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Solar Neutrinos and KamLAND

@ Solar Neutrinos and KamLAND
¢ Standard Solar Model (SSM)
o Homestake
o Gallium Experiments
o Kamiokande
o Super-Kamiokande
@ SNO: Sudbury Neutrino Observatory
o KamLAND
o LMA Solar Neutrino Oscillations
o 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/]

C. Giunti — Neutrinos: from Particle to Astroparticle Physics — IIl — Torino PhD Course — January 2016 — 4/139



Standard Solar Model (SSM)
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[Castellani, Degl'Innocenti, Fiorentini, Lissia, Ricci, Phys. Rept. 281 (1997) 309, astro-ph/9606180]
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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 Ry and
is 0.08% for the deep interior region, r < 0.25 Ry, in which neutrinos are produced
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Homestake
Ve +37Cl = 3Ar + e~ [Pontecorvo (1946), Alvarez (1949)] radiochemical experiment
Homestake Gold Mine (South Dakota)
1478 m deep, 4200 m.w.e. = ¢, ~ 4m—2 day71
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, 150, 7F

exp

1970-1994, 108 extractions — W = 0.34 £+ 0.03 [APJ 496 (1998) 505]

REP = 2.56 + 0.23 SNU RSSM =7.613SNU
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Gallium Experiments

SAGE, GALLEX, GNO

radiochemical experiments
Ve + "1Ga — "Ge + e~ [Kuzmin (1965)]

threshold: £$? = 0.233MeV = pp, "Be, 8B, pep, hep, N, %0, 17F

Rexp
SAGE+GALLEX+GNO  —  —c&7 = 0.56 +0.03
Ga
REP = 72.4 £ 4.7SNU REM = 12819 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]
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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 — %%W = 0.61 £ 0.06 (LB 477 (1999) 127]
a
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GNO: Gallium Neutrino Observatory

continuation of GALLEX: 30.3 tons of gallium

RGNO
May 1998 — Jan 2000 — R(égM = 0.51 £ 0.08 (pLB 490 (2000) 16]
Ga
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Kamiokande

water Cherenkov detector v+e —v+e
Sensitive to ve, vy, vy, but o(ve) ~60(vy,r)

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)

RKam

RVSeSM = 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

w = 0.465 £ 0.015 (s, LB 539 (2002) 179]
ve
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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

Super-Kamiokande
cos O, 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-

Evem/dagktonlbin
N
o

ground

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

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

normalized to BP2000 SSM solar zenith angle (6,) dependence
=08 + of Super-Kamiokande data
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Time variation of the Super-Kamiokande data
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The gray data points are measured every 10 days.
The black data points are measured every 1.5 months.
The black line indicates the expected annual 7% flux variation.
The right-hand panel combines the 1.5 month bins to search for yearly variations.
The gray data points (open circles) are obtained from the black data points
by subtracting the expected 7% variation.

[Smy, hep-ex/0208004]
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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: Ve+d—p+p+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: EXNC(ES) ~ 7.0 MeV

D,0 phase: 1999 — 2001 NaCl phase: 2001 — 2002
R =035+ 0.02 R = 0314002
% —1.01+0.13 % — 103+ 0.09
gggﬁ — 0.47 +0.05 gggﬁ — 0.44 +0.06

[PRL 89 (2002) 011301] [PRL 92 (2004) 181301]
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®oNO =1.76 £0.11 x 10°cm2s7*
®SNO — 541 +0.66 x 10°cm™2s7!
s T

SNO solved
solar neutrino problem

4

Neutrino Physics
(April 2002)

[SNO, PRL 89 (2002) 011301, nucl-ex/0204008]

Ve — Uy, vy oscillations
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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: 7. + p — e + n, energy threshold: Ejf” = 1.8 MeV

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

expected number of reactor neutrino events (no osc.): NEKX?,'ZCLQQ\'D =86.8+5.6
expected number of background events: Nt'faiTgLrAOL'}'n% =0.95+0.99
observed number of neutrino events: NEmEAND — 54
Nemmed'® — Nbigomd 0.611 L 0.085 & 0.041 99.95% C.L. evidence
KamLAND ’ ’ ’ of 7, disappearance
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confirmation of LMA  (December 2002)
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LMA Solar Neutrino Oscillations

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

—sun 1 1
Pressve = 3 + <§ - c) cos29Y cos2d

exp (—ZyF) —exp (—Zy—t= Am? sin?2
Pc: p( 27 ) Trp(F2’ysm219) ’}/:—m SIndl:i F:lftan219
1—ep (—57575) 2E cos29 |32
Acc ~ 2V2EGe NS exp <—£> ‘d InA ~ L1054 3x 107 %eVv
X0 dx X0 o)
E \ !
2 . 2 4
tan“9 ~ 0.4 29 ~ 0.82 219 ~ 0.43 ~2x10
an — sin , COS v X (MeV)
—sunlMA 1 1 0
y>1 = P.K1 = |P, L, =~ 5 + 5 cos2y cos2
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cos21®, =
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+ (Am?sin 29)?

critical parameter (Bahcall, Pefia-Garay, JHEP 0311 (2003) 004]
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BOREXino

[BOREXino, PLB 658 (2008) 101]

Real-time measurement of "Be solar neutrinos (0.862 MeV)

v+e—v+te E=08062MeV — o, , ~55 Ov,vs

2.5

— 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 — ®Kr: 22+7t5 cpd/100 tons

<| #%Po: 0.9%1.2 cpd/100 tons

~
°
T T
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C. Giunti — Neutrinos: from Particle to Astroparticle Physics — 11l — Torino PhD Course — January 2016 — 30/139



Atmospheric and LBL Oscillation Experiments

@ Atmospheric and LBL Oscillation Experiments
@ Atmospheric Neutrinos
o Super-Kamiokande Up-Down Asymmetry

o Fit of Super-Kamiokande Atmospheric Data
o Kamiokande, Soudan-2, MACRO and MINOS
o K2K

* MINOS
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dN/dInE, (Kt.yr)™*

Atmospheric Neutrinos
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Lol Mol e el o il
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Ey. Gev

- (1915 1K 7 1)

Ny + )

~ 2
N(ve + 7e)

at E < 1GeV

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

ratio of ratios

IN(v, + 7,)/N(ve + Te)] yara

R= NG+ 5) N T 7l

R, cev = 0.60 +0.07 + 0.05

[Kamiokande, PLB 280 (1992) 146]

RK iticev = 0.57 4 0.08 4 0.07

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

E, Z 1 GeV = isotropic flux of cosmic rays

14

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

U
le(//i) (92) = gbz(//i)(ﬂ- - 92)

(December 1998)

up down
NEP — No

u
Nyp + Ngown

Altjz—down (SK) — (

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

) = —0.296 4+ 0.048 £ 0.01

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

Measure of v, CC Int. is Difficult:

2
L o L L T
> En = 3.5GeV = ~ 20events/yr
» 7-Decay = Many Final States
(% ........
S.; v,-Enriched Sample
< Nt = 78426 @ Am? = 2.4x 10 3 eV?
----- 99% C.L. f
— 90%C.L.
68% C.L. NP = 138fgg
S sy L
07 o7 08 085 08 085 1 N,, >0 Q@ 240
sin?20 .
[Super-Kamiokande, PRL 97(2006) 171801, hep-ex/0607059]
vy, = Vs
2 _ —3 \/2
Best Fit: { An27 =21x10""eV Check: OPERA (v, — v;)
sin“20 = 1.0 CERN to Gran Sasso (CNGS)
L~ 732km (E) ~ 18 GeV

1489.2 live-days  (Apr 1996 — Jul 2001)

[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 MINOS

> 5
o
o Kamiokande
g upp
soscL
4
10
: 0
10 P
Kamiokande /%
contained
Fl
Kamiokande
3 contained + up
20" Famiokand
uu
asshcL
4 , | , ,
o 02 04 06

08
sin” 20

[Kamiokande, hep-ex/9806038]

1: Angular distribution

Am?(eV?)

- 2: Energy(Low/High)
142

[MACRO, hep-ex/0304037]
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—— Soudan 2

- MACRO
Super-K [Ref. 7]
-~ Super-K [Ref, 26]

10 I I I I I
0.4 0.6 1
sin2 (20)
[Soudan 2, hep-ex/0507068]
< 1 T T T T
Ni """ :xgt MINOS Atmosphericv
<E‘10 Y IR 418 days exposure
. Befit
2
07
B
07
-
0
10° I I I I

[MINOS, hep-ex/0512036]



K2K

confirmation of atmospheric allowed region (June 2002)

M(:‘\(inﬁtale NearDetectors KEK .
SuperKamivkandc MG | KEK to Kamioka
i (Super-Kamiokande)
e Toutrino Bear 250 km
e
— Vi = Uy
il
< [
2
S
<
-2 ';‘
10 |
-3 e
10 b e
10-3“‘\“‘\“‘\“‘\“‘";
0 02 04 06 08 1
4 sin?20
10 . . . .
0 0.2 0.4 0.6 085"12291 [K2K, PRL 94 (2005) 081802, hep-ex,/0411038]

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

May 2005 — Feb 2006 http://www-numi.fnal.gov/
x10°
I T T T T T
4.0[ * MINOS BestFit -
[ — MINOS 90% C.L.
— MINOS 68% C.L.
. 35[
< [
2 L
> 30f
L L
= [
“'E“" 251 K2K 90% C.L.
=< N SK 90% C.L.
5 SK (L/E) 90% C.L. -
201 3
1.5-‘.|...|...|...|..._-
0.2 0.4 0.6 0.8 1.0
sin’(26,,)
Vy — vy

Fermilab —T5im—_Soudan Am? = 2744_'8‘2“61 x 1073 eV?
/ BN sin220 > 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/

IAm?/(10° eV?)

w
[¢)]

I 37.88 kton-years Atmospheric
3.36 x 10%° POT V,-enhanced beam

3.0/ -
L ’,-’
L ',’
I L
2.5 ..
| —MINOS 90%
— MINOS 68%

--- Super-K L/E 90%

2.0 | — Super-K Zenith 90%
[ 7" T2K90% * MINOS Best Fit |
PRI N T S SR R S S S N
0.80 0.85 0.90 0.95
sin(26)

|Am%;| = (2.417597) x 1073 eV?
sin® 2923 = 0.95073932

[MINOS, PRL 110 (2013) 251801]
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1 0 0 C13 0 513e_i513 cip s12 0 1 0 0

U=1|0 o3 sp3 0 1 0 —s10 ¢c12 0 0e? 0
0 —523 (23 —5136'613 0 C13 0 01 00 e’)‘3
P23 ~ IaTM Y12 >~ JsoL BBov
c12€13 s12€13 s13e77013 1.0 O
= | —sncs—ciosssize®13 cppon—spsssize®3 spa 0e?*2 0
S12523—C12C23513€013  —cpos3—s1pc3s13€13 op3ci3 0 0 &3
Am3; = (7.651033) 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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Analysis A

Ua Ue |Us | Vo,

SOL
90% CL Kamiokande (multi-GeV)
U;;l Um qu L B 90% CL Kamiokande (sub+multi-GeV)
Am3, < [Am3,] | |
‘ 2 2 Un Us |Usg
ATM & LBL

AmEyooz = Amsy = Amiry

sin® 20crooz = 4|Ues|?(1 — |Ues|?)
4

| |UesP < 5% 102 |

CHOOZ: {

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

T IOTTOUIEOTETTR RO T
0102 705 "od o5 o6 o7 o8 g9 1
sin(26)

SOLAR AND ATMOSPHERIC 1 OSCILLATIONS 007 pis 456 (196) 15

ARE PRACTICALLY DECOUPLED! [Palo Verde, PRD 64 (2001) 112001]
|Ue1|? ~ cos® UsoL |Uea|? =~ sin® d¥soL
|Uus|? = sin® Yatm |U,3]? ~ cos® Iatm
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Effective ATM and LBL Oscillation Probabilities

2

3
2
2 P2
PI/a—H/B _ § :nguﬂke imL/2E % ‘elmlL/ZE‘
k=1

Am2 L
- ZUakUﬂkeXP<—f ;nél >
k=1
Am3 L
—2 <1
2 ©

2

Plla—ﬂ/ﬁ = ‘Ual U/B]_ + Ua2Uﬁ2 + UO[3U,B3 eXp<—l 221 >

Uaa Ut + Uso Uz = dap — Upy3Uss
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X Am L 2
Pl/a—ﬂ/ﬁ == 5QB - UO&3UB3 |:1 — eXp<_ITEl>:|
Am2 L

= 0ag + |U0t3|2|U/33|2 <2 — 2cos%>

Am3; L
— 2005 Uas|? <1 — cos&>

=008 — 2|Uqs|? (5a5 — |U53|2) (1 — cos

= 0ap — 4‘Ua3|2 ( o — |Uss| )sm 1

. AmZ L
0 £ B = Py, = 8 Unsl?| Uss|? sin <¢>

Am L
a=P8 = Py, =1—8Usyl (1 —|Uas|?)sin’ <T§_1>
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Am3 L

Poosiy = sin? 2U08 sin? < AE ) (a # B)
sin? 279aﬂ = 4‘Ua3|2|U53|2
Am3, L
Rh_wa::1—sh@2ﬁaa§n2<—{%?—>

sin? 2V00 = 4|Ua3|2 (1 - |Ua3|2)

Uel Ue2 UeS

sin% 20 < 1
U=| Un Usp Uy

I
UTl UT2 UT3 |U |2 ~ sin2 21966‘
? e3| — 4
LBL
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2008 Hint of sin’;3 > 0

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

Sin2 19]_3 = 0016 :l: 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 — - ,, 4
global o Iskesno A
- ]
015 | Ga+Cl+Be ]
I o L +KamLAND
o 0.1 i1 L il
o~ NCD 0.1+ —
£ c L i
7] » L i
0.05 B b
0.05 — —
0 0 i TR ]
0.1 0.2 0é3 04 05 0.1 0.2 0.3 0.4 0.5
. .2
sin 912 sin 912
[Schwetz, Tortola, Valle, arXiv:0808.2016v3, 11 Feb 2010] [Mezzetto, Schwetz, arXiv:1003.5800, 10 Aug 2010]
) 2 )
(1 —sin®v13)” (1 —0.5sin”v12) SOL low-energy & KamLAND
P ~
(=) (=) — . 2 . .
Ve—Ve (1 — sin? 1913) sin? Y1, SOL high-energy (matter effect)
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Measurements of ;3

0.03(0.04) < sin®2;3 < 0.28(0.34)  T2K, arXiv:1106.2822 (90% CL)
sin? 2013 = 0.04170:337 (0.07970:023)  MINOS, arXiv:1108.0015

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

sin? 113 > 0 = CP violation, matter effects, mass ordering
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Experimental Evidences of Neutrino Oscillations

SNO, BOREXino

Solar Super-Kamiokande A > A > 76 1075 V2
mg = Amy; ~ (.0 X e
Ve = Vp, Vs GALLEX/GNO, SAGE . S 21
Homestake, Kamiokande sin2 195 — sin2 1912 ~ 030

VLBL Reactor

— . (KamLAND)
e disappearance

Super-Kamiokande
Kamiokande, IMB

MACRO, Soudan-2 Ami = |Am§1| ~ 2.4 x 1073 eV?
LBL Accelerator < K2K, MINOS > N

Atmospheric
Vy — Vr

v, disappearance T2K, NOvA sin> Ya = sin® Y23 ~ 0.50

LBL Accelerator
Vy — Vr

(Opera)

LBL Accelerator

T2K, MINOS, NOvA 2 _ 2
Uy — Ve ( vA) Ampy = |Amy |
_>
LBL Reactor Daya Bay, RENO sin? 913 ~ 0.023
e disappearance Double Chooz
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Three-Neutrino Mixing Paradigm

Standard Parameterization of Mixing Matrix

1 0 0 c13 0 51367"613 cip sip 0 1 0 0
U = |0 o3 s3 0 1 0 —s1p ¢c12 0 0 e?21 0
0 —sp3 23 —513ef513 0 c13 0 01 0 0 ea
c12c13 s12€13 s13e77013 1 0 0
= | —si2c3—cros3513€%13  crocoz—sias3size¥13 spzciz 0 e21 0
S12523—C1203513€013  —c1os3—s100o3513€™13 o313 0 0 e
. Vs
Cab =COSVUsp  Sap=sinty, 0 <, < > 0 <013, A21, A3 < 27

OSCILLATION 3 Mixing Angles: 012, V23, V13

1 CPV Dirac Phase: d13
PARAMETERS 2 independent Amij =m; — mjz: Am3,, Amgl

2 CPV Majorana Phases: A1, A\31 <= |AL| = 2 processes
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Recent Experimental Results

» OPERA observed a fifth v, candidate event:
50 evidence of long-baseline v, — v, transitions!
arXiv:1507.01417

» NOvA observed first long-baseline neutrino events:
v,, disappearance (33 v, events vs 201 without oscillations)
and
ve appearance (6 v, events with 1 background).
7 August 2015 Press Release
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Recent Global Fits

Capozzi, Fogli, Lisi, Marrone, Montanino, Palazzo
Status of three-neutrino oscillation parameters, circa 2013
Phys.Rev. D89 (2014) 093018, arXiv:1312.2878

Forero, Tortola, Valle
Neutrino oscillations refitted
Phys.Rev. D90 (2014) 093006, arXiv:1405.7540

Gonzalez-Garcia, Maltoni, Schwetz
Updated fit to three neutrino mixing: status of leptonic CP violation
JHEP 1411 (2014) 052, arXiv:1409.5439

Bergstrom, Gonzalez-Garcia, Maltoni, Schwetz
Bayesian global analysis of neutrino oscillation data
arXiv:1507.04366

www.nu-fit.org
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Am3 = Am3; ~7.5+0.3 x 107°eV?

Am3 = |Am%y| =~ [Amd,)| ~2.440.1 x 107 3eV?

uncertainty ~ 3%

uncertainty ~ 4%

1 0 0 ci3 0 s3e 913 c2  si2 0\ (1 0 0
= 0 o3 53 0 1 0 —spp cp 0[]0 e 0
0 —s3 3 —s13e%13 0 ci3 0 o 1/\o 0 ei*31
D23 = In Daya Bay, RENO V12 = Vs Ahow
sin 93 ~ 0.4 — 0.6 Double Chooz sin? 915 ~ 0.30 + 0.01
Posc o< sin? 21923 T2K, MINOS
maximal and flat  sin? 913 ~ 0.023 4+ 0.002
at 0p3 = 45°
5sin2 1923 (5sin2 1913 5sin2 1912
sin® vo3 sin® Y13 sin® Y12
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Py, v

1.0

© |
o ]
5 KamLAND
S+ T=5Ma
N 0
o
8 E
) !
E =3.6MeV (reactor V,) E/L=0m}
= L L L
o
107 1 10 102

L [km]
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Effective VLBL v, Survival Probability

3 2

Z ‘Uek‘2e—imiL/2E
k=1

PI/e—)l/e —

|Ue3|2 < |Ue1‘2, ‘Uez‘z — |Ue1‘2 ~ COS2 1912, |U62‘2 ~ sin2 1912

2 2
2 _—im?L/2E
Pl/e—H/e: E ‘Uek| € Kt/
k=1
2
_im?2 . —im2
~ ‘cos21912e ’mlL/2E+sm27912e lm2L/2E‘
4 .4 2 2 Am%lL
= cos” Y12 + sin™ 115 + 2 cos” 15 cos” 115 cos oF

Am3, L
sin 12 SIN < 4E
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Effective ATM and LBL Oscillation Amplitudes

Ve disappearance: Daya Bay, RENO, Double Chooz
sin% 20¢e = 4|Ues|? (1 — |Ue3\2) = 45123c123 = sin® 2013 ~ 0.09
v,, disappearance: K2K, MINOS, T2K, NOvA
sin® 20, = 4|Ups|? (1 = |Ups|?) = 4cfsss (1 — cf3535)
~ 4s3, (1 - 5223) = sin? 203 =~ 1
vy — Vet T2K, MINOS, NOvA
sin? 29, = 4|Ue3\2|Uu3|2 = 45123C123S223 = sin? 2013 sin® ¥a3
~ 1 sin? 2913 ~ 0.045
Uy = Vrt OPERA

.2 2 2 4 4 02 ~ cin2 ~
sin“ 20, = 4|U.3]°|Ur3]* = 4ci353003 = 3 5in~ 20023 o~ sin“ 2003 ~ 1
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CP Violation?

> In this approximation there is no observable CP-violation effect!

» CP-violation can be observed only with sensitivity to Am3,: in vacuum

CP
Aaﬁ = Pl/a—)l/g - ’Dlja—ﬂjg

Am3, L Am?, L Am3,L
—16J,5 sin(%) sin<%> sin<%>

Jog = Im(Usa UZp Ul Ugo) = +J

2 .
J = s12€12523¢23513C13 5iN 013

» Necessary conditions for observation of CP violation:

» Sensitivity to all mixing angles, including small 913
» Sensitivity to oscillations due to Am3; and Am%;
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Mass Ordering

m2 ‘ye vy, I/T‘ m2
Vs )
2
Amg <
Vi
Am3 Ami
/2
2
> Amg
2 V3
Normal Ordering Inverted Ordering
Am3; > Am3, >0 Am3, < Am3; <0

absolute scale is not determined by neutrino oscillation data
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Determination of Mass Ordering

1. Matter Effects: Atmospheric (PINGU, ORCA), Long-Baseline,
Supernova Experiments

Am2 C0521913
> Ve S v, MSW resonance: V= —1 _———

= & Am,>0 NO
Am? 29
> Ve S 1y, MSW resonance: V= —% < Amj; <0 10

2. Phase Difference: Reactor 7 — e (JUNO, RENO-50)

2

m TIZQ
Normal Ordering — — Inverted Ordering
——
A m3| :

2
|Am3, |
Il
|Am§2|—|Am%1|

Il
|Am3, |+ Am3, |

|§

Amy| > [Amd,| Bmy| < [Amd,)

Vs
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E F
g 06 o S Non oscillation
E’ - “, —— 6, oscillation
= 051 _,-' —— Normal hierarchy
3 - i Inverted hierarchy
0.4 H
03f :: x_\
02 /
01f
0_|||
10 15 20 25 30
L/E (km/MeV)
Neutrino Physics with JUNO, arXiv:1507.05613
4 . 2 . 2 2
Ry ) =1 —cos*¥y3sin? 2015 sin* (Am3, L/AE)
verve 2 .2 .2 2
— cos” ¥y sin” 2013 sin” (Am3, L/AE)

—sin® ¥1p sin” 2913 sin” (Am3,L/4E)

[Petcov, Piai, PLB 533 (2002) 94; Choubey, Petcov, Piai, PRD 68 (2003) 113006; Learned, Dye, Pakvasa, Svoboda,
PRD 78 (2008) 071302; Zhan, Wang, Cao, Wen, PRD 78 (2008) 111103, PRD 79 (2009) 073007]
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LBL Oscillation Probabilities

Am3, L Am? 2EV
A=—23L =—2l A=_—" V=V2GN
4E RN A2, V2GeNe
sinf13 < 1 a1

PLBL, ~1—sin?2913sin? A — a?A?sin? 201,

sin?[(1 — A)A]

P,';MB_L% ~ sin? 2013 sin° U3 e

in(AA) sin[(1 — A)A

+arsin 20913 sin 2012 sin 2053 cos(A + 513)sm(A ) s'”[(l A) ]
2
AA
+a? sin® 2191, cos? 7923M
A
NO:  Amj >0 I0:  Am3; <0

for antineutrinos: 413 — —d13 and A — —A

[Mezzetto, Schwetz, JPG 37 (2010) 103001]
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6CP

6CP

T2K
[PRL 107 (2011) 041801, arXiv:1106.2822]
ND at 280 m FD at 295 km
2.5° off-axis = NBB with (E) ~0.6GeV ~ |[Am%|L/27

a Vy — Ve
N 6 ve events in FD
background: 1.5 4+0.3
h: ] 2.50 effect
— Best fit to T2K data
w2 =007 CL .
+0.17
. sin© 29943 = 020
0.147570 (10)
w2 f
g 90% C.L. 013=0
of
mz TK ] Assumptions
[ 143x10” p.o.t. ]
] Am3; = 7.6 x 10 °eV, sin? 201, = 0.87

0 0.1 012 03 04 05 0.6
sin’20, |Am3,| = 2.4 x 10736V, sin? 20053 = 1
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MINOS

[PRL 107 (2011) 181802, arXiv:1108.0015]
ND at 1.04 km FD at 735 km (E) ~3GeV
P ' Vy = Ve
62 v, events in FD
background: 49.6 +7.5

Am? >0

MINOS Best Fit
68% C.L.

E 0% C.L.
2::222232()1“/:;.::‘Hooz§ 1.60 effect
I 0.041%503  (NO)
sin“ 2913 = 0071
0.079 5053 (10)

68% C.L. 013 =0

MINOS 3
8.2x10° POT ]

3(m

Assumptions

Am3; =7.6 x 10"°eV, sin® 2093, = 0.87

Yool 02 TRITTT0 Am2 | =23 % 10736V, sin? 205 = 1

2sin%(28,,)sin’0,,
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0.5

dp/ T

-0.5

Large CP Violation?

‘ L \\‘

0.04

‘ L
0.06

sin®(6,,)

T2K+Reactor 68% Credible Region
T2K+Reactor 90% Credible Region
T2K+Reactor Best Fit Point

T2K Only 68% Credible Region
T2K Only 90% Credible Region
T2K Only Best Fit Line

T2K, Phys.Rev. D91 (2015) 072010, arXiv:1502.01550
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v

v

v

v

v

v

Open Problems

o3 = 45° 7

23 5 !

» T2K (Japan), NOvA (USA), PINGU (Antarctica), ORCA (EU),
INO (India), ...

Mass Ordering ?
» NOvA (USA), JUNO (China), RENO-50 (Korea), PINGU (Antarctica),
ORCA (EU), INO (India), ...

CP violation ? 613 =~ 37/2 7
» T2K (Japan), NOvA (USA), DUNE (USA), HyperK (Japan), ...

Absolute Mass Scale 7
» 3 Decay, Neutrinoless Double-5 Decay, Cosmology, ...

Dirac or Majorana ?
» Neutrinoless Double-3 Decay, ...

Beyond Three-Neutrino Mixing 7 Sterile Neutrinos 7
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Absolute Scale of Neutrino Masses

@ Absolute Scale of Neutrino Masses
@ Tritium Beta-Decay
@ Neutrinoless Double-Beta Decay
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[eV]

my, My, Mg

Mass Hierarchy or Degeneracy?

T T T T T T T T T T T T T T T T
tNormal Ordering H . ¢ F{Inverted Ordering H . ¢
—m Quasi-Degenerate /! —m Quasi—-Degenerate /!
1 H j i " 1H —m j i "
A 1 ' ' 3 1 ' '
N —m . ' ] N —m . ' ]
[ H ' Y [ H ' o
L i Pd Car b S .
o 7 g1l o Im 7 HE
amZ ©. 1o S = Amip ©. 1© =0
ma g ¢ 51 ¢ m; g ¢ 501
b o P R ) 3 o P R
. g 13 N g 13 g
1%?,“2 s 1z Rl B s 1z T
r m Q- ‘0 S ] r m & ) S 1
: ' T = , s s 3 g ]
A 2] 2 =~ A 2] 2 =~
— =3 [l — = [l
[ ; EN =3 3] [ 3 =3 3]
Normal Hierarchy =: | 2 = Inverted Hlerarchy:, ' 2 =
10-3 1 il L L L 10—3 il L L L
107 107 10 1 107 107 10 1
Lightest mass: m; [eV] Lightest mass: m; [eV]
2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2
m3 =mij +Am3; = m] + Amjy ms = m? + Ama; ~ m3 + Am3

Quasi-Degenerate for my ~ my ~ m3 ~ m, = \/Am3 ~5 x 1072 eV

95% Cosmological Limit: Planck TT + lowP + BAO [xiv150201589)
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Tritium Beta-Decay

dI  (costcGr)®
dT — 2m®
Q = Msy — Mspye — mo = 18.58 keV

Ho Hete +7 IMJ* F(E)pE (@ — T)\/(Q = T)* — m3,

Kurie plot

- 1/2
K(T) = dr/d7 :(Q—T)(Q—Tf—mﬂ

costc G)?
S NG

m,, <22eV (95% C.L.)
Mainz & Troitsk

[Weinheimer, hep-ex/0210050]

future: KATRIN

[www.katrin.kit.edu]
T BT N start data taking 20167
r @=m, @ sensitivity: m,, ~ 0.2eV

my, >0
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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:

f \ 1 2N — 1 parameters
L Q 1

\\l <Z|Uek|2:1>
o | (‘) me Q—m | k

if experiment is not sensitive to masses (my < Q — T)

effective mass: mé = Z |Uek|?m3

(@- TP Il 1~ g =@ Z‘“ek‘[ TeEead
mﬁ
2(Q-T)
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Predictions of 3v-Mixing Paradigm

m3 = |Uet|? m3 + |Ueal® m3 + |Ues|? m3

10 [ v e e
F ! €
r ) ]
b 95% Mainz and Troitsk Limit ,
| I""""""' R |
|
1 E : E
£ ' ]
[ i ]
[ 95% KATRIN SenSItIVI-ty 1
i
|
10" F 3
F 10 o ]
Am3 :£ ]
0 i
10
L ' i
E
-2 = -
- NO 8 ]
N o ]
L :n_’ — 10| 1
r - — 20|
L :g — 30|
1073 ol L AAAAA:AAl ol I
10 10 10" 1 10
mmln [ev]

» Quasi-Degenerate:
2 o 2 2 _ 2
mﬁ—mVZk‘UeH =m,

Inverted Hierarchy:

m% ~ (1 —s%)Am2 ~ Am3

» Normal Hierarchy:
m3 = stycis Amg + s Amy
~2x107°+6x 10~

> If mp <4x1072eV
U

Normal Spectrum
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Neutrinoless Double-Beta Decay

9-
As
ot 5,
1Ge
BB~
ot
1Se
. . . . o 2
Effective Majorana Neutrino Mass: mgg = Z Ugie my
k
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Two-Neutrino Double-3 Decay: AL =10

d N u
N1
N(AZ) - N(A, Z+2)+e +e + e+ e =
7e
(7_1272)_1 = Gy, |M2y\2
. . Ve
second order weak interaction process 0 e~
in the Standard Model J W .
Neutrinoless Double-8 Decay: AL =2
d S u
N(AZ) = NAZ+2)+e +e W )

(T2) ™" = Go [Moy|? [mgsl?

effective
Majorana  |mpgg| = Z U2, my Uik —m bt
mass k d //H' ,
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n 7GGe 2\;[3[3

r 32

1.0

ovpp

f(T)
0.6

0.4

0.2

UL L
v b b b b s b

T T T T
0.0 0.5 1.0 15 2.0

0.0

T [MeV] Q =2.039MeV
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Effective Majorana Neutrino Mass

mgg = Z ng my complex Ugx = possible cancellations
k

mgz = |Ue1|? my + |Uez|? €2 my + | Ues|? €2 m3

Qp = 2)\2 a3 =2 ()\3 - 513)

Im[mgpg] Im([mgg]
- a3
UZms UZmy
9 )2
UZmy Re[mgpg) U&m Re[mys]
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90% C.L. Experimental Bounds

BB~ decay experiment T Iy mgg [eV]
38Ca — 35Ti ELEGANT-VI >14x10% <6.6-31
Heidelberg-Moscow > 1.9 x 10® < 0.23 — 0.67
8Ge — 18Se IGEX >1.6 x 102 < 0.25-0.73
GERDA >2.1x10® <0.22-0.64
87Se — S2Kr NEMO-3 >1.0x10%2 <1.8-47
1%9Mo — 19%Ru  NEMO-3 >21x10%® <0.32-0.88
118Cd — 118Sn  Solotvina >1.7x102% <15-25
128Te — 1§§Xe CUORICINO >1.1x10% <72-18
13°Te — 139Xe  CUORICINO >2.8x 10" <032-12
EXO >1.1x10® <02-0.69
BaXe = BgBa | LAND Zen >19x10% <0.15—0.52
ONd — 9Sm  NEMO-3 >21x10® <26-10
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Mgl [eV]

[ ELE-vi

‘ NSM QRPA ~ IBM-2 © EDF v PHFB

CUORICINO

Tat

Fos
10 b NEMO-3 |
[ NEMO-3 $
L T
r Solotvina k|
l CUORICINO
1 NEMO-3 i |
5 H-M IGEX GERDA & EXO 1
r > > 3 & K-ZEN ]
[ = ]
. :
w0 f I E
T T T T T T T T T
48 76, 82 100 116 128 130. 136 150
20Ca Ge 345€ Mo 45Cd 521€ s21€ saXe aoNd

C. Giunti — Neutrinos:

[Bilenky, Giunti, IJMPA 30 (2015) 0001]
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Experimental Positive Indication

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

Ov 0.44 25 :
T, = (2.231— ) x 107y 6.50 evidence [MPLA 21 (2006) 1547]
1/2 0.31
8 T T T T T
70 — SSE
— 2n2b Rosen - Primakov Approximation -1 ]
60
6 3
50
> > 54 ki
540 % 4 9
g 3 3] E
© -
20 21 n _ o
Q=2039 keV/
10 ¢ L mdllll nn miA4d
R0
500 1000 1500 2000 2500 3000 2000 2010 2020 2030 2040 2050 2060
Energy keV
energy, keV

[PLB 586 (2004) 198]

[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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= (90% CL)

—_

8 25

&, 10

~ ™

<

83 -

- - |z
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X m
o |z
® e
2 |2
SEEEES
(@] (@)
C =

1024 L

1024 1025 1026
To(‘eeXe) [yl
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Predictions of 3v-Mixing Paradigm

mgg = |Ue1‘2 my + |Uez‘2 elo mo + ‘Ue3|2 elos ms
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1 v Normal Ordering 1 Y iverted Ordering
— 1 — 1o
— 20 — 20
— 30 — 30
107
s
o
£107
o
3
2
> 107
[Uealmg
2,
[Ue"my
107 I I I 107 I
107 10 107 10" 1 107 10 107 10" 1
Lightest mass: m; [eV] Lightest mass: mz [eV]
1 T T T 1 T T T A
107" F 10" o
> >
A A
_ 107 4 _ 102 F il
= =
g g
£ £
= 3v - Normal Ordering = 3v - Inverted Ordering
— — (%)
- ,3 (+7)
10 10° | -4
- -G
_— — 1o
—_— — 20
— — 30
CcPV
104 104 L L
10* 107 107 10" 1 10* 107 107 107" 1
Lightest mass: m; [eV] Lightest mass: mz [eV]
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mgg = [Uer|* my + |Uea|? €2 my + [Ues|* €3 m3

1 E R T T ““‘:“\ T
eoncnuret G L QuasDegenente
107 F : E ~
g 1 Imggl = my /1 391,52,
S i > Inverted Hierarchy:
10 '8 E
'R ] ~ 2 2 2
EQ 1 ‘mﬁﬁ‘ - \/AmA(l - 5219125052)
E ]
=1
3 [§<) ] .
10 = i » Normal Hierarchy:
' ]
S| — to Imag| ~ [si\/BAmE + e sis\/Am3|
=3 — 20 .
- G || ~]2.74+1.2¢% x 1073 eV
107 10°° 107 10" 1
Mpin [e\/]

|mgs| < 1072eV = Normal Spectrum
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[eV]

[mgg|

1 g — 1 g .
T
0™ F 3 10t F .
L \ ] [
!
2 | H 4 -2 | H 4
07 ¢ 'z ] 5107 ¢ '8 ]
E P E-- 3 ' 1
[ '3 1 E [ [ ]
[ = ] [ :g ]
! !
i '8 ] I '3 ]
'\ . 2
10° £ ‘o 4 100 F '8 3
£ 2 ] £ :g 3]
[ 2, ] r e E
: '2’; — 1o L [ R
R H >
' —— 30 ' — 30
10*4 L L M| ) L 10*4 i L L L M |
107 10 1 107" 1
mp [eV] 5me [eV]
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Light Sterile Neutrinos
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(arbitrary units)

New Reactor 7, Fluxes

Increased prediction of
detected flux by 6.5%

TT TTTIT T

ryTTT

————— Cross-section

—— Detected spectrum \

I New T,
AN ovalB) x 1/

- Emited spectum — 5. 1) Neutrino Emission:

=  Improved reactor neutrino spectra
— +3.5%

= Accounting for long-lived isotopes
in reactors — +1%

ii) Neutrino Detection:

=  Reevaluation of o\gp — +1.5%
(evolution of the neutron life time)

=  Reanalysis of all SBL experiments

[T. Lasserre, TAUP 2013]
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Reactor Electron Antineutrino Anomaly

[Mention et al, PRD 83 (2011) 073006; update in White Paper, arXiv:1204.5379]

New reactor 7, fluxes

[Mueller et al, PRC 83 (2011) 054615; Huber, PRC 84 (2011) 024617]

— ]

—— Bugey-4 —— Bugey-3-95 —— ILL —#— Rovno88-11 —4— Rovno88-3S —e— Palo Verde 3

ﬂ -+ —4— Rovno9l —%— Gosgen-38 —#— Krasno-33 —&- Rovno88-2I —— SRP-18 —=— Double Chooz [

—t+— Bugey-3-15 —&— Gosgen-45 —#- Krasno-92 —#— Rovno88-1S —e— SRP-24 —— Daya Bay ]

—=— Bugey-3-40 —k— Gosgen-65 —&- Krasno-57 —e— Rovno88-2S —e— Chooz ]

- £ E

- 1

g ]

g ]

2 o l I E|

Z 4 I I ]
=
g
z
n

e 24 - ]

R=0.933+0.021 Bl

@ | E

oS ]

~ ) }2014 update of Giunti, Laveder, Li, Liu, Long, PRD 86 (2012) 11301?15

I \ . . . P . . . P

10

Ve — Ve
Nominal =~ 3.1c deficit

10°
L [m]

L ~10—100m
Am? > 0.5eV? (> Am3 > Am?)

10°

E ~ 4MeV

[see also: Sinev, arXiv:1103.2452; Ciuffoli, Evslin, Li, JHEP 12 (2012) 110; Zhang, Qian, Vogel, PRD 87 (2013) 073018;
Kopp, Machado, Maltoni, Schwetz, JHEP 1305 (2013) 050; Ivanov et al, PRC 88 (2013) 055501]

Problem: unknown 7, flux uncertainties?
[Hayes, Friar, Garvey, Jonkmans, PRL 112 (2014) 202501; Dwyer, Langford, PRL 114 (2015) 012502]
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Beyond Three-Neutrino Mixing: Sterile Neutrinos

| | | | | | Vsl VSQ
Vr
Vi
V(i
1741 V9 V3 vy Vs
m2 w2 m) m m
AmGor,  Amiry | Amggy

3v-mixing

Terminology: a eV-scale sterile neutrino
means: a eV-scale massive neutrino which is mainly sterile

log m?
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Sterile Neutrinos from Physics Beyond the SM

Neutrinos are special in the Standard Model: the only neutral fermions

In extensions of SM neutrinos can mix with non-SM fermions

_ 0 mmetry 1
SM doublets: L; = (Z::) ®=iop®* = (i‘) SI;/TI;Z) % <g>

] _~ e (bo — 0, 74— Symmetry V __
SM let: L, = l = l _— —
singlet: L; (L 0) <¢_ vLg” + Lo Srearing. /3 -
SM singlet L_LCT> can couple to new singlet (sterile) fermion field vg
(right-handed neutrino) related to physics beyond the SM
LP ~ L_LEIVDI/R

Symmetry V

ey Uivr Dirac mass term
Breaking \/§

Surprise: Majorana mass term £M ~ EVR allowed by SM symmetries

In general: Dirac mass term ~ L; ®vr+Majorana mass term ~ ﬁuR

Diagonalization of mass matrix ~ (,,9D ’,’;g) — 2 massive Majorana

neutrinos
If mass splitting is small we have active-sterile v, — v oscillations
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v

v

v

v

v

v

3 left-handed + N right-handed fields = (3 + N;) x (3 + Ns) mass
matrix

Diagonalization = 3 + N massive Majorana neutrinos

Light anti-vg are light sterile neutrinos

VE—Ust (left-handed)

Sterile means no standard model interactions
[Pontecorvo, Sov. Phys. JETP 26 (1968) 984]

Active neutrinos (ve, v, ;) can oscillate into light sterile neutrinos (vs)
Observables:
» Disappearance of active neutrinos (neutral current deficit)

» Indirect evidence through combined fit of data (current indication)

Short-baseline anomalies + 3v-mixing:
Am3, < |Am3;| < |Amg| < ...

V1 1%) V3 Va
Ve Yy Vr Vg

C. Giunti — Neutrinos: from Particle to Astroparticle Physics — Il — Torino PhD Course — January 2016 — 85/139



» Here | consider sterile neutrinos with mass scale ~ 1€V in light of
short-baseline Reactor Anomaly, Gallium Anomaly, LSND.

» Other possibilities (not incompatible):

» Very light sterile neutrinos with mass scale < 1eV: important for solar
neutrino phenomenology
[de Holanda, Smirnov, PRD 69 (2004) 113002; PRD 83 (2011) 113011]
[Das, Pulido, Picariello, PRD 79 (2009) 073010]

Recent Daya Bay constraints for 1072 < Am? < 107 eV? pre 113 (2014) 141502]

» Heavy sterile neutrinos with mass scale > 1eV: could be Warm Dark
Matter
[Asaka, Blanchet, Shaposhnikov, PLB 631 (2005) 151; Asaka, Shaposhnikov, PLB 620 (2005) 17; Asaka, Shaposhnikov,
Kusenko, PLB 638 (2006) 401; Asaka, Laine, Shaposhnikov, JHEP 0606 (2006) 053, JHEP 0701 (2007) 091]

[Reviews: Kusenko, Phys. Rept. 481 (2009) 1; Boyarsky, Ruchayskiy, Shaposhnikov, Ann. Rev. Nucl. Part. Sci. 59
(2009) 191; Boyarsky, lakubovskyi, Ruchayskiy, Phys. Dark Univ. 1 (2012) 136; Drewes, [JMPE, 22 (2013) 1330019]

C. Giunti — Neutrinos: from Particle to Astroparticle Physics — 11l — Torino PhD Course — January 2016 — 86/139



Four-Neutrino Schemes: 242 and 341

m? m?
|20 I
vy

V3

2 2

Amgp;, Amgpy,

) %)
vy v

"o "341"
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242 Four-Neutrino Schemes

m? m?
| Z1 9
2 Am3
Amir MsoL N ——
S "
V3
2 2
Amgg, Amgpy,
12
v e
2 —_— MAT
Amgy, ATM
141 V3
"normal” "inverted”
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242 Schemes are strongly disfavored by solar and atmospheric data

50 [T

40

30

N><
g
20

10

99% CL (1 dof)

A

0 0.2 0.4 0.6 0.8 10 0.2 0.4 0.6 0.8 1
N Ns
matter effects + SNO NC matter effects
Ns = |Usl|2 + |Us2|2
1- nNs = ‘Us3|2 + |Us4‘2
0 _ ns < 0.25 (solar + KamLAND)
99% CL: { ns > 0.75 (atmospheric + K2K)

[Maltoni, Schwetz, Tortola, Valle, New J. Phys. 6 (2004) 122, arXiv:hep-ph/0405172]
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341 Four-Neutrino Schemes

m? m? m? m?
V9
I U Rz AmZop 1
2 ) V]
Amiry vy Amiry
m2 -1
Amgord__|__ N
141 1263
: ; 2
Amlg AmZg; Amig Amgp;
Vs Vo
— o —
Amgor{__|
. . v
AmZ Ama..
A\l ATM
Amgor<{_[__ - e 2y
141 V3
" " " . " " . " ”f' II N d”
normal 3v-inverted 4y-inverted ully-inverte

Perturbation of 3-v Mixing

Uea? <1 |UulP <1 |UnP<1l  |Uaf~1
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Effective SBL Oscillation Probabilities in 3-++1 Schemes

4 2
. 2
Prosvs = ZU;knge_’Ekt * |e'F1t
k=1
4 2 4
i A L
= ) Ui Ugee BBDE) ZUakngexp<—i '2”[:51 >
k=1 k=1
m? Am3, L Am3, L
Ex~E+ -k 2«1 2low1l Ami - Am?
k +2E 5E < 3F < mz; — Am
* * * % AmzL 2
Pffiuﬁ ~ 1Ua1Up1 + UsoUpo + UasUss + Uqga Upa exp(—l 5E >

m1Up1 + UsoUpz + Ug3Ugs = 60 — UgaUpa
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2

SBL .
Pl/a—)l/g -

Am?L
0ap — UlsUgs |1 — —i
e [1 - o 2]

Am?L
= 0ap + | Uaal?|Upal® <2—2cos )
Am?L
— 2004|Uaal? (1 —cos—— >
Am?L
= 5046 - 2|Ua4‘2 (5045 - ‘U54‘2) 1 — cos
2E
o AmPL
=608 — 4 Uaal* (0ap — |Upal?) sin®
4E
. Am?L
aFf = PsaBiyﬁ =~ 4| Uqs|?|Upa|? sin? ( 1E )

) Am?L
a=p8 = PPBL, ~1— 4 Ul (1~ |Unal?)sin? ( >

4E
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Effective SBL Oscillation Probabilities in 34+1 Schemes

AmZ L
RBL ) ~ sin® 2044 sin’ (%) sin® 2005 = 4|Una |?| Usa|?
Va—Vg
AmZ L
REPL ) = 1 —sin® 20,4 sin? (%) sin® 2000 = 4| Unal* (1 — |Uaal?)
Vo —Va

Perturbation of 3v Mixing: |Ues|> < 1, [Upal? < 1, [Una]? < 1, |Usa]? ~ 1

> 6 mixing angles

3 Dirac CP phases

v

Ue 1 Ue 2 UEB Ue4

> 3 Majorana CP phases
Uul U;LQ UMS UM4

U= » But CP violation is not observable
i i |
Uy U Us Uy in current SBL experiments!
> Observable in LBL accelerator exp. sensitive
USl USQ US3 US4 to Ami—rM [de Gouvea, Kelly, Kobach, PRD 91 (2015)
# 053005; Klop, Palazzo, PRD 91 (2015) 073017; Berryman, de

Gouvea, Kelly, Kobach, PRD 92 (2015) 073012, Palazzo,
arXiv:1500.03148] and solar exp. sensitive to
Am3o,  [Long, Li, Giunti, PRD 87, 113004 (2013) 113004]

SBL
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PVe - Ve

1.1

AmZ, [eVA]

@ |
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Gallium Anomaly

Gallium Radioactive Source Experiments: GALLEX and SAGE

Detection Process: Ve + Ga — "Ge+ e~
Ve Sources: e +°21Cr = %1V + 1, e +3Ar = 3Cl+ v,
o b GaLLEX sacE ] Ve — Ve E ~ 0.7 MeV
E Crl Cr
(L)caLLEx = 1.9m
g 3 <L>SAGE =0.6m
2 GALLEX .
z o hCE Nominal ~ 2.90 anomaly
2 S LT ]
3 Am? > 1eV? (> Ami > Amd)
I
o [SAGE, PRC 73 (2006) 045805; PRC 80 (2009) 015807]
[Laveder et al, Nucl.Phys.Proc.Suppl. 168 (2007) 344;
5 MPLA 22 (2007) 2499; PRD 78 (2008) 073009;
~ F R=0.84£0.05 E PRC 83 (2011) 065504]
[Giunti, Laveder, Li, Liu, Long, PRD 86 (2012) 113014] [Mention et al, PRD 83 (2011) 073006]

> 3He+ "'Ga — "'Ge+3H cross section measurement [Frekers et al., PLE 706 (2011) 134]
> En(ve + *Ga — Ge+e7) =233.5+ 1.2keV [Frekers et al., PLB 722 (2013) 233]
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Deficit could be due to overestimate of
o(ve+™Ga— MGe+e)

v

v

Calculation: Bahcall, PRC 56 (1997) 3391
3/27 0.500 MeV

5/2~ 0.175 MeV

1/2-
71Ge

10.233 MeV

71Ga

> 0GsS. from T1/2 (71Ge) =11.43+0.03 dayS [Hampel, Remsberg, PRC 31 (1985) 666]

065.(*1Cr) = 55.3 x 10* cm? (1 + 0.004),

BGT175 BGTSOO
— 1+ 0.220 ————
BGTgs. * BGTG.S.)

v

o(®*Cr) = 0¢s.(°*Cr) <1 +0.669

» Contribution of Excited States only 5%!
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BGTgs. BGTgs.

Krofcheck et al.

71 71
PRL 55 (1085) 1051 Ga(p, n)Ge <0.056  0.126 +0.023

Haxton

PLB 431 (1998) 110 ~nell Model - 0.1940.18

Frekers et al.

1. (30 371
PLB 706 (2011) 134 Ga(®He,”H)"*Ge 0.039 4+ 0.030 0.202 £+ 0.016

» Haxton: [Haxton, PLB 431 (1998) 110]

“a sophisticated shell model calculation is performed ... for the transition
to the first excited state in "*Ge. The calculation predicts destructive
interference between the (p, n) spin and spin-tensor matrix elements”

» Does Haxton argument apply also to (3He,3H) measurements?
» 2.70 discrepancy of BGTs00/BGTg.s. measurements!

» Anyhow, new "*Ga(®He, *H)"'Ge data support Gallium Anomaly!
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Solar bound on |Ug|?

[Giunti, Li, PRD 80 (2009) 113007; Palazzo, PRD 83 (2011) 113013, PRD 85 (2012) 077301]

2
SOL 2 SOL,2 4
Pl/e—H/e ~ (1-— Z |Uek| Pl/e—>;/ey + Z ‘Ué’k‘
k>3 k>3
PO (1= Uk | [ 1= [Uakl® | PN+ | Uek*| Usie?
k>3 k>3 k>3

3+1 with simplifying assumptions: U,4 = U;4 = 0, no CP violation

Ue1 = cipcizcis Uep

=spc3cis Uz =s13cia Ues
Us1 = —crpcizsis Uso

= —sppczsis Uss

SOL . 4 4 pSOL2v |, 4 4 4
Py . = ci3ciaPy 50Y + s13C1a + S1a

soL . 2.2 (.4 pSOL2v , 4
Py, =~ CiaSia <C13'Dl/e—>l/5 + 53+ 1)

= S14
—s13514 Uss = c14

_ 2 2 2 2
Ci3C14 Ve — 13514 Ve

(JUe1]? + [Ue2|?) Vee — (|Us|* + | Us2|?) Ve
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.2
siN“Yy,

Solar and KamLAND constraints (#, = 0)

Solar and KamLAND constraints (#; = 0)

0.2 0.3 0.40.2 0.3 0.4 0.2 0.3 0.40.2 0.3

0.4

0.1

0.05 |

sin®d,, sin®,, sin®d,, sin®,,

[Palazzo, PRD 83 (2011) 113013]

—

Daya Bay and RENO
sin® ¥13 = 0.025 + 0.004

N )

0.05 0.1 0 0.05 0.1

. . Uea|? = sin® 914 < 0.02(1
sin®d,; sin?d,; |Uea|” = sin"d1a 5 (10)

[Palazzo, PRD 85 (2012) 077301]
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Fit of solar and KamLAND data with
Daya Bay and RENO constraint sin® 913 = 0.025 + 0.004
and free |U,4| and |U;4| (neglecting small CP violation effects)

T T

S T ‘ :

E ' E|

E ' E

E 99.73% N El

o [

E —— With Daya Bay & RENO ! E

E - - - Without Daya Bay & RENO ! E

3 i E

Fo9% ' E

© £ | E

E ' E

w b L]

g E i E

E ! E|

E ! El

N Fosa% ] E

E 1 3

E ! E

E 90% ' El

E ! |

~ E . 3

E / El

E ’ E|

568.27% e g

o E | e C T o nd

107 107 1072 107" 1
sinZZS‘ee
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v. Disappearance

Global v, and

2 2
10 e HHHE 10 EHH‘ T ——
10 10 F
& & L
> > r
Q@ 2, [
~F «F [
3 3 r
3 3
1 1r e E
[ [ < ———" ]
r r Ve &V, DIS + B
L | — 90% CL
w— 950 CL
99% CL
10—1 Ll L L | L L Lo 10—1 Ll L L IR | L L
107 10 1 107 10" 1
SiN%29e SiN%29e

KARMEN + LSND ve + °C — Ny + e~
[Conrad, Shaevitz, PRD 85 (2012) 013017]
[Giunti, Laveder, PLB 706 (2011) 200]

solar ve + KamLAND 7e + 913
[Giunti, Li, PRD 80 (2009) 113007]
[Palazzo, PRD 83 (2011) 113013; PRD 85 (2012) 077301]
[Giunti, Laveder, Li, Liu, Long, PRD 86 (2012) 113014]

T2K Near Detector v, disappearance
[T2K, PRD 91 (2015) 051102]

Mainz 4 Troitsk Tritium /3 decay
[Mainz, EPJC 73 (2013) 2323]
[Troitsk, JETPL 97 (2013) 67; JPG 41 (2014) 015001]
No Osc. excluded at 2.90
Ax?/NDF = 11.2/2
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Near-Future Experiments

2 2
10 T r— TP 10 e
Ve &Ve B —— STEREO (1yr, 95% CL) —— PROSPECT phase 1 (3yr, 30)
= 90% CL —— SoLiD phase 1 (1yr, 95% CL) - - PROSPECT phase 2 (3, 30)
— 95% CL - - SoLiD phase 2 (3yr, 30) ——  DANSS (1yr, 95% CL)
99% CL NEOS (0.5yr, 95% CL)
10 = 10 ¢
O L 1 & L
> L 1 > [
) t 1 L L
~F ~F
£ [ 1 E [
< <
1 F 3 1 F
CeSOX - 95% CL 1 Ve &V, DIS + B
— shape ] —90% CL
— rae 950 CL
— rate + shape 99% CL
= -1 . .
10 10
2 1 -2 -1
10 10 1 10 10 1
.2 )
Sin“29e SiN“29ee

CeSOX (BOREXINO, ltaly)
184Ce — 100 kCi [Vivier@TAUP2015]
rate: 1% normalization uncertainty
8.5 m from detector center
KATRIN (Germany)
Tritium B decay [Mertens@TAUP2015]

STEREO (France) L ~ 8-12m [Sanchez@EPSHEP2015]
SolLid (Belgium) L o~ 5-8m [Yermia@TAUP2015]
PROSPECT (USA) L ~ 7-12m [Heeger@TAUP2015]
DANSS (Russia) L o~ 10-12m [arxiv:1412.0817]
NEOS (Korea) L ~ 25m [ohewiN2015]
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LSND

[PRL 75 (1995) 2650; PRC 54 (1996) 2685; PRL 77 (1996) 3082; PRD 64 (2001) 112007]

Uy — Ve L~30m 20MeV < E < 60MeV

w
a
v

® Beam Excess

Well known source of 77,

B p(o,-9,en + n —
patrest - et +rve+ 1y,

Beam Events
w
o
T

N
4]
T

B3 p@,.eIn

20 F > Uy ——— Ve

L~30m
15¢ » Well known detection process of 7:
| Tetp—n+tet
0 > But signal not seen by KARMEN

with same method at L ~ 18 m
[PRD 65 (2002) 112001]

I I I I I I I

20 25 30 35 40 45 50 55 60
E, MeV

Nominal =~ 3.80 excess Am? > 02eV? (> Am3 > Am?)
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MiniBooNE
L~541m 200MeV < E < 3GeV

Vy — Ve [PRL 102 (2009) 101802] DM — Ve [PRL 110 (2013) 161801]

> 3 T
2 e Dala 2 i ) B
5 ] Ve fromp 2 12 Antineutrino
E + ) Ve ;rom E; é’ 10 « Data(staterr)
> LSND signal &= v, from ’ LSND signal ‘:'i. fromic, B
“ ' " E g;ﬁf 08 — gi’kﬁfﬂ E
= other 0.6 = :::ev N
Total Background : —— Constr. Syst. Error
14 15 . !
E9E (GeV) . . . X k 1.2 1.4 1Eng e Va).o
» Purpose: check LSND signal. » LSND signal: E > 475MeV.
» Different L and E. > Agreement with LSND signal?
» Similar L/E (oscillations). » CP violation?
» No money, no Near Detector. > Low-energy anomaly!
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v

v

v

v

v

3+1: Appearance vs Disappearance

Amplitude of v, disappearance:
sin® 20ee = 4|Ues|? (1 — |Uea|*) =~ 4|Ues|?
Amplitude of v, disappearance:
sin® 20, = 4|Upal? (1 — |Upal?) = 4|U,a)?
Amplitude of v, — v, transitions:
sin? 20y = 4|Ue4\2|Uu4|2 ~ % sin? 20 e sin? 29

Upper bounds on v, and v, disappearance = strong limit on v, — v,

[Okada, Yasuda, IJMPA 12 (1997) 3669; Bilenky, Giunti, Grimus, EPJC 1 (1998) 247]
Similar constraint in 3+2, 3+3, ..., 3+N\,! [Giunti, Zavanin, MPLA 31 (2015) 1650003
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Appearance vs Disappearance in N = 3 + N, Mixing

[Giunti, Zavanin, MPLA 31 (2015) 1650003]

Am3 L < Am3, L

1
4E 4E <

N
ID(§;3L(—) ~ 0ap — 42 | Uak|? (6ap — |U5k\2) sin? Agq
4

Vﬂ—n’ﬁ k=
N N . . )
+8 Z Z |Uaj U,BjUak ng| sin Akl sin Ajl COS(AJ- — 77a,8jk)
k=4 j=k+1
Amj L . .
Aj = Nagjk = arg[Us;Us; Uak U]

4E
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Survival Probabilities

N
RPN =1 42 [Uni? (1 = |Unk|?) sin® Agq
Va—Va k:4
N N
+8 Z Z ‘Uaj|2|Uak\2 sin Ajy sin Ayq cos Aj
k=4 j=k+1

Effective amplitude of(z_/; disappearance due to v, — v, mixing:
sin 219 k) = 4|Uak|2 (1 - |Uak| ) = 4|Uak|2
Uk <1 (a=ep7m; k=4,...,N)
N

PRt ~1-— Z:sin2 200 sin? Ay

Va—Va K—4
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Appearance Probabilities (o # [3)

N
R 22 4 [Uak | Upk|? sin® Ay

I/a—ﬂ/ﬁ k=4
N N . . )
+8 Z Z ‘UajUngak Ugsk|sin Agysin Ajp COS(Ajk — Uaﬁjk)
k=4 j=k+1

. . (=) (=) . ..
Effective amplitude of v, — v transitions due to v, — v mixing:

sin 200 = 4 Upi[?| Usi?

N
. k) .
P(fgg"(_) ~ Z sin? 2192{5) sin? Ay
Va=rVg k=4
- K gin ol )
Z Z sin 20 Bsm 20 Bsm Apgsin Ajycos(Aj — 1agjk)
k=4 j=k+1
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sin? 200) = 4| Upic|? (1 — [Uak|?) = 4| Uk

sin wi = 4| Unie[2| Ui ]2

sin 219() Z sin 219(k) sin 219(k)

sin2 200 « 1

= sin 219() is quadratically suppressed
sin® 219()<<1} a y supp

. (=) (=) . .
on the other hand, observation of v, — V3 transitions due to Amil imply

that the corresponding(;)a and(;)g disappearances must be observed
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eVl

2
i

Am

v, and 7, Disappearance

90% CL
[ —— Our it of 2011 MINOS NC data ]
—— February 2015 MINOS NC + CC
10 10
L ' L
>
2 L
~F
£
1 r ) J 1
[ 3 [
L s L
99% CL S F
—— CDHSW: v, S L
— ATM:v, +V, <
— MINOS: v, ¢
——  SciBoONE-MiniBooNE: v,, J 1 r
——  SciBoONE-MiniBooNE: 7, (
~—— Combined )
107! Ll ! I 107t . L
107 107" 1 107 107" 1
) P02
sin“29y, sin“29y,

MINOS:

Lyecay ~ 0.675km  Lyp >~ 1.04km  Lgp ~ 735km

Losc 10
Lo AmZ [eVE]

E =~ 4GeV —
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Global 341 Fit

Our Fit Kopp, Machado, Maltoni, Schwetz

10 10! T T T
0%, 99%, 99.73% CL, 2 dof
Z ey,
<
2,
- 1 ]
3
<
GLO
— 10
— 20
30
10—1 L L L
10™ 107 1072 107 1
sinzzﬂe“
GoF = 5% PGoF = 0.1% GoF = 19% PGoF = 0.01%

[Kopp, Machado, Maltoni, Schwetz, JHEP 1305 (2013) 050]
There is no globally allowed region
in this paper!
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Goodness of Fit

» Assumption or approximation: Gaussian uncertainties and linear model
> x2,., has x? distribution with Number of Degrees of Freedom

NDF = Np — Np
Np = Number of Data Np = Number of Fitted Parameters
(x2:.) = NDF Var(x2,,) = 2NDF
00 Zn/27lefz/2

Parameter Goodness of Fit

Maltoni, Schwetz, PRD 68 (2003) 033020, arXiv:hep-ph/0304176

Measure compatibility of two (or more) sets of data points A and B
under fitting model

> Xpcor = (Xmin)A+B — [(Ximin)A + (Xiin)B]

> X3cor has x? distribution with Number of Degrees of Freedom
NDFpgor = N& + NE — N&TB

PGoF = / pxz(Z, NDFPGoF) dz
XPGoF
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MiniBooNE Low-Energy Excess?

10° ¢ ; ; ;
£ © MiniBooNE - v,
st e Data - Expected Background 1
—— sin’29=0.98, Am®=0.04 eV? (bf) |1
5 — sin®28=0.0017, Am?>=0.5 eV*
10 | © I © 200 2_ 2 i
F S ° 7T sin“28 = 0.0022, Am“=0.9 eV ]
2 E — sin?29=0.0023, Am? =3 eV? 1
< - ]
> %) ]
) e E
1k 2
o E ve&vy,DIS o
Y= ™~ @ ]
< 0] 3
[} ]
X
11}
10" £
OPERA|
MiniBooNE ICARU!
— 30 L
10—2 L L L
_, _ _ = 200 400 600 800 1000 1200 1400 3000
107 107 107 10" 1
E [MeV]

sin22~.9Ep
» No fit of low-energy excess for realistic sin? 20e, S 3 X 1073
» Neutrino energy reconstruction problem? [Martini, Ericson, Chanfray, PRD 87 (2013) 013009]
» MB low-energy excess is the main cause of bad APP-DIS PGoF = 0.1%
» Pragmatic Approach: discard the Low-Energy Excess because it is very

likely not due to oscillations
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Pragmatic Global 341 Fit

[PRD 88 (2013) 073008; arXiv:1507.08204]

» APP v, — ve & 1, — Te:
LSND (vs), MiniBooNE (7),
OPERA (1x), ICARUS (),
KARMEN (1),

NOMAD (3¢), BNL-E776 (3)

10 |

3 » DISve & 176 Reactors (vs),
wi 1 Gallium (vs), veC (),
<

Solar ()

| » DISv, & 7,: CDHSW (%),
MINOS (3),
- Atmospheric (1),

30

e Y 0 O U041 £ MiniBooNE/SciBooNE (1)
10 107 107 107" 1
sin“29, No Osc. nominally disfavored
MiniBooNE E > 475 MeV at ~ 6.30
GoF = 26% PGoF = 7% Ax?/NDF = 47.7/3
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Effective SBL Oscillation Probabilities in 34+2 Schemes

Ay = AmiL/AE
1 = arg[Ues Upa Ues Uyis]

'D(E;BL(_) = 4|Ue4|2|Uu4|2Sin2 A41 + 4|Ue5\2|Uu5\2sin2 A51

Vp—le )

. . (+
+ 8| Upa Uea Uys Ues [sin Agisin Asicos(Ass — 1)

PSBL =1 4(1 — |Uaal® — |Uas|?)(| Una ?sin® sy + | Uas ?sin® Asy)
e 4| Una|?| Uas|?sin® Asg

[Sorel, Conrad, Shaevitz, PRD 70 (2004) 073004; Maltoni, Schwetz, PRD 76 (2007) 093005; Karagiorgi et al, PRD 80 (2009)
073001; Kopp, Maltoni, Schwetz, PRL 107 (2011) 091801; Giunti, Laveder, PRD 84 (2011) 073008; Donini et al, JHEP 07 (2012)
161; Archidiacono et al, PRD 86 (2012) 065028; Jacques, Krauss, Lunardini, PRD 87 (2013) 083515; Conrad et al, AHEP 2013
(2013) 163897; Archidiacono et al, PRD 87 (2013) 125034; Kopp, Machado, Maltoni, Schwetz, JHEP 1305 (2013) 050; Giunti,
Laveder, Y.F. Li, H.W. Long, PRD 88 (2013) 073008; Girardi, Meroni, Petcov, JHEP 1311 (2013) 146]

» Good: CP violation
» Bad: Two massive sterile neutrinos at the eV scalel!
) 2 2 2 2 2 2
4 more parameters: Amjy, |Ues|”, |Upual”,Amsy, [Ues|*, |Uys|=,n

3+1

C. Giunti — Neutrinos: from Particle to Astroparticle Physics — Il — Torino PhD Course — January 2016 — 115/139



Global Fits Our Fit KMMS

3+1 | 342 3+1 342
GoF | 5% 7% 19% 23%

PGoF | 0.1% | 0.04% | 0.01% | 0.003%

» Our Fit: Gariazzo, Giunti, Laveder, Li, Zavanin, JPG 43 (2016) 033001
» KMMS: Kopp, Machado, Maltoni, Schwetz, JHEP 1305 (2013) 050

3+2-30
-1 L
10 — APP

APP-DIS 342 Tension:

10 107 107 10
2 2
AU 4]V pal
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342 cannot fit MiniBooNE Low-Energy Excess

@
S

T T T rerrr T
MiniBooNE - ve MiniBooNE - V.

03

e Data e Data [{
— 3+1 — 31

0.6

— 342 — 32

0.2

04

Excess Events / MeV
0.2
t t
e
——
I
Excess Events / MeV
0.1
|
T
I

?
}1

0.0
—e—1
—
—e—|
[

-0.2

200 400 600 800 1000 1200 1400 3000 200 400 600 800 1000 1200 1400 3000

E [MeV] E [MeV]
> Note difference between 342 v, and 7, histograms due to CP violation
» 342 can fit slightly better the small 7, excess at about 600 MeV
» 342 fit of low-energy excess as bad as 3+1

» Claims that 342 can fit low-energy excess do not take into account
constraints from other data

» Conclusion: 342 is not needed
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Future Experiments

10 ———rryr

— SBN (FNAL, USA)
= =) [arXiv:1503.01520]
] 3 Liquid Argon TPCs
LAr1-ND L ~ 100 m
i | MicroBooNE L ~ 470 m
=l ' ICARUS T600 L ~ 600 m
1 1
) _/_</ 1 nuPRISM (J-PARC, Japan)
* ] [Wilking@NNN2015]
— | L~ 1km
. % ’m‘ 50 m tall water Cherenkov detector
10 10 10 1072

10 1 1° — 4° off-axis
can be improved with T2K ND

sin’29e,
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v. Disappearance

10 T 10 »al
GLO ~——— CeSOX (1.5yr, 95% CL) —— PROSPECT phase 1 (3yr, 30)
— STEREO (1yr, 95% CL) - - PROSPECT phase 2 (3yr, 30)
- 1o —— SoLiD phase 1 (1yr, 95% CL) ——  DANSS (1yr, 95% CL)
— 20 SoLiD phase 2 (3yr, 30) —— NEOS (0.5yr, 95% CL)
30 7 7
,

L L

> >

2, 2,

1 . 1

~g ] 3

£ 1 E

< 1 <

4 KATRIN - 20
GLO
Vv, DIS 15 1
--- 20 w— 20
— 30
107! . | . L 107!
107 107" 1 107 107" 1
SiN%29e SiN%29e

CeSOX (BOREXINO, ltaly)
144Ce — 100 kCi [ViviereTAUP2015]
rate: 1% normalization uncertainty
8.5 m from detector center
KATRIN (Germany)
Tritium B decay [Mertens@TAUP2015]

STEREO (France) L ~ 8-12m [Sanchez@EPSHEP2015]
SoLid (Belgium) L ~ 5-8m [Yermia@TAUP2015]
PROSPECT (USA) L ~ 7-12m [Heeger@TAUP2015]
DANSS (Russia) L ~ 10-12m [arxiv:1412.0817]
NEOS (Korea) L ~ 25m [ohewiN2015]
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v, Disappearance

10 . , 10
& &
> >
Q@ Q@
1+ 1+
~F L ~F L
£ t S t
3 [ 3 [
—— SBN (3yr, 30)
—— KPipe (3yr, 50)
107 . — 10
107 10 107 107 1

sin’28,,

SBN (USA) [arxiv:1503.01520]
LAr1-ND L ~ 100m
MicroBooNE L ~ 470m
ICARUS T600 L ~ 600m

sin29,,

KPipe (Japan) [arxiv:1510.06994]
L ~ 30-150m
120 m long detector!
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Neutrinoless Double-5 Decay

mgg = |Ue1|> my + |Uez|? €92 my + |Ues|? €93t m3 + |Uea|? €4 my

=}
—

T mmmEg T T T 7 (
- [—=] | [ ] = |Uer[* mi
: My = |Uetd
® - GERDA| EXO, KLZ, ¢UOR 7
i 4% cL ] my < my
oo ; \
et E m®) ~ 2 2
o E ] mag = ~ |Uea|”(/ Amyy
< . ]
i) r |
< :95.45% : sur M .
3 \ / 1 prise:
_— ] possible can(c3e|;at|on
~ L 1 . v
: \ / E with Mg
[ ee2mh \/ 1 [Barry et al, JHEP 07 (2011) 01]
S ] [Li, Liu, PLB 706 (2012) 406]
107 107 @ 107 1 [Rodejohann, JPG 39 (2012) 124008]
Mg [eV] [Girardi, Meroni, Petcov, JHEP 1311 (2013) 146]
Pragmatlc 3+1 F|t [Giunti, Zavanin, JHEP 07 (2015) 171]
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1 1
10" 107
> >
2 o
£107 £107
o o
3 3
=) 2
107 - E 107
[Ueal'mg Normal 3v Ordering Inverted 3v Ordering
> — 1o — 1o
[Ue"my — 2 — 20
— 30 — 30
107 L L 107 I I
107 10 107 10" 1 107 10 107 10" 1
Lightest mass: m; [eV] Lightest mass: mz [eV]
1 Normal 3 Ordering — 30| T T 1 fiverted 3 Ordering — 30| T T
— 3v — 3v
—_— 341 —_— 341
10" 10"
> >
A A
_ 107 107
g S
E E
107 107
107 107
10* 107 107 10" 1 10* 107 107 107" 1
Lightest mass: m; [eV] Lightest mass: mz [eV]
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Normal 3v Ordering - 3¢ 1 Inverted 3v Ordering - 30|
— 3v — 3v
— 341 — 341
107 107
> >
o o
__10? 102
2 3
£ E
107 10°
107 107
1072 107" 1 107 1
mg [eV] mg [eV]
1 Normal 3v Ordering - 3¢ 1 Inverted 3v Ordering - 36
— 3v — 3v
—_— 341 —_— 341
107" 107"
> >
o o
__ 102 __10?
3 3
£ E
107 107
107 107
107" 1 107" 1
I [eV] [Giunti, Zavanin, JHEP 07 (2015) 171] I [eV]
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v

Cosmology

neutrinos in equilibrium in early Universe through weak interactions:
- — (=) (=) (=) (=)
v S ete vresS ve vN<S v N
Ven S pe™ Vep S net n s pe v,

weak interactions freeze out = active (ve,1,, ;) neutrino decoupling
Fweak = Nov ~ GET>~T2/Mp ~ \/GnyT* ~ \/Gyp ~ H
Ty-dec ~ 1 MeV tydec ~ 1s

relic neutrinos: T, = ( )3 T,~1945K = k T, ~ 1.676 x 10~4

(T7_2 7254-0.001 K)

number density: nf = %%gf Tf3 = ny, p, ~ 0.1827 T3 ~112cm—
density contribution: Q, = W ~ %94"12\/ =
3H2 ‘ )
(r-2%)
Q, h = >k Mk
94.1eV

wsik, McClelland, PRL 29 (1972) 669]
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Power Spectrum of Density Fluctuations

Wavelength A [h-! Mpe]
104 1000 100

LA s e 1 e s L 130 ey

<

104

1000

100
= Cosmic Microwave Background
@SDSS galaxies

Current power spectrum P(k) [(h-! Mpc)?]

. #Cluster abundance
u Weak lensing

sLyman Alpha Forest

S| M| M| M| PR
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 myg =1leV
k=1

hot dark matter
prevents early galaxy formation

3 7 = —
(6628520 = [ 3z € P

small scale suppression

P(k) Qp
~ -08 kak 0.1
- ' leV Qo b2

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 ¥ (at 20)
1 CMB < 1.19 eV
2 CMB + LSS < 0.71 eV
3 CMB + HST + SN-la < 0.75 eV
4 CMB + HST + SN-la + BAO < 0.60 eV
5 CMB + HST + SN-la + BAO + Lya < 0.19 eV

20 (95% C.L.) constraints on the sum of v masses X.
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Planck Polarization Data
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Planck Terminology

» TT denotes the Plank TT data (low-¢ for ¢ < 30 and high-¢ for ¢ > 30).
» lowP denotes the Planck polarization data at multipoles ¢ < 30 (low-¢).
» TE denotes the Plank TE data at ¢ > 30.

» EE denotes the Plank EE data at ¢ > 30.

» Lensing denotes the Plank weak lensing data.

» BAO denotes the Baryon Acustic Oscillation data.

©

T
Standard
+ CMASS DR9
——best—fit model
Cof Xx*=81.5 / 59

4.5

Baryon Oscillation Spectroscopic Survey

(BOSS)
3. part of the Sloan Digital Sky Survey Il
(SDSS-111)

Data Release 9 (DR9) CMASS sample
[arXiv:1203.6594]

T T
logyq P() / P(K) gt
—005 0 0.05

3.5
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-15 -1 -0.5
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Limits on the Sum of Standard Light Neutrino Masses

[Planck, arXiv:1502.01589]

Cosmological data set Y (at 95% C.L.)
Plank TT + lowP < 0.72 eV
Plank TT + lowP + BAO < 0.21 eV
Plank TT,TE,EE + lowP < 0.49 eV
Plank TT,TE,EE + lowP + BAO < 0.17 eV
Plank TT + lowP + lensing < 0.68 eV
Plank TT,TE,EE + lowP + lensing < 0.59 eV
Plank TT + lowP + lensing + BAO + Hy < 0.23 eV
? | — P/anck‘ TT‘HOWP‘ I I
. 7 "\‘ — +lensing T 75 — 0.84
T> 6 "\ ol T — 0.80
o, . ==+ Planck TT,TE,EE+lowP 7 i
>5 ==+ +lensing 4 8
g ce fext ? 0.76
g4 1 ‘ ] s
g , 1 é 072
s | £ 7 0.68
B 2= - .
o . i 0.64
1 .
0.0 o.;; (;.-5(-) ----- 070 100 0.0 0.4 . 0.8 2 s .
Ty [eV] m, [eV]
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Sterile Neutrinos in Cosmology
sterile neutrinos can be produced by v, - — Vs oscillations before
active neutrino decoupling (t,.dec ~ 15)
energy density of radiation before matter-radiation equality:

7/ 4\*3 .
pr= |1+ g <ﬁ> Ness Py (t < teq ~ 6 x 10 y)
NZM = 3.046 ANegr = Negr — NSV

sterile neutrino contribution:

Ps = (TS/TI/)4pI/ — ANefF = (TS/TI/)4
sterile neutrino vs ~ v4 with mass ms = my ~ \/Am?u ~ 1eV becomes
non-relativistic at T, ~ ms/3, that is at t,_n, ~ 2.0 X 10°y, before
recombination at tec ~ 3.8 x 10%y
current energy density of sterile neutrinos:

nems 1 (Ty/T,)ms 1 ANJ'me 1 mef

pe  h2 941eV  h% 941eV  h2 94.1eV
me = AN mg = (To/T,))3ms
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Limits on Dark Radiation

[Planck, arXiv:1502.01589]

Cosmological data set Nege
Plank TT + lowP 3.13+0.32
Plank TT + lowP + BAO 3.154+0.23
Plank TT, TE,EE + lowP 2.99 +0.20
Plank TT,TE,EE + lowP + BAO 3.04 0.18
T T TT 7 T T
| | 0.900
8 (. A ’ | 0.885
- : '-'_-;" : 0.870
O | ,.'.: ,‘.', |
& n2p Faia | - 0.855
Tm ¢ .| I 0.840 3
| |
§ 66 L | | | 0.825
T | | 0.810
| I 0.795
601 | | ] 0.780
| i I
2.0 4.0 45

Netr
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Limits on Massive Sterile Neutrinos

Negr < 3.7  mSf <052  (95%;Plank TT + lowP + lensing + BAO)

T T T - T 0.90

0.87

Q
(=

Nefr

0.0 0.4 0.8 1.2 1.6

eff
mu, sterile [eV] "
Samples from Plank TT + lowP in the Ngg—m§" plane, colour-coded by og,

in models with one massive sterile neutrino family, with effective mass miﬂ,

and the three active neutrinos as in the base ACDM model. The physical mass
of the sterile neutrino in the thermal scenario, m;hermal, is constant along the
grey dashed lines, with the indicated mass in eV; the grey region shows the
region excluded by our prior m:hermal < 10eV, which excludes most of the
area where the neutrinos behave nearly like dark matter. The physical mass
in the Dodelson-Widrow scenario, mEW, is constant along the dotted lines
(with the value indicated on the adjacent dashed lines).
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» mtf =04.1Q.n% eV

» Thermally distributed:

f(E) = -

eE/Ts 11
773
mf = ?S my

= (ANeg)**m,
Dodelson-Widrow:

_ X
fs(E) - eE/Tv T 1

ff
mg' = XsMa



Standard Cosmological Scenario Mixing Bounds

[Mirizzi, Mangano, Saviano, Borriello, Giunti, Miele, Pisanti, arXiv:1303.5368]

Ang, (€V?)

sol. upturr
10: " " l' "
105 104 1073 102 10t
sirPo14

Non-standard mechanism for partial thermalization of vs is needed
Large primordial neutrino asymmetry?

[Hannestad, Tamborra, Tram, JCAP 1207 (2012) 025; Mirizzi, Saviano, Miele, Serpico, PRD 86 (2012) 053009;
Saviano, Mirizzi, Pisanti, Serpico, Mangano, Miele, PRD 87 (2013) 073006]
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e
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AN

BL+Planck+WP-+high-£+BICEP2(3b)
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AN

[Archidiacono, Fornengo, Gariazzo, Giunti, Hannestad, Laveder, arXiv:1404.1794]

[Gariazzo, Giunti, Laveder, JCAP 1504 (2015) 023]

See also: [Bergstrom, Gonzalez-Garcia, Niro, Salvado, JHEP 1410 (2014) 104]

[Giusarma, Di Valentino, Lattanzi, Melchiorri, Mena, arXiv:1403.4852)

H H H . [Zhang, Li, Zhang, arXiv:1403.7028]
WlthOUt OSCIIIatlon data' [Dvorkin, Wyman, Rudd, Hu, arXiv:1403.8049]

[Zhang, Li, Zhang, arXiv:1404.3598]
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Tension between ANgg =1 and m; =~ 1 eV

Sterile neutrinos are thermalized (AN = 1) by active-sterile oscillations
before neutrino decoupling [Dolgov, Villante, NPB 679 (2004) 261]

Proposed mechanisms to avoid the tension:
> Large |ept0n asym metry [Hannestad, Tamborra, Tram, JCAP 1207 (2012) 025; Mirizzi, Saviano, Miele,
Serpico, PRD 86 (2012) 053009; Saviano et al., PRD 87 (2013) 073006; Hannestad, Hansen, Tram, JCAP 1304 (2013) 032]

Enhanced background potential due to interactions in the sterile sector
[Hannestad, Hansen, Tram, PRL 112 (2014) 031802; Dasgupta, Kopp, PRL 112 (2014) 031803; Bringmann, Hasenkamp,
Kersten, JCAP 1407 (2014) 042; Ko, Tang, PLB 739 (2014) 62; Archidiacono, Hannestad, Hansen, Tram, PRD 91 (2015)

065021; Mirizzi, Mangano, Pisanti, Saviano, PRD 90 (2014) 113009, PRD 91 (2015) 025019; Tang, arXiv:1501.00059]

A larger cosmic expansion rate at the time of sterile neutrino production

[Rehagen, Gelmini JCAP 1406 (2014) 044]
MeV dark matter annihilation [Ho, Scherrer, PRD 87 (2013) 065016]
InV|S|b|e decay [Gariazzo, Giunti, Laveder, arXiv:1404.6160]

Free primordial power spectrum of scalar fluctuations (Inflationary
Freedom) [Gariazzo, Giunti, Laveder, JCAP 1504 (2015) 023]
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Conclusions

Ve = Uy, vy with Amdg ~ 7.6 x 107°eV?  [SOL, KamLAND]
vy — vr with Amipy =~ 2.4 x 1073eV?  [ATM, K2K, MINOS]
sin® 91, ~ 0.3 sin a3 ~ 0.5 sin 913 ~ 0.02 [Daya Bay]

B & BBy, Decay and Cosmology = m, < 1eV

To Do
Theory: Why lepton mixing # quark mixing?

(Due to Majorana nature of v's?)
Why 0 < sin? s <K sin? v1p < sin? o3 >~ 0.57
Exp.&Pheno.: Measure mass ordering and CP violation.
Find absolute mass scale and Majorana or Dirac.
Find if sterile neutrinos exist.
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Conclusions on Light Sterile Neutrinos

Short-Baseline v, and 7, Disappearance:

» Experimental data agree on Reactor 7, and Gallium v, disappearance.

» Problem: total rates may have unknown systematic uncertainties.

» Many promising projects to test unambiguously short-baseline v, and v,
disappearance in a few years with reactors and radioactive sources.

» Independent tests through effect of my4 in S-decay and (53, -decay.

Short-Baseline 7, — e LSND Signal:

Not seen by other SBL(DL —'7. experiments.

MiniBooNE experiment has been inconclusive.

Experiments with near detector are needed to check LSND signal!
Promising Fermilab program aimed at a conclusive solution of the mystery:
a near detector (LAr1-ND), an intermediate detector (MicroBooNE) and a
far detector (ICARUS-T600), all Liquid Argon Time Projection Chambers.
Pragmatic 341 Fit is fine: moderate APP-DIS tension.

342 is not needed: same APP-DIS tension and no exp. CP violation.
Cosmology:

» Tension between ANgg = 1 and ms ~ 1eV.

» Cosmological and oscillation data may be reconciled by a non-standard
cosmological mechanism.

vV vyVvVYyy
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