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Present status of (standard) neutrino
physics

AmZ < Am3 implies at least 3 massive neutrinos.

| Normal ordering | |Inverted orderingl
| A i
f—on 4 — B
1—
AnlA2
- 3 b 4
M1 = MMmin M3 — Mmin
_ 2 2 _ 2 2 2
ma = \/mmin ATnsol mi = \/mmin_I_AmA A/'ns.ol
_ 2 2 _ 2 2
m3 = \/mmin ATnA mo = \/mmin T ATnA

Measuring the masses requires: 'min and the ordering .
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Neutrino mixing

The Pontecorvo-Maki-Nakagawa-Sakata mixing matrix:

C12 S12 0 1 0 0
U= ( —s12 c12 0 ) ( 0 co3  So3 )
0 0 1 0 —S5923 C23
Solar, reactor 6. ~ 30° Atm, Acc. 04 ~ 45°
0 0 C13 0 S13 1 0 0
10 0 1 0 0 e toz/2 0
0 e —s13 0 c3 0 0 e~ tr31/ 2440
CP-symmetry is one of the important symmetries in
particle physics and a necessary condition for

CPYV phase Reactor, Acc. 013 ~ 9 CPV Majorana phases
leptogenesis. It is broken in the quark sector.

O O =

If U # U™, there is leptonic CP-violation
P(vy — vy) # P(v — vy)
CP-conservation requires Uisreal = 6 = 0,7
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In 2012, previous hints [
(DoubleCHOOZ,T2K, =il

MINOS) for a nonzero third [t
mixing angle were confirmed
by Daya Bay and RENO:

important discovery.

Courtesy of Roy Kaltschmidt

Daya Bay reactor neutrino experiment in China

T2K eventin 201 |

This discovery has very important implications for the future
neutrino programme and our understanding of the origin of mixing.

S}
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Phenomenology questions for the future

*What is the nature of neutrinos? Dirac vs Majorana!?

What are the values of the masses? Absolute
scale (KATRIN,...?) and the ordering.

*|s there CP-violation? Its discovery in the next
generation of LBL depends on the value of thetal 3 and
of delta.

* What are the precise values of mixing angles?
Do they suggest a underlying pattern?

° Is the standard picture correct? Are there NSI?
Sterile neutrinos?! Other effects!?
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Long baseline neutrino oscillations

Long baseline neutrino oscillation experiments (T2K,
LBNE, EU superbeams, neutrino factories and beta
beams) will aim at studying the subdominant channels

4,

Vie = Veyu Ve = Ve,p

. .o Ami, L
: P(v,, — V) ~ sin” 6’21n2 4;1

for negligible matter and CPV effects.

in order to establish
. the mixing angles ( 013)
2. the mass hierarchy

3. Leptonic CPV
4. Non-standard effects.
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Neutrino oscillations in matter

® When neutrinos travel through a medium, they interact
with the background of electron, proton and neutrons
and acquire an effective mass.

e Typically the background is CP and CPT violating, e.g.
the Earth and the Sun contain only electrons, protons
and neutrons, and the resulting oscillations are CP and

CPT violating.

P QAE%

v, = sin® 03 sin” 207 sin
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The mixing angle in matter is

( Afg Sin(20)) :

sin®(20,,) =

(52 cos(26) — \/§GFN€)2 - (am sin(26’))2

2F 2F

® The enhancement of the neutrino oscillations
probability is found for

- neutrinos if Am? > 0
- antineutrinos if Am? < 0

© 0.09¢ 1300 km
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CPV effects

In many experimental situations the probabilities can
be approximated for 2 neutrinos. In this case there are

no CPV effects.

Ams,
o| 1g L X1 , applies to atmospheric, reactor

(CHOOQOL...), current accelerator neutrino experiments

A 2
P(Va — Vg) — 4‘Ua3U53‘QSiﬂ2( Z;Sl L)
Am32, L
P(v, — veit) = s3538in°(263)sin’ ZLES?l
Am32, L
P(ve — ve;t) = 1 —sin®(26;3)sin’ —31

1K
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CP-violation will manifest itself in neutrino oscillations,
due to the delta phase.The CP-asymmetry:

P(v, = ve;t) — P(v, = Uejt) =

Am?2, L , Am2. L , Am?2, L
451201@1332302‘811&( 21 ) —|—SlI1< 2;?3 > —|—SlI1< 2;’?1 )}

® CP-violation requires all angles to be nonzero.

e |t is proportional to the sine of the delta phase.

e |f one can neglect Ams3,, the asymmetry goes to zero
as we have seen that effective 2-neutrino probabilities

are CP-symmetric.
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One can compute the probability in matter by
expanding the full 3-neutrino oscillation probability.

Matter effects

The CPV effect depend

on energy and they » o
become more important -, _
at low energy.

CP\ Interference

41072

_.1—27”"ww“_”w””
010 0 500 1000 1500 2000

L/E (km/GeV)

Coloma and Fernandez-Martinez, 201 |
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For large 013, it is a subdominant effect with
respect to the dominant atmospheric term.

100%

g
£
3
:
£ The CP asymmetry
. . peaks for sin’2 2
-1
" i thetal 3 ~0.001. Large
" thetal 3 makes its
searches possible but
1 . y not ideal.
-2
10 v b v b e by e v by by by |

5 45 -4 -35 -3 25 2 15 -1
Iog10(sin2 26,,,

A. Blondel
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Degeneracies

The determination of CPV and the mass ordering is
complicated by the issue of degeneracies: different
sets of parameters which provide an equally good fit
to the data (eight-fold degeneracies).

013,09, sgn(Am3; ), 023 :Z P Nd :
, ¥ s o -
A | are allowed!

= 1 1
o 1 = = - S

/ / / 2 /
13> 5 , S (Am31)7 23 @, [degrees]
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- (9137 6) degeneraC)’ (Koike, Ota, Sato; Burguet-Castell et al.)
) =m7—90

: Am7, L Am7,L
/13 — (913 -+ COS ) sin 2(912 T2 "3

13— cot faz cot — 3

Having information at different L/E can resolve this.

- sign(Ams3,;) vs CPV (matter effects). In vacuum:

) -1 —96 sign'(Am‘fg) —> —sign(Am%g)

sin-0 v= (0,01 NH

4 This degeneracy is broken by
], 006 | matter effects.

002 N} i For ex. Bimagic baseline at L=2540 km
AT AN M Excellent sensitivity to the hierarchy

S F((-‘};-\') o A A. Dighe et al., 1009.1093; Raut et al. 0908.3741; Joglekar
‘ etal. 1011.1146

- the octant of 023 (low E data) egi.us
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Future long baseline experiments

* Superbeams: 12K, NOvA, LBNE, SPL,
LAGUNA-LBNO. Use very intense muon
neutrino beams from pion decay and search
for electron neutrino appearance.

e Betabeams: Use electron neutrinos from
high-gamma ion decays.

* Neutrino factory: Use muon and electron
neutrinos from high-gamma muon decays
and need a magnetised detector.

The physics reach of the facilities is actively studied at
present in order to shape the future experimental neutrino
program.

17
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90% CL reach for T2K (0.75 MWV 5 yrs), NOvVA
(0.7 MV, 3 yrs, nu+nubar, |15 kton detector)

Huber at al., 2009
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LBNE: Two detector

+00——r-rrri——,
- = Normal

el Inverted

gof- — 945 (30)

705_— MH (30)
- —— CPV (30)

60F

50F

C Syrsv+5yrsv
40~ 700 kW

options: 200 kton WC, 34
kton LiAr. At these
energies they have very
similar physics reach.

30%— AR CPV Significagce VS Scp
e NH(IH considered), sin“(20,,)=0.07 to 0.12
10f- ! Ash River 30kt + NOVA(16) + T2K
N S ; Homestake 10kt + NOVA(6) + T2K mmmmm
it 10° 102 sin2(291‘3" 6 [ Sinud:anﬂ::kt+ENDVEA(1EE}+T?K SN
In 2012 a reconfiguration &
o
i took place. Now the §
baseline choice is a 10 kton %
iy
detector at Homestake. In
October CDI is expected.
’ of 1 1 i ¥ i 000
See J Evans’s talk. -1 -0.8-0.6-0.4-02 0 0.2 0.4 0.6 0.8 1
LBNE Steering Committe Scp/m
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T2HK
See T. Nakaya’s talk

. LBNO: Incremental approach

for large thetal 3. Smaller

detectors than the baseline
choice (100 kton LAr, 500

" Kton WC) to be upgraded. See

N. McCauley’s talk.
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o5 S5in?2813=10""1 LAr (optimistic) NeUtrino FaCtory
See K. Long’s talk

Lines show the fraction of delta for
08 which CPV can be determined.

& Excellent sensitivity for large

1 thetal3 rather independent from L
and E Rallett SP 1701 4799
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optimal configuration is
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and an energy whichis 34 |/ }  oler
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Systematic errors
Systematic errors might become the limiting factor.

e The cross sections will be one of the dominant factors.
See R.Terri’s talk.
e The knowledge of the Earth matter profile introduces
also an error. Typically, an uncertainty ~7% but for the
CERN-Pyhasalmi baseline ~2% [Kozlovskaya et al., hep-ph/0305042].

sin“20,5(true) = 0.06 sin22613(true) 0.14
1 —_———— 1 -
36 CPV | : 36 CPV
PRELIMINA ARY— | 2 — CNZPY LAr
® 10% — CN2PY LAr - 08 | 100 — i
m | 20% . = | 20%
= . S | =
o 06t = 0.6 |
5 | S
° |
S 04¢ S 04}
3] ! ] '
@ 3 '
L _ I
0.2} 0o | 5 ]
| PRELIMINARY
0 ' | ]
10° 10° 0102 103

Total exposure [10°! pot.ki] Total exposure [10%! pot.ki]

Coloma, Li, SP, in preparation; NOW2012
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fraction of o

At present most of the studies consider an overall
systematic error which includes: fiducial mass, flux,
cross section, efficiency, ... errors.

1.F 11.
CNZ2PY, LAr
0.8} D
0 6} ‘_’f"'-—-i £ los
0df 0 - 2%42% 0.4
— 5%+5¢
0.2} - - 5%+10% {02
PRELIMINARY SN
...... 0% +5
OL 10
10 10!
Sinzﬁl)l}

Coloma, Li, SP, 1206.4038; LAGUNA-LBNO

Fraction of 6.p (true)

2 % sys SGCPV -
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10 % sys
0.8 1
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0.6
04 |
02 |
O102 | - IIII1(I)3

1

They have a large impact on the physics reach.

Total exposure [1021 pot.kt]

Thanks to T. Li
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Good energy
resolution, wide band
beam, additional
input will help in
reducing the impact
of systematic errors.
The near detector(s)
will play an important
role.

Coloma, Huber, Kopp, Winter, 1209.5973
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Precision measurements of oscillation

parameters
The precision measurement of the oscillation parameters

will become very important once the mass hierarchy and
CPV are established. LBL experiments can give information

on 0,3, 013, 0

The expected precision on thetal 3 can be related to
Nevents ~ Pue ~ sin® 2013 ~ (613)° = AN ~ 013A6;3

If the statistical error dominates: Abis T
013 013
. . Ab13
If the systematic error on the signal does: 0 constant
If that on the background: A %
913 013

Coloma, Donini, Fernandez Martinez, Hernandez, 1203.5651
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In addition to delta, the study of sum rules and possible
mixing patterns requires a precise measurement of the
atmospheric and solar mixing angles.

Useful parameterisation:

: 0 1 —I_ S . 0 r . 9 ]. —|_ a
SIN V12 = , sinfi3 = —, sinfyz =
3 2 2
v3 V2 V2 King, 0710.0530

0.15
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0 — Dashed:VWBB

005 | - Blue: LENF
01 PRELIMINARY N

1 . . . . . Ballett, King, Luhn, Pascoli,
s 01 005 0 0.05 0.1 0.15 Schmidt, in prep

a (true)
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Deviation from these patterns is expected theoretically and
is required by experimental data. Theoretical models typically
lead to correlations between parameters (sum rules).

a = or cos 0 oc=1,-1/2

Future prospects:

Current data Dashed:WBB, Blue: LENF

1 O : 2 T T T T T T T T s /,:’/
0.15 | i
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05 01 F
not
0.05 F
. - allowed
0 3
o 0 F = 0 -
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-0.05 F
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-0.5 i 041k -
~ PRELIMINARY excluded
-0.15 } e 4 A
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- 1 : l - O . 2 "’-":*”3 P 1 1 1 1 1 1
-0.2 -0.15 -0.1 -0.05 0 1 -08 06 -04 02 0 02 04 06 08 1

Ballett, King, Luhn, Pascoli, cosd (true)
Schmidet, in prep
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Conclusions

o In the past few years, the neutrino oscillation
parameters have been measured with good precision.
The recent discovery of non-zero ¢,; has important
implications for LBL experiments.

* Next generation superbeams, betabeams and/or
neutrino factory will address the mass hierarchy, CPV
searches and precision measurements of the
oscillation parameters.

* The study of the physics reach of a facility requires a
detailed understanding of beam, detector
performance, systematic errors and backgrounds.
Comparisons between setups should be done with
great care.
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