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Introduction



The 3-flavor leptonic mixing
3
va) = ; Ugilvi) U= 023|_5013|_:f5012

s = diag(1,1, e1T10) Dirac CP-violating phase
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Determination of 6,5 is vital for the search of
possible CP violation in the leptonic sector

Explicit form: [ =




The neutrino mass spectrum
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Basic experimental sensitivities

leading
— Atmospheric, S (Amz 923 613)

sub-leading
Solar, 5
KamLAND  — @ 012, @

CHOOZ, . (Am2 6
MINOS (app.) (Am=,  0y3)




A hint of non-zero 6,5 arises from a slight
tension between solar and KamLAND
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For 6,5=0 For 6,;>0
Solar and KamLAND : Solar data prefer higher 6,,
prefer different values of 6,, | KamLAND prefers lower 6,,



Impact of the new reactor fluxes on 6,5

Solar and KamLAND constraints (%,, = 0)
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KamLAND prefers larger values of 6,; with the new (higher)
v fluxes as a bigger rate suppression is needed in this case



Origin of the different correlations

3., oy Am? — oc
Pee = 513 + ClSP ohe-mass-scale
approximation

For small values of 6,; we have:

High-E solar —s P.. =~ (1 =25%;)(+ s3)

KamLAND —> P~ (1-2s73)(1 =4s],c54sin® ¢)
(~vacuum)
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oscillation phase

Different relative sign for (6,,, 6,3) in P,



Perturbing the
3-flavor scheme
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The 3+1 Scheme

|US4| ~ 1
The 4th v state induces

a small perturbation of v, N —
the 3-flavor framework

Am,few>1¢av2
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* Solar sector alone cannot distinguish the 3+1 scheme from a scheme
where also Ug; is big (but this disfavored by the atmospheric sector)

* Hierarchy: reciprocal ordering of (v;,v,) & respect to (v,,v,) unknown
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The reactor anomaly and the Gallium calibration problem

In a 2v framework:
Am L

—nhew

1 ] AE
} | sin? 20,60 ~ 0.17 £ 0.1 (95%)

10°
Distance to Reactor (m)

Mention et al. arXiv:1101:2755 [hep-ex]
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P.. ~1—sin%20,,, sin

In a 3+1 scheme:

GALLEX Crl Am2 L
g T P.=1—-4 U2 U?, sin® Ik
g “ Z o AE
= oo | >k
g‘ N | } [ A/rn’sol < ATn’atrn < ATn’new
in? Opew ~ Uz, = sin” 6
SAGE coll., PRC 73 (2006) 045805 SIN” Opey = UZy = SIn” 014

The 3+1 scheme has several consequences: solar, atm, react., accel.

We will focus on the implications for Solar (S) & KamLAND (K)
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KamLAND in a 3+1 scheme

Am?, L
Pe€:1—4ZU2UkSID 42& 0.1
J>k = KamLAND only
‘TMS 005 1o and 20
ATn’sol < ATn’mﬂn < Ar'nnew @
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Aszm ] S |
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Amnew :&i 0.05
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_ 2 2\2 p2v 4 4
P€€ - (1 o Ue3 o Ue4) Pee + UeS + Ue4 0 . "
0.2 0.3 0.4 0 0.05 0.1
Uz = 14513 U2, = siy Sin‘drs Sin‘dus

Exact degeneracy between U, ; and U_4
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Solar v conversion in a 3+1 scheme

Work in preparation

Ve Ve
d
AR H=UKU" +V(z)
Vg Vs
1 m? wavenumbers
K= ﬁdlag(kh by, ks, ka) ki = OF in vacuum
Useful to write the y - p.. s R.. R S=Ry,R,, R
mixing matrix as*: 23 13 e 34 Tes e
014=0,4=054,=0 --> S =TI --> 3-flavor case
V = diag(Voe, 0, 0, =Vie) MSW potential

1
Voec =V2Gr Ne Ve = §ﬂGF N,

* We assume U to be real but in general it can be complex due to CP phases



Change of basis: V' = (Raos SRi3)! v =A"v = RyU?

In the new basis: H = AT"HA = R;3KRl, + RI,STV SR, 5

|
At zero'™ order in: / l
/ 2V :
V V H ~ - ___ = ——— -
and — - [ k

katm knew 1 v3
|
|

The 3¢ and 4™ state evolve independently from the 15 and 2

The dynamics reduces to that of a 2x2 system

See also C. Giunti and Y.F. Li, PRD 80 113007 (2009)



Diagonalization of the Hamiltonian

The 2x2 Hamiltonian RT H’ R g ],% ]2
is diagonalized by a — dia
1-2 rotation 12542y 412 g( L 2)

which defines the solar n
mixing angle in matter 012 (x )

~

wavenumbers in matter kz

The starting Hamiltonian (7' — A RIZ

is then diagonalized by ~ ~ ~ o~
U'HU = diag(ki1, k2, k3, ks)

For v; and v, (averaged) vacuum-like propagation
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The 2x2 Hamiltonian:  H, = Hkin + H, 9

ki [ ¢ S\ [katf2 0\ [en —sp m2 — m?
H?I/ - ksol =
—$19 €19 0 ket/2 ) \s12 2F

1dyn et : Vne(z)
v ) -t

) ) ) 5 O = C24C34C13514 — 534513
{a s B = s24¢34

v =1-(UZ%+UZ) Y = €13C14

All the dynamical effects induced by the 4™ (and 3"9) state are
2nd order in the s;;: small deviations from the standard MSW.

But important new kinematical effects are present ..
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For adiabatic propagation (valid for small deviations around the LMA)
P, ZU2U2 202 +ULUZ +U% + U

ZU2U2 UL U2 + ULUZ + ULUZ% + UL U,

S17 €l

Expressions for U,;'s Expressions for Ug's
(always valid) valid for 06,,= 65, = O
Ugy = clyciscts Q2 9 Uy = sisciscts ~ g2
Uz, = clsclzsia LT Uzs = 51413512 -

U = 0143%3 ~ 874 UZs = 514513 ~ 0
Ues = 814 Usy = clacts ~ 1 — si,

The elements of U are obtained replacing 6,, with 612
calculated in the production point (near the sun center)



Two simple

(2v) (@] (@] _

(3r) 0.04 O ----

(@] 5 10 15
Voy = Vs, = O 5 .
Shs Sha E
(2v) © fe) -
(4r) O 0.04 ----

limit cases

613 # O 614 - 0 (3V)

U 4
Pee = 013P + 813
V—)ch3

Pes =0

813 =0 614 # 0 (4V)

2v 4
Pee = 014P + S14
V= Vcil
2v 2
Pes — 814P + S14
V— Vc%4
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(013.9:,) vs (0,4,0,,) constraints (new reactor fluxes)

Solar and KamLAND constraints((%,, = 0)
0.1 :

S+K
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Solar and KamLAND constraints{ (%,5 = O)
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Work in preparation

Best fit (0.04) equal to that obtained from reactor+6Ga

0.4 0.

0.3

sin®Y,,

0.4

CC ~ (I)B Pee
NC ~ (I)B (l-PeS)
ES ~ @, (P,.+ 0.15 P, )

Solar v sensitive to Pes
CC/NC (SNO) & ES (sK)

Different correlations

Two similar indications at
1.80 (1.30with old fluxes)

We expect a degeneracy
among 0,3 and 0,,
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(645.0,4) constraints (new reactor fluxes)

0.1

Solar + KamLAND

0.08 | ™

0.06

- 2
SIN“ Wy,

0.04

0.02

Work in preparation

0.08

0.1

Complete degeneracy
0,5-0;4 indistinguishable

Solar sector essen’riallg
. 2
sensitive to ~ U_3 + U_,

Hint for v, mixing with
states other than (v,,v,)

Different probes are
necessary to determine
if v, mixes with v; or v,
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Impact of the indication for U, >0 from reactor+Ga anomalies

Solar + KamLAND

+ indep. 1%,, determination
O"]"‘I“‘\‘J‘\‘J‘I"‘

0.08

0.06 | "

v 2
SIN“Yy,

0.04

0.02 -
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0 0.02 0.04 0.06 0.08 0.1

.2
SN, 5

Work in preparation

The S+K hint is in agreement
with reactor+6a indication:
it makes sense a combination

The SBL+Ga anomaly lifts

the degeneracy in favor of
0,4 at the “"expense” of 0,;

Global indication for
0:4>0 at ~ 3.40
Assuming 0,53 = O

0,4>0 at almost 40
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Conclusions

- The solar sector (solar + KamLAND) data fit within the standard 3v
framework and show a weak indication for non-zero 6,;.

- The statistical significance of the indication is sensitive to the
reactor fluxes and is enhanced with the new calculations.

- The reactor anomaly and Gallium calibration problem suggest the
existence of a 4™ v, which must be incorporated in a 3+1 scheme.

- The solar sector is sensitive to the perturbations induced by the 4™ v
basically through kinematical effects. New genuine 4v dynamical
(matter) effects are present in principle but negligible in practice.

- The solar hint of U_;>0 can be exchanged by one of U,,>0. The reactor
and Ga anomalies favor 6,, over 8,;. Important info on U,; should come
from D-CHOOZ-like exp. by rate and spectrum (difficult) and from T2K.
Smoking gun for 6., is the oscillation pattern at future VSBL.

- In the mean while important to study the consequences of the 3+1
scheme in the remaining phenomenology (Atm, LSND, MINOS, etc).
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BACK UP
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Non-standard interactions:
an other potential source of confusion?

Breaking the NSI-0,; degeneracy
with the solar neutrino spectrum
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Coherent forward scattering
in the presence of NSI : a pictorial view

NC cc NC
Yoy Ve Ves >’ Vg >F
z 4 w + (:)
> > > > | ? _f)
f f e e
— A . J
—~ ~"
Standard interaction terms NSI term(s)
NSI described _ e
by an effective ONSI ~ U, Vﬁff &) =Cof
four-fermions . = (e.u,d)

operator
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Coherent forward scattering
in the presence of NSI : math. view

d Ve Ve
Evolution in the flavor basis: i — ( vy ) = H ( v )

dx

H contains three terms: H = Hy.,, + HSt + gl

dyn dyn
—0k/2 0 0 B
Kinematics Hyin = U o/ +0k/2 0 |Ut ok = 0m?/2E
0 0 k/2 k=m?/2FE

Standard

MSW H3y, = diag(V, 0, 0) V(z) =v2GrN,()
dynamics
Non-standard N

dynanﬁcs (]den)aﬁ ::\/5(;P1ﬁ[fcx)€aﬂ
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Reduction to an effective two flavor dynamics

One mass scale approximation: Am? — o0

P = 013Peﬁ =+ 84113 survival probability
. d Ve eff Ve . .
P — =H effective evolution
dr \ Va U,
HY = V(x) +V2G Ny(x) , d-quark
0 O £ €
For8,5=0:
. €,; ~ O (strong bounds from
& T Tfenl23 T Cersas atmospheric v)
e’ = —2¢,,523C23

2
Parameter space: 0m~, 012, €]
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Impact of NSI for 6,5 = O

o o)
T \

6m? (107°eV?)

L | L L L

1,2 sigma |

0.3

- 2
sin“1Y,,

0.4

0.5

A.P.and J.W.F. Valle, PRD 80, 091301 (R) (2009)

arXiv:0909.1535 [hep-ph]

Positive values of ¢,
(negative effective ¢)

shift the LMA towards
bigger values of 6,,

Tension with KamLAND
is alleviated, similarly
to non-zero 0,3

We expect a degeneracy
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If both NSI and 6,5 are allowed (2009)

Solar + KamLAND The goodness of the
] global fit (Sol+Kam)
is ~ identical for the
two limit cases:
I) [6;35 >0 €, =0](3v)

II)[6;; =0 €, > O] (2v + NSI)

Full degeneracy between
0,3 and the NST coupling

. 1, 2 sigma L | Tension between
o— - 0 Sol & Kam is
10" 1077 10 10"
shared among
.
SIN“1 5 0,5 and €

AP.and J.W.F. Valle, PRD 80, 091301 (R) (2009),
arXiv:0909.1535 [hep-ph] 30



Origin of the 0,,-€ degeneracy

Effect of 4, Effect of off—diag NS Their combined effect

0.7 ————

0.7

0.7
Sm?=7.67x 107 eV’

om’=7.67x 107 eV? om’=7.67x 107 eV?

sin'd, €
ol — 03 0 1 wl — 03 0 | wl — 03 0
0.34 0 JE—— 0.31 -0.25 - 0.34 -0.25
0.1 : : 0.1 : 0.1 e =
0 5 10 15 0 5 10 15 0 5 10 15
E (MeV) E (MeV) E (MeV)

At high energies (~10 MeV) where solar data are more sensitive
effect of 6,, is balanced by NSI. But with NSI spectrum flatter...
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..in better agreement with new spectral measurements.
No sign of the upturn of the spectrum !

SNO LETA

= [
2 04 +
S s e [ T T SR ST W
g 0%5 i ¥ | Sl T S S T
5 02 +
2 r
&) _
0.1F
00F
E —— Fit result + total uncert
0.1 F Statistical uncert
E mmmmm Systematic uncert
02 = meema Undistorted spectrum
E LMA prediction
RS P RN B B
4 8 9 10 11
BOREXINO far (V)
—~0.8
S
s 0.8
ot [ P,, for LMA 8
> ® ’Be: Borexino 5
§ 0'7T “B: Borexino, (> 3 MeV) (dp) O 6 B
g o “B: Borexino (> 5 MeV) 195} B
=3 - L} ~ -
3 06— - B: SNO (>4 MeV) S
2 e, aa pp: all solar v experiments “(‘U' H _L
o e e T O 4
s [ O 0. T
= 05 3
E
[ - i
@ oaf i
T 0.2
0.3 -
s ‘ 0 -
0.2 -
107 10 S

E, [MeV]

SK-III

—— Solar best fit x?=26.8/20dof

(tan®0, 8m?) =( 0.42, 6.2x107eV ) ]
--------- Solar + KamLAND best fit .
x*=26.8/20dof ]

(tan%0, 5m?) =( 0.4, 7.6x107eV )

II+-—L-I- I +"L-—I~ITI

P

————— SK-IIl average %?=27.1/20dof i

hep flux is set to SSM prediction
| L L L ]

10 15 2
Total electron energy (MeV)
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Testing the spectral distortions

The response functions of SK, SNO, Borexino are centered
around E, = 10 MeV, where they have maximal sensitivity

Assuming a regular behavior for the survival probability we can
parameterize its high energy behavior as a second order polynomial

Pee =C * C (E'EO) +C (E-EO)2
It is then possible to:

1) Extract the coefficients from the combination of all the
experiments sensitive to the high-energy neutrinos.

2) Check where a given theor. model (standard MSW, +NSI, etc.)
"lives” in the space of the coefficients c;'s.
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Polynomial expansion is accurate for both standard and NSI case

0.7

Am? = 7.67 x 107° eVv? 1
0.6 | |

0.5 polynomial approx. n

Pee
0.4 | -
0.3 |- ]
s7, 5
oz2r 0.312 0 oy n
0.327 —0.16 21 4+ NSI
0.1 | |
0 5 10 15
E (MeV)
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Exp. constraints on (c1,c2) and their relation with the theoretical models

Standard MSW + NSI
0'5 T l..l..;.a T |-+-.I.~| T I '..'.,L-= T x-.h.l...w T
- | ~ - I “*
O ..’"." | .. | i .-’" | |
; . s ]
@) ! :
— :'0' “.'N ] ?I ]
<« OF-- - - -
o~ A H |
O ] K i
| . . I .
i .‘s... | - | i "\-_. | . |
_0.5 [ ....l.-l"T"l"l"l..T-.l.’l [ [ .-.T"1“'r"|"J"|'°T..1.1 I
—1 0 1 —1 0 1
c, x 100 c, x 100

A.P. arXiv: 1101.3875 [hep-ph]

NST gains a Ax? ~ 2.0 from better description of the spectrum

35



Numerical analysis (2011) favors NSI at Ay? ~ 3.6 (1.90)

Solar, KamLAND Solar + KamLAND

0.5

DS
I

0.2 0.3

- 2
siNn“Y,,

A.P. arXiv: 1101.3875 [hep-ph]

NSI gains an additional Ax? ~ 1.6 from the better agreement
among the values of 6,, determined by solar and KamLAND

36



3-flavor analysis including spectral info (2011)

0.5““““l\\l\l\\\\l\\\\\

_0'5\.\\I\\.\\.\\.\\.\\I\\.\\\\\\
0 0.01 0.02 0.03 0.04 0.05 0.06

. 2
SIN“Y,5

- The spectral information breaks the degeneracy in favor of NSI

- The hint for NST is robust (1.50) with respect to 3-flavor effects
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