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Solar and atmospheric neutrino problems can both be
explained in terms of three flavour neutrino oscillations.

The survival/oscillation probabilities depend on two
mass-squared differences;; andAsq, three mixing angles,
012, 613 andf,3, and a CP violating phase

Solution to solar neutrino problem requires the smaller
mass-squared difference, which is commonly taken to be
Ao, should be positive.

Atmospheric neutrino data and the data from accelerator
experiments, K2K and MINOS, determine the magnitude ¢
As; but not its sign.




CHOOZ reactor experiment and solar neutrino (and
KamLAND) data lead to the constraif; < 14°.
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Efforts are on to measure non-zero valué@fwith both

reactor neutrinos (Double CHOOZ and Daya Bay) and
accelerator neutrinos (T2K and Na).

Question: How can we measure the other unknown
guantities, sign of\;; and the CP violating phase




Sign of A3, Is also called neutrino mass hierarchy.
ms > moy > my (normal hierarchy) ORny > my > mgs
(inverted hierarchy)

Consider the cas®; = 0. Then it can be shown that solar
neutrino oscillations are. < v, /v, and atmospheric
neutrino oscillations arg,, < v

., as they propagate through matter, undergo elastic forwrd
scattering off electrons. This scattering is parametriaethe
matter (Wolfenstein) terml = 2v/2EG¢N.. This term is

absent for other flavours.



This difference in the propagation of different flavours
interferes with the vacuum oscillations which are driven by
mass-squared difference. Thus the matter term leads to
modification of oscillation probabilities, which dependtbe
Interference betweeA and A.

The matter term is a function of neutrino energy. Therefore

the modifications induced by it are also energy dependent.

The electron neutrino survival probability in solar nendri
problem has a particular energy dependence, which is
reproduced by matter modified neutrino oscillations only fo
the case\,, positive.




The muon neutrino survival probability in atmospheric
neutrinos (and also accelerator neutrinos) in the ltnit= 0
IS given by

P(v, — v,) = 1 — sin® 20p3 sin” (1.27

A31L>
E )

which is the same for both signs of;;.

In the limit of 8;3 = 0, matter effects have no role here
because these oscillations do not invalve

013 IS a measure of the. component of the mass eigenstate
v3 (sin 613 = U,.3). Non-zero value of;3 implies thatv, also
has a role in atmospheric neutrino oscillations.




Matter effects modify this angle which links to other
flavours at the atmospheric neutrino energy scal&eV).

The expression of matter modifi@g; Is given by
sin 2(971% = sin 2913A31/A73nl,

where

Agni = \/(Agl COS 2913 — A)2 + (Agl Sin (913)2.

Modification of atmospheric neutrino oscillation/sundiva
probabilities due to matter effects must necessarily be
proportional tad; ;.

Question: What Is the smallest valuetgf for which these




matter effects can be measured and the neutrino mass
hierarchy can be determined?

Answer (obviously) depends on what kind of experiments
will be performed.

Here | will confine my attention to long baseline experimengs
which are being constructed (Double CHOOZ and T2K) arc
are likely to be constructed (Daya Bay and:4g. One
iImportant other possibility is INO (which | will not conside
here).

Firstly, we need an experiments which are sensitive only tc
non-zero value of;3 but not matter effects. Reactor neutring



experiments satisfy this constraint.

Double CHOOZ and Daya Bay experiments are designed {o
have the least possible systematic errors, so that a good
precision inf,3 can be achieved. They will measure non-zefo
value forfs if ;3 > 5°.

Lindneret al have made a proposéatiple CHOOZto
Improve the situation even further
(hep-ph/0601266) JHEP 0605 (2006) 072.

With a non-zerd;; in hand, one can determine the mass
hierarchy by measuring, — v, oscillation probability,



which gets modified by matter effects, in an accelerator
experiment.

This oscillation probability is given, in the limih,; = 0, by
AQ}L>
E

For longer baseline, this probability achieves a miximum
value at largertv.

P"(v, — v,) = sin® fa3 sin* 2673 sin” (1 27

The matter term is proportional . Hence to discern the
effect of the matter term should have the oscillation
probability maximum at large energy and hence must have
large baseline length.




Eve (GeV)




For As; positive this probability is higher and fdxs;
negative this probabillity is lower than the vacuum
expectation. Changing the sign Af; is leading to a change
of about25% in the oscillation probability.




If we keepA,; # 0, then the matter modified oscillation
probability becomes
P"(v, = v.) = sin® fy3 sin? 2015 s1n2((1( 1__12;)4)A)
~+v cos 013 sin 26015 sin 26075 sin 2053
sin d sin(A) + cos d cos(A)]
sin(AA) sin((1 — A)

A

A (1—A)

sin?(AA)
(AA)?

+a? cos? Oyg sin? 2015

wherea = Agl/Agl, 121 == A/Agl andA = 127A31L/E




The second term, which is the leading termipy, also
contains the CP violating phaseThere is no information on
this phase and we must consider variation in its full range
to 7. When¢ is varied over its full range, the second term
leads to25% change inP™ (v, — v.). This is illustrated in
the next figure.
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If we have the data o#™ (v, — v.) from one experiment,
there are two possible solutions to it: (a) The true hienarch
and the true value af and (b) the wrong hierarchy and a
wrong value ob (which is aboutr /4 to 7 away from the true
value).

Because of the dependenceftf (v, — v.) ond, data from a

single long baseline experiment can’t determine the mass
hierarchy.

The change induced by the matter term is energy depend
Whereas the change induceddis energy independent
provided(L/F) is kept fixed.

nt.



Suppose we have data 6t (v, — v,) from two different
experiments with two different baselines. Then the change
iInduced by the matter term in the two experiments will be

different. But the change induced by the CP phagsall
roughly be the same.

In such a situatiorthe wrong hierarchy along with a single
spurious value of can’t account for both sets of data. This I
llustrated in the next figure for two experiments with
baselined.; = 295 Km (T2K) andL, = 810 Km (Nova).
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The figure on the left is for T2K and figure on the right is fo
Nova. Az, positive curve has = 30° andAj; negative curve
hasd = 75°. In both case$A;;| = 2.5 x 107 eV? and

013 = 10°.
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The figure on the left is for T2K and figure on the right is fo
Nova. Az, positive curve has = —90° andAs3; negative
curve hagy = 90°. In both case$As;| = 2.5 x 1072 eV? and
013 = 10°.




So here is the strategy we adopt. The three experiments,
Double CHOOZ, T2K and Nea, give us the event spectra i
the case of no oscillations.

We assume three years of running of Double CHOOZ
(hep-ex/0405032) and five years of running of T2K In
neutrino mode (hep-ex/0106019). In the case af&lalso,

we assume five years of running in neutrino mode with PO
of 7.3 x 10%" per year (hep-ex/0503053).

We takeAs; to be positive and selecttaue valueof 6,5 and a
true valueof o from their currently allowed ranges

0 < #1314° and—n < ¢ < 7. For other neutrino parameters,
|As1], Agp, 012 andbss, we take their current best values.




With these values we computg v, — 7.) (which is relevant
for Double CHOOZ) and”™ (v, — v,) (which is relevant for
T2K and Nava) as functions of energy.

We multiply the event spectra in the case of no oscillations
with the survival/oscillation probabilities to obtain theent

spectra with oscillations driven by the above given neaotrin
parameters.

Each detector has an uncertainty in measuring the energy [of
an event. This leads to an distortion of the above spectru

We compute the distorted spectrum by convoluting the
previous spectrum with a Gaussian energy smearing functjon




In the case of Double CHOOZ, the uncertainty in the
measurement of the energy is much smaller than the bin size.
Therefore no energy smearing is done.

For T2K the uncertainty in the measurement of energy is
or = 100 MeV (hep-ex/0106019). For N@ the energy
uncertainty is takente /E = 0.1/v E, whereE is in GeV
(hep-ex/0503053).

We take these smeared event spectra to be our "experimetal
data”. We have 36 data points from Double CHOOZ, 18 frgm
T2K and 46 from Nea for a total of 100 data points.

We now calculate "theoretical event spectra” by assumierg {h



wrong hierarchy (in this case negatig;) and all allowed
values off;3 andJ.

For each "test value” of,3 and¢ (and the wrong hierarchy),
we calculate the "theoretical values” of the above 100
measurables.

We then compute

100
(", ) = 2 (N — NI/

1=1

wherelN; are the "experimental data” for each measurable
and N/**" are the "theoretical values” for them, which are
functions off!5* andd'es’.




x> will be minimum for some value ofts andd'*.

If this minimum value is greater than 4, then the wrong
hierarchy can be ruled out at 95% confidence, for the
initially chosen "true” values of 6,3 and .

Now we vary these "true” values éf; ando over their
allowed ranges (again< #,314° and—x < ¢7) and ask
what i1s the minimum "true” value df,5 for which the
minimum of y* will be greater than 4, irrespective of the
"true” value of 4.

This is shown in the following figure faf\;; = 2.5 x 107
eV?.
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We find this minimuny, 3, for which the matter hierarchy ca
be resolved a25% confidence, to be abodt.

MINOS experiment allows the maximum value|df;, | to be
about3.5 x 10~ eV~. For this value of A3;| we get the
following result of minimun¥;3 = 4°.
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The minimum allowed value dfA3; | by Super-Kamiokande
is 1.5 x 1072 eV?. For this small a value, the ability of
current long baseline experiments to distinquish the matte
hierarchy is quite bad. We get minimuiyy = 16°.
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