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What I'm going to talk about

Preface:
> "“...review the most relevant results from neutrino phyisics
experiments..." since FPCP2009.

» From A. de Gouvéa's FPCP2009 talk: “...a summary talk ... to a
group of people more interested in quarks than neutrinos.”
Outline:
Quarks vs Neutrinos 1310000 results
Terrestrial Neutrinos

neutrino

Solar Neutrinos 336000 results

Extraterrestrial Neutrinos

Artificial Neutrinos o
Clobal fit R — ,

Disclosure: |1 am a collaborator on MINOS, Daya Bay and LBNE.
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Quarks vs Neutrinos

Parallels of quarks and neutrinos
3 generations
i >=32; Vil >
Cabibbo-Kobayashi-Masakawa  Vj;  Pontecorvo-Maki-Nakagawa-Sakata

13° 61 34°
2.3° O3 43°
0.2° 613 < 12° (90% CL)

64.5° § [0,360]°

3x107™° J <3500x107°

CKMfitter (Oct09) ref. arXiv:1001.4524
Magnitude of CPV oc Jarlskog invariant 1 J = Im(V;; Vi Vi )

c12€13 512€13 size”’
_ is i
Vii=| —si2c3 — cios3513€"°  C1a0o3 — S12523513¢€ $23€13
is i
512523 — C12C23513€’ —C12523 — S12C23513€"° C23C13
where ¢;; = costj;, sy =sinfj; for i < j=1,2,3.

!Jarlskog, PRL55(1985)1039
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http://ckmfitter.in2p3.fr/
http://arxiv.org/abs/1001.4524
http://prl.aps.org/abstract/PRL/v55/i10/p1039_1

Quarks vs Neutrinos

What we know about neutrino oscillations

1 0 O c3 O 513€_i6 c12 s120 ela/2 0 0
V,'j: 0 C23 523 0 ) 1 0 —S12 C120 0 e’a2/2 0
0 —S523 (23 —513(9’(S 0 C13 0 01 0 0 1
0r3 = 45° 013 < 12° 012> ~ 35°  Neutrinoless
Atmospheric v Short-baseline Reactor v Solar v double
Accelerator v Future accelerator v Long-baseline Re- beta decay
actor v
L — (0, (un,)” — —
(amd),, _
p— Am3; =7.6 x 1075 eV? (solar)
om |Am2;| = 2.4 x 1073 eV? (atmospheric)
(Amd),,,
f L v, disappearance in 2-v approximation:
P(v, — v,) = 1—sin?20sin?(1.27Am?L/E)
— — ()
o’ : 2 — 42 2 2
JAI )S;(ml)z (ny)’m — L(km)’ E(Gev)' AmU = mI - m_] (ev )
normal hierarchy inverted hierarchy
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Quarks vs Neutrinos
Topics and recent neutrino results not discussed

» Neutrinoless Double Beta Decay

» Neutrino mass measurement in 3H decay

» Super-Kamiokande: Search for astrophysical v point sources.
Astrophys.J. 704 (2009) 503.

MiniBooNE: Measurement of v, CC quasielastic double differential
cross section. arXiv:1002.2680

MiniBooNE: Measurement of v, and ©,, NC single 70 production cross
section on mineral oil at £, ~ O(1 GeV). PRD81 (2010) 013005.
MINOS: v, and 7, inclusive CC cross-sections. arXiv:0910.2201
MINOS: Search for sterile neutrino mixing. arXiv:1001.0336
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http://stacks.iop.org/0004-637X/704/503
http://arxiv.org/abs/1002.2680
http://prd.aps.org/abstract/PRD/v81/i1/e013005
http://arxiv.org/abs/0910.2201
http://arxiv.org/abs/1001.0336

Terrestrial Neutrinos

Borexino: Observation of geo-neutrinos arxiv:1003.0284

» Located in LNGS, 3800
m.w.e. overburden

Borexino Detector » 278 tons target of
Ext | water tank tainless Steel Sphere . . . H
xhernalwatertank — Nylon Outer Vessel hlgh'purlty |IQUId
Rope Nylon Inner Vessel scinti||at0r (85m d|am
Fiducial volume

inner vessel)

» 890 tons buffer (11.5m
outer vessel, 13.7m SS

Internal
PMTs

\
I Scintillator |/
\ e

Steel plates
for extra \ sheII)
shielding
> Target viewed by 2212
8" PMTs

» Water-filled external
tank, viewed by 208 8"
PMTs

» Exposure: 253 ton-year
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http://arxiv.org/abs/1003.0284

Terrestrial Neutrinos

Borexino: Detection of geo-neutrinos

» Geo-neutrinos are 7, produced by (3 decays of “°K and nuclides in the
2381J and 232Th chains.

» Provide a direct measure of abundance and distribution of radioactive
elements in the Earth, and would permit an assessment of the
radiogenic contribution of the Earth's heat balance.

> 7, are detected via inverse beta decay 7.p — e n.

» Prompt e’ energy E.is ~ E, — 0.78 MeV
> Delayed np — dv (E, = 2.22 MeV, 7 ~ 256 ps)

Expected prompt spectrum (without energy
asolution)

—

Dashed Geo-7, & reactor 7, (no osc.)

Thick Geo-7e & reactor U, (with
CT T osc.)

Events/20keV/100ton-year

o~ Red Geo-7, only

H L % TR 7 3 3
Energy of prompt positron event [MeV]
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Terrestrial Neutrinos

Borexino:

Geo-neutrino results

. Bor exi no data

best-fit

reactors V,

=
\\\\\\

- backgr ound

Events/240p.e./252.6ton-year
IS

|

! Ll I g
1000 1500 2000 2500 3000
Light yield of prompt positron event [p.e.]

Nyeo = 9.9141

contribution from geo-V,

35

Bkg evts
Source (100 ton - yr)~!
9Li-®He 0.03+0.02
Fast n's (WT pus) <0.01
Fast n's (Rock us) <0.04
Untagged muons 0.011+£0.001
Accid. coinc. 0.080+0.001
Time corr. bkgd <0.026
(y.,n) <0.003
Fission in PMTs 0.0030+0.0003
5 (a,n) in scintillator ~ 0.02140.002
(a,n) in the buffer <0.061
Total 0.15+0.02

2 (Ngeo > 0 at 99.997% CL) and Nyeac = 10. 7+34 events

Consistent with Maximal Radiogenic Earth model: All terrestrial heat
produced exclusively by radiogenic elements.
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Solar Neutrinos

Neutrinos from the Sun

) Chlorine
I i SNO LETA
1012 —_—> Gallll;lm —I&&IK‘_
Borexino
1on :/g 1% Bahcall-Serenelli 2005 E
%
100 £ Neutrino Spectrum (+1o) +
10° L E
- 108 4
w 3
Y o107k E
g
(9]
~ 108 | 4
»
3 b
@ 10°%F E
104 / 4
108 F E
02| 3
1
10 01

Neutrino Energy in MeV
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Solar Neutrinos

Borexino 8B flux measurement (arxiv:0808.2868v3)

v

Solar neutrinos are detected by ve™ — ve™ elastic scattering (ES) in
Borexino's liquid scintillator. opg(vee) = 6.30gs(Vy,r€).

A 3 MeV threshold limits background from radioactivity.

Background is dominated by cosmogenic production of unstable
isotopes from 12C. (~4300 muons/day deposit energy in Borexino
inner detector)

Short-lived isotopes are suppressed by a > 6.5s veto after a muon.
Longer-lived isotopes (1°C, '1Be) are suppressed and subtracted.
From 345.5 live days with a 100t fiducial mass, 75 & 13 ®B solar v
candidates remain (Solar models: 86 + 10 or 73 +7)

vy

vyy
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http://arxiv.org/abs/0808.2868

Solar Neutrinos

Sudbury Neutrino Observatory  arxiv:0910.2984

> Located in Creighton Mine,CA,
5890 m.w.e. overburden

» 1000 t D>O in 12m diam., 5cm
thick acrylic vessel

» 9456 20 cm PMTs mounted on 18m
diameter steel frame in 8400 t H,O

» Extensive calibration system

» Solar neutrino detection ?
CCrve+d—p+p+e”
ES vo+e — v, +e”
NC vy +d—p+n+uv,

» Phase I: "D20" (resolved solar v
problem)

» Phase II: “Salt phase”, +2t NaCl

H.H.Chen, PRL55 (1985) 1534
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http://arxiv.org/abs/0910.2984
http://prl.aps.org/abstract/PRL/v55/i14/p1534_1

David E. Jaffe (BNL)

Solar Neutrinos

SNO: Low-Energy-Threshold Analysis(LETA)
o Previous threshold ~5 MeV, LETA 3.5 MeV

CC

ES

NC
NC
Teﬁ'
R3
cos O

B4

Vet+d—p+p+e

Ux +€e — Uyt e

vy +d — p+ n+vj Phase | (nd)
vy +d — p+ n+ v, Phase Il (nCl)

= effective electron kinetic energy

= (Rst/Rav)®

= direction wrt v from Sun

= ‘isotropy’ (small 14 = high isotropy)

LETA improvements:

1.

2.
3.

A more sophisticated energy
reconstruction narrowed the resolution
by ~6%, reducing the low-energy
backgrounds by ~60%.

Better background rejection cuts
Better data quality cuts
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Solar Neutrinos

Results of SNO LETA (1)

~ F
p;n 8.0 F —*— Previous SNO results + total uncert
g F Systematic uncertainties
o TS —e— LETA results + total uncert
[=] - . o
= E LETA systematic uncertainties
w 70
= ¢
= o5k
6.0
“E 4’_—+—‘_+_
50 +
45 I | ! |
Previous Previous Previous LETA I LETA I
Phase [ Phase IT Phase IIT

Total 8B neutrino flux LETA results using the NC ( vxd — pnuvy )reaction
compared to previous results.

Assuming unitarity, the NC, CC and ES measurements can be combined to
yield the most precise measurement of the solar 8B neutrino flux:

®(°B) = (5.0467 5183 (stat) 75193 (syst)) x 10°/em?/s
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Solar Neutrinos

Results of SNO LETA (2)

x107

@0_3—»\7\\‘1\\\\\\|||\\\‘\\\\‘H\\‘\\\\‘l\\\‘r B (N o o L B B I
Z [ (b) Global % Solar ] € r \ Global * Solar b
ws© 6830% CL  —— 6830%CL | @ L 68.30% CL  —— 6830% CL |
£ oas 11 95.00% CL 9500% CL | r 95.00%CL  —— 95.009% CL |
r / 973% CL.  —— 99.73% CL | 02~ 99.73% CL  —— 99.73% CL |
[ + KamLAND | [ + KamLAND ]
021~ / ----- 6830% CL. | oA T T 6830%CL
L/ N e 9500%CL o 0.15— N
. { \ Bl r b
[ - - 99T3% CL t j

\ \
015~ N - [ ]
[ ] 0.1~ -
0.1— — r 7
r 5 0.05{— Vol E
0.05~ - [ LY ]
. \ \\»7 - / | = ." \ =
r - — 1 [ NN 1
IS IV SIS IS W B W | ceva Lo N b

0.1 0.5 0.1 02 03 08 0.
tan®0 tan’g,,

Results of 3v fit to solar + KamLAND data. (Solar: SNO, Cl, SAGE,
Gallex/GNO, Borexino, SK)

010 = 340675387 Am3; = (7.597320) x 1075 eV?
sin? 13 = (2.00728) x 1072 or < 0.057 at 95% CL
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Extraterrestrial Neutrinos

Super-Kamiokande:
cylinder with 39m diam., 41m h.
50kt ultra pure water
T Wy b= eVely, 2700 mwe overburden
N(v) = 2N(ve) ~11000 20" PMTs (~40% coverage)
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Extraterrestrial Neutrinos

Particle identification in SuperK

Super-Kamiokande
Run 4234 Event 367257

/ﬁ) Super-Kamiokande

Run 4268 Bvent 7399421

Fe el 1 < 7660 /e

Resid(ne)
S Sam

Cdnt Bl
Electron
300 E e-like wlike
250 !

Times {ns)

Number of events
o

e-like u-like
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Extraterrestrial Neutrinos

Atmos. v osc. analysis with sub-leading effects nivi0003em1)

D,/ DO

-0.5

= S (a) sin®0,,=0.4
L 1.0 T -
S

o4

-0.5

cos@v

(b) sin®0,,=0.5

o4

- (c) 8in®6,,=0.6

-0.5 \\\ 09

Ev (GeV)

Change in v, flux as a function of

neutrino zenith angle and energy

assuming 013 = 0.

David E. Jaffe (BNL)

@507 / $J -1

02 -

cos 0,
S S
o ES
—————

-0.8 |-

E, (GeV)

Change in v, flux as a function of

neutrino zenith angle and energy for 6013

at 90%CL upper limit with

Am3; = 0.0021 eV?, sin? 3 = 0.5,

normal hierarchy.
v results
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http://arxiv.org/abs/1002.3471

Extraterrestrial Neutrinos

Sub-leading effects in atm. v in SuperK: Results

0.081-

0.06

o

o

=
T

=)

N)/(UP+DOWN
o
S

-DOW
<)
R

P
o
o
=

MC:
— sin2623 =0.5 (best)
- 8iN%0,, = 0.4
sin%6,, = 0.6

(UP

o
o
>

I3
o
®

2
10

:LT

3
10

Momentum (MeV/c)

Fit assuming 613 = O:
0.407 < sin? a3 < 0.583
(90%CL).

David E. Jaffe (BNL)

~ Single-ring e-like

-0.2- .
-0.4 e
10° 10°*
Momentum (MeV/c)
sin? 013 Am?
(00%CL)  eV?  sin*f3 5o
NH <0.04 00021 050 468.7/417
<0.09 0.0021 053  468.4/417
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Artificial Neutrinos

MINOS beam and detectors

NearODgetector Far Detector

111.1 m

Fermilab 735 km S:udan
A ~3 GeV v beam (93% vy, 6% 7, 1% ve + e) sent from FNAL to Soudan.
MINOS Near (100m depth) and Far (700m depth) Detectors are alternating
lavers of magnetized steel (2.54cm_ 1.4 Xp) and scintillator strips (4.1cm wide).

-
T T

r '

(S| and?

- IIIII. 4
"

Transverse Position (m)
o
]

=)
T

. Simulated v, A — u= X |2

Ol i e e L L L]
0 05 1 15 2 25 3 35 4
Depth (m)
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Artificial Neutrinos

v, — Ve With matter effect (Freund, hep-ph/0103300)

- 2
A—1)A
P(vy — ve) =~ sin® 2613 sin 2023sm(/g_1)2)
in AAsin(1 — A)A
—8a(JsinA — I cos A)" A(Sinf 3 )
sin® AA

+a? cos® B3 sin® 261,

A2

a=Am3/Am3; ~0.03 A= Am3 L/4E

A=2VE/Am3, ~ (E,/11GeV) for earth’s crust

J = Im(VjiVig Vi Vi) = § sin 6 cos 013 sin 201 sin 2603sin 2013

I = Re(Vjj Vi Vi Vi) = % cos § cos 013 sin 2015 sin 20>3sin 2013

Ve appearance probability depends not only on 613 but also on ¢ and the

sign of Am3; (the mass hierarchy)
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http://arxiv.org/abs/hep-ph/0103300

Artificial Neutrinos

MINQOS v, appearance: Signal and background
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e
>

o
N
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o
>

4
)

=
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1
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14
Y

g
o

NC Background yA — 1/

04 02

0 2 0 4
Depth (m)

06 08 1

> Other background: v, CC with short u track, intrinsic beam ve, v, — v-.

> Use artificial neural network (ANN) with 11 shower shape variables to

» Utilize near detector to obtain a background sample and extrapolate to

discriminate signal and background.

predict the far detector background.
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MINOS v, appearance: Result (7 x 10%° POT,
MINOS PRELIMINARY

Artificial Neutrinos

[ Selected
40+
o | —
g |
g |
W0
| | —=— mINOS FD Data
L Background Prediction
| 2] sestFitsignal
Yo 0.5 1
ANN Selection Variable
Component Events
NC 36
v, CC 6
Beam v, 5
v, CC 2
Total Bkgd 49.1+7.5
Observation 54

David E. Jaffe (BNL)

to be submitted to PRL)
MINOS PRELIMINARY

T T T T T T ]
5 ANN 1
a % -=— MINOS FD Data |
S #2% Best Fit Signal
2 #55 NC 1
g 20 #i v, CC b
= %25 Beam v, CC ]
5 &2y, CC 1
2 10 B
= j
Q 4
> 4
w

2 3 4 5 6 7 8
Reconstructed Energy (GeV)

Feldman-Cousins Contours for ANN

7x10%° POT
—— 90% C.L. AMZ;>0
—— 90% C.L. AMZ,<0
Best Fit Am2,>0
........ Best Fit Am3,<0
= CHOOZ 90% limit
2sin®0,,=1 for CHOOZ

d¢p (M)

MINOS
PRELIMINARY

0 : .
] 0.1 0.2 0.3

2sin?20_,sin%0
18777 738 29 May 2010

] T TP FTTTITOTE ATTTTTT
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Global fit

Global fit

> Global analysis of Gonzalez-Garcia, Maltoni and Salvado
(arXiv:1001.4524). Similar results from other analyses:
arXiv:0905.3546, arXiv:1003.5800

» Uses Borexino, SNO LETA, SuperK and MINOS data shown in this
talk.

» Also includes Chlorine, Gallex/GNO, SAGE radiochemical
experiments, SuperK solar neutrino results and KamLAND.

» Includes uncertainties due to v capture cross-section in gallium and
in the solar model (low- and high-metallicity).
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Global fit

Global fit: Results
Am3, = (7.59738%) x 107°% eV?

) (—2.364+0.37) x 103 ¢
Amy =
(+2.46 +037)x 103 e

= (34.4732)°

923 — (42 8+10 7)0
013 < 12.5°

dcp € [07 360]0

(Uncertainties, limits are at 30)
Different contours correspond to
90%, 95%, 99% and 3o CL.

Full regions: High-metallicity solar
model.
Void regions: Low-metallicity solar
model.

David E. Jaffe (BNL)

I [ W RS SR RTE EETE NENTE N
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.2
sin® 0,

v results
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PN
-60 |-
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sin2613

0 0.01 0.02 0.03 0.04 0.05 0.06
sin® 6,
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Global fit

Vague prognostications

1. 2-3 mixing is nearly maximal. 623 might be 45°.
2. 013 is small. It might be zero.

3. | predict the next two speakers will try to tell us when we will know
3.1 013,
3.2 the mass hierarchy,
3.3 the mass of the neutrino,
3.4 if CP is violated for leptons, and
3.5 if neutrinos are their own anti-particles.

Results on Google :

majorana neutrino
5100 results
dirac neutrino
2920 results

Thanks to Michael Sivertz and Brett Viren for comments on these slides.
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Borexino 'Be flux measurement (PRL 101, 091302 (2008))

— All data after basic selection cuts
— After fiducial cut

— After statistical subtraction of a’'s

,_\
<
T

» Signature of monoenergetic
0.862 MeV "Be neutrino is
Compton-like edge of the recoil

...
°~
T

Counts/(5 pe x day x 100 tons)
-
5

o electrons at 665 keV
w0k » Suppression of radioactive
-3 1 1 1 1 .
i 0 et 0 backgrounds requires outer 2/3

of scintillator to serve as an
— Fits o/ = 1857174 active shield yielding a 78.5t

— "Be: 49%3 cpd/100 tons

1 e Ges mmarion o fiducial mass.
— 1¢: 25%1 cpd/100 tons
: e e » « background from 219Po at

~400 keV statistically
subtracted using pulse-shape
discrimination

Counts/(10 keV x day x 100 tons)

sl 1 1 1 1 1 1
200 400 600 800 1000 1200 1400 1600 1800 2000
Energy [keV]
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http://prl.aps.org/abstract/PRL/v101/i9/e091302

Resolving the sign of Am3; with solar neutrinos

8 081

o L P, for LMA

> n ®  Be: Borexino

8 07 e  °B:Borexino, (>3 MeV)

Z C ®B: Borexino (> 5 MeV)

5 o6 ®  °B:SNO (>4 MeV)

© g N

K- s T L] pp: all solar v experiments

£ r

® 05—

2 C

2 C

3 -

@ 04—
0.3 s
02l il e —

10 1 10 E, [MeV]

B _ Am3; [ —cos20 sin20 V(r) 0
H = Huae + Hanatver (r) = 4E sin 20 cos29] [ 0 0

V(0) = 0.75 x 107 eV2/MeV  Am3, = 7.6 x 107° eV?
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o Negative Z hemisphere
® XY plane
= Positive Z hemisphere
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SNO LETA

Energy reconstruction algorithm
improved by inclusion of scattered
and reflected Cerenkov light.
Validated by extensive comparison of
calibration data and simulated data.
Calibration sources: Laser,'°N, 8Li,
2520Cf, Am-Be, cosmogenic neutrons,
etc.

Figure: Difference in *N data and
MC energy scale vs. radius. (a)
before and (b) after spatial energy
correction.
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