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l. Solar neutrino data and 6,3 2

Chiorine SuperK, SNO

Gallium

The solar neutrino problem

e Nuclear reactions in the core of the Sun produce
electron neutrinos; e
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e during the last 40 years, a number of underground < .»
experiments has measured their flux in different
energy windows;
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e it is found that ALL the experiments observe a .
deficit of about 30 — 60%;

e the deficit is NOT the same for all the experiments,
hence the effect is energy dependent.

1.0 10.0
Neutrino Energy in MeV

Events/SSMgent

e it is not possible to reconcile the data with the : ;
Standard Solar Model (SSM) by simply readjust- | s owe }
ing the parameters of the model; 2 one } sk }

Homestake

e solution: neutrino v, — vagive OScillations;
e Effect well understood = PROBLEM SOLVED. O

Experiment
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l. Solar neutrino data and 6,5 3

_""I""I""I""I"__""I""I""I""_I"__
The 613 — O Iimit: recent data 14 - oIdSNO|+II—_ - w/o Borexino ]
12 —
o Most relevant changes since last year: _ Wl
10 E
— new SNO-leta (low energy thresh- - N3 E
old analysis) replaces separated ~z |
6 — —
SNO-I and SNO-Il data sets = ~ | ]
bounds on ;, enhanced:; 4_ E
2+ —
— inclusion of Borexino results (both _llll:llll:llll:llll:ll__....l....l....l....l..
Be and °B data) = 6, decreases; 14| old Gallium | AGSS09 flux
— new results from SAGE with re-  “f El3 E
duced systematics = negligible ef- 5 °F 1F ]
fects; 2 sf 4F .
oF ]
— new AGSS09 solar model = 6, in- < °F Els B
creases; ‘F 1F .
e Amj, determined by KamLAND = in- B0 oAb

vin . 0.2 0.25 0.3 0.35 04 0.2 0.25 0.3 0.35 0.4
sensitive to details of solar data. sin? 20
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l. Solar neutrino data and 6,5 4

Solar neutrinos: anatomy of the oscillation solution

dV AmSO| — COS 2950| SlIl 2050| \/_ N O . Ve
2G . with v = ;
dt [ 4F, sin 26so;  COS 2050 lo o K Y Va

. 20
low-E (Cl, Ga): P, ~ 1 — 1 sin® 265y,
e Data , o
high-E (SK, SNO): P, = sin” Og; < T
e fit presently dominated by high-E. S 10f
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l. Solar neutrino data and 6,3

Bound on 6,5 from solar data

® v, = v, = no sensitivity to 6»3 and d;
e Amj3, ~ oo = specific value of Am3, irrelevant;
= solar data only depend on Amj3,, 6, and 6;5;
N low-E: P,, ~ cos* 03 (1 — 1sin® 2012),
e probability: )
hlgh-E P, =~ COS4 013 sin” 0y5;
e as f; increases, cos* 6,5 decreases and:
— low-E data favor smaller 0;,;

— high-E data favor larger 6, and Ams3,.
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l. Solar neutrino data and 6,5 6

Bound on 6,3 from KamLAND data ol
e Only P,, measured = no sensitivity to 6,3 and d;; i 3 @
o Am31 ~ oo = gpecific Am , value irrelevant; ) 3 | SW0,=000
o fre— 1111 1111
= KamLAND data only depend on Ams,, 61> and 6;3; b |
m2 3
e probability: P,, ~ cos* ;3 (1 — sin® 26y, sin? A4EL), 9 10f @
NE&‘ Si
° Am21 is determined by (L) and by the energy spectrum, hence it - se,=00 ]
does not change with 0;5; 28;‘ ARLARASE RS
e as 0;; increases, data favor smaller 6, 3F E
S 10 —
e for large 6,5 oscillation signal is suppressed = fit gets worse. s E
B C sin"6,,, = 0.08
Synergy with solar data B
e As 05 increases, solar region moves to larger Am21, while Kam- < v Q E
LAND region does not; anp E
§ 50 =
e also, for large 6,5 KamLAND adds to low-E solar data in favoring Flooscy e, =012 3
small 6,,, increasing the tension with high-E solar data. oL N 0 0e
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l. Solar neutrino data and 6,3 7

Hint for non-zero 6,5 in solar and KamLAND data

0.30 from solar data; [Fogli et al, arXiv:0806.2649]
0.36 from KamLAND data; [Schwetz et al, arXiv:0808.2016]

e hence there is a tension between solar and KamLAND:;

e Ford,; = 0, we have sin’ 9, = {

e as we have just seen, when 65 increases:
— solar region slightly moves to larger 6,, (high-E data dominate over low-E ones);

— KamLAND region definitely shifts to smaller ¢,,;

0-15 T 1T I L I L I T T 15 L
2 -5 2
Bm, =7.58 x 10~ eV

e therefore, a non-zero value of 6,5 re-
duces the tension between solar and
KamLAND data;

0.1 10

.2
sin 913

e new SNO-Ill data favor smaller )
dcc/dne = smaller 61, from solar =
tension with KamLAND is increased
= larger 6,5 favored.
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Il. Oscillation parameters and the SSM 8
- - Flux | @ [cm™s™']
Reconstructing the neutrino fluxes oo | 597 x 107
o Strategy: perform a solar model independent analysis of both so- | 'Be | 507 IOZ
lar and terrestrial neutrino data in the framework of 3v mixing; ﬂel\? ;g; i 188
e aim: to determine both the flavor parameters and all the solar | "0 | 2.15x 108
neutrino fluxes with a minimum set of theoretical priors; YF ] 5.82x10°
B 5.94 x 10°
e 11 parameters: 0, 613, Am?, and 8 reduced fluxes f; = ®;/D'"; hep | 7.90x 10°
e imposed physical conditions:
— fluxes must be positive: D, >0

— the number of nuclear reactions terminating the pp-chain should not exceed the num-
ber of nuclear reactions which initiate it: Drge + Dsg < Dy + Dpgp

— the “N(p, y)!°O reaction must be the slowest process in the main branch of the CNO-

cycle: Disg < Disy
— the CNO-Il branch must be subdominant: D1 < Pisg
— pep & pp have the same nuclear matrix element: foep/ fop = 1.008 + 0.010
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Il. Oscillation parameters and the SSM 9

Results with the luminosity constraint

o Best-fit fluxes:
Jop = 0.990*0065 [0 0301 »
fige = 1.00%0 00 [031],
foep = 0.998 + 0.014 [+0.04]
fin =270 153581,
fiso=18+0.9["%3],
fire < 32[72],
fig = 0.85 £ 0.03 [£0.08],

_ +1.3 +3.8
fhep = 1-771.4 [71.7 >

e oscillation parameters:
Am3, = 7.6 +0.2[+0.5] x 107 eV?,
sin? 01, = 0.33 + 0.02 [+0.05],
sin” 63 = 0.02 + 0.012 [*093],

e solar luminosity:
Lpp—chain
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Il. Oscillation parameters and the SSM 10

o Best-fit fluxes:

fop = 098701 (70401, | :

fiee = 101750 [533]. B
Joep = 0-98f8j}§ [fg%], ';

fin = 2753 11331, TN

fire < 34791, B e S e SR Saans A
fig = 0.85 = 0.03 [£0.08], : O ] ]
Joep = LT3 15371, ésb Ea ‘ T

e solar luminosity:

Lpp-chain
©
Leno

©

e from which we derive:
Lo (neutrino-inferred)

Results without the luminosity constraint

= 098013 [£0.40],

— +0.005 +0.013
- 0'015—0.007 |:—0.014:I ’

With Borexino o2

Lo

=1.00 £ 0.14 [7034] . e

. f,
““““““““““ Before Borexino g
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Il. Oscillation parameters and the SSM 11
The Borexino experiment s [\ —— Boredno-ie [

3 E F <. Borexino—LE E

e Borexino has provided a unique measurement of solar o TR -
neutrinos at low energy [arXiv:0805.3843]; L E

e however, the official analysis only focuses on the extrac- s - ]
tion of 'Be, and treats CNO neutrinos as “background”; tE ]

e this is inconsistent with our approach, which aims at a o': 7“‘ HH*
joint determination of all the fluxes on the same footing; sRemesem TIEm MR L

e hence, we have performed our own analysis of
the Borexino spectrum;
e backgrounds:
— “C is removed by a cut T, > 365 keV;
— 2381, 2Pp are assumed to be known;
— BKr, 2198, ''C, '9C are left free and fitted;

Events/(10 KeV x day x 100 tons)

AN ST AV N S

e our fit is in excellent agreement with the results il

400

of the Borexino collaboration.

600 800 1000 1200 1400 1600 1800 2000
T, (MeV)
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Il. Oscillation parameters and the SSM 12
The role and potential of Borexino 0 O WITLC , SW/O»J.LF
e Three types of fit: I D N
— solid: present, full-spectrum; b oss 1 1os ° o507 1 ias s
— dash-dotted: present, "Be line only; 9 jf
— dotted: future (no ''C, stat x 2, sys/3); - 2-
e use of spectral info irrelevant for "Be; o
e CNO improves = Borexino can see them, even with :LSD 2
unknown 2!9Bi background; ' 7N
e CNO also important for Chlorine and Gallium: | oserm s
— Gallium mainly sensitive to '*N (lower E,); Ezz R W“f};;; :z ) Wf;;"‘é
— Chlorine mainly sensitive to >O (higher E,); °;J‘ L °;" ]
e Gallium excess = 3N always larger than 1; . 10:} ‘5 N | TP “‘15
e Chlorine deficit = 3O senses tension with Borexino; & .. + fisol s A ﬂﬁf
e future data will improve fluxes, but not dramatically. 002»4 L ol
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Il. Oscillation parameters and the SSM 13

Impact of the SSM on the oscillation parameters

e Imposing the luminosity constraint has no effect on the oscillation parameters;
o Am%l completely dominated by KamLAND = insensitive to the SSM'’s details;

e conversely, the preferred range of 6,, and 6,53 depends on the SSM.

40 T 1T ‘ T 1T ‘ T 1T ‘ T 1T 25 TTTT ‘ T TT ‘ FTTT ‘ FTTT ‘ FTTT 40 11 ‘ 11 ‘ T T ‘ T T
i i 1 [ —LC ]
B 4 4 — no-LC N
30 L ] 20 . 30 — no-LC +GS _|
i ] ] — no-LC + AGS
[ - 15 ; -
Q [ 1 ] —
220+ — 1 20 —
o + - ] _
L | 10 i |
10 |- . 110 .
B 1 ° = §
L1 | L1 11 ‘ L1 ‘ Ll | ‘ [ ‘ ‘ L1l L1 1 ‘ L 1| ‘ | Ll |

0 0 0
6.5 7 7.5 8 85 0.2 025 0.3 035 04 045 O 0.02 0.04 0.06 0.08
Ami1 [10'5 eV2] sinze12 sin2613
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lll. Other hints of non-zero 6,3 14

Atmospheric neutrinos

e Atmospheric neutrinos are produced by the interaction of cosmic rays (p, He, ...) with
the Earth’s atmosphere:

1 Acr+Aair_)7ri’Ki’KO"" ps He

=+ =+
2\ >t +v,,

3| uE = et +ve vy,

N

+

—

A,

G H
. .at the detector, some v i ; Ny+ N\Tu
interacts and produces a ASON H_ = ~2
charged lepton, which is ob- le NV;FNVE

4 -
,) o N i)
Q e .
. o 4 .
o
’ 4 g g
K 0 y
.
o .
. * »
0 K .
5 K B
5 A .
5 " 5

e v, and v, fluxes have large (~
20%) uncertainties;

e however, the v, /v, ratio is predicted with quite good accuracy (= 5%).
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lll. Other hints of non-zero 63

15

EV

Atmospheric neutrino oscillations

Data (dots) vs. Monte-Carlo (red dashed line):
— small excess in sub-GeV v,;

— no problem in multi-GeV v,;

— zenith-dependent deficit in all v, samples;

— grows with L;

deficit in v,:
"1 — decreases with E,;

deficit cannot be explained by flux uncertainties;

solution: v, — v, oscillations (green solid line).
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lll. Other hints of non-zero 6,3 16
- SK-I SK-I (fake)

0,3 from atmospherlc SK-| data LagTTTTT o - #\ RIS T RRRE

1.3 — cos3sing,, = 0.2 1 =
g E 13
e Hint of non-zero 6,3 in atm SK-I (+ LBL) data; <2 % = + - =
, , . < 1aF SR 10
[Fogli et al, hep-ph/0506083 & arXiv:0806.2649]; = RS \ E \ %
e characteristics affected by 6, = inclusion of oo + 4E - 3®

subleading Am3, effects important; 0.8 g ‘(‘)‘ B R T ‘g‘ B

. ] ] ] cos © cos ©

e hint triggered by a peculiar signature of e RN Ve 12 N BARRRRERY /A
. . . C ] D
multi-GeV e-like events in SK-I data; 15 1E 15
o details of the simulation very important. ° 1F 1o
“‘>5 r 1F 15
SK+K2K+CHOOZ (Am?,d,; free) <q05E Ela EPS
80\\\\ r 1F 1<

781 4 B O’\ clv e b L T E [ B 1]

3 2 \_‘\Oldrat 1T ‘ T :\ T T T ‘ T 1T T E

76 = — new raizsogdxx C ]

: o PO\ pevaes pone 2 E
XZ 747— E % ) 90 ; Em_%)m
72 - Nj( ; ; ; ?_II
E 05 J —H o

b ] - | E

cosd = —1 cc‘)sd——i—‘1 O: ‘ ‘ ‘ : : ‘ ‘ | :

_01‘3””_02 \\\_01 HH\OHHH 01\\\\\02 \\\HéAz 1 \_Ol\ L1 |- \Oll\ 1 1 \_Ol\ L | \O\ L | \o.l\ 1
cosf sint;s cosd sing,, cosd sing,,
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lll. Other hints of non-zero 63 17
- 14 SK-I + SK-II SK-1 + SK-II + SK-11I
6, after atmospheric SK-IIl data AT T T T T T T
13 I F — cosdsing, =-0.2 —
. . . . E El= 33
e Peculiar signature of multi-GeV e-like SK-1 <012 + + Ela EE
. —-~ 1F 1 E 10
data not present in SK(I+l1) data; > 11; f: + + g
= Gl 1
e however, a weak excess reappear after the 0.9 S 1
inCluSiOn Of SK_III data; 0.8_;-\ | \_\O‘E\) 1| \(‘)\ 1| \0‘5\ 11 \71_1\ | \_\0‘5\ 1| \(‘)\ 1| \0‘5\ 1| \71
. ’ ] cos © cos ©
o SK analyS|S for Am31 = 0 Conﬂrms 913 = 0’ 2 :\ LI I R \: F L L L B RN IR ]
N 1E 1Be
e preliminary results from a full 3v fit suggest ' =l L
. g 1F Jn
weak deviations may be present for |H. ¢ o1E JF Jo
~E 1F 15
20 T T T 480 é 0.5 ; { ; { oc'n
[arXiv:1002.3471]3 [Kajita 10] : l: 12
b 3 0 )
°F An’;%l =01 a8 full |nary) 2’\ v b b3 er s b b Ly g
L A J T ‘ T T ‘ T 1T ‘ L A ‘ T T ‘ T 1T ‘ ]
' _ 7 ndte: wio,CHOOZ : | :
- 15— 1F =
3 = 474 | N[ L ]
%% smaller for Q C 1r 3
99% 1 o inverted hierarchy Z 1 a4 —gn
v (and for non-zero g F 1F BT
; 0,5) J o5k 1F 4o
9°%_ 470 (not significant) . JE ]
T ‘0'3' - '0'4'6'8'/0'05 0 0.05 011 0.I15 0:2 0.I25 0:3 0.I35 0.4 of ol v b b e 0
’ ’ ’ -0.1 0.1 -0.1 0.1
sine, sin’e,, cosd sind, cosd sind,
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lll. Other hints of non-zero 6,3 18

v. appearance at the Minos experiment

e v,'s are produced at accelerator through = decay, with mean energy ~ 3 GeV;
e flux measured at 735 km = deficit of v,’s observed = atm v, — v, conversion confirmed;

3.1 x 10%° pot: 35 observed, 27.0 + 5.2 + 2.0 expected = 1.50 excess;
e v, appearance:
7.0 x 10%° pot: 54 observed, 49.1 + 7.0 + 2.7 expected = 0.70 excess.
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Summary

19

e Solar neutrino data alone can im-
pose an upper bound on 6;3;

e in combination with KamLAND this
bound becomes stronger;

e a small non-zero 6,3 improves
the agreement between solar and
KamLAND data;

e these results are qualitatively ro-
bust with respect to the details of
the SSM (GS, AGSS, free);

e weak preference for non-zero 6,3 in
atmospheric data still to be properly
quantified;

e hint of non-zero 6,3 in Minos v, ap-
pearance sample strongly reduced
by the new data.

and Bore:
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[Gonzalez-Garcia, MM & Salvado, JHEP 04 (2010) 056]
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