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Neutrino oscillations

In the 3v framework, the mixing matrix U is:
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where c;; = cosf;; and s;; = sinf;;

3 MIXING ANGLES 1 PHASE §
812, 813, 823 CPV FOR o) == O,Tl:

Oscillations depend on mass differences. Assuming m, > m;:
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Mass hierarchy
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Neutrino oscillation experiments

They compare the observed events spectrum with those expected
for different combinations of oscillation parameters values.

Am?L .
g C7F

Can be classified according to:

v

Each class of experiments is sensitive only to some of the parameters

[ PVZOZ’_Wﬂ (L,E) = sin®20sin?

LBL Accelerators (T2K, MINOS) - Am?,0,3,0.3,8

Solar = 0p,6m?%, 043
SBL Reactors (DChooz,RENO,DB) — 0,5, Am?*
LBL Reactors (KamLAND) - 0m?,0.,, 043

Atmospheric (Super-K) - BO,3,Am?,6




Global analysis

(Am?, 5m?, 843, 0,3, 0,,) are known with good accuracy (~ 10%),
mainly dominated by a single class of experiments.

UNKNOWN PARAMETERS

$
0, octant
(B,3 > — 923 —) @ Mass hierarchy

GLOBAL ANALYSIS

Combine data from all the experiments. Maybe useful

to get the most restrictive bounds and may provide
guidance for the unknown parameters, taking advantage
of parameters correlations. Example: hint 6,53 # 0 (Fogli
et al. arXiv:08062649 (2008)).




Example: 6 behaviour
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T2K prefers sin?8,3 ~ 0.04, whereas
Solar + KL (4 independent) and
MINOS both give sin?6,5; ~ 0.02.

For this value of 6,5 T2K has
a preference for § ~ 1.57
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Example: 6 behaviour

* SBL Reactors gives the most stringent bound of 6,3 around
sin®f,3 ~ 0.023 and they are independent from §. For this value of
0,3 we still are in the part of the plot where 6 ~ 1.57 is favored.
Adding this contribution to the previous combination we just reduce
the limits on 6,3 without changing 6 best fit.

LBL Acc + Solar + KL + SBL Reactors
E'D_“"I." T E‘D""I"': | B b I RN R E,I:I....I.... T
: I =fen]: i r ]
; SR N 1t 12
1.5 1.5 ::..: - 15 Q
[ [ 3 I B ] C 13
- AWM E - 10
£ : A E 1.0f 1z
= 10 1.0 . — ] o
e E : : 1@
@
- - - 1
i [ r 10
ﬂ.ET ﬂ.E:" - EI'.EL-* : 1
B I L S 1=
'l‘ln..lll

0.0 - . ' 0.0 : = 0.0
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.00 0.01 0.02 0.03 0.04 0.05 006 0.00 0.01 0.02 0.03 0.04 0.05 0.06
sin® 0,, sin® 0.s sin® 0,4



Example: 6 behaviour

* SBL Reactors gives the most stringent bound of 6,3 around
sin®f,3 ~ 0.023 and they are independent from §. For this value of
0,3 we still are in the part of the plot where 6 ~ 1.57 is favored.
Adding this contribution to the previous combination we just reduce
the limits on 6,3 without changing ¢ best fit.

: o o o
* Atmospheric data prefer —~ 1. Combining we have —~ 1.4 and
a stronger preference for sind < 0
LBL Acc + Solar + KL + SBL Reactors + SK Atm
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Example: octant behaviour

LBL Acc + Solar + KL

005 3« MINOS prefers non-maximal 8,3, but cannot
o 1 distinguish between the octants, whereas T2K
£ oo 1 prefers ~maximal mixing. T2K + MINOS give
Y 2 3 two degenerate minima.

.:_.:.F:I.'El L1 I::I_;I L1 |I:||5| L1 ID!EI 11 II::-? [ (923, 013) are anticorrelated

Sin'e.,,
15_ I JI _ e Solar + KL have their best fit for sin?8,3 ~
b 3 0.02, smaller than the one of T2K+MINOS.
€ ook ¢ 1 In the combination this data eliminate the
Y S i 1 degeneracy and there is a small preference
b =" 1 for the second octant.
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Example: octant behaviour

LBL Acc + Solar + KL
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SBL Reactors data give sin?63 ~
0.023, higher than the one
obtained for LBL Acc+Solar+
KL. Adding this data, taking

3 into account the anticorrelation,

there is a flip of octant from
the second one to the first
(just for normal hierarchy).



Example: octant behaviour

LBL Acc + Solar + KL + SBL Reactors + SK Atm
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Atmospheric data alone prefer the first octant at over 2o for NH
and 1.5¢ for [H. In combination with other experiments we still
have preference for first octant, but with less significance.
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Global analysis: summary

LBL Acc + Solar + KL + SBL Reactors + SK Atm
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Preference for CP

violating 6 ~ 1.4m and sind < 0

Preference for non-maximal
0,5 and for first octant.
Weaker in inverted hierarchy

Ximin(NH) = xihin(TH) = —0.3
no hierarchy information yet



Measuring mass hierarchy

LBL accelerator experiments are in principle capable of performing
this measurement, taking advantage of matter effects, but it is
strongly dependent from the value of § (also 6,3). In the best
conditions T2ZK+NOvA can reach 2o confidence level.

Need a method independent
from 6 or 0,3

EDIUM BASELINE REACTOR EXPERIMENT
(JUNO)




Medium baseline reactor oscillations

Ten years ago it was proposed that medium baseline reactor
experiments (with baseline ~ 50 km) can probe neutrino mass
hierarchy, through the study of the channel v, - v,.

They are sensitive to short wavelenght oscillations, governed by
(6,3, Am?), to long wavelength oscillations, governed by (8;,, §m?),
and to their tiny interference, which depends on mass hierarchy.
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Medium baseline reactor oscillations

Ten years ago it was proposed that medium baseline reactor
experiments (with baseline ~ 50 km) can probe neutrino mass
hierarchy, through the study of the channel v, - v,.

They are sensitive to short wavelenght oscillations, governed by
(6,3, Am?), to long wavelength oscillations, governed by (8;,, §m?),
and to their tiny interference, which depends on mass hierarchy.

REQUIREMENTS

EXPERIMENTAL:
High statistics, high
resolution

PHENOMENOLOGICAL:
Refined stat/syst
anlyses

THEORETICAL:
Very accurate theoretical
calculations




Approximate oscillation probability

Am2, L
P(V, > V) = c13PE + S13 + 2573¢%5 | PZ, w cos 2 + ae

_ { +1 (Normal hierarchy)
e (Inverted hierarchy)
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We «connect» continuously the two hypotheses:
normal hierarchy (a« = +1) and inverted hierarchy (a = —1)




Approximate oscillation probability

Am2, L
P(V, > V,) = C13PE + S13 + 2573¢%5 | PE, w cos “oF + ae

Pmat =1- 451201251n )

(64,,5m?) — (04, 67?) with a fractional correction of 8 X 1073, which is of the same
order of magnitude of the fit accuracy. The corrections are negligible for (83, Am?).

W is a damping factor taking into account the presence of multiple reactors. For a
JUNO-like configuration there are 10 reactors with a baseline (flux-averaged) of
L=52.474 km. In this case the amplitude of the hierarchy sensitive cosine is reduced
of 28% at low energy.

Differences with the exact probability can be neglected in the
analysis (<2 x 1073)




Nucleon recoil

INVERSEBDECAY Vet+tp—oet+n
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In the high energy part of the spectrum

there is a O(E /mp) correction to the relation
E — E, = my, —m, (recoiless approx).

This correction is of the same order of

energy resolution% ~0(1%) > E, € [E, E,]

Reasonable approximation: Top-hat
function within kinematical limits

1 do(E,E,) 1

AE, [MeV] oc(E) dE, E,—E,
Energy res. function Analytical integral
(gaussian) E,
do(E,E,) o(E)
dEe r(Ee T me, Evis) = EZ B El f dEe T(Ee T me, Evis)
E1

[ Nucleon recoil=Correction to energy resolution function ]




Nucleon recoil
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Example of spectrum for JUNO-like setup
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Example of spectrum for JUNO-like setup
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Statistical analysis

The true spectrum of events S*(Ey;s) is calculated for global analysis
best fit values of oscillation parameters and for a fixed hierarchy. Then
S*(Eyis) is compared to a family of spectra S(E,s) obtained by varying

8 parameters. , , , ,
X" = Xstat T Xpar + Xsys

x> = x*(6m?, Am2,, 015, 013, || fr, fU»fThI)

. @parameters ﬂoa@ \ ,
—\ 2

2 :Z Pi — Pi 2 22 fi—1

Xpar @ Sys .

=1 L

A4

o; are the 1o errors
taken from global analysis sg = 0.03

SU,Th =0.2




Statistical analysis

9 MeV S*(E ) S(E 2
that _ f d Evis Vis ( VIS)
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Hierarchy sensitivity

p
Our definition of hierarchy sensitivity is

g \/szrun(a — _1) _X%nin(a — O) ~ 170')

~

/

1) a is a continuous parameter.
Using this parameter we solve
the statistical issues connected
to the applicability of y* to
discrete hypotheses tests. We
recover the same result
obtained by other methods:

O'SJX%nin(a =—-1) _X%nin(a =1)




Hierarchy sensitivity

-

Our definition of hierarchy sensitivity is

~

9 \/sznln(a — _1) _X%nin(a — O) ~ 170')

/\

1) a is a continuous parameter.
Using this parameter we solve
the statistical issues connected
to the applicability of y* to
discrete hypotheses tests. We
recover the same result
obtained by other methods:

0'5\/Xr2nin(a =—1) —sznin(“ =1)

2) Measuring mass hierarchy
means finding the sign of an
extra phase (). In a realistic
situation an experiment can
find no evidence of an extra
phase (¢ = 0) and in this case
hierarchy determination is
already compromised.




Accuracy on parameters

Parameter % error % error after fit (NH true) %% after fit (TH true)
(prior) all data all — far all — geo all data all — far all — geo
o oo 50.2 59.0 57.0 56.2 55.3 54.0
Am?_ 2.0 0.26 (.25 .26 0.26 0.25 0.25
am® 3.2 0.22 0.21 0.16 0.21 0.21 0.16
Szﬂ 5.52 {_11.49 ﬂd? ?.39 [!.49 ﬂdﬁ ﬂiﬂ
51a 10.3 6.95 6.88 6.4095 6,84 6.77 .54
Ir 3.0 (.66 (.66 (.64 (.65 (.65 0.64
frh 20.0 ih.3 14.6 15.5 15.4
fu 20.0 13.3 13.3 13.2 13.3

* Accuracy is improved of a factor ~ 10 for (Am2,, §m?, s%,, fr), but
this change is less significant for the other parameters.

* Farreactors do not affect precision on parameters, while geov
decrease precision on (6m?, 5122), whose obsvervable oscillations are
in the same part of the spectrum where there are geov.



Non linear E — E' transformation

Non linear E — E' transformations can mimic the wrong hierarchy
at a slightly different Am?, if the following equation is satisfied:

[ AmZ,L Am2/L

> E + @(E) = T ¢¢(E’)J

There is an infinite class of such transformations. For instance
consider the case E = E' with E = E’at oo.
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Non linear E — E' transformation

However the y? is very high 0(100) , because this transformation of E
create a mismatch of spectra at low energy.
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Non linear E — E' transformation

If the shape errors in ®(E)o(E) are of the same order of the deviations
®(E)o(E) » ®(E")o(E"), caused by the transformation E — E’, then the
mismatch at low energy can be almost undone by a factor

(B) ®(E)o(E)
P(E)o(E")
As a result we have y? ~ 0(10).
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Conclusions

Medium baseline reactor experiments can probe neutrino mass hierarchy
up to 20, but high precision is required on both experimental and
theoretical side. In this context we have shown:

[ How to include analitically the recoil effects of the nucleon

An analytical approximation of the oscillation probabilities
including matter effects and multiple reactors

uncertainties, may mimic wrong hierarchy.

That non linear E — E' transformations, togheter with spectral
However ,this issue deserves further studies.

4 That it is possible to condense hierarchy information in a continuous N
parameter «, (+1=NH, -1=IH). This solves the issues related to the
statistical interpretation of the data analysis .The distance between

N a = +1and ¢ = —1 is 30 in JUNO-like experiments. )




