Neutrino Physics

Carlo Giunti
INFN, Sezione di Torino, and Dipartimento di Fisica Teorica, Universita di Torino
mailto://giunti@to.infn.it
Neutrino Unbound: http://wuw.nu.to.infn.it
Torino, June 2012
http://www.nu.to.infn.it/slides/2012/giunti-120611-phd-to-3.pdf
http://www.nu.to.infn.it/slides/2012/giunti-120611-phd-to-3-4.pdf

C. Giunti and C.W. Kim
Fundamentals of Neutrino Physics
and Astrophysics

Oxford University Press

Neutrino Physics 15 March 2007 — 728 pages

and AStrophysics

Fundamentals of

C. Giunti — Neutrino Physics — June 2012 — 1


mailto://giunti@to.infn.it
http://www.nu.to.infn.it
http://www.nu.to.infn.it/slides/2012/giunti-120611-phd-to-3.pdf
http://www.nu.to.infn.it/slides/2012/giunti-120611-phd-to-3-4.pdf

Part I: Theory of Neutrino Masses and Mixing

@ Solar Neutrinos and KamLAND

@ Atmospheric and LBL Oscillation Experiments

@ Phenomenology of Three-Neutrino Mixing

@ Absolute Scale of Neutrino Masses
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Part Il: Neutrino Oscillations
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Part Ill: Phenomenology
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Part |

Phenomenology
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Solar Neutrinos and KamLAND

@ Solar Neutrinos and KamLAND

o The Sun

¢ Standard Solar Model (SSM)

o Homestake

@ Gallium Experiments

@ SAGE: Soviet-American Gallium Experiment

o GALLEX: GALLium EXperiment

o GNO: Gallium Neutrino Observatory

o Kamiokande

@ Super-Kamiokande

@ SNO: Sudbury Neutrino Observatory
KamLAND
Sterile Neutrinos in Solar Neutrino Flux?
Determination of Solar Neutrino Fluxes
Details of Solar Neutrino Oscillations
BOREXino
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The Sun

Extreme ultraviolet Imaging Telescope (EIT) 304 A images of the Sun

emission in this spectral line (He Il) shows the upper chromosphere
at a temperature of about 60,000 K

[The Solar and Heliospheric Observatory (SOHO), http://sohowww.nascom.nasa.gov/]
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Standard Solar Model (SSM)

p+p— H+e" +ve p+e +p—H+v,e

(pp) (pep)

99.6% 0.4%
?H+p— *He + 7
85% 2% 107°%
“He + *He — “He + 2p
159
ppl 2 (hep)
*He + ‘He — "Be + 7
99.87% 0.13%
("Be) | "Be+e” = "Lit v, “'Be+p~>“B+w|
| "Li+p— 2'He "B — "Be' +¢* + v, | (°B)

ppll

pplIL

pp chain and CNO cycle

4p+2e” — “He + 2 v, + 26.731 MeV

2C+p— BN+ l—-| BN 5 BC+et +u, | (N)
BN + p — 2C + ‘He @ BC+p— "N+
Isma% 1
(*%0) [P0 = PN+t v, |<—4 UN 4 p > B0+ ‘
10.1% T
"’N+,;4'“D+<| |‘70+,H“N+‘Hc
604+ p— TF 4y |——| TF 50 4 et e | (MTF)

Bahcall SSMs

[J.N. Bahcall, http://www.sns.ias.edu/"jnb]
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Neutrino Flux
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[J.N. Bahcall, http://www.sns.ias.edu/~ jnb|
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Flux
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[J.N. Bahcall, http://wwu.sns.ias.edu/~ jnb]
predicted versus measured sound speed
the rms fractional difference between the calculated and the measured sound speeds

is 0.10% for all solar radii between between 0.05 Rs and 0.95 Rs and

is 0.08% for the deep interior region, r < 0.25 Ry, in which neutrinos are produced
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Homestake
Ve +3Cl = 3Ar + e~ [Pontecorvo (1946), Alvarez (1949)] radiochemical experiment
Homestake Gold Mine (South Dakota)
1478 m deep, 4200 m.w.e. = &, ~ 4m2day!
steel tank, 6.1 m diameter, 14.6 m long (6 x 10° liters)
615 tons of tetrachloroethylene (C»Cly), 2.16 x 10%° atoms of 37Cl (133 tons)
energy threshold: ES' = 0.814 MeV = 8B, "Be, pep, hep, 13N, 1°0, 17F

exp

1970-1994, 108 extractions ~ —> RSCS'M = 0.34£0.03 [apJ 496 (199) 505]

Cl
RGP =256+£023SNU  RPM =7.6117SNU
1 SNU = 10736 events atom—1 571
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Gallium Experiments

SAGE, GALLEX, GNO

radiochemical experiments

Ve + 71Ga — 71Ge —+ e [Kuzmin (1965)]

threshold: Et%a = 0.233MeV = pp, 'Be, 8B, pep, hep, 13N, ®

exp
SAGE+GALLEX+GNO = RgSM = 0.56 £ 0.03
a
REP = 72.4 £ 4.7SNU RM = 12872 SNU
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SAGE: Soviet-American Gallium Experiment

Baksan Neutrino Observatory, northern Caucasus
50 tons of metallic 1Ga, 2000 m deep, 4700 m.w.e. = o, ~2.6 m~2day~!

detector test: °1Cr Source: R = 095+8}(1)f882 [PRC 59 (1999) 2246]

AR
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GALLEX: GALLium EXperiment

Gran Sasso Underground Laboratory, Italy, overhead shielding: 3300 m.w.e.

30.3 tons of gallium in 101 tons of gallium chloride (GaCl3-HCI) solution

GALLEX

May 1991 — Jan 1997 — f?asw = 0.61 £ 0.06 (LB 477 (1999) 127]
Ga
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GNO: Gallium Neutrino Observatory

continuation of GALLEX: 30.3 tons of gallium

RGNO
May 1998 — Jan 2000 — R%;M = 0.51 £ 0.08 [pLB 490 (2000) 16]
Ga
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Kamiokande

water Cherenkov detector v+e —rv+e
Sensitive to ve, vy, vy, but o(ve) ~60(vy )
Kamioka mine (200 km west of Tokyo), 1000 m underground, 2700 m.w.e.
3000 tons of water, 680 tons fiducial volume, 948 PMTs
threshold: Et’ﬁam ~6.75MeV = 8B, hep

Jan 1987 — Feb 1995 (2079 days)

Kam

—RZZM =0.55+0.08 [PRL 77 (1996) 1683]
ve
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Super-Kamiokande

continuation of Kamiokande
50 ktons of water, 22.5 ktons fiducial volume, 11146 PMTs
threshold: EX™ ~ 4.75MeV = 8B, hep
1996 — 2001 (1496 days)
RSK

v
SSM
Rue

= 0.465 £ 0.015 (s, LB 539 (2002) 179]
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the Super-Kamiokande underground water Cherenkov detector
located near Higashi-Mozumi, Gifu Prefecture, Japan
access is via a 2 km long truck tunnel

[R. J. Wilkes, SK, hep-ex/0212035]
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Super-Kamiokande cos 6, distribution

the points represent observed data,
the histogram shows the best-fit signal
(shaded) plus background, the horizon-
tal dashed line shows the estimated back-

Eventldagktonlbin
N
o

0.1

ground

the peak at cosfs,, = 1 is due to solar
neutrinos

Super-Kamiokande

4y pyrttest d ROVSUREIrY
"+ g

-0.8

-0.6

-0.4 -0.2 o 02 04 06 08 1
cos Og,,,

[Smy, hep-ex/0208004]
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Super-Kamiokande energy spectrum

normalized to BP2000 SSM
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[Smy, hep-ex/0208004]
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Time variation of the Super-Kamiokande data
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The black line indicates the expected annual 7% flux variation.
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SNO: Sudbury Neutrino Observatory

water Cherenkov detector, Sudbury, Ontario, Canada

1 kton of D>0, 9456 20-cm PMTs
2073 m underground, 6010 m.w.e.
CC: Vet+td—p+pt+e
NC: v+d—=>p+n+v
ES: v+e —v+e
CC threshold: ENO(CC) ~ 8.2 MeV
NC threshold: E3NO(NC) ~ 2.2 MeV = 8B, hep
ES threshold: E3NO(ES) ~ 7.0 MeV

D,0 phase: 1999 — 2001 NaCl phase: 2001 — 2002

R = 0.35 4 0.02 R = 0.31+0.02
6o o

AGr = 1.01£0.13 MG = 1.03 £0.09
Yo Yo

s = 0.47 £0.05 ey = 0.44 % 0.06
ES ES

[PRL 89 (2002) 011301] [nucl-ex/0309004]
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Neutrino Physics

é

25 35
@ (x10°cm?sY)

(April 2002) — 2
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[SNO, PRL 89 (2002) 011301, nucl-ex/0204008] up; r @
. SEC
Ve — Uy, vy oscillations 2

. . lJ, - 10
Large Mixing Angle solution

Am? ~ 7 x 107 °eV? 5
tanZ 9 ~ 0.45

02 04 06 08 1
tan’0

o

[SNO, PRC 72 (2005) 055502, nucl-ex/0502021]
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KamLAND

Kamioka Liquid scintillator Anti-Neutrino Detector
long-baseline reactor v, experiment

Kamioka mine (200 km west of Tokyo), 1000 m underground, 2700 m.w.e.
53 nuclear power reactors in Japan and Korea
6.7% of flux from one reactor at 88 km

average distance from reactors: 180 km 79% of flux from 26 reactors at 138214 km
14.3% of flux from other reactors at >295 km

1 kt liquid scintillator detector: 7e + p — e* + n, energy threshold: EJ*” = 1.8 MeV

data taking: 4 March — 6 October 2002, 145.1 days (162 ton yr)

expected number of reactor neutrino events (no osc.): Ne’iﬂ;j:;@;“’ =86.8+5.6
expected number of background events: Nt'f:c"k’gLrAm'}'n% =0.95+0.99
observed number of neutrino events: NEmEAND — 54
Nemed'® — Nbigomd 0,611 - 0.085 - 0.041 99.95% C.L. evidence
KamLAND e ’ ’ of 7, disappearance
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confirmation of LMA  (December 2002)

Nobs/Nexp
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KamLAND
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Sterile Neutrinos in Solar Neutrino Flux?
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10° < : Lo
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[Bahcall, Gonzalez-Garcia, Pena-Garay, JHEP 0302 (2003) 009]
s
f total = gshr = 1.00 +0.06
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Determination of Solar Neutrino Fluxes

[Bahcall, Pefia-Garay, hep-ph/0305159]

fit of solar and KamLAND neutrino data with fluxes as free parameters

Zar ¢l’ = K@ (f:pp,pep, hepa7BeasBal3Nalsovl7F)

+ luminosity constraint r 6

Y Ko = Lo /4n(1a.u.)* = 8.534 x 10" MeVem 2s™ !
solar constant

Am* =73%%teV?  tan®9 = 0.4279% (19%)

¢'8|3 -1 01+0.06 (+0.22) ¢'7Be -0 97+0.28 (+0.85) CDPP =1 02+0.02 (+0.07)
q)SSM - +-¥Y+-0.06 \-0.17 q)SSM — Y71 -0.54 \-0.97 (DSSM — +-Y4£-0.02 \-0.07
8B 7Be PP

small uncertainty

moderate uncertainty
will improve with new SNO
NC data (salt phase)

CNO luminosity:

large uncertainty
needs 'Be experiment
(KamLAND, Borexino?)

Leno/Lo = 0,0f%',% (j)?))

[Bahcall, Gonzalez-Garcia, Pefia-Garay, PRL 90 (2003) 131301]
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Details of Solar Neutrino Oscillations

best fit of reactor + solar neutrino data: Am® ~7 x 10 °eV? tan’9 ~ 0.4

—sun 1 1
Pressve = > + <§ - c> cos29Y cos2d

exp (—37F) — exp (—5750) Am” sin®20

P = =T n o F=l-tan’¥
1—exp (—27-5) 77 2E cos20 | ZRA|
InA 1 10.54
Acc ~ 2V/2EGE N¢ exp (—i> ‘d nAl o1 _ 1054 o 10y
X0 dx X0 o)
tan®9¥ ~ 0.4 = sin’29 ~ 0.82, cos2d ~ 0.43 ~2x10* (£ -
~ 0. ~ 0.82, ~ 0. ¥~ MV
—sun,LMA 1 1 0
T>»1 —= P K1 = |P, L, ~ 5 + 5 cos2Uy cos2V
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cos21®, =

Am? cos2) — A2

\/(Am2 cos2) — A%.)

+ (Am?sin 29)?

critical parameter [Bahcall, Pefia-Garay, hep-ph/0305159]

‘= Alc  2V2EGENY? ,(_E N?
Am2cos2)  Am2cos2) MeV / \ N¢
0 - 1 .2 vacuum averaged
(Kl=dy=J = PVﬁVe =1 =g sin"20 g ival probabili
probability
0 .2 matter dominated
>1= 90 ~7/2 = P, ~ sin“¢} . .
¢ M / Ve—rVe survival probability
1 1 T T
e = 0.9
(< > . .
06 05 peruged dominated
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_ 02 P
° -0.2 (D:
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(E)pp ~0.27TMeV, (ro)pp ~0.1 Ry = (EN2/NE)pp =~ 0.094 MeV
Erge ~0.86MeV, (rg)7ge =~ 0.06 Ry, == (E NO/NS)7g, ~ 0.46 MeV
<E>BB _67|\/|eV < >8B _004 R@ — <E NS/NC>8B _44|\/|eV

0.9 F

08g {"Be ‘B

0.2 F

0.1F

1011 ‘ 1(I)° 1;)1
E NY/N¢ [MeV]

each neutrino experiment is mainly sensitive to one flux
each neutrino experiment is mainly sensitive to 9

accurate pp experiment can improve determination of 1J

[Bahcall, Pefia-Garay, hep-ph/0305159]
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BOREXino

[BOREXino, arXiv:0708.2251]
Real-time measurement of "Be solar neutrinos (0.862 MeV)

v+e—v+te E=08062MeV — o, , ~55 Ov,vs

N
[l

10

— Fit: y?/NDF = 41.9/47
— 'Be: 47%7£12 cpd/100 tons
|> —— #9Bi+CNO: 15#4%5 cpd/100 tons

—— All solar neutrinos

— "Be neutrinos

~
°
T
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ngS =49 + 4day 1 (100tons) ™t (NSO — nexp)/An =~ 1.9

the
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Atmospheric and LBL Oscillation Experiments

@ Atmospheric and LBL Oscillation Experiments
@ Atmospheric Neutrinos
Super-Kamiokande Up-Down Asymmetry
Fit of Super-Kamiokande Atmospheric Data
Kamiokande, Soudan-2, MACRO and MINOS
K2K
MINOS
Sterile Neutrinos in Atmospheric Neutrino Flux?

<

¢ € ¢ ¢ ¢
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Atmospheric Neutrinos

LBRRALLL L e e 11 e e L e R
sub N ]
Gev \

/ A through-going

\\MUOHS

JANN
I3\ stopping \\
\ muons

RN N ]
il sl vl ™ s
10t 102 108 104
Ey, GeV

0.015

0.01

0.005

1- (19187 1K z W)

N(vu + 7)

~2 at E<1GeV
N(ve + e) ~

uncertainty on ratios: ~ 5%
uncertainty on fluxes: ~ 30%

ratio of ratios

_ [IN(vy + )/ N(Ve + Ve)] yota

R = NG+ 50N (e + 7o)l

R, cev = 0.60 4 0.07 4 0.05

S
[Kamiokande, PLB 280 (1992) 146]

R i.cev = 0.57 4 0.08 4 0.07

[Kamiokande, PLB 335 (1994) 237]
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Super-Kamiokande Up-Down Asymmetry

E, = 1GeV = isotropic flux of cosmic rays

oV (025) = o0 (m — 62F)  o{D(62) = o) (67°)

Vo

U
¢1(//3) (92) = gbl(,li)(ﬂ’ - 92)

(December 1998)

NUP _ Ndown

Aprdown(SK) = (W) = —0.296 + 0.048 £ 0.01
vy vy

[Super-Kamiokande, Phys. Rev. Lett. 81 (1998) 1562, hep-ex/9807003]

60 MODEL INDEPENDENT EVIDENCE OF v, DISAPPEARANCE!
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Fit of Super-Kamiokande Atmospheric Data

Measure of v, CC Int. is Difficult:

0 T 71 1 1
> Eiy = 3.5GeV = ~ 20events/yr
» 7-Decay = Many Final States
“%: ........
(:,; v,-Enriched Sample
< NEhe = 78426 Q Am? = 2.4x 10 3 eV?
----- 99% C.L. i
— 0% ClL.
68% C.L. NZP = 138739
S,
007 075 08 o085 09 o0 1 N,, >0 Q@ 240
sin®20 )
[Super-Kamiokande, PRL 97(2006) 171801, hep-ex/0607059]
Vy = Uy
2 _ —3 .\ 2
Best Fit: { Ang =21x10""eV Check: OPERA (v, — v7)
| sin®20=1.0 CERN to Gran Sasso (CNGS)
1489.2 live-days  (Apr 1996 — Jul 2001) L ~ 732 km (E) ~ 18 GeV

[Super-Kamiokande, PRD 71 (2005) 112005, hep-ex/0501064] [NJP 8 (2006) 303, hep-ex/0611023]
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Kamiokande, Soudan-2, MACRO and MINQOS

o1
< N
o
o Kamiokande
§ P
a0%CL)
10 F
10°F A
Kamiokande
contained f 4
Kamiokande
3 contained * up
10 Famiokande
upp
as%CL
4
© 02 04 06

08
sin® 20

[Kamiokande, hep-ex/9806038]

1: Angular distribution
-~ 2: Energy(Low/High)
1+2

sin’26
[MACRO, hep-ex/0304037]

—~ Am2(eV2)

<

103

-- MACRO
Super-K [Ref. 7]
== Super-K [Ref. 26] 1
[T i S I B I I B

04 0.6

8 1
sin2(26)
[Soudan 2, hep-ex/0507068]

~ 1f T T T T
8 [ - swcl MINOSAtmoshericy
o F —9%CL.
5 0 1 AnL=23 418 days exposure
E +  Bestfit
2
107k
B
10k
al
10
0° | . I I
0 02 04 06 08

[MINOS, hep-ex/0512036]

C. Giunti — Neutrino Physics — June 2012 — 40



K2K

confirmation of atmospheric allowed region  (June 2002)

Mt.Yarigatake NearDetectors KEK -
B \ KEK to Kamioka

Super-Kamiokande

o - (Super-Kamiokande)
— 250 km
_— Vy = Uy
< [
3
s
<
-2
10
-3 \'\ .
10 ¢ "
1-3“‘\“‘\“‘\“‘\“‘m;
0002 04 06 08
4 sin?20
10 . . . .
0 02 04 06 0.8 1 [K2K, PRL 94 (2005) 081802, hep-ex,/0411038]

sin“26
[K2K, Phys. Rev. Lett. 90 (2003) 041801]
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MINOS

May 2005 — Feb 2006 http://www-numi.fnal.gov/
x10°3
[T T T T T T T
4.0F * MINOS BestFit —_
[ — MINOS 90% C.L.
a5k MINOS 68% C.L.
° o
Lake Michigan N&’ 3
3 3.0:-
s [
“'E“" 251 K2K 90% C.L.
=< N SK 90% C.L.
20k SK (L/E) 90% C.L. B
1.5-‘.|...|...|...|...‘.
0.2 0.4 0.6 0.8 1.0
ia2
Sin“(20,,)
vy, = vy

Fermilah — 55— Soudan Am? = 2741’8‘2‘2 x 1073 eV?
730km 12k .2 0
m sin“29 > 0.87 @68%CL

Near Detector: 1 km [MINOS, PRL 97 (2006) 191801, hep-ex/0607088]
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http://www-numi.fnal.gov/

|am?| (102 eV?)

3.

w
o

N
&
T

2.

15

5

o+

| — MINOS 90%

I~ — — MINOS 68%

® MINOS best fit —— MINOS 2008 90%
- - - Super-K 90%

Super-K L/E 90% ,”

0.90
sin?(26)

|Am| = (2.327533) x 1073 eV?

sin? 20923 > 0.90 (90% C.L.)

[arXiv:1103.0340v1]
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Sterile Neutrinos in Atmospheric Neutrino Flux?

Nature of atmospheric
Oscillation

Mode

Best fit Ax2| o
VuVz sin?26=1.00; Am?=2.5x10-%¢V2 | 0.0 | 0.0
VuVe §in?26=0.97; Am?=5.0x10-%eV? |79.3 | 8.9
ViV sin?26=0.96; Am?=3.6x10-%eV? [19.0 | 4.4
LxE sin’20=0.90; 0=5.3x10* 67.1 8.2
Vv, Decay c0s20=0.47; 0=3.0x10-%eV2 |81.1 9.0
v, Decay tov, | c0s20=0.33; 0=1.1x10%eV2 |14.1|3.8

[Smy (SK), Moriond 2002]

Limit On vv—vsAdd Mixture

0010 — 5

0009 1 Best Fit =172.6/190 (P=81%)
0.008 sin‘E=0.0

0007

0.006 -

0005 {77-s

sin‘26=1
AmP=2.1x10° ev?

0.004

0.003

Am? (ev?)

0.002

. 04 06 .
V=V, V,— (Costv, +sinédv)) V-V,
snzi

[Nakaya (SK), hep-ex,/0209036]
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Phenomenology of Three-Neutrino Mixing

@ Phenomenology of Three-Neutrino Mixing
@ SOL and ATM Neutrino Oscillations
@ Three-Neutrino Mixing
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SOL and ATM Neutrino Oscillations

Homestake
Kamiokande
Solar GALLEX/GNO & SAGE A2 76 % 10-5 o2
~ (.0 X
Ve — Vp, Vr Super-Kamiokande - MsoL e
SNO .
Sln2 1950|_ ~ 0.31
BOREXino
Reactor
— . (KamLAND)
De disappearance
Kamiokande
. IMB
Atmospheric 5 s n
Super-Kamiokande AmATM ~ 24 x10 eV
Vy — Ur
MACRO —
-2
Soudan-2 sin” Yarm =~ 0.50
Accelerator
. (K2K, MINOS, T2K)
v, disappearance

Two scales of Am*: Amimy =~ 30 Améo,

Large mixings: Yatm >~ 45°, JsoL ~ 34°
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Three-Neutrino Mixing

3
Vol = E Uak VkL (a=e,pu,T)
k=1

three flavor fields: ve, v, v;
three massive fields: 14, 1o, 3
Am%l—l—Am§2+Am%3:m%—m%—i—m%—m%—i—m%—m%zo

Amig = Am3; ~ 7.6 x 107%eV?

AmZoy = |[Am3| ~ |Am3,| ~ 2.4 x 1073 eV?
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Ve Uy Vs

m? m?
V3 9
2
Amg <
4t
2
@)
2
> Amg
141 V3
Normal Spectrum Inverted Spectrum

different signs of Am3; ~ Am3,

absolute scale is not determined by neutrino oscillation data
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Mixing Matrix

AndlysisA

)

Ve -V,

5 90% CL Kamiokande (muti-GeV)

3 (V'

SOL ‘U,,l Uy |Uss

U=1| Un Up |Us B 905 CL Kamiokande (sib+mut-Gev)
|

Un Up |Us

ATM & LBL

Am%HOOZ = Am%l = A’"2ATM

sin® 20cHooz = 4|Ues|?(1 — |Ues|?)
U

| Ves? S5 12072 |

CHOOZ: {

[Bilenky, Giunti, PLB 444 (1998) 379]

T T T T T T T
01 02 03 04 05 06 07 08 09, 1

sin’(26)
SOLAR AND ATMOSPHERIC v OSCILLATIONS .07 o5 466 (1999) a15]
ARE PRACTICALLY DECOUPLED! [Palo Verde, PRD 64 (2001) 112001]
|Ue1|2 ~ cos? JsoL |U‘92|2 ~ sin? JsoL
|U/L3|2 ~ Sin2 ’L9AT|\/| |U7-3|2 ~ COS2 ’L9AT|\/|
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Effective ATM and LBL Oscillation Probability in Vacuum

3 2

} : * —iExt iEgt 2
’Dl/a—ﬂ/ﬁ == UakUle k e'!
k=1

3
k=1

*

2 3

2
Am2, L
Z ak ﬁkGXp( 1 °F >

k=1

—

2 2
my, Ams, L

E, ~E
k T 2F

<1 Am3 — Am?

2

Pua—wﬁ -

AmPL
U:tl Uﬁ]_ —+ U;z U,82 + UZ3U33 exp <—I 2rnE >

Ua1Upr + U Uz = dap — Uy3Uss
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2

Pua—wﬁ =

5045 - U;3 U53 |:]. — exp (—I

)

2E
Am?L
= 6ap + |Uaz|?|Uss|? <2—2cos SF >

Am?L
— 2605|Uasl? [ 1 —
5 Uns ( cos 2T )
Am?L
:5aﬁ_2|Ua3‘2 (5a5—\U53\2) 1— cos2"
2E
Am?L
= 00g — 4 Ua3|? (605 — |U 2 8mM L
5 — 8 Uas]? (6ap — |Ugs|?) sin IE
2 2 .2 AmzL
Oé;éﬁ — Py&_n,ﬁ :4|Ua3| |Uﬁ3| sin AE

Am?L
a=p = Pya—wa:1—4|Ua3\2(1—\Ua3|2)sin2( m )

4E
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P,,a_wﬁ = sin? 2043 sin? (

Am?L

) @#n)

sin® 279aﬂ = 4‘ Ua3|2|Ug3|2

. . Am?L
Po—sv, =1— sin? 2000 sin? < 1E )

sin? 200 = 4| Uns|? (1 — |Uasl?)

Ue2 Ue3
sin% 20 < 1
Uwp (U '
Un |Uss v |2N sin? 20 e
? e3| — 4
LBL
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> 1, disappearance experiments:

sin® 20ee = 4|Ue3|? (1 — |Ues|?) =~ 4|Ues|?

» v, disappearance experiments:

sin® 20, = 4|U,3)* (1 — |U,3])

1
|Uu3\2 =5 <1 +4/1 —sin? 219W>

> U, — Ve €Xperiments:

sin? 20 e = 4|Ue3|?| U3
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1 0 0 C13 0 5136_;513 c1p s12 0 1 0 0

U= 0 C23 523 0 ‘ 1 0 —S512 C12 0 0 ei)‘Z 0
0 —sp3 o3 —5136'613 0 C13 0 01 0 0 e
Y23 =~ YaTM Y12 =~ JsoL BBov
c12€13 S12€13 si3e 013 10 O
= | —sipco3—cras3513€/013 oo —siasssize¥3 syciz 0e?2 0
s1283—C1203513€/013  —crosp3—s1ac3s13€/913 o33 0 0 €3
Am3, = (7.651533) x 1072 eV? |Am3;| = (2.407513) x 1073 eV?
- 2 _ +0.022 - 2 _ +0.07
sin 1912 = 0‘304—0.016 sin 1923 = 0'50—0.06

sin?1913 < 0.035 (90% C.L.)

[Schwetz, Tortola, Valle, arXiv:0808.2016v3, 11 Feb 2010]
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Hint of sin? 3 >0

[Fogli, Lisi, Marrone, Palazzo, Rotunno, NO-VE, April 2008] [Balantekin, Yilmaz, JPG 35 (2008) 075007]

Sin2 ’l9]_3 = 0016 :t 0010 [Fogli, Lisi, Marrone, Palazzo, Rotunno, PRL 101 (2008) 141801]

I LA L L L L L ] 0.2 i LI L R L L LAY LI B L ]
0.15 KamLAND _ i / j
global - !sk+sno [
— 1
0.15 | Ga+Cl+Be I /l__
o | +KamLAND
S 0.1 a L i
Ko @
- Ne 0.1 —
» ‘@ i ]
0.05 B ]
0.05 — i
0 0 L Il Il Il ‘ Il ]
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
.2 )
sin"@,, sin"@,,
[Schwetz, Tortola, Valle, arXiv:0808.2016v3, 11 Feb 2010] [Mezzetto, Schwetz, arXiv:1003.5800, 10 Aug 2010]
1 sin2vh3)° (1 in2d1,) SOL | & KamLAND
p N ( —sin 13) ( — 0.5sin 12) ow-energy am
-) (=) =

. 2 .
Ve—Ve (1 — sin? 1913) sin? Y10 SOL high-energy (matter effect)
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Measurements of ;3

0.03(0.04) < sin?20;3 < 0.28(0.34)  T2K, arXiv:1106.2822 (90% CL)
sin? 2013 = 0.04170:%47 (0.07975:522)  MINOS, arXiv:1108.0015

sin® 913 = 0.022 + 0.013 Double Chooz, arXiv:1112.6353
sin? 1913 = 0.024 4 0.004 Daya Bay, arXiv:1203.1669
sin? 913 = 0.029 + 0.006 RENO, arXiv:1204.0626

sin? Y13 > 0 = CP violation, matter effects, mass hierarchy
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CP Violation

_(Am3 L\ . (Am3 L\ . [(Ami,L
Poo—svs — Poo—is = —16Jap sm( 1E ) S|n< 1E sin 1E
Jap = Im(Ua1 U Uy Ugn) = +£J

2 .
J = s12€12523¢23513C]3 5iN 013
Necessary conditions for observation of CP violation:

» Sensitivity to small 913

» Sensitivity to oscillations due to Am3; and Am3;
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Mass Hierarchy

2EV
> Ve = v, MSW resonance: cos 2013 = N
Mis
Requires Am%3 >0
2EV
> Ve S U, MSW resonance: cos 2113 = A
mis3

Requires Am%3 <0
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Off-Axis Experiments

high-intensity WB beam
detector shifted by a small angle from axis of beam
almost monochromatic neutrino energy

v = ps/Ex P
cm 1ab
Eom = pom = 2= (1_m_§;) ~ 29.79 MeV
v=(1-v) T = E/me > 1 { gz:!v((Evcnéc: ipsgm))
p? = p cos @ = E= m
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cosf ~1—6%/2 and veel

£_ Ecm N v(1+v) L2y
y(1—vcosf) — 1+7202v(1+v)/2 ™ 144262

E ~ 1_m_l2L B 1_mi E,rim,%
- m2 | 1+ ~262 m2 | m2+ E20°

Ecm

» =0 — ExE; WB beam
2
s

» EE0>m, — Ex Em92 high-energy 7 give low-energy v,

dE _(y M) 1-92
d7r m72r (1+’7292)2

dE m m>\ m.  29.79 MeV
—— ~0 for =~t=_T E~ p| o 22 7TEY
g, =0 for V=0T = = ( m72r> 20 9

s
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[GeV]

E

29.79 MeV
off-axis angle 0 ~m,;/(E;) — E~ MTe

0 =0.0°,0.5°,1.0°,1.5°,2.0°

0 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n
0 5 10 15 20 25 30 35 40
E: [GeV]

E can be tuned on oscillation peak Epeqr = AmzL/27r
4TE
Am?
C. Giunti — Neutrino Physics — June 2012 — 61

small E = short Lo = — sensitivity to small values of Am?




#(6)/6(0)

100

107!

9 = 0.0°,0.5°,1.0°,1.5°,2.0°

0 5 10 15 20 25 30 35 40
E, [GeV]

flux suppression requires superbeam
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Absolute Scale of Neutrino Masses

@ Absolute Scale of Neutrino Masses
@ Mass Hierarchy or Degeneracy?
@ Tritium Beta-Decay
@ Neutrinoless Double-Beta Decay
@ Cosmological Bound on Neutrino Masses
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Mass Hierarchy

or Degeneracy?

1 T T T TR
Normal Spi“’”"‘ Quasi-Degenerate /1
— 1 ‘ i
— 2 ' 1
30 ! 4
107 3 . 3
[ S ]

- [N
€107 £ : g 3
£ M: g ]
£ T

C
-3 | ' -
10 E m; ' g 1
[/ Normal Hierarchy | 1
10*4 ol Ll Ll 1\ L
107 10°° 107 107" 1

Lightest mass: m; [eV]

2 2 2 .2 2

m5 = my + Amy; = mj + Amg

2 _ 2 2 2 2

m3 =my +Amz; = mj + Amy

Quasi-Degenerate for my ~ my ~ mz ~ m, >

1 T T (LR
Inverted Spectrum i \ 3
O Quasi Degenqrate ]
—_ 2 ' ]
30 ' 4
m;
3 i my ‘0 ]
L [Ne) 4
« [N
€107 £ : g 3
£ s ]
£ 8]
C
-3 L '3 E
10 £ ms [ E
[/ Inverted Hierarchy | 1
1074 ol ol ol :\ L
10 107 107 107" 1
Lightest mass: m3 [eV]
2 _ 2 2 2 2
m; =m; —Amz; = m3 + Amy
2 _ 2 2 2 2
m5 = my + Amsy; >~ m3 + Amy
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Tritium Beta-Decay

dar

3 3 - =
H H e _— =
— et+e +U, a7

(cost) ¢ G )?
273

IM[* F(E) pE (Q — T)

(Q—T) —mz,

Q = M3H — M3He — me = 1858 keV

Kurie plot

K(T) = dr/dTm
MVVH F(E) pE

273

r 5 1/2
~le-me-1 —mﬁe]

|m, <22eV (95% CL)]|

K(T)

Mainz & Troitsk

[Weinheimer, hep-ex/0210050]

E future: KATRIN

E [www.katrin.kit.edu]

start data taking 2014

-
Q —my,

@ sensitivity: m,, ~ 0.2eV
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www.katrin.kit.edu

1/2
Neutrino Mixing — K(T) = l(Q — T)Z|Uek|2 Q- T)2 B mi]
K

1 analysis of data is
1 different from the
no-mixing case:
2N — 1 parameters

0 ]

()

. D~
Q—my T Q my

7

if experiment is not sensitive to masses (my < Q — T)
effective mass: mé = Z \Uek|2mi

2

g = (@ TRVl - (oTiT)Z}

~(Q-T)\/(Q-T)*~

K> =(Q-T) Z|Uek|

/\
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10

10

-2

-3

Predictions of 3v-Mixing Paradigm

m% = [Ue1?> mi + [Ue2|? m5 + |Ues|* m3

C ! 1
L ' 4
L 1 4
t Current Bound . E
=ttt -:---------- ===
'
L } i
E 1 3
r i ]
I KATRIN Sensitivity | 1
'
L | E
E 1S e 3
1 O q
" ' ]
'3 ]
L Ig 4
1 O
'Q 4
In ]
z NS 8 z
r = — 10|
I =] — 2]
|~ 30
107 1072 10 1 10
Mpnin [eV]

» Quasi-Degenerate:

mpy 2 mp 30 | Ve = mp

» Inverted Hierarchy:

m% ~ (1 —s&)Am2 ~ Amj

» Normal Hierarchy:
m3 =~ shcisAmg + spAmy
~2x 1075 +6 x 107%eV?

> If mg<4x1072eV
¢

Normal Spectrum
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Neutrinoless Double-Beta Decay

2+t
Bt As
ot 5_
Ge

576"

ot

19Se

Effective Majorana Neutrino Mass: mgg = Z U2 my
k
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Two-Neutrino Double-3 Decay: AL =10

d

N(AZ) S N(AZ+2)+e +e + et

(TEh) "

— G21/ |M2y‘2

second order weak interaction process
in the Standard Model

d

Neutrinoless Double-3 Decay: AL =2

d

N(AZ) > N(AZ+2)+e +e

(T5) ™

effective

= Goy \Mo,,|2 ‘mﬁﬁ‘z

Majorana  mgg = Z U2, my

mass
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Effective Majorana Neutrino Mass

mgg = Z ng my complex Ugx = possible cancellations
k

mgs = |Ue1|”> my + [Ueo|* €2 my + | Ues|® €°** m3

Ay = 2)\2 a3 — 2 ()\3 — 513)

Im[m] Im[mgs]

|Ues)?e2my

mga
Qs
) map
|Uea|?e™2m
&D)
|U€1 |27n1 RO[mﬁg} ‘UP«] ‘QTnl R,C[WLQQ]
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Experimental Bounds

CUORICINO (130Te) [AP 34 (2011) 822]
T/ >28x10%y (90% C.L.)| = ||mgs| S03-07eV

Heidelberg—Moscow (76Ge) [EPJA 12 (2001) 147]

T >1.9x10%y  (90% CL.)| = ||mgs| < 0.32 — 1.0eV

IGEX (76Ge) [PRD 65 (2002) 092007]

Tl > 1.57 x 10®y  (90% C.L.)| = ||mgs| < 0.33 — 1.35eV

NEMO 3 (IOOMO) [PRL 95 (2005) 182302]
T > 4.6 x 102y (90% C.L.)|=>||mgs| S 0.7 —2.8eV
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Experimental Positive Indication

[Klapdor et al., MPLA 16 (2001) 2409]

Tf/”z = (2.237037) x 10%®y

— SSE
— 2n2b Rosen - Primakov Approximation

Counts / keV

Q=2039 keV/

500 1000 1500

Energy keV

2000 2500 3000

[PLB 586 (2004) 198]

6.50 evidence

[MPLA 21 (2006) 1547]

" " " " "
-] E
69 ]

> %3 E

3 34 ]

o -

5] B - ) .

L mdllll nn L

i w0

2000 2010 2020 2030 2040 2050 2060
energy, keV

[MPLA 21 (2006) 1547]

the indication must be checked by other experiments

|m55| =0.32 £0.03eV

[MPLA 21 (2006) 1547]

if confirmed, very exciting: Majorana v and large mass scale
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1073

10

Predictions of 3v-Mixing Paradigm

mgp

T

Current Bound or Positive Indicationi

T LI e B B B

107

107

d
0

[Ne]

[N )

=

9

)

Q

i<

=2

i

3,

=S

' ]
1 1
| — 1o
| = 20|
: 30

107

Mpin [eV]

-
6
KN

= |Ue1‘2 my + |U62‘2 eioe mo + ‘Ue3|2 elos ms

» Positive indication:
tension with cosmology

» Quasi-Degenerate:

Imgg| =~ m, /1 —s3; s2,

> Inverted Hierarchy:

|m/86| = \/AmA 1 - 521912 O12

» Normal Hierarchy:

1 |mgs| = st /AME + stz /Am}|

~ 2.7 4+ 1.2e| x 1073 eV

> If [mgg| S 1072eV
¢

Normal Spectrum
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My (meV)

10

New Experiments

EX0200

GERDA1 CUORE-0 KamLAND-Zen

SNO+ GERDA2 CUORE

NEXT
Experiments

SuperNemo D. Majorana D.

[Gomez-Cadenas, Martin-Albo, Mezzetto, Monrabal, Sorel, Riv. NC 35 (2012) 29]
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Cosmological Bound on Neutrino Masses

aaf =
@ High-Z SN Search Team
421 @ Supernova Cosmology Project E
3 aof ]
E s
E 38} }!‘,ﬁ’ 1
> = — 0,703,007
E e _
,ik’ e 0,703, 2,200
)
2k 4532 -- 9,710,700 ]
25 L ki L
[WMAP, http://map.gsfc.nasa.gov] T
~ 10
{=)]
@
E os
s
é 0.0
I
-0.5
-1.0F e
0.01 0.10 1.00
z
[Springel, Frenk, White, Nature 440 (2006) 1137] [http://cfa-www.harvard.edu/supernova/]
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Lyman-alpha Forest

Ly-o emission
10T T T T T T T T T

Q1422+2309
z=3.62

T T T T T T T

flux

5500
observed wavelength [ A1

oxp (1)

1 1 1 L
4880 4900 4920 4940 4960 4980 5000
rlA

[Springel, Frenk, White, astro-ph/0604561]
Rest-frame Lyman a, B, v wavelengths: X, = 1215.67 A, A% = 1025.72 A, A = 072.54 A

Lyman-a forest: The region in which only Lyc photons can be absorbed: [(1 + zq))\%, (1+ zq))\&]
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Relic Neutrinos

neutrinos are in equilibrium in primeval plasma through weak interaction reactions

_ e S e e (=) o __
S etem veSve UNSUN venSpe” UepSnet nsS pe e

weak interactions freeze out
Mweak = Nov ~ GET®~T?/Mp ~ \/GyT* ~ \/Gyp ~ H = Tyec ~ 1 MeV

neutrino decoupling

1
4 3
Relic Neutrinos: T, = <—) T,~1945K = kT, ~1.676 x 10~ %eV

11 (T~,:2.725i0.001 K)
. 3((3 _
number density: nf = Z£2)g T} — n,.5 ~0.1827 T2 ~112cm ™3
s

. I Ny, o, M 1 m my
density contribution: Qj = —2% K ~ YRR 1: v — Q, h = 79%:’1‘4 v

3 Pc 14e 14e
(Pc—g,,(;N ) [Gershtein, Zeldovich, JETP Lett. 4 (1966) 120] [Cowsik, McClelland, PRL 29 (1972) 669]

h~07, ,503 = > m<14eV
k
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Power Spectrum of Density Fluctuations

Wavelength A [h-! Mpe]
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0.001 0.01 0.1 1 10
Wavenumber k [h/Mpc]

[Tegmark, hep-ph/0503257]

Solid Curve: flat ACDM model
(@), =0.28, h=0.72, Q3 /QY = 0.16)

3
Dashed Curve: Z my =1leV
k=1

hot dark matter
prevents early galaxy formation

=

5()?) = p(X) —p

AP(K) | g
P(k)y Qn
- —08 kak 01
- ' leV Q,, h2
for

k > ko ~ 0.026 %\/Qm hMpc?

[Hu, Eisenstein, Tegmark, PRL 80 (1998) 5255]
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WMAP (First Year), AJ SS 148 (2003) 175, astro-ph/0302209

CMB (WMAP, ...) + LSS (2dFGRS) + HST + SN-la == Flat ACDM
To=137+£02Gyr  h=0.71"303

Qo =1.02+0.02 Qp = 0.044 £+ 0.004 Q,=0.27£0.04

3
Q,h* <0.0076 (95% conf.) = Y my <0.71eV
k=1

WMAP (Five Years), AJS 180 (2009) 330, astro-ph,/0803.0547

CMB + HST + SN-la + BAO
To = 13.72 £ 0.12 Gyr h=0.705 + 0.013
—0.0179 < Qo — 1 < 0.0081 (95% C.L.)

Q) = 0.0456 + 0.0015 Qm = 0.274 £ 0.013
3
D m <067eV (95% C.L.) Negr = 4.4 + 1.5

k=1
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Fogli, Lisi, Marrone, Melchiorri, Palazzo, Rotunno, Serra, Silk, Slosar

[PRD 78 (2008) 033010, hep-ph/0805.2517]

Flat ACDM
Case Cosmological data set Y (at 20)
1 CMB <119 eV
2 CMB + LSS <0.71 eV
3 CMB + HST + SN-Ia < 0.75 eV
4 CMB + HST + SN-la + BAO < 0.60 eV
5 CMB + HST + SN-la + BAO + Lyar < 0.19 eV

20 (95% C.L.) constraints on the sum of v masses X.
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(~20)  CMB + HST + SN-la + BAO
k=1
3
mi $02eV (~20) CMB + HST + SN-la + BAO + Ly«
k=1
NORMAL SCHEME INVERTED SCHEME
10° 100 ¢
= 10! = 107! =
= = = M
g my g my
020 ol e 102} O
my
< g
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Lightest Mass:  m; [eV] Lightest Mass:

3

my  [eV]

FUTURE: IF Y " m; $S9x 107°eV = NORMAL HIERARCHY

k=1
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Indication of Sy, Decay: 0.22eV < |mgg| S 1.6eV

[Klapdor et al., MPLA 16 (2001) 2409; FP 32 (2002) 1181; NIMA 522 (2004) 371; PLB 586 (2004) 198]
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among oscillation data, CMB+LSS+BAO(+Lya) and 80, signal

C. Giunti — Neutrino Physics — June 2012 — 82



9 S T =3
£ - E|
()] = o 9 /:‘é/:
~ F < %/ = ]
8210_1 56 |
3 CEE o 37
= =TI =]
[ T I |2 O =1
L e s, B
L o [ ] 2]
= 1
r O |5 o3| i
10 ¢ ~x |8 B =
£ . E |z o Z1
r s $ < ;i ] 0 .
§ = £ | 21 95% allowed regions (2 dof)
F O o QA
10_3 I\<\:\ S\\ g
/>\1z IRAN —r 173  95% upper bounds on >  m,
() r
~—" I ' L
[ r ' 5
® 1 ,,4,:“:; [Gonzalez-Garcia, Maltoni, Salvado,
E10 ¢ P s b
F ! &&%%3{:‘.52%.?’! - JHEPO8 (2010) 117, arXiv:1006.3795v2]
F (st -
_of 2 : P
10 £ : =
= AR ‘ b
10 L _1 - N o b n
10 1
¥ m, (eV)

C. Giunti — Neutrino Physics — June 2012 — 83



Conclusions

Ve = Uy, Ve with Amo ~7.6 x 107°eV?  [SOL, KamLAND]
v, — vy with Amapy =~ 2.4 x 1073eV? [ATM, K2K, MINOS]
sin® Y1, ~ 0.3 sin® Y3 ~ 0.5 sin Y13 ~ 0.02 [Daya Bay]

5 & BBy, Decay and Cosmology =— m, < 1eV

To Do
Theory: Why lepton mixing # quark mixing?
(Due to Majorana nature of v's?)
Why 0 < sin? Y13 < sin® Y1a < sin Yoz ~ 0.57
Exp.&Pheno.: Measure CP violation, matter effects, mass hierarchy.
Find absolute mass scale.
Find if sterile neutrinos exist.
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