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Addendum to ‘‘Solar neutrino oscillation parameters after first KamLAND results’’
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In a previous paper, we presented a three-flavor oscillation analysis of the solar neutrino measurements and
of the first data from the KamLAND experiment, in terms of the relevant mass-mixing parameters
(dm2,u12,u13). The analysis, performed by including the terrestrial neutrino constraints coming from the
CHOOZ ~reactor!, KEK-to-Kamioka ~K2K, accelerator!, and Super-Kamiokande~SK, atmospheric! experi-
ments, provided a stringent upper limit onu13, namely, sin2u13,0.05 at 3s. We reexamine such an upper
bound in light of a recent~although preliminary! reanalysis of atmospheric neutrino data performed by the SK
Collaboration, which seems to shift the preferred value of the largest neutrino square mass differenceDm2

downwards. By taking the results of the SK official reanalysis at face value, and by repeating the analysis of
our previous paper with such new input, we find that the upper bound onu13 is somewhat relaxed: sin2u13

,0.067 at 3s. Related phenomenological issues are briefly discussed.
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In a previous paper@1#, we presented a three-flavor osc
lation analysis of data from KamLAND@2# and solar@3#
neutrino experiments, in terms of the three mass-mixing
rameters relevant for this data set: namely, the sma
square mass difference (dm25m2

22m1
2), and the two mixing

angles between the first and the other two neutrino gen
tions (u12 and u13 in standard notation@4#!. The analysis
included also the constraints coming from the following t
restrial neutrino experiments: CHOOZ~reactor! @5#, KEK-to-
Kamioka ~K2K, accelerator! @6#, and Super-Kamiokande
~SK, atmospheric! @7#. In particular, an approximate SK
1K2K data combination@8# was used to constrain the large
neutrino square mass difference:Dm25(2.760.4)
31023 eV2 (1s) @8#. The parameterDm2 was then margin-
alized away in the 3n analysis of the CHOOZ spectral da
@1,8#, which depends on the four paramete
(Dm2,dm2,sin2u12,sin2u13) @9#.

Our summary of the constraints on the 3n parameters
(dm2,sin2u12,sin2u23) was given in Fig. 9 of Ref.@1#, in
terms of the projectedDx2 functions of the global~solar
1terrestrial! data fit. The same functions are reported, for
sake of completeness, in Fig. 1~solid curves!. In particular,
the following upper bound was obtained on the mixing an
u13 @1#:

sin2u13,0.05 ~3s, all data!. ~1!

After Ref. @1#, a thorough analysis@10# of the first K2K
spectral data@6# has provided, in combination with SK a
mospheric neutrino data@7#, a more reliable and accurat
estimate of theDm2 range@10#:

Dm25~2.660.4!31023 eV2 ~1s,SK1K2K!. ~2!

A very similar range has been found in a recent, independ
analysis of SK1K2K data@11#. However, the mere decreas
of theDm2 best-fit value from 2.7@8# to 2.6@10,11# ~in units
of 1023 eV2) does not induce any perceptible change in
results summarized in Fig. 9 of Ref.@1#. A non-negligible
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change can be instead induced by a more substantial
crease ofDm2, as possibly indicated by a new SK data r
analysis@12#.

The SK Collaboration has recently presented the preli
nary results of a global reanalysis of the previous atm
spheric neutrino data~no new data included!, which incorpo-
rates improvements or changes of various basic ingredie
such as the neutrino interaction simulator, the inner and o
detector simulators, the data reduction process, the even
construction algorithm, and the input atmospheric neutr
fluxes @12#. It is claimed that each change slightly shifts th
Dm2 allowed region to lower values, the final best-fit valu
beingDm25231023 eV2 @12#, i.e., 1.5s below the central
value in Eq.~2!.

At present, we cannot recover from Ref.@12# enough in-
formation to implement the above variations in a thoroug
ab initio analysis of the SK atmospheric data, and thus
cannot independently check the above claim. However,
tempting to study, at least in a first approximation, the imp
cations of relatively lowDm2 values@12# on our previous 3n
analysis@1#. In particular, it is immediate to recognize that
significant downward shift ofDm2 weakens the upper boun
on sin2u13 coming from the CHOOZ data@5#. Since the pa-
rameter sin2u13 has an enormous impact on basically all a
pects of current and future neutrino phenomenology,
think it useful to reexamine its previous probability distrib
tion @1# in light of the preliminary SK revised results@12#.

To this purpose, we derive an approximatexSK8
2 (Dm2)

function through graphical reduction of the SK mass-mixi
parameter fit in Ref.@12#, and combine it with our~unal-
tered! xK2K

2 (Dm2) function from the K2K spectral analysi
in Ref. @10#. We obtain then the following ‘‘revised’’ estimate
for Dm2,

Dm25~2.020.3
10.4!31023 eV2 ~1s, SK81K2K!, ~3!

where the errors, although asymmetric, turn out to scale
©2004 The American Physical Society01-1
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FIG. 1. Three-flavor neutrino
oscillations: Projections of the
globalDx2 functions onto each of
the (dm2,sin2u12,sin2u13) param-
eters. Then-sigma bounds on each
parameter~the others being un-
constrained! correspond toDx2

5n2. The solid curves show the
results of our previous analysi
~see Fig. 9 in Ref.@1#!. The dotted
curves show the effect of theDm2

estimate in Eq. ~3!, which in-
cludes the revised SK atmospher
neutrino results from Ref.@12#.
No significant change is seen i
the fit to dm2 and sin2u12. Con-
versely, the fit to the sin2u13 pa-
rameter becomes less constrai
ing, the 3s upper bound being
increased from 0.05 to 0.067.
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early up to;3s.1 Notice that the above estimate is comp
ible with the Dm2 ranges independently preferred by t
final analyses of the MACRO@13# and Soudan 2@14# atmo-
spheric neutrino experiments.

Assuming theDm2 input from Eq. ~3!, we proceed to
perform the global 3n fit as in Ref.@1#, all other phenom-
enological inputs being unchanged. The results are show
Fig. 1 ~dotted curves!. As compared with the previous resul
@1# ~solid curves!, no noticeable change is seen in the fit
the leading solarn parametersdm2 and sin2u12 ~left and
middle panel in Fig. 1!. The constraints on sin2u13 are in-
stead somewhat relaxed, as expected. In particular, the i
cept of the line atDx259 with the dotted curve in the righ
panel of Fig. 1 provides the ‘‘revised’’ 3s upper bound on
sin2u13,

sin2u13,0.067 ~3s, all data!, ~4!

to be compared with the previous one in Eq.~1!. Essentially,
the main effect of the ‘‘revised’’ SK atmospheric neutrin
results@12# consists in enlarging the upper bounds on sin2u13
by a factor;1.3 at any C.L. This is the main result of ou
Addendum.

We conclude with a few qualitative comments on possi
phenomenological implications of the relatively ‘‘low’’Dm2

in Eq. ~3! and of the relatively ‘‘weak’’ upper bound on
sin2u13 in Eq. ~4!. Concerning a long-baseline accelera

@1# G.L. Fogli, E. Lisi, A. Marrone, D. Montanino, A. Palazzo, an
A.M. Rotunno, Phys. Rev. D67, 073002~2003!.

@2# KamLAND Collaboration, K. Eguchiet al., Phys. Rev. Lett.
90, 021802~2003!.

1In other words, the functionxSK81K2K
2 is well approximated by

two half-parabolae. The SK8 label indicates that we are using he
the ‘‘revised’’ Super-Kamiokande results from Ref.@12#.
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experiment, an increase in the upper limit on sin2u13 may, in
general, enlarge the discovery potential in thenm→ne chan-
nel. On the other hand, low values ofDm2 imply small nm

→nt appearance rates@}(Dm2)2# in the same class of ex
periments. Weakening the bounds on sin2u13 might also
weaken future KamLAND limits onu12 ~when they will be-
come competitive with solar neutrino limits!, since variations
of sin2u12 can be partly traded for variations of sin2u13 ~both
affecting the KamLAND event rate in a similar way!. Uncer-
tainties on the mixing angles may then affect other obse
ables, e.g., the effective Majorana mass in neutrinol
double beta decay. Concerning atmospheric neutrinos,
values ofDm2 and relatively high values of sin2u13 can make
subleading 3n effects somewhat more important. In partic
lar, if the best-fit value ofdm2 in Fig. 1 would increase with
future KamLAND data, then atmospheric neutrino analys
at zeroth order indm2/Dm2 might need an upgrade to in
clude higher-order effects. Of course, none of the above
fects can be large enough to change significantly the ove
picture of the 3n oscillation phenomenology. However, cu
rent or predicted ranges for several parameters and obs
ables might need small readjustments, should the revised
atmospheric neutrino analysis in Ref.@12# and theDm2 es-
timate in Eq.~3! be basically confirmed by more detaile
studies: The ‘‘revised’’ upper limit on sin2u13 in Eq. ~4! is
just one relevant example.
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