacuum (Magenta) and Matter (blue) (Probs’in Vacuum (Magenta) and Matter (bl ue) {Probs'in Vacuum (Magenta) and Matter (blue))
0. 04

0.025
0.025
0.02]
O 0.03
0.015 oy -
0.01] o.arl
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Status after this generation of LBL experiments

- Chooz Excluded

) \ OPERA
10 j MINOS \

World limit

Sin°26,, (90%CL)

Double Chooz

NOvVA
Daya Bay

10 90% CL sensitivity

Computed with:
L =0
r sign(AmZ):+1

\ \ \ \ \ \ \
2009 2010 2011 2012 2013 2014 2015 2016
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Status after this generation of LBL experiments (a better vie

=5 f
@) :GLOBES
X
= T2K: 8=n/2,IH
% T2K: 8=n/2,NH
e T2K: 3=0,NH
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No hope to see any CP signal at 30

P. Huber
et al., hep-ph/0412133 and JHEP 0911:044,2009.

T2K + NOvA T2K + NOVA + Reactor-11

3 yrsneutrinos + 3 yrs anti-neutrinos T2K + NOvA: 3 yrs neutrinos

1T T T T

L \ 1 b - ]

[ ax’=11 ‘\ H 10 =08 ]
05 -+ B

[ \ 1°r ]

L \\ 1 b ]

% L 1 b ]
5 o ;) odr .
L / 1 b ]
1t |
lCnoon i To AN 0 o nnnd] [Ennonfional i¥innnlonna]
0 0.05 0.1 0.15 0.20 0.05 0.1 0.15 0.2

. 2.
sin‘26

(dotted lines: 30,
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P2
sin‘20,,

solid are 90%CL)
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.and

mass hierarchy
90% CL determination of mass hierarchy
AmM’=2410" eV’

From O.Mena et al. hep-ph/0609011

B s
F Excluded by 1
41— global fits: —
L T.Schwetz i
[ hep-ph/0510331 |
[ T2K+Nova )
r 5 years 1
2 neutrinos —
N | \
0.00 0.05 0.10 0.15 0.20




Status after the first and second generatio

No hope to see any CP signal at 30

P. Huber . and mass  hierarchy
et al., hep-ph/0412133 and JHEP 0911:044,2009. OOl e e )
=241
T2K + NOVA T2K + NOVA + Resctor-l1 e e oo heooh /06090
3 yrsneutrinos + 3 yrs anti-neutrinos T2K + NOvA: 3 yrs neutrinos e @M cia i U
. ) T T T TN T
E \ 1 r q r ]
[ ax’=11 ‘\ H 10 =08 ] [ i
05 -+ B

L N 1L 1 r Excluded by 1
F \ 4t g 4 global fits: —
r \ 1 F 1 L T.Schwetz ]

= r 1r 1 hep-ph/0510331
= 0oF ! dl |5 - & E J
S - / 4 F 4 L 4
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(dotted lines: 30, solid are 90%CL)
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The SuperBeam way

Proposals based on upgrades of existing facilities:

o T2K = [ T2HK or T2KK
(]

o Wide band beam fired from Fermilab to a gigantic
water Cerenkov detector at Dusel (Homestake).
Talk by S. Parke yesterday.

Proposals based on new facilities
o CERN-SPL SuperBeam
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SuperBeams - J-PARC phase 2 (T2HK)

T. Kobayashi, J.Phys.G29:1493(2003)
J-PARC -HK CPV Sensitivity

! =
o 0.14| CHbOZ (-,fxcluded
N sint2 ;3<0.12@ m312~§$x10-3ev2
c 012) ;
n stat+5%gyst.
0.1 e
‘stat+2%syst.
0.08 i
signal+BG) stat only
0.06 , :
no BG stat+10%syst.
signal stat onl ; (
0.02
T2KM: No indication for.sin?2.0.¢; -

0 01 02 03 04 05 06 07 08 09 1
sin 0
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SuperBeams - SPL v beam at CERN

H-linac, 2.2 (3.5) GeV, AMW Accumulator
l ting
Magnetic

horn
Target

Decay Tunnel
Near Detector

e

Far Detector

Possible Low Energy Super Beam Layout

Mauro Mezzetto (INFN Padova)

@ A 3.5 GeV, AMW Linac: the
SPL.

@ A liquid mercury target station
capable to manage the 4 MW
proton beam. R&D required.

@ A conventional neutrino beam
optics capable to survive to
the beam power, the radiation
and the mercury. Already
prototyped.

@ Up to here is the first stage of
a neutrino factory complex.
@ A sophisticated close detector

to measure at 2% signal and
backgrounds.

@ A megaton class detector
under the Frejus, L=130 km:
Memphys.

Future Long Baseline Experiments Epiphayny Worksh., Krakow,



The Memphys detector (hep-ex/0607

Talks by M. Marafini and L. Mosca this morning

In the middle of the Frejus
tunnel at a depth
of 4800 m.w.e a preliminary
investigation  shows  the
feasibility to excavate up to
five shafts of about 250,000
m? each (¢ = 65m, full
height=80 m).

Fiducial of 3 shafts: 440
kton.

. | 30% coverage by using 12"

Mauro Mezzetto (INFN Padova)
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| PMT's, 81k per shaft (with

the same photostatistics of
SuperKamiokande with 40%
coverage)

Epiphayny Worksh., Krakow, 08/01/10 15 / 44



Some consideration about the SPL-SB

@ At the SPL energies the kaon contamination in the beam line is very small. So the
intrinsic ve contamination is smaller than any other on-axis neutrino beam line.
Furthermore since both v,and ve come from the same parents (7' parent chain) it
can be claimed that the systematics coming from the intrinsic v. contamination are
smaller than any other neutrino beam line.

@ The short baselines are the absolute optimal configuration as far as regards leptonic
CP violation. No competition with mass hierarchy and any degenerate solution does
not weaken the LCPV discovery potential.

@ The Linac configuration is perhaps the only way to reach 4 MW power. To be noted
that the J-Parc ultimate power, initially set at 4 MW, is now estimated to be 1.66
MW. The T2HK and T2KK sensitivities have been recently rescaled to this value by
their authors.
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Conventional neutrino beams are going to hit their ultimate limitations.

Helium bags Decay tube Hadron stop Muon detectors

Target Hom Reflector  \ wuzmmny /K - decay

= >
Proton i ‘
beam

In a conventional neutrino beam, neutrinos are produced SECONDARY particle decays
(mostly pions and kaons).

Given the short life time of the pions (2.6 - 107%s), they can only be focused (and charge
selected) by means of magnetic horns. Then they are let to decay in a decay tunnel, short
enough to prevent most of the muon decays.

@ Besides the main component (v,,) at least 3 other neutrino flavors are
present (?H, Ve, Ue), generated by wrong sign pions, kaons and muon
decays. vecontamination is a background for 613 and §, 7, ,contamination
dilutes any CP asymmetry.

@ Hard to predict the details of the neutrino beam starting from the primary
proton beam, the problems being on the secondary particle production side.

@ Difficult to tune the energy of the beam in case of ongoing optimizations.

Mauro Mezzetto (INFN Padova) Future Long Baseline Experiments Epiphayny Worksh., Krakow, 0



About Systematic errors and Close detectors

5% is the realistic target for systematics in a Super Beam
From P. Huber, MM, T. Schwetz, JHEP 0803 (2008) 021 [arXiv:0711.2950 [hep-ph]].

0.3
T T T TTT T T T T 1T II T T T T TTT
_T2HK CPV at 30 . .
| — - perfect ID + NC fixed |
sin 2913 =0.03 -— al fluxes fixed
r — perfect ID + no NC + constrained fluxes |
= | i
E .
o 02= all systematics @ default
c -
E
B
Qo
8
§
statistics only - L
r fixed .
i default ND mass | GLoBES 2007 |
0 1 1 | | 1 1 1 | | 1 1 | |

Mauro Mezzetto (INFN Padova)



All these limitations are overcome if secondary particles become primary

Collect, focus and accelerate the neutrino parents at a given energy. This is
impossible within the pion lifetime, but can be tempted within the muon lifetime
(Neutrino Factories) or within some radioactive ion lifetime (Beta Beams):
The full ®He flux MonteCarlo
@ Just one flavor in the beam code

o Energy shape defined by just two Function Flux(E)
] Data Endp/3.5078
parameters: the endpoint energy of | para D:c;’;s by
the beta decay and the ~y of the ye=me/EndP
: c ...For ge(ye) see hep-ph0312068
parent ion. ge=0.0300615
2gE0=2*gamma*EndP

@ Flux normalization given by the c ... Kinematical Limits
If (E.gt.%l—ye)*QgEO%‘THEN

number of ions circulating in the Flux=0.
Return

i Endif
decay T e .Here is the Flu
. . Fluxs Decays*ga.mma**27(pi*L**2*ge)*(E**2*(2gEO-E
@ Beam divergence given by ~. + 2gE0%xa*Sqrt ((1-E/2gE0) %*2-yer*2)

Return
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Beta Beam (P. Zucchelli: Phys. Lett. B532:166, 2002)

M. Lindroos M. Mezzetto, “Beta Beams”, Imperial College Press, 2009
Talk by E. Wildner yesterday

Low-energy part High-energy part

lon production Acceleration Neutrino source
Beam to experiment

Proton Driver Acceleration to final energy

PS & SPS /-\:

lon production Exist ngl 11
ISOL target & lon
source

Decay ring

. Bp =1500 Tm
Neutrino g _~gT

Source  |c=~6900 m

Beam preparation

ECR pulsed -
Decay Is.ss— 2500 m

lon acceleration Ring He: y=100
18Ne: y =100

Linac, 0.4 GeV

Acceleration to

medium energy .
8.7 GeV
RCS, 1.5 GeV

@ 7, generated by He®, 100 pA, = 2.9 - 10 ion decays/straight session/year.
@ v, generated by Ne'®, 100 uA, = 1.1-10% ion decays/straight session /year.
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3o discovery of anon-zero 8, ,

3
7-10 _I T T T I T T T T I T LI I LI I_ _I LI I LI T I T T T T I T LI

- —
- — ]
L \\ y, \\ // — —_ _ JS'B"\'Q\;‘
3.10'4Illl‘rllllllllll_‘llll IIIIIIIIIIIIIIIIIII
0 w2 s 32 20 0.25 05 0.75 1
true 8. fraction of true 3, values

Line width: 2% and 5% systematic errors.
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Sensitivity to CP violation at 30

21 T T T T T T T T T T T T 1717171
2
" AX (0,=0,1=9

SPL

32 8B
5 |
o
o T .
= L
w2

o =2%-5%
syst
O 1 1 111111 I
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he synergy with atmospheric neutrinos

P. Huber et al., hep-ph/0501037: Combining Long Baseline data with atmospheric
neutrinos (that come for free in the megaton detector):

@ Degeneracies can be canceled, allowing for better performances in 613 and LCPV
searches

@ The neutrino mass hierarchy can be measured
@ The 63 octant can be determined.
The main reasons are:
@ Octant e-like events in the Sub-GeV data is o cos? 023

@ Sign e-like events in the Multi-GeV data, thanks to matter effects, especially for
zenith angles corresponding to neutrino trajectories crossing the mantle and core
where a resonantly enhancement occurs.

NOTE: LBL and atmospherics are a true synergy. They add to each other much more that
a simple gain in statistics. Atmospherics alone could not measure the hierarchy, the
octant, 613 and LCPV. While the Beta Beam at short baselines could not measure the
hierarchy as well as the octant.

In the following sensitivities of the Beta Beam combined with the atmospherics are taken
from J.E.Campagne, M.Maltoni, M.M., T.Schwetz, hep-ph/0603172
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tr A tr,

95% CL regions for the (H O),

(H'0™), (H"0",
solutions
2T T T
Beta Beam plus atmospherics: | BB i
degeneracy removal
J.E.Campagne, M.Maltoni, M.M., (O o )
T.Schwetz, JHEP 0704 (2007) 003 & | @ |
w
/21— —
The red region is what is left after the
atmospheric analysis. i 7
-TC 1 I 1 1 I 1
Note how degeneracies were not 0 002 004 006 0.08
influencing LCPV sensitivity too much. sin22913
6=-0.857
sin%(2013)=0.03

sin12023)=0.6
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Degeneracy removal: SPL

J.E.Campagne, M.Maltoni, M.M., T.Schwetz, JHEP 0704 (2007) 003

dashed: bopear rat¢only || dashed: dppear. ratd + disapp. §pectrum
solid:  appear. + disapp. rates thick: appear. + disapp. spectra
ok _| | shaded: appear. + disapp. spectra+ ATM|
A /ﬂ\v
- 4 F ‘\\,'y‘ / a
o
IOO erolr
-T2 — —
N\
4 N
N
/1
B ST 17T [l 11 leowr 1
Htrolr‘ D~ _,HETQ:NI‘:: 1rutr Q
P L IR A R HO © 17, |
0 0.02 0.04 0.06 0.08 0.02 0.04 0.06 0.08

sin‘20,, sin‘20,,
Resolving degeneracies in SPL by successively using the appearance rate measurement,
disappearance channel rate and spectrum, spectral information in the appearance channel,
and atmospheric neutrinos. Allowed regions in sin? 2613 and dcp are shown at 95% CL,
and H"/¥T(O"/"") refers to solutions with the true/wrong mass hierarchy (octant of 653).
The true parameter values are §cp = —0.857, sin® 2013 = 0.03, sin® 623 = 0.6. The
running time is (2v + 87) yrs.
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Beta Beam plus atmo: determining mass hierarchy and the octant
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The Beta Beam - SPL Super Beam syn

MM, Nucl. Phys. Proc. Suppl. 149 (2005) 179.

A Beta Beam has the same energy
spectrum than the SPL SuperBeams and
consumes 5% of the SPL protons.

The two beams could be fired to the same
detector = LCPV searches through CP
and T channels (with the possibility of
using just neutrinos).

Access to CPTV direct searches.

Cross measurement of signal cross section
in the close detectors

Mauro Mezzetto (INFN Padova)
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Updated sensitivities of SPL, BB and SPL+BB
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Ways to improve beta-beam performances
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Ways to improve beta-beam performances

e More neutrinos in the far detector
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Ways to improve beta-beam performances

e More neutrinos in the far detector

o Longer baselines (higher v or higher Q) to have
improved sensitivities to mass hierarchy.
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Ways to improve beta-beam performances

e More neutrinos in the far detector

o Longer baselines (higher v or higher Q) to have
improved sensitivities to mass hierarchy.

Ways to have more neutrinos in the far detector

@ More ions
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Ways to improve beta-beam performances

e More neutrinos in the far detector

o Longer baselines (higher v or higher Q) to have
improved sensitivities to mass hierarchy.

Ways to have more neutrinos in the far detector

@ More ions
Q@ Higher v
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Some scaling laws in Beta Beams

BT emitters B~ emitters
lon Qesr (MeV)  Z/A lon  Qer (MeV) Z/A
BNe 3.30 5/9 | ®He 3.508 1/3
B 13.92 5/8 | °Li 12.96 3/8

@ Proton accelerators can accelerate ions up to Z/A x the proton energy.
@ Lorentz boost: end point of neutrino energy = 2vQ
@ In the CM neutrinos are emitted isotropically = neutrino beam from accelerated ions
gets more collimated o 2
@ Merit factor for an experiment at the atmospheric oscillation maximum: | M = %
(End point energy of a muon decay = 68 MeV = merit factor of a Beta Beam about
20 times better than a Neutrino Factory.)
@ lon lifetime must be:
e As long as possible: to avoid ion decays during acceleration
o As short as possible: to avoid to accumulate too many ions in the decay ring
= optimal window: lifetimes around 1 s.
@ Decay ring length scales =, following the magnetic rigidity of the ions.

@ Two body decay kinematics : going off-axis the neutrino energy changes (feature
used in some ECB setup and in the low energy setup)
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Other Beta Beam options
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Other Beta Beam options

@ High energy Beta Beams v = 350 Beta Beams at L ~ 700 km outperform the
Eurisol BB but
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Other Beta Beam options

@ High energy Beta Beams v = 350 Beta Beams at L ~ 700 km outperform the
Eurisol BB but

e They require a 1 TeV accelerator, at present not in the CERN plans.

e Decay ring length v, and a 3° slope needed = very expensive option

o lon lifetime o =, difficult if not impossible to store the needed ions in the decay
ring with the present injection scheme.
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Other Beta Beam options

@ High energy Beta Beams v = 350 Beta Beams at L ~ 700 km outperform the
Eurisol BB but

e They require a 1 TeV accelerator, at present not in the CERN plans.

e Decay ring length v, and a 3° slope needed = very expensive option

o lon lifetime o =, difficult if not impossible to store the needed ions in the decay
ring with the present injection scheme.

@ High-Q Beta Beams: for the same  higher v energies = better mass hierarchy
performances (alternatively smaller «y for the same baseline = shorter/cheaper decay

ring)

Mauro Mezzetto (INFN Padova) Future Long Baseline Experiments Epiphayny Worksh., Krakow, 08/01/10 31/ 44



Other Beta Beam options

@ High energy Beta Beams v = 350 Beta Beams at L ~ 700 km outperform the
Eurisol BB but

e They require a 1 TeV accelerator, at present not in the CERN plans.

e Decay ring length v, and a 3° slope needed = very expensive option

o lon lifetime o =, difficult if not impossible to store the needed ions in the decay
ring with the present injection scheme.

@ High-Q Beta Beams: for the same  higher v energies = better mass hierarchy
performances (alternatively smaller «y for the same baseline = shorter/cheaper decay
ring)

o Merit factor x 1/Q, needs 3-4 times more ions to match the Eurisol BB 613 and
LCPV performances ( Fernandez-Martinez E, arXiv:0912.3804 [hep-ph])

e The injection ring proposed by C. Rubbia (C. Rubbia et al.,NIM A 568 (2006)
475), now actively studied in the EuroNu WP4 package, could match the ion
production, but apparently the PS-SPS chain cannot digest all those ions.
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Other Beta Beam options

@ High energy Beta Beams v = 350 Beta Beams at L ~ 700 km outperform the
Eurisol BB but

e They require a 1 TeV accelerator, at present not in the CERN plans.

e Decay ring length v, and a 3° slope needed = very expensive option

o lon lifetime o =, difficult if not impossible to store the needed ions in the decay
ring with the present injection scheme.
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ring)

o Merit factor x 1/Q, needs 3-4 times more ions to match the Eurisol BB 613 and
LCPV performances ( Fernandez-Martinez E, arXiv:0912.3804 [hep-ph])

e The injection ring proposed by C. Rubbia (C. Rubbia et al.,NIM A 568 (2006)
475), now actively studied in the EuroNu WP4 package, could match the ion
production, but apparently the PS-SPS chain cannot digest all those ions.

@ Electron capture Beta Beams: monochromatic neutrino beams, a very attractive
option
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Other Beta Beam options

@ High energy Beta Beams v = 350 Beta Beams at L ~ 700 km outperform the
Eurisol BB but

e They require a 1 TeV accelerator, at present not in the CERN plans.

e Decay ring length v, and a 3° slope needed = very expensive option

o lon lifetime o =, difficult if not impossible to store the needed ions in the decay
ring with the present injection scheme.

@ High-Q Beta Beams: for the same  higher v energies = better mass hierarchy
performances (alternatively smaller «y for the same baseline = shorter/cheaper decay
ring)

o Merit factor x 1/Q, needs 3-4 times more ions to match the Eurisol BB 613 and
LCPV performances ( Fernandez-Martinez E, arXiv:0912.3804 [hep-ph])

e The injection ring proposed by C. Rubbia (C. Rubbia et al.,NIM A 568 (2006)
475), now actively studied in the EuroNu WP4 package, could match the ion
production, but apparently the PS-SPS chain cannot digest all those ions.

@ Electron capture Beta Beams: monochromatic neutrino beams, a very attractive
option
e They require long lived, high-A, far from the stability valley ions, r= challenging
R&D to match the needed fluxes.
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The basic concept of a neutrino factory

@ High power (4 MW) proton beam fm}(’(Aposimflc
ayout of a
onto a liquid mercury target. ]

neutrino factory

@ System for collection of the produced
pions and their decay products, the | = /" "
muons.

@ Energy spread and transverse
emittance have to be reduced: “phase
rotation" and ionization cooling

@ Acceleration of the muon beam with a
LINAC and Recirculating Linear
Accelerators.

Linac option

@ Muons are injected into a storage ring
(decay ring), where they decay in long
straight sections in order to deliver
the desired neutrino beams.

@ GOAL: ~ 10*' p decays per
straight section per year

11km
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Oscillation signals at the neutrino factory

p~ (uh) decay in (v, Te) (Tu, ve)).

Golden channel: search for ve — v, (e — 7, ) transitions by
detecting wrong sign muons.

Default detector: 40-100 kton iron magnetized calorimeter
(Minos like)

Silver channel: search for v — v, transitions by detecting
v, appearance.
Ideal detectors: 4x Opera or 10 Kton LAr detector.
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The possible role of LNGS

Battiston, Mezzetto, Migliozzi, Terranova arXiv:0912.3372

Can the LNGS Hall-C be used to host a future Long Baseline
neutrino oscillation experiment?

@ Hall-C is about 40000 m*, too small a gigantic liquid argon (max 5-8 kton) or water
Cerenkov (max 10-15 kton) detector. so it can't host a detectory for any SuperBeam
or standard Beta Beam configuration.

@ It could host an iron magnetized detector, suitable for high-energy beta beams ( F.
Terranova et al., Eur. Phys. J. C 38 (2004) 69) or as a golden detector for the
neutrino factory.

@ It could host an upgraded Opera detector (x4), as a silver detector for the Neutrino
Factory (Donini, Meloni, Migliozzi, Nucl.Phys.B646:321-349,2002)

LNGS opportunities are directly linked to advanced neutrino beam options.
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Sensitivity Comparison

Discovery reach (30) Discovery reach (30) of Discovery reach (30) of
of sin’(26,,) Mass Hierarchy Leptonic CP Violation
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Line widths reflect different assumptions on machine configuration, fluxes, detector
performances and systematic errors.

Several of these curves, computed in 2006, already need to be updated.
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Conclusions

@ We have several different possible strategies to attack LCPV searches.

Super Beams could reach a 30 sensitivity in case of moderately large values of 613 .
But it's difficult to immagine further upgrades. They require anyway huge
investements. Is this the right way? Especially if you don’t have a conventional
neutrino beam suitable to be upgraded like in Europe?

Innovative concepts like beta beams and neutrino factories can guarantee higher
sensitivities. More important, they can be upgraded to allow for future searches like
non-standard neutrino interactions, checks of the unitarity triangle, searches of CPT
violation.

A beta beam setup can make use of existing CERN infrastructures like the PS and
the SPS. The injector side can be shared with nuclear physicists (Eurisol). The far
detector is the same detector aimed for proton decay searches and astrophysics
(Laguna). Under this perspective a super beam built around the SPL could offer very
interesting synergies.

A neutrino factory can offer the ultimate performances in neutrino oscillations and
can be seen as the first stage of a muon collider.

Any super beam, beta beam or neutrino factory at CERN require the SPL.
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Conclusions

@ We have several different possible strategies to attack LCPV searches.

Super Beams could reach a 30 sensitivity in case of moderately large values of 613 .
But it's difficult to immagine further upgrades. They require anyway huge
investements. Is this the right way? Especially if you don’t have a conventional
neutrino beam suitable to be upgraded like in Europe?

Innovative concepts like beta beams and neutrino factories can guarantee higher
sensitivities. More important, they can be upgraded to allow for future searches like
non-standard neutrino interactions, checks of the unitarity triangle, searches of CPT
violation.

A beta beam setup can make use of existing CERN infrastructures like the PS and
the SPS. The injector side can be shared with nuclear physicists (Eurisol). The far
detector is the same detector aimed for proton decay searches and astrophysics
(Laguna). Under this perspective a super beam built around the SPL could offer very
interesting synergies.

A neutrino factory can offer the ultimate performances in neutrino oscillations and
can be seen as the first stage of a muon collider.

Any super beam, beta beam or neutrino factory at CERN require the SPL.

@ Most of the developments in this field in Europe happened thanks to the
illuminated collaboration of Jacques Bouchez.
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Backup slides
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The MODULAr project

Astroparticle Physics 29 (2008) 174-187 and 2009 Jinst 4 P02003

@ 21.5 kton of Liquid Argon in 4 modules
“600 ton" like.

@ At shallow depth, 7 or 10 km off-axis from ‘
CNGS. ‘

@ Modified CNGS optics and target to lower £
the mean v, energy. BE

@ Assume 1.2 -10% pot/yr (CNGS-1, 0.5 B =
MW) or 4.4 - 10 pot/yr (CNGS-2, 1.6 : "

20m

MW) At present CNGS: 45 - 1019 pot/yr Fig. 1. Indicative cross-section of the T600 “clone " in the dedicated "swimming pool like" underground hall
. , L4, .

The lower part is made of two twin separate LA containers made of aluminum extruded structures, thermally
stabilized with forced N2 circulation. Outside the structure an about 1.5 m thick per wall provides spontaneous,
passive heat insulation. The region on top of the “swimming pool* s accessible to auiiary equipments.
Personnel access i strictly controlled.

Controlled
access

“Swimming pool”

5 30 Sensitvity to5in?(20;)
350 ]

300

250
20 am2 =25 105 eV

200

€C /ke/10pot/ Gev.

anes. &=
1504

1003 s P

103 102 sinia,) 10
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The MODULAr project, new configuration (Preliminary)

@ Place the detector on surface, at the LNGS
Assergi site, 7 km off-axis.

8 30 Sensitivity 10 5in2(26,5)
@ CNGS neutrinos are detectable on surface: 3
300 o
o Full drift time, 2.7 ms, less than one 20 s 10
crossing muon every 2 m?, F
. avGs-1 £
o The PMTs allow to reduce the window to
the 10.5 s SPS time window, 0.5 cosmic ™1 awosz—,
events per spill per semi-module. 3
o Additional reduction of a factor 2 by g 07 ey "
splitting the PMTs upstream and
downstream the semimodule.
¥ PR gt 2. s
% : | v,.no oscillation % % ’_l“ be
é é 5 ““1/ v, with oscillation % ¥ rr LL‘
| @ i L
®E 3 1
Il
l, ot I T
v, with oscillation 10 “ 0 [ (028,015, 20) _L
K 4 5 #
,.M-m o vr,beam%)ackground - L »
s ] G F) L f g T 3 b 4 0 0 iz G w0
Neutrino Energy (GeV) Neutrino Energy (GeV) Off-axis distance (km)
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Particle identification and signal efficiency

Electron/muon misidentification must be suppressed much more than in standard SK
analysis to guarantee a negligible background level.

Pid in SK is performed through a Likelihood,

Pid > 0 identifies muons. Use Pid > 1

To further suppress
electron background ask for the signal
of the Michel electron from p decay.
Final efficiency for positive muons.
Negative muons have an efficiency

1.2

2

5

10 75

Sandard
Skpa| Tiohtpia
q Electrons, e

Muons

-5 25

o

P I I P A S

25 5 5 10

Likelihood pid variable

5

smaller by ~ 22% because they can be 007:

absorbed before decaying.
Electron
suppressed to ~ 105,

. . o pe . 0.25
mis-identification .

—— Events 08 [-Ratio Tight cuts/SK cuts
— SK selection| C
— Tight Pid 07
—— Decay ele E
06 |-
05
04
E 03
E 02 |
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E PRI IR s P SR SR R N S
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Ev (MeV) Ev (MeV)

Mauro Mezzetto (INFN Padova)

Future Long Baseline Experiments

Epiphayny Worksh., Krakow, 0



The pion background

backgrounds as

function of ¥

The pions generated in NC events can fake the muon
signal.
They are the main concern at high gammas.

Bck x 4400 kton/yr

To estimate these backgrounds

@ Generate CC and NC events with Nuance

Efficiency

@ Count events with a pion and no other track
above the Cerenkov threshold (single ring
events)

@ Apply the tight pid cuts of SuperKamiokande

@ Follow pions in water (Geant 3.21) to
compute the probability for 7 — u — e.

@ Reconstruct the neutrino energy from the .
survived pions treating them as the signal

Muorl
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©

<3

S
T

=)

<3

=3
T

IS

1=}

S}
T

N

o

S
T

o

a
=3

60 80 100 120 140
AHE)

Pion detection probabilities

n*decay

Tight pid Cuts

n"decay

o Sr—r——

200 400 600 800 1000
Momentum (MeV/c)

Epiphayny Worksh.,



The pion background (cont.)

Ne1 =1
E 8 =100 90 [
. . g2 ¢
Pion reduction 2 st
7'+ generated o
[ 60 7 Signal
r 50 |-
i
30[
Tight pid cuts 20
F Pipn background

Decay to electron 0f
- L L ok
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Momentum (Mev/c) Energy (GeV)
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The cross sections problem

Neutrino cross-sections are poorly measured around

300 MeV.
g :i Ry it WP Nuclear effects are very important at these energies.
%Z, E:”:{@DEZSQOD, B L | No surprise that different MonteCarlo codes predict
°of l ﬂJr}-i‘* rates with a 50% spread.
Z: ] \Jf h‘L +ﬁ¥_ On the other hand: Beta Beam is the ideal place

where to measure neutrino cross sections

B GGM 79, GH, / CFBr
* Serpukhov 85, Al
02f 4 SKAT 90, CF,Br

‘ @ Neutrino flux and spectrum are completely
“’ ! " e oo defined by the parent ion characteristics and
< ALz, P P by the Lorentz boost ~.

© BNL86,D,
4 BEBC 90, D,

* GGM 78, C, H,
1 a SKAT 89, CF,Br

(10 % em?)

@ Just one neutrino flavour in the beam.

o8|

@ You can scan different «y values starting from
below the A production threshold.

06|

04 f

@ A close detector can then measure neutrino
cross sections with unprecedent precision.

02|

‘ ' ‘ e toen) A 2% systematic error both in signal and
backgrounds is used in the following
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600 Entries
[ 45.3 kton years
F sub-GeVy-like
400 —
L]+
200 - |
[ +!
bl . . . .
o Lduitiin, Lo Sub-GeV p-like events in SK integrated over the solid

0 05 ! 8 angle. 45.3 kton year exposure
Momentum (GeV/c)

250 —
Sub-GeV p-like events zenithal distribution L
400 T T T T 400 T T T T EVent 200 —
u-like  Sub Gev p-like  Sub Gev R . . Ev=400 Mey
300 [ P<04 GeVic 1 s00 [ p>04Gevic ] direction resolution at

400 MeV. Take +20 ™[

200 ey 200 ] as acceptance, | |
H o
1000 7 ol ] equivalent to =+40°. L
Solid angle reduced to so—
ol ol 1/8 L
-1 06 -02 02 06 1 -1 06 -02 02 06 1
cosd cosd 0 1 2

Kamioka to Frejus flux correction: + 20% True/Reconstructed v direction

Signal efficiency with respect to standard SK algorithms: 54% (flat in energy)

A duty cycle of 1% would keep the atmospheric background rate below the pion bkg rate
(Eurisol DS duty cycle: 0.45%).
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