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Parity Violation

» Parity is the symmetry of space inversion (mirror transformation)

x T
right-handed frame mirror  left-handed frame

» Parity was considered to be an exact symmetry of nature

» 1956: Lee and Yang understand that Parity can be violated in Weak
Interactions

» 1957: Wu et al. discover Parity violation in 3-decay of polarized ®°Co
Weak Interaction process: 60Co — ONj + e~ + Ve
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Left-Handed Neutrinos

» 1957: Landau, Lee & Yang, Salam propose that neutrinos are massless
and are only left-handed or right-handed

@ | @

right-handed particle left-handed particle

mirror

» 1958: Goldhaber, Grodzins and Sunyar measure neutrino helicity:

LEFT-HANDED
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Standard Model of ElectroWeak Interactions
Glashow (1961), Weinberg (1967) and Salam (1968)

Left-Handed Neutrinos v, and Right-Handed Antineutrinos vg
N P _ P
Parity is violated: V| PR TR—
Particle-Antiparticle symmetry (Charge Conjugation) is violated:
C _ C
v — UR—pR
: . CP__
CP is conserved (one or two generations): v <+—Dg

1964: Christenson, Cronin, Fitch and Turlay discover unexpected
violation of CP in weak interactions of hadrons

1973: Kobayashi and Maskawa understand that CP violation requires
existence of third generation: complex phase in mixing matrix
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Standard Model: Three Generations

15t Generation

2"d Generation

3'd Generation

up\ ur (UR\ UL cL\Cr (CrR\ CL tt\ tr (TR tL

arks: =) S e I Ry -

Qu (dL> dr (dR> di <5L> SR <5R> 5L <bL> br <bR> b
Leptons: (VeL el [ VeR | P <VuL> Dol <Z7MR> P <UTL PR Dﬂ?) C
er) er \er ) €|\ L) Ur \HUR) BLI\TL) TR \TR) TL

» No VR

—

No Dirac mass term

» Majorana Neutrino: v =0 = vg = g

D D
L, ~ M~ VeRleL

Majorana mass term: El'\,/! ~ MM D egre = MMuegreL

forbidden by Standard Model SU(2); x U(1)y symmetry!

» In Standard Model neutrinos are massless!

» Experimentally allowed until 1998, when the Super-Kamiokande
atmospheric neutrino experiment obtained a model-independent proof of
Neutrino Oscillations

C. Giunti — Neutrinos: Recent Results,,New Standard Model Paradigm,and Beyond — IN2P3 — 2 July 2013 — 6/26




v

v

v

v

v

Neutrino Oscillations

1957: B_runo Pontecorvo proposed Neutrino Oscillations in analogy with
K% = KO oscillations (Gell-Mann and Pais, 1955)

Flavor Neutrinos: v, v, 7 produced in Weak Interactions
Massive Neutrinos: 11, 1, 3 propagate from Source to Detector

A Flavor Neutrino is a superposition of Massive Neutrinos

[Ve) = Ue1 V1) + Uea |12) + Ues |13)
|Vu> =Uan lv1) + U2 |lv2) + Uiz lv3)
lvr) = Uri |v1) + Ura |v2) + Urz |13)

U is the 3 x 3 unitary Neutrino Mixing Matrix
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|V(t = 0)>:‘Ve> = Uea1 ‘V1> + Ue2 |V2> + Ues ‘V3>

/\/\V/\/
Ve (NN NN e

source propagation detector

‘I/(t > 0)> = Ue1 e 'Eit |I/1> + Ue2 e b2t |V2> + Ues e /Est |V3>7é‘7/e>
Eg=p*+mj
at the detector there is a probability > 0 to see the neutrino as a v,
Neutrino Oscillations are Flavor Transitions
Ve = Uy Ve — Uy Uy — Ve vy, — Uy
Ve =Dy ey Dy Ue Uy

transition probabilities depend on U and Amij = mi — m:
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» Neutrino Oscillations are due to interference of different phases of
massive neutrinos

» Phases of massive neutrinos depend on distance = Oscillations depend
on distance L

» Relativistic neutrinos: AE ~ Am?/E

Am’L
. Pl,e_>,/u:sin2219wsin2< - )

4E
1
0.8 +
§«0.6
¥ A ’/\ /‘A\ ﬁ A
Al oal ”/ \\ / \ “5’ \\ // \\ / \\,
/ \ / \ ’!’ \ \ [
ot VL /
\ \
: \

distance

» Oscillations measured without doubt for the first time by the
Super-Kamiokande atmospheric neutrino experiment in 1998
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Observations of Neutrino Oscillations

SNO, BOREXino

Solar Super-Kamiokande A 2 76 1075 V2
~
Ve — Uy, Vs GALLEX/GNO, SAGE . ms = 1.0 €
Homestake, Kamiokande sin2 795 ~ 0.30
VLBL Reactor
— . (KamLAND)
De disappearance
. Super-Kamiokande
Atmospheric P
Kamiokande, IMB
Vy — Vr
MACRO, Soudan-2 Am3 ~ 2.4 x 1073 eV?
LBL Accelerator N
. (K2K, MINOS, T2K) .2
v, disappearance sin® ¥ ~ 0.50
LBL Accelerator
(Opera)
Vy = Ur
LBL Accelerator
(T2K, MINOS) Am3

Vy — Ve

—
LEL Reactor Daya Bay, RENO sin? 913 ~ 0.023
Ue disappearance Double Chooz
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New SM Paradigm: Three-Neutrino Mixing

m? ‘ Ve Vu Vr ‘ m?
V3 /2
2
Amg <
Vi
Am3 Ami
/2

2
> Amg

V1 V3

Normal Spectrum Inverted Spectrum

AmZ = Am3; = 7.50+0.20 x 107°eV?  uncertainty ~ 2.6%

Am = |Amy| =~ |Am3,| =2.327082 x 1073 eV?  uncertainty ~ 5%
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New Standard Model with Massive Neutrinos

Standard Model can be extended with vz
Dirac neutrino mass term £° ~ mPugy; = mP < 100 GeV

. . . . 1 _
surprise: Majorana neutrino mass for vg is allowed! L',\,f' ~ —Em%'uRuR

Four degrees of freedom: v, g, vr,
. _ 0 mP v
Total neutrino mass term:  LP™M ~ (v TR) [ 5y L
m°  mg ) \vr

mM can be arbitrarily large (not protected by SM symmetries)

mM ~ scale of new physics beyond Standard Model = m} >> mP

D)2

. . 0 mP m

diagonalizationof [ p = m~ ( M) . mp~mM
m me mp

natural explanation of smallness
@ of light neutrino masses

@ A massive neutrinos are Majorana!

. 3-GEN = effective low-energy 3-v mixing
see-saw_mechanism

[Minkowski, PLB 67 (1977) 42]
[Yanagida (1979); Gell-Mann, Ramond, Slansky (1979); Mohapatra, Senjanovic, PRL 44 (1980) 912]
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3
Vo = Z Uaka (Oé = ea:u?T)
k=1

ci2€13 s12€13 s13e71013 1.0 O
U = | —sies—ciosssize™3  cpon—spsssize®3  spas 0e?2 0
S1oS3—C1203513€13  —cposi—sinc3size3 o3 0 0 &3

1 0 0 a3 0 s;ze 7013 cio s2 0 1 0 0

= 0 3 s23 0 1 0 —s12 ¢12 0 0e* 0

0 —sp3 23 —s513e%13 0 3 0 01 0 0 €3

023 = Oa Chooz, Palo Verde 015 = Vs BBov
sin 93 ~ 0.4 — 0.6 T2K, MINOS sin 91 = 0.30 + 0.01

Daya Bay, RENO
sin? 913 = 0.023 & 0.002
) sin2 1923 0 ) sin2 1913 0
sin 1923 sin 13 sin 1912
013 #0,m = CP violation in v osc.

Pua—wﬁ 7£ Pz_/a—n_/g (Oé 7& ﬁ)
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. 2 E . 0.7
sin e23 o/t sin” 8,
[Fogli, Lisi, Marrone, Montanino, Palazzo, Rotunno, 15
PRD86(2012)013012] 7\\\\\‘\\\\\‘\\\\\‘\\\\\7
I ---- NO (Huber)
10 ——— [ —— NO (Free + RSBL)
L P 10 - ---- 10 (Huber)
r i « [ —— IO (Free +RSBL) 7
L | 2]< B i
«~ - , - |
> 55— — 5 —
I ]
L - ,
L ’ ,
L N o Lol
ok L — ~<Z "7 0 90 180 270 360
) 0 1 Ocp
sin 923 beYans [Gonzalez-Garcia, Maltoni, Salvado, Schwetz,

JHEP 12 (2012) 123; http://www.nu-fit.org|

[Forero, Tortola, Valle, PRD 86 (2012) 073012]
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Open Problems

2923 < 45° 7
» Atmospheric v, T2K, NOVA, ......

Mass Hierarchy 7
» NOvA, Atmospheric v, Day Bay II, RENO-50, Supernova v, ...

CP violation ?
» NOvA, LAGUNA-LBNO, LBNE (USA), HyperK, ...

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

Normal Spectrum o Hm‘: 1 T ‘: 1 Inverted Spectrum T Hm‘: 1 T ‘: 1
— 1o Quasv—Degenerate ' — 1o Quasv—Degenerate '
1 — 20 | = 1 — 20 | =
8o 1 1 ] 30 1 1 ]
> [ S S [ S 1
2 ' ) ' ‘
107 F i . 107 ! '
o F Vo . [ my Vo "
£ L [ ] E L [ ]
< Fm & 8 R i & 18 i
£ 3 CHERS el ] £ my CHERS S
= [SHIEES Si)og ol = £
£ N zi| F o, N !
i g 12 3 g 12 £
Fhz - S w 2] [ S w 2.1
[ 1 R o) o] L mg o '@ o'
[ 21 13 2, ] [ 21 13 2]
, . 2 =y , . 2 =y
Normal Hlerarchy EREI EX Inverted Hlerarchy EREI ER
1073 L ol Lol m 1073 L ool Lol m
107 107 107" 1 107 107 107" 1
Lightestmass: m; [eV] Lightest mass: mz [eV]
2 2 2 2 2 2 2 2
m5 = mi + Amy; = mj + Amg m: =m3 — Am3; = mi + Ama
2 2 2 2 2 2 2 2
m3 =mi +Amz; = m] + Amjy ms = m? + Am3; ~ mi + Ama

Quasi-Degenerate for my ~ mp ~ m3 ~ m, > \/Am2% ~5 x 10~
95% Cosmological Limit: Planck + WMAP9 + highL + BAO [arxiv:1303.5076]
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Majorana v: Neutrinoless Double-Beta Decay

Arsenic

B‘F

Germanium

(7—10/112)_1 = Goy |./Vlo,/|2 m%ﬁ

Effective Majorana Mass

ggGe
3
mag = |y Uzemi
Selenium k=1
18Se
/6_ o KamLAND-Zen + EXO

B ey v vl B 136Xe — 130Ba + e + e~
32Ge € 3486 [PRL 109 (2012) 032505; arXiv:1211.3863]
32p I » 34p | TP > 1.9x10% y (90%C.L.)
44n 42n

32 protons + 42 neutrons |mgg| < 0.12 —0.25eV
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Three Active Neutrinos < Three Generations

~10° —_
f-; T T T T T T _g 2
g 3
B e Za[ ALEPH
5" e'e —hadrons 3 DELPHI
5 L3
OPAL
1031 20
+ average measurements,
error barsincreased
0% 10
T PETRA —— !
r TRISTAN - G| C
10 3 I I I |L§D|I I L |EP I |I I 3 0 L L L L L
0 20 40 60 80 100 120 140 160 180 200 220 86 88 %0 E92 G 9\;‘
Centre-of-mass energy (GeV) cm [ € ]

[LEP, Phys. Rept. 427 (2006) 257, arXiv:hep-ex/0509008]

rz= Z rZ—>eZ + Z rz—ﬂlt_l + Finy Finv = Nz/a Mz 05
ZZE’IJ"T q?ﬁt

| N,,, = 2.9840 +0.0082
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Beyond 3 Mixing =—> Sterile Neutrinos

N N N Vsl VSQ
vy
Vi
V(i
V1 1) V3 Vy Vs
9 9 9 9 9 9
mj ms ms my ms logm
Amgo,  Amiry | Amépy

3v-mixing
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Light Sterile Neutrinos

Sterile means no standard model interactions
Active neutrinos (ve, v, 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:

Amd, < |Am3| < |Amy| < ...
1 1%) V3 Va
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Beam Excess

LSND

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

Uy — Ve L~30m 20MeV < E < 200 MeV

~10%—m g
o F E
175 ® Beam Excess Ny £ ]
( ) 3 r ]
9, -9,.en S b ]
15F PO, e
P(%.€n <10 & E
125 £ ]
other F Karmen CCFR]
10 i Bugey ]
7.5 e 3
s NOMA
5 [ ]
25 10°F E
P 90% (L, L <23
0 [ 99% (L.l < 4.6) ]
L L -2|
0.4 0.6 0.8 1 1.2 1.4 10 ““18-3‘ ““‘]‘:(‘)’ L H‘Hi‘é)- L \\HH]
L/E, (meters/MeV) sirt 20

3.80 excess Amienp = 0.2eV2 (> Ama > Am?)
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MiniBooNE

L~541m 200MeV < E < 3GeV
VN — Ve [PRL 102 (2009) 101802] Vu — Ve [PRL 110 (2013) 161801]
3 >
> @
g e Data % 12 . R 1
5 = V. fromp g Antineutrino
on:-; Ve :rom E" 3 10 * _Data stat err) 1
o LSND signal == v, from : LSND signal [ ve from ™
w I ° misid 3 v. fromK?
’ AN 08 & g
I dirt ANy
= e =
Total Background —— Constr. Syst. Error

EJ® (GeV)

> Agreement with LSND signal?

» CP violation?

> Low-energy anomaly!

Neutrino energy reconstruction problem? [Martini, Ericson, Chanfray, PRD 85 (2012) 093012]
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Reactor Electron Antineutrino Anomaly

L L L L L
F Reactor Rates —— Average Rate |]
~ F ]
i Fl—e— B 3-15 & G —45 ]
[Mentioln,' Fechr'ner, Lasserre, Mueller, - E N 3532§3_40 e ngg::_ss E
Lhuillier, Cribier, Letourneau, F|—— Bugey3-95 —— ILL-9 ]
PRD 83 (2011) 073006] F|—><— Bugey4-15 —o— Krasno-33 E
. . X <+ |- ROVNO-18 —%- Krasno-92 3
[update in White Paper, arXiv:1204.5379] - F|-o~ Gosgen-38 & Krasno-57 ]
o ]
- ‘_i C <
new reactor 7. fluxes 14 i
[Mueller, Lhuillier, Fallot, Letourneau,
Cormon, Fechner, Giot, Lasserre, Martino, g
Mention, Porta, Yermia, r ]
PRC 83 (2011) 054615] = T4
[Huber, PRC 84 (2011) 024617] w [ ]
o | — 1
C R =0.930+0.024 ]
2.80 anomaly S ‘ ‘ ‘ ‘
0 20 40 60 80 100
L [m]
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Gallium Anomaly
Gallium Radioactive Source Experiments: GALLEX and SAGE

Detection Process: Ve+ MGa— "Ge+ e~
Ve Sources: e” +51Cr =%V 41, e~ +3Ar = 3Cl 4 v,

Anomaly supported by new "*Ga(3He,3H)"* Ge cross section measurement

[Frekers et al., PLB 706 (2011) 134]

11
|
T
1

GALLEX SAGE

cr cr E ~ 0.7 MeV

E GALLEX  gre 7 <L>GALLEX =19m
x 2 A 3
<L>SAGE =0.6m

2.90 anomaly

5 £ R=0.84+0.05 3
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341 Global Fit

10 T T Q7
3+1-GLO
—68.27% CL
‘—— 90.00% CL
w— 95.45% CL
99.00% CL
99.73% CL
o
>
2
1 -
~d
£
<
31-30
— V. DIS
— v.DIs
—— DIS
— APP
10 Ll Ll
-4 -3 -2 -1
10 10 10 10 1

sin®29,,
No Osc. GoF = 1%
3+1 GoF = 33%
PGoF = 10%

[Giunti, Laveder, Y.F. Li, H.W. Long in preparation (2013)]

» APP v, = ve & 1), — Vet
LSND (Y), MiniBooNE (?),
OPERA (N), ICARUS (N),
KARMEN (N), NOMAD (N),
BNL-E776 (N)

» DIS ve & Ue: Reactors (Y),
Gallium (Y), veC (N),
Solar (N)

> DIS v, & 7,: CDHSW (N),

MINOS (N),
Atmospheric (N),
MiniBooNE/SciBooNE (N)

[see also Kopp, Machado,

Maltoni, Schwetz, JHEP 1305 (2013) 050]
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Conclusions

» Robust New Standard Model Paradigm: Three-Neutrino Mixing
Experimental problems: 9,3 < 45°7, CP Violation, Mass Hierarchy,
Absolute Mass Scale, Dirac or Majorana?

Theoretical problems: Why lepton mixing is so different from quark
mixing? Is it due to Majorana nature of v's?
Why 0 < sin? 913 < sin® 915 < sin? dp3 ~ 0.5?

» Short-Baseline v, and 7, Disappearance:
» Reactor 7. and Gallium v, anomalies

» Many promising projects to test short-baseline v, and 7, disappearance in a
few years with reactors and radioactive sources
» Independent tests through effect of my in S-decay and (53)o,-decay

» Short-Baseline 7, — e LSND Signal:
» MiniBooNE experiment has been inconclusive
> If |Uea| > 0 why not |U,s| > 07 = Maybe LSND luckily observed a
fluctuation of a small 7, — 7. transition probability with amplitude
sin® 2U¢; = 4|Ues]?|U,4|?, not seen by other appearance experiments

> Better experiments are needed to check LSND signal
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Backup Slides
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Mass Hierarchy

1. Matter Effect (Atmospheric, Long-Baseline, Supernova Experiments):

Am?; cos 2013

> ve S v, MSW resonance: V= & Am§3 >0 NH

Am?; cos 2013

> 7. = 7, MSW resonance: V= & Amj; <0 IH

2E
2. Phase Difference (Reactor 7. — 7e):
m2 m2
Normal Hierarchy ¥ 2 Inverted Hierarchy
|Amy, | |Ams,|
I I
2 2 2 2
|Am3,[+[Amy, | |Amzy|—[Am3, |
2 2 - 2 2
[Amy| > |Amg,| T o |Aamy| <|Ams|
121 V3
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CP Violation

Am3, L AmZ, L AmZ, L
Pl,a_”,ﬁ — ’Dﬁa—“?@ = —16J,3 sin( 4m;1 > sin< Tgl ) sin<%)

Jap = Im(Ua1 U3 Uy Ugn) = +£J
J = s12c1252323513 73 5in 613
Necessary conditions for observation of CP violation:

» Sensitivity to all mixing angles, including small ;3

» Sensitivity to oscillations due to Amgl and Amgl
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Tritium Beta-Decay

dr (costc G )?
dT 273
Q = Msy — Mz, — me = 18.58 keV

*H > He+e 47 IMPP F(E)pE(Q — T)\/(Q — T)> — m2,

Kurie plot

- 1/2
K(T) = dr/d7 ~le-1/ie- T)2—mae]

IM* F(E) pE

(costd ¢ G )?
273

- |[m, <22eV (95% C.L)|
E Mainz & Troitsk

[Weinheimer, hep-ex/0210050]

future: KATRIN

[www.katrin.kit.edu]
A BRI N start data taking in 2015
r Q@=m, @ 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
7 different from the
no-mixing case:

< F 1 2N — 1 parameters
L Q 7

>~
Q —my Q my

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

effective mass: mé = Z |Uek|?m3

€O T g @ TR [ g
- (@-Ty {1—%&—@)2 ~(@-T)/(@-T) -
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10
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10"

mg

107

1073

Predictions of 3v-Mixing Paradigm

107°

C ! 1
r : ]
I Current 95% Bound 1
=ttt 1= = s s s s = ==
h
)
L \ A
E 1 3
C 1 ]
[ . ]
[ KATRIN 95% Sensitivity 1
____________________ e ]
)
E f E
£ IS '8 bl
r 'S ]
o) 1
1O
L '2 i
3
5=} i
F NS e E
L o ]
L (=3 — 10 |1
'
r - — 20|
,g. 30
)
ol R N ol L
1072 10 1 10
Mpin [eV]

» Quasi-Degenerate:

mp = m 3 [ Uek|? = my

» Inverted Hierarchy:

mé ~ (1 —sk)Am3 ~ Am3

» Normal Hierarchy:
mé ~ 5122 c123Am§ + 5123Ami
~2x107° 46 x 107%eV?

» mg S 4x107%eV

¢

Normal Spectrum
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Two-Neutrino Double-3 Decay: AL =10

d N u
~w
N(AZ) 5 N(A, Z+2)+e +e + e+ e =
Ve
(7_12/1/2)_1 = Gy |./Vl2,/\2
Ve
second order weak interaction process L e
in the Standard Model d W .
Neutrinoless Double-5 Decay: AL =2
d SO
N(AZ) 5> N(AZ+2)+e +e W )

(T:?/Vz)_1 = Goy [ Moy |? ‘mﬁﬁ‘z

effective
Majorana  |mgg| = Z U2 my Ve T
mass k d W .
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Effective Majorana Neutrino Mass

mgg = Z ng my complex Ugx = possible cancellations
k

mpp = |Uet|? my + |Uea|? €92 my + |Ues|? €/ m3

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

I I
mfms) i
Qs
U, 6237713 U 622m2
’\ (6%
UZm Re[mgg]
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Experimental Bounds

KamLAND-Zen (*3°Xe) [axiv-1211 3863]

TP > 1.9 x 10y (90% C.L.) | = \ Imgs| < 0.12 —0.25 eV‘ (KLZ+EXO)

EXO (136X€) [PRL 109 (2012) 032505]

T, > 1.6 x 10%y (90% C.L.)

— |Imgs] $0.14 - 0.38eV |

CUORICINO (13%Te) (ap 34 (2011) 822]

T/ > 2.8 x 10%y(90% C.L.)

= \ Imgs| < 0.3 —0.7eV‘

Heidelberg-Moscow ("°Ge) [epia 12 (2001) 147)

T > 1.9 x 10y (90% C.L.)

— |Imgs] $0.32—1.0eV]|

IGEX ("®Ge) [PRD 65 (2002) 092007]

Tjy > 1.57 x 10°°y (90% C.L.)

— [Imgp| $033-135¢V|

NEMO 3 (1°°Mo) (pr 95 (2005) 182302]

T > 4.6 x 102y (90% C.L.)

— |Imss| $0.7—28eV]|
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Experimental Positive Indication of 5(,,-Decay

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

Ov 0.44 25 :
77 = (2.23+ ) x 107y 6.50 evidence [MPLA 21 (2006) 1547]
1/2 —0.31
. — 8 T T T T T
— 2n2b Rosen - Primakov Approximation 21 ]
64 3
54 3
3 2
g :
< e
8 3 37 1
24 N a4
Q=2039 keV/ | ED]F el D‘”L ‘ H alllf b
0 HH
500 1000 1500 2000 2500 3000 2000 2010 2(;20 20‘30 20‘40 2(;50 2060
Energy keV energy, kev

[PLB 586 (2004) 198] [MPLA 21 (2006) 1547]

|m55| =0.32 +£0.03eV [MPLA 21 (2006) 1547]
very exciting: Majorana v and large mass scale

partially excluded by KamLAND-Zen, EXO and CUORICINO

C. Giunti — Neutrinos: Recent Results,,New Standard Model Paradigm,and Beyond — IN2P3 — 2 July 2013 — 36/26




1667 T LI T T T

=
3
r 1 3
- | -
1 >
=z
- 41 0
N
- - o
2
P 3
B 1 X
WV KK 68% C.L. 2
~—~ =
S =
2 _ g
. J B
3 157 e
© :I.O2 N %O .
~ =) S B
o o ,
= —> —> 4
— IS |
c |
(]
NI —
ARERRE
Ql|=< £ i
(}l g o
q ol |E £
x Gl o
w| | o
1@4 \\\\\‘ | | | I N

104 107° 10°
T, 2 Xe (yr)

C. Giunti

: Recent Results,,New Standard Model Paradigm,and Beyond — IN2P3 — 2 July 2013 — 37/26




Predictions of 3v-Mixing Paradigm
mag = |Ue1|? m1 + |Uea|? €2 my + |Ues|? €72 m3
1

T

T

» Positive indication:
tension with cosmology

» Quasi-Degenerate:

|mgg| >~ m, /1 — 522191252

> Inverted Hierarchy:

] |m6/8| = \/AmA 1 - 521912 a2)

» Normal Hierarchy:
1 Imss| ~

1073

|sfa/AMZ + €'®sis /A |
~ [2.7 + 1.2¢"%| x 1073

10 1 my 2 107 eV=-cancellation?
Mpin [eV]

Imgs| < 1072

eV = Normal Spectrum
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Effective SBL Oscillation Probabilities in 34+1 Schemes

4E

AmL
Prn sy = Sin> 2045 sin> <&> sin2 2005 = 4| Una|?| Upa?

P—v, =1— sin® 20,4, sin’ <

|Uea> < 1,

Un
v |
Un

Ua

Ue
ng
Ury

Us

Ues
U,

Urs

No CP Violation!
Amz, L _
Tél> sin® 2040 = 4|Ua4\2 (1 — \Ua4\2)

Perturbation of 3v Mixing

Ua? <1, |Una? <1, |Usaf ~1

Uea .

sin 20,4 < 1
UM4
v Y

)

U, sin“ 299
; |Ua4‘2 ~ faa
SBL
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v

v

v

v

Cosmology

Relativistic energy density before photon decoupling:

74\
PR = 1+§<ﬁ> Nefe | p

Nesr = effective neutrino number
Ness = 3.046 + N,

Ns = effective number of sterile neutrinos (not necessarily integer)
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Planck

[arXiv:1303.5076]

Nefr < 3.80  melt . <042 (95%; CMB + BAO)
> mle;fl;terile = 94'10‘)1’4 eV
9/ ; Y 0136 » Thermally distributed:
, ) o 0.128 . 1
e = __ -
/- , / 0.120 5( ) eE/Ts 11
s 4 0.112 & 3
S % e ()
s 0.104 v,sterile — TV 4
-/
/ ~ o9 | 0.006 = (ANeg)**my
— T 0o 0.088 » Dodelson-Widrow:
O i il N
12 18 24 f(E) =
ff s E/T,
i sterile [eV] € +1
mif,fsterile = XsMa
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Standard Cosmological Scenario Mixing Bounds

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

ANy (eV?)
Ang, (€V?)

sol. upturr

"

101“05 104 1073 102 10t
Sinf014

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;

SinPloy

Saviano, Mirizzi, Pisanti, Serpico, Mangano, Miele, PRD 87 (2013) 073006]
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CMB + Hy

[Gariazzo, Giunti, Laveder, in preparation (2013)]

67.4+14 Planck
70.0+22 WMAP-9
Ho =< 73.8+24 Cepheids+SNla p [kms ‘Mpc™?]
743 +2.6 Carnegie HP
78.7+45 COSMOGRAIL

Gaussian Prior:  Hp = 74.7 + 1.6 kms 'Mpc !
weighted average of Cepheids+SNIla, Carnegie HP, COSMOGRAIL

C. Giunti — Neutrinos: Recent Results,,New Standard Model Paradigm,and Beyond — IN2P3 — 2 July 2013 — 43/26




CcMB — CMB
CMB+HO — CMB+HO
10° CMB+BAO+HO CMB+BAO+HO
CMB+highL+BAO+HO CMB+highL+BAO+H0

~—~~ —~

=3 o

N N

D (®]

(@)} ()]
7777777777777777777777777777777 N—r N
AN %)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, < —

. V :
0% o

&

I

4.8 . CMB — CMB [0}
s CMB+HO — CMB+HO —_

N CMB+BAO+HO 10° — CMB+BAO+HO \/ $

EEN CMB+highL+BAO+HO — CMB+highL+BAO+HO0 -

gl ig| © L": 7]

— (TR

o) g

[ Nt

Recent Results,,New Standard Model Paradigm,and Beyond — IN2P3 — 2 July 2013 — 44/26




cvB — cMB
CMB+HO — CMB+HO
10° CMB+BAO+HO 10° CMB+BAO+HO
CMB-+highL+BAO+HO CMB-+highL+BAO+HO
2
o
o N
(*)]
=] L . (@)}
E -
; 10" 10"
!
S —~ =
A ()
=3

_CI) o\ i

o [*))] o

o &) o

a

2
\ 04 08 12 16 2.0 %60 76 80 \
it Q 2

S @ =

= : 5 [

= . CMB — cmB o )

o W CMB+HO —  CMB+HO =

B CMB+BAO+HO 10° —  CMB+BAO+HO \/ O

425 m— CMB-+highL+BAO+HO CMB-+highL+BAO+HO E
- L —
&

A = Vv
(9N
<
o

10t (@]
2
0.4 0.8 12 16 2.0 10 3.25 3.50 3.75 4.00 4.25 4.50
M e Nt

Neutrinos: Recent Results,,New Standard Model Para

m,and Beyond — IN2P3 — 2 July 2013 — 45/26




— CMB

— cmB
— CMB+HO — CMB+HO
10° CMB+BAO+HO 10° CMB+BAO+HO

CMB-+highL+BAO+H0

CMB-+highL+BAO+HO

—~
o
<
(*)]
(@)}
SN—r
10"
— >
@ —~~ (0]
=3
e < o
g 2 3
i o
2 2
\ .0 04 08 12 16 2.0 %60 76 80 \
it A 2
5 S
S [
- . CMB — cmB o )
o W CMB+HO —  CMB+HO =
B CMB+BAO+HO 10° CMB+BAO+HO \/ O
425 m— CMB+h
1 -+highL+BAO+HO CMB-+highL+BAO+HO " E
m i ©
n = VvV
(@)
<
o
(@]

325 3.50 375 4.00 425 450

ot Nt

Recent Results,,New Standard Model Paradigm,and Beyond — IN2P3 — 2 July 2013 — 46/26




