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3-flavour global fit to oscillation data

with C. Gonzalez-Garcia, M. Maltoni NUFIT 1.3 (2014)
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3-flavour global fit to oscillation data
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almost complete degeneracy in present data
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On parameterization and conventions

NNNNNNNNNNNNNN

<
I’;

B

' ® \We know that the mass state with a dominant Ve
i component (“V,”) is the lighter of the (Vi V2) pair
() < my)

L@ We do not know whether the mass state with the
| smallest Ve component (“V3”) is lighter or heavier |
than the (V| V2) pair (sign of Am?3))



normal versus abnormal

for inverted ordering lepton mixing

is very different from quarks:
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normal versus abnormal

for inverted ordering lepton mixing

is very different from quarks:

® the neutrino mass state mostly
related to the st generation is not

the lightest
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normal versus abnormal

for inverted ordering lepton mixing
is very different from quarks:

® the neutrino mass state mostly
related to the st generation is not
the lightest

® there is strong degeneracy between
at least two mass states
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How to determine the mass ordering?

® Matter effect in the [-3 sector

| ® Interference of (vacuum) _
| oscillations with Am?z; and Am?3; }
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How to determine the mass ordering?

® Matter effect in the [-3 sector

® |nterference of (vacuum) {
oscillations with Am?2; and Am?3;

Both methods depend on 03

| ® many experimental options are
| open, thanks to “large” value of 03
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How to determine the mass ordering?

® Matter effect in the [-3 sector

® |nterference of (vacuum) {
oscillations with Am?;; and Am?3, |

not dlscussed here

‘ upernov need to get Iucky
. (to have a SN explode + have detector)

, @ neutrino mass from cosmology

| ® other ideas... :



How to determine the mass ordering?

, ® Matter effect in the -3 sector

» long-baseline accelerator experiments
NOvVA, LBNE, LBNO, ESS-SB, NuFact

» atmospheric neutrinos INO, PINGU, ORCA, HyperK
f ® |nterference of oscillations with Am?2; and Am?3; |

» Reactor experiment at ~60 km [UNO, RENO50

T. Schwetz 8



Matter effect - MSW resonance

resonance for cos20 = A
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Long-baseline experiments

look for matter effect in Vy— Ve transitions

with
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Long-baseline experiments

look for matter effect in Vy— Ve transitions

® |n vaccum, Py. for neutrinos and antineutrinos
are invariant under Minakata, Nunokawa, JHEP O

2 2

® |eading order in A << | cannot break the
degeneracy TS, hep-ph/0703279

® need to observe “strong” matter effect

T. Schwetz



Long-baseline experiments

look for matter effect in Vy— Ve transitions

size of the matter effect:

E IAm2, | -
A ~ 0.09 ol
(Gev> (2.5 x 103 eV2>

for experiments at the 1st osc. max, |Am3,|L/2E ~ =, and

L
A ~0.02
)0 (100km>

need L =~ 2000 km and E, = 5 GeV in order to reach
the regime of strong matter effect A =~ 0.5.

T. Schwetz
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Long-baseline experiments

i ® NOVA: Fermilab = 820 km ’

§ o Neutrino Factory: ?

T. Schwetz

have seen already few neutrinos!

® |BNE: Fermilab & Homestake, | 300 km
LAr detector (10 - 34 kt)

® |BNO:CERN — ? (Finnland 2300 km)
LAr detector (20 - ? kt)

® [£S5S-SB:Lund — ? (360 / 540 km)
WC detector
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On the sensitivity statistics

To quantify the sensitivity of an experiment we need to
specify two numbers (errors of first and second kind):

® Decide on a CL at which you want to exclude
L a certain hypothesis. :

'}‘ ® Determine how likely it is that a given
. experiment will exclude the hypothesis at
that CL.
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On the sensitivity statistics

define a test statistics and find out its distribution

T = min x°(f) — min x°(@
min x7(60) — mmin x~(0)

JbNO, 4|1320 klt GW fl/r, 3% E—resoll.

10 20 30

30 -20  -10

N O

T. Schwetz

|5



On the sensitivity statistics

Under certain conditions T is normal distributed:

L Qianetal, 1210.3651
1= N( TO? 2 TO) Blennow et al, 1311.1822

with

TNO(6y) = min 112 (00) — 13 (0)]°

10 4 o7
(2
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On the sensitivity statistics

Under certain conditions T is normal distributed:

L Qianetal, 1210.3651
1= N( TO? 2 TO) Blennow et al, 1311.1822

with

NO IO 2
, ;- (6 w; - (0
o (bo) 9E10 | | O)O' .

sensitivity of the median
experiment (in sigma) is given
approximately by

n(o) ~ /T

06

T. Schwetz 0
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On the sensitivity statistics

Under certain conditions T is normal distributed:

ianetal 1210.3651
1= N( 1o, 2 TO) glennof/vet al, 1311.1822
with
1P (00) — 1132 (0)]

T2 (6p) = min

0E10 o2
’L

e For most exper:ments we simulated the ’
Gaussian approximation is good (to excellent) |

| ® largest deviations found for NOVA i

T. Schwetz



NOvA and LBNE

| —— MC (8=0.5)

NOvA
6-— — —— Standard sensitivity
T - -——- Gaussian approx.
E . i
el
S
O
3 |
2L
Ot
-150 -100 -50 0 50 100 150
o[°]
T. Schwetz

Sensitivity [o7]

\®}

6-— — —— Standard sensitivity
- .-—- Gaussian approx.
_ - a=f

4+

| —— MC (8=0.5)

-150 -100

Blennow, Coloma, Huber, TS, 1311.1822

|18




Other LBL sensitivities
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Atmospheric neutrinos
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Atmospheric neutrinos

atmospheric neutrino fluxes

¢’/u’ gbye, ¢DM7 ¢De

0.8

E, [GeV]

ex.: U-like events
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[r— 1t ] 0.03

E [GeV]

E, [GeV]

®V

(C]

T Schwetz Akhmedov, Maltoni, Smirnov 06 20



Atmospheric neutrinos

atmospheric neutrino fluxes

¢’/u’ gbye, ¢DM7 ¢De

0.8
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ex.: U-like events
N,u ~ [¢VMPVM—>VM -+ Cbuepueﬁuu]o-yu E

[r— 1t ] 0.03

E [GeV]

+\05, Po, -5, + 0o, Po. 5,05,

E, [GeV]

®V

(C]

T Schwetz Akhmedov, Maltoni, Smirnov 06 20



Atmospheric neutrinos

atmospheric neutrino fluxes

¢I/uv ¢I/ea ¢Eu’ ¢Pe

E, [GeV]

0.8

ex.: U-like events
N,u ~ [¢VMPVM—>VM -+ ¢I/6PI/6—>I/’LL]0—VM E

[— 1t ] 0.03

E [GeV]

+\05, Po, -5, + 0o, Po. 5,05,

E, [GeV]

energy and angular
reconstruction is crucial!
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Atmospheric neutrino experiments

'i ® |NO: magnetized iron, 50-100 kt
| p-like events with charge ID
| PINGU / ORCA: icelwater, multi-Mt
U-like (+shower) events, no charge ID
‘ ® Hyper-K: water, sub-Mt
| U-like and e-like events,

no charge ID (maybe statistically)

T. Schwetz
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HyperK INO
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Mass ordering from a reactor experiment
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Mass ordering from a reactor experiment
~Fourier tr'ahs:fbkmdf ‘sp’ec'trgm

NORMAL
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022

Learned, Dye, Pakvasa, Svoboda, 06
Zhan,Wang, Cao,Wen, 08

| ® there are two large frequencies: Am?3; and Am?3;
I ® 0/2is non-maximal and we know the sign of Am?z;

e for NO (IO) the larger (smaller) frequency dominates

T. Schwetz
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Mass ordering from a reactor experiment

® good energy resolution
<3% (KamLAND ~6%)

energy scale has to be
under control at % level

® jt has to be BIG :
~4000 GW kt yr = 20 kt]
detector (KamLAND: | kt)

T. Schwetz
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FIG. 12: The left (right) panel shows the median sensitivity in number of sigmas for rejecting the 10
(NO) if the NO (I0O) is true for different facilities as a function of the date. The width of the bands
correspond to different true values of the CP phase 0 for NOrvA and LBNE, different true values
of fs3 between 40° and 50° for INO and PINGU, and energy resolution between 3%\/ 1 MeV/FE
and 3.5%+/1 MeV/E for JUNO. For the long baseline experiments, the bands with solid (dashed)

contours correspond to a true value for A3 of 40° (50°). In all cases, octant degeneracies are fully
searched for.
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Explore synergy between different experiments
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Summary

T. Schwetz

thanks to large O3 several options are open
to determine the neutrino mass ordering

30 determination likely within 5-10 years

combined fit to several experiments may be
usefull

more significant determination will most Ilkely
require a large-scale experiment

30



Cosmology sensitivity to neutrino mass
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