I'IOUS 3

BSModel Ol'lylAdl Parts.

| cabriela Barenboim, TAE‘*ptember 15
J

Standard scenario: solar & atmos. with 3-v

Let us assign:

Amgj = md — '.-'n,2 = Amm”m Amlg = mn — ml = Ammm

Ve %51
vy | = Vuns | v2
v, v3

Atmos. L/E o — 7 Atmos. L/E pt+ e Solar L/E ¢ — pu, 7 1301 decay
500km/GeV 1 5km/MeV
1 13 spge cl2 812 1
Co3 823 1 —S12 C12 G
—S823  Co23 — 5136 €13 1 e
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Solar and atmospheric anomalies approximately decouple as independent
2-by-2 mixing phenomena because

e Hierarchy between the two mass splittings:
|Amr21tnm.q| >> |Am2 |

solar

e Small 813: sinf13 = V3 < Vi

l. E/L ~ Am3;:

Am?2
Pve -+ vy) = 333 sin” 2013 sin’ 23,
4FE
A 2
P(ve +vy) = c§3 sin? 2043 sin® 23,
4F
4 .2 2 ((Ami,
P(vy — vr) = eq3 sin” 2623 sin 1B L

Daya Bay 6,5 miserably small !!!

(Am§3! 923) = (&7”'2 Ga.tmos).

atmos?
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. E/L ~ Am3,:

Am?
P(ve = ve) ~ i3 (1 — sin” 2012 sin® (Tw L) ) + 513

(A’IN?Q.HQ) = (A'”lz 85()1;11‘)

solar?

When solar and atmospheric fits are done in the context of three families
nothing changes too much

CP violation in neutrino oscillations

Can | haveit?

Vacuum oscillations ( Hr';:"; = [UajUg;UskUstk] )

: s At L
Pra — wvg) = —4 Y Re[W)] sinz( 4};“ )
k>j =3

, Am? L
=+ 2 Z Im[\rVJL:‘d] sin ( L )

k>j s
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CP violation shows up as a difference between P(v, — v3) and
P(lja — ﬁﬁ)

By CPT:
P(v, — Vﬁ) = P(ﬂﬁ — Uy)

CP and T-odd terms cancel in survival probabilities — need appearance
measurements: o # 3

Observability of CP-violation +» measurable CP-asymmetries:

ACP . P(vuavﬁg)—]’(r}a%f/ﬂ) AT - P(VQ—H/B)—P(V’B—H/Q)
af = Ploa—vg)+Ploa—rig) of =

P(ve —>Vﬁ)+ P(u5 —va)

P(v; — vj) = Pep(vi—vi)+ Pop(v; — 1)

LN
—
Il

Pep(vi = v;) — Pop(v; — v))

" T T
Pop(v; — v;) = &; —4ReJ{ysin” Ajy — 4Re 33 sin” Ayy — 4ReJi) sin® Ag;.

Pop(vi —v;) = in Ajosin Agg sin Agy

92 . -~
8§12 €12 $13 €13 823 C23 SINOCPp

Ji—“;; = [’.:J.-['T,J,U_,‘n[’rgi
A;; = AmjL/AE

Zfz‘jk

k

3
.
I1f
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CP(T)-odd terms the same for all a # f3:

ﬁ()lill' atmos
-~ o N\ ) oY
. s 5 AmioL . . 2 AmiqL
o ein 20 <in 28,3128 o i3
CP(T)—odd _ 2sin dcy3sin 20,3 sin 204, 15— sin 2055 sin Yo
vavg - pCP—even

U(IV‘B

GIM suppressed in all the Am? and all the angles, because if any of
them is zero, the CP-odd phase is unphysical

e Minimize GIM suppression: E/L ~ Am?,

e Effects of § are more significant in subleading transitions:
ve = vu(vy):

2
CP—even  __ essed i 9 AmIQL
vpvr = unsuppress in #3 or ——
v
Plvp - vy) = (-‘:3 :s'in2 2023 :,'m3 Am:—;ii
21 4E
CP(T)—odd in 2 Ami, L
" Tvpvr ~ sin 9[3 F_
ot
2 2
CP—even _ 8 essed i 92 o Am12L
VCVp.(VT) - uppr e mn 13 r _E
v
P(ve &+ vu) = sin” 2615 sin” Am?ZL
L (2 12 8 B
2 ¥ S
CP(T)~odd Ami,L/E, sin 26043

vevy(vr) . or ]
evulvr sin 26013 Ami,L/E,
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2 s D . 2 fAqq L _ atmos
Py (weiy) 853 8in” 2613 sin (—333—) =P
2 2, « 2 fAyo L solar
+ ¢34 sin” 260, sin (—1-23—- = pP*
~ s ¢ Aog L Ao L . Aoy L — inter
+J cos (id — =& ) ';2 sin ( 25 ) =P
A 2
5 Am? .
(J = Ci13 sin 2913 sin ‘2912 sin 2923, A,‘j = T,E,‘L )
Patm,ma > Pm)im‘ — ACP.T A]?‘,-‘

vevu(vr) sin 29]3

solar atmos CP,T sin 26y :
P = P — A.,(.ui,_(y,,) ~ —him?[l

P.»mhrr ~ I—)rrhnu.-« — .‘1("]—’.7” - C)( l)

“Twvevy(vr)

E, = 500 MeV 6,3 = 8° = 90°

Pu#—bv-r VS. PD’_,,—M"#

Distance (k)




E, = 500 MeV 63 =8 4§ =90°

R/c—w,u VS. Pr/e—m“

01/10/2015

Distance (km)

The challenge

We need to measure for the first time small oscillation probabilities:

need more intense and purer v sources
e Superbeams v from K, w decay
™K — v, OQ1%)v. v,

Vpy —Ve—e

Ve = Ve —+ €

e Neutrino factory v from muon decay

Ue = Uy —

Vy —FUy—

e /J-beams from boosted heavy ions decays
Ue

6pp + 6 -
He+—>3Lz+++e
v Y +

Ve = Uy —> J4




Matter Effects

The oscillation probabilities for three neutrino mixing in matter are not
very illuminating. A particularly useful approximation is obtained for
E/L ~ Am%S and to second order in the two small parameters: 0,3
and Am], :

2
2 . 92 A . 2 (B4L
Pye,,ﬂ(,;e,;p) = 554 sin” 20,3 (ghi) sin ( )

A 2
2
5 w3 A s 3
—I—cé3 sin? 2604, (—j‘l) sin” (%)
= Rt n oo i e o By = Ris D
+J =12 5111(%) T‘f 511]( = ) cos (:i:r) — —’;—)

2
Am?
Bi:|AiA]3‘ AUZQT,:;‘

There is an MSW effect in 813! There is a huge enhacement of the v
or 7 (depending on the sign of Am2,) channel if:

2E,A ~ |Am%|, E, ~ 10— 20GeV

sin?(26,3) =

Transition
prababil ity

vacuum

By 14 )
‘j- . ) a antineutring
R Py e S T W T W TR | T M G

E (SeV)
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For very long baselines and atmospheric neutrinos...

E (GeV)

1 |
>~ Wy
& ' |
oS [i |
£ f I
E A
o | J VI /’_410
o [ [ “ /
o S—
S -0.5 | | ‘|f
- o
a !
© -1

INO

The detector

[rw] Magnetised iron calorimeter (~ 50kT)

B 140 horizontal (vertical) iron layers
interspersed with Glass RPC

B Modular structure

s ® 5in'0, (true)=0.5 5020, fime)=1 12
[ & sin'® uueh=0.5 sin"20, fuuey=01 NH
lsi .nl?_
E sin’ // o
10 30 _____ 77 o f//////
Il
5 EECH — 1:‘ b 20

ICAL®@INO years

20} INO .
i f > 30 in ~15 years
4
77

Bl sensitive to muons

Il Energy determination
from
s Track length
s Track curvature in a
magentic field

Il Direction of parent
neutrine from the track

@ sin’8 irue)=03 sin"28, frue)=0,12

*F H

A sin'8 finie)=0.5 €n’28 frve)=0.1

25
W sin 8, ftue)=0.5 sin’20 ftue)=008

//////;’,/ ............................

G

Fixed Parameters
| L

%5 0 15 20
ICAL@INO years
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To disentangle fundamental ¢# from the matter induced one in LBL
experiments — need to measure energy dependence of oscillated signal or
signal at two baselines

Alternatives:
#» Low-E experiments (K ~ 0.1 -1 GeV) with L ~ 100 - 1000 km
# Indirect measurements: CP-eventerms ~ cosdcp or area of leptonic
unitarity triangle

Neutrinos,

In and Beyond the Standard Model:

NEUTRINO MASS:

10



e g =104 1n—3 1,2 : e
2 P 3 2 — : e
o =2 e & 10l L/E = 500 km/Gel
~ 5] - 354 9 /T - / r
om? ;.. = 8.0+ 04 x 10~°eV* L/E =15 km/Mel
e D . r
mieavy > |\ /5m2, = 50mel
Vs I V2 _3 Am?Z
v, I .
g
g Am? g Am?
E atm
V2 _: 5
v, e A v, B —
Normal mass hierarchy Inverted mass hierarchy
Masses:
Normal Hierarchv Inverted Hierarchy
10— e i
~ 102 3 S | T |
10-4 26/ _ —
j ! | | 108 L | . .
m_fo—ﬁ 10— 10-2 100 1076 104 1078 109

ey, (eVF)

My, (V)

States 1 and 2 are 1/, rich.

01/10/2015
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-

ol S A
3HEQ\
KATRIN Task:

Investigate Tritium endpoint with sub-eV precision

KATRIN Aim:
Improve m_ sensitivity 10 x (2eV = 0.2eV)

Requirements:

+ Strong source

+ Excellent energy resolution
« Small endpoint energy E,

+ Long term stability
+ Low background rate

01/10/2015
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@ 1.0 SNtirs Spactriim region close to 8 end point
E 08
g os
5
T 06 [ _
g 0.6 m(ve) =0eVv
h=] 7
S / 04
g o¢ ) only 2 x 103 of all
= 02 | e decays in last 1 eV
0.2
/ 0
0 ! 1 1 1 2 — | 4 4
2 6 10 14 18 a i, 1 0
electron energy E [keV] E-E,leV]
Decay Rate:

|CHe + e~ + 5|TPH)|> ~ pE(E0 — E)Z;, |Uek |/ (Eo — E)* — mj;

if 's quasi-degenerate: mq &= mo == Mg

|(3HE + e + l7|1j|317[)|2 ~ pE(Eo = E) \,»"((f_‘/'n — b)l —_ ‘HI;{

T
&
* March: Connect main spectrometer and
detector system
* April: Begin commissioning main spectrometer

— Transmission measurement with electron gun

* 2014: Completion of tritium sections
* Late 2015: Begin data-taking for neutrino mass

LASCOVELY =

3y /m LOI
2| 90% CL UL /

0 0.1 0.2 0.3 0.4 0.5 0.6
neutrino mass m [eV]

KATRIN sensitiv

01/10/2015
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L g

ineV
ineV

my,

999 CL (1 dof) 0.003 L_%2% CL (1 dof)

Sensitivity of KATRIN /
03

Afoowses A pemosrsip

10° 0.01 01 1 107 001 01
lightest nentrino mass i eV lightest neutrino mass in eV’

Y m; ~ 2 eV closes the Universe. Limit a few % of this number.

i

Similarly, if Tritium decay exp. (Hyper-Katrin)
could exclude m,,_ > % eV, then Normal Hierarchy.

MicroBolometers of ArRe(04 j B

Full

No systematic from source

Beta decay: MARE experiment

¥TRe Q= 247 keV

energy measurement

P bt

But time response of sensor = pile-up

MARE-I: 300 deteciors
FWHM -~20eV
T ~100— 500 ps
{mpy<2—-4 eV ( 5years)

MIBETA
10 detectors

MARE —1I : 5000 detectors (~2018)

o FWHM -~20 &V

(M =141 £ 211 45 £ 90 oy 67

1~1-5ps
myy=<0.2eV (10 years)
{my<15eV (90% c.l) .

01/10/2015
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What is Fermion Mass 777

fightcone lightcone
cone

A mass can be thought of as a L <+ R transition:
m YLy + h.c.

In the SM fermion masses originate in the interaction with the Higgs field:

Mo w

>i<
¢

A YL ® Yg + h.c. & mp = Aj v

15



Fermion Masses:

electron  positron
Left Chiral er, eR SU(2)xU(1)
Right Chiral €R er U(1)

CPT: e, «— ér and ep — €1,

Mass couples L to R:

er, to ep AND also ér to €7, Dirac Mass terms.

Mass couples L to R:
PP=M? P.-§=0 and $*=-1

(1+7) P+MS E_“‘(l—nfg,)u(l’f.’us
2 v 2 2 /

u(P,5) = 7

)

)+

right massless left massless

Massive Particle
at Rest

A coupling of
er to ér OR ep to €, would be (Majorana) mass term
but this violates conservation of electric charge!

01/10/2015
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Seesaw / Dirac Neutrinos / Light Sterile Neutrinos

Ne 7 Anti-Nu
Left Chiral vy =3 Ur
) ¢ Dirac Masses
Right Chiral wvg =4 vy
Majorana
Masses

Coupling of

e v to vp AND Ui to 7y, are the Dirac masses.

e v, to 7p forbidden by weak isospin.

e vp to 71, allowed and coefficient is unprotected. (— M)

vp to Vg vy, to vp

~
kY

0 mp
mp M

Vp to /r r/R\to vy,

Two Majorana neutrinos Seesaw:

5 a < : Yanagida, Gell-man-
Wlth masses I'NI)‘)/AI a nd J[ Ramond-Slansky

e Coupling of v to 7y, allowed and coefficient is unprotected. (— M)

Also applies to sterile neutrinos.

Light Sterile Neutrinos and/or Dirac Neutrinos Unexpected!!!

01/10/2015
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The consequences of this alternative are profound:

e Physics beyond the SM at a scale M!

e Majorana fermions carry no conserved charge: L is violated !
i
vy — e vV

does not leave the Majorana mass term invariant.

— Most welcome for baryogenesis: a mechanism to understand the
matter-antimatter asymmetry in the Universe emerges naturally

— Most welcome by string theory: it is difficult to get global U(1)
charges conserved

Types of see-saw mechanism

Type I see-saw mechanism  Type II see-saw mechanism

Uy Uy
”LI 1 i X N !x
X X H~ -~ H?
HY \ HY Y
1 1 1
14 A0 | Heavy
> *I R 1 - f A triplet
Vi Vi . I "
| Vi )3 Vi
Ml
I 1T v?2
~ B II - (o} ~ u
my, = —mp Meemps m; v, =Y, m
A

01/10/2015
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How Can We Demonstrate That v, = v,?

We assume neutrino are correctly described bg the
SM. Then the conserve L(v =/~ ; v —= ().

An Idea that Does Not Work
[and 1llustrates why most ideas do not work]

Produce a v, via—

Spin .
y Y . Pion Rest Frame
/. - - > 1L
Tt '

Give the neutrino a Boost:

p.(Lab) > B, (rt Rest Frame)

—

————— .
> ¥i Lab. Frame
:|T+ > ! l +

The SM weak interaction causes —

Target Recoil
at rest ccoL
v; = Vv; means that v,(h) =v;(h).
helicity
I Ve e
1
=

our Vi —————  will make p* too.

01/10/2015
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Minor Technical Difficulties

p,.(Lab) > B, (7 Rest Frame)

- E_(Lab) o E, ( Rest Frame)

m, m, .

=E, (Lab) > 10° TeV if m, ~ 1eV

Fraction of all m—decay that get helicity flipped

m 2
e Y ~ 1016 'rfmv ~ 1eV
E, ( = Rest Frame}

For Majorana Neutrinos

}*’
£ > b
W / \,ll \’_ll
Not Observed A I | OWGd

m? —9(
BUT Suppressed by —% ~ 10 201

01/10/2015
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> How we can find out ?

S

o < o

S

P
SM double weak process
4 body decay: continuos

spectrum for the e
energy sum

> How we can find out ?

p o

n
Z
A%
)
V§

n
P P

S

e

o < o

e

S

SM double weak process Only allowed for Majorana v

4 body decay: continuos
spectrum for the e
energy sum

sum is a delta

2 body decay: e energy

01/10/2015
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p
n
Z e
Y
S e
n

v; is emitted (RH + O(m./E) LH)

Amp[v; contribution] « m;

effective mass

Neutrinoless double beta decay

* Most sensitive (terre

probe of the absolute

neutrino mass

* Unique way of proving

Majorana nature of v

¢ If Majorana v is the only

mechanism, ==—=>

3 |
<m>ge= Zm,-Uf,

i=1

- l mlt.;;zc%g + mzsfzc%;cw + mg3sj

strial)

’

23 £2r=9) |

g W~ V\"f‘

% %

N =oef NulearProces o= Nt

01/10/2015
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Effective neutrino mass in Ov Bp decay

LMA solution, crosshatched region with errors

1.000

0.100

0.010

effective mass <myg> (eV)

0.001

T T T

Degenerate

Inverse )
Signal below

mBB:| 2 mi Uei2|

dividing point mgg ~ 10meV

10 meV would imply

Majorana and Normal Hierarchy!

Vi I

Mormal mass hierarchy

v, O,
v, — "

mass

Ame

3 oam, v, I—— 7

Inverted mass hierarchy

0.001 0.010 0.100 1.000
minimum neutrino mass (eV)

Test KK may look easy but nobody did it completely ...

@ 5 HPI
@ Peak
T

(mg

@ Probl

!

Ne

ne

)% C.L.
rrrrrn
Present EX0-200 Limit J
IGE o] ™G |
107" F ,:
NEMO-. : o ........... 1 ¥ge
s @ i
NEMO- S | 2 - )Mo
= — 2
-z | -
Solotvin ;%w L g ] — "eny
Geochemr L 341 ] 216 |1
I s |
CUORICING o+ BT I 8 | *Te
KamLAND-Z \ | = F— 1 ™xe .,
EX l‘ =1
104 e, WS . 08 1027
Adapted from 107 107 102 107 1
A. Faessler et a Mmin  [6V]

01/10/2015
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Leptogenesis
The Universe is made of matter:
N, — N

b —10
="t .6x10
e N,

The hope is that this asymmetry might have been produced dynamically
from a symmetric initial state:

e Baryon number violation
e Deviation from thermal equilibrium

e C and CP violation

Sakharov

All these conditions are present in the SM !

Baryon number violation:

B + L is anomalous in the SM both with and without massive
neutrinos, while B — L is preserved

At high T in the early Universe, B + L violating transitions could be in
thermal equilibrium due to the thermal excitation of configurations with
topological charge called sphalerons :

SL
SL tr,

e N1/ b

If there are heavy Majorana singlets, as in the sea-saw mechanism, there
is a additional source of L violation (and B — L):

AB = AL

01/10/2015
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Deviation from equilibrium:

Sphalerons are in equilibrium for 7" > 100 GeV: to get these processes
out-of-equilibrium we need to go to the EW phase transition.

EW baryogenesis is disfavoured because:
1. The sources of CP violation involved are too small in the SM

2. The out-of-equilibrium condition is not well met: the EW phase
transition is not strongly first order

Majorana singlets are in equilibrium until they decouple: 7" ~ Mg
This happens much earlier then EW transition since Mgz > v and
sphalerons are still in equilibrium:

a 28

Ye=aYsg-15'= ¥ = — in SM
B arp—p a—lL a 79 in S

Leptogenesis

Baryon Asymmetry is created by a Lepton Asymmetry

produced by the decays of super heavy Majorana Neutrinos.

I(N=IT¢ ) —T(N—=l"¢T)
D(N—lto— )+ T(N—l—p™T)

(N — I£4F) depends on the Majorana Phases in the MNS mixing matrix.

BﬂLTtU = %(B - L) + %(B\‘t‘ L) = %(B - L)-z'.n-z'. = _%Liﬂf

X

0

01/10/2015
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Final asymmetry:

CP—asym eff. factor

Bo = LT e R

(N — ®l) —T'(N — ®I)
" T(N — ®l) + (N — ®l)

€]

« efficiency factor which depends on the non-equilibrium dynamics.

A relation between the baryon number of the Universe and the neutrino
flavour parameters!

Some exotic (and not so exotic) scenarios

Non standard neutrino interactions
CPT violation

Violations of Lorentz invariance

01/10/2015
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Non standard neutrino interactions

They can be described by effective four-fermion
operators of the form

2\/§GF805,B (Vﬂyﬂ])LZa Xfy,ul)L,Rf’)
normalizing the operator with the Fermi constant

M?
“M2

NSNI

Eap

NSNI can appear at every step. It is therefore
necessary to break down the analysis in three
stages

* the production process

* the detection process

01/10/2015
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Lets have a look at what is called the “golden”
channel in a neutrino factory

ut

Oscillation

\ W Vo ——— 1y

/ = o=
7 et

I

e

The system consists of an initial state

state of the target

|AT

| state of the parent particle

| intermediate state B |

and a final state

unobserved particles
state of the particle producing and
identifiable event C U

P(A+T »C+U)=|3Yp ®AT;B;C,U) |

01/10/2015
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The system consists of an initial state

state of the target

‘AT

| state of the parent particle

| intermediate state B |

and a final state

unobserved particles
state of the particle producing and
identifiable event C U

P(A+T >C+U)=|3Xg ©QA,T;B;C,U) |

P(A-C)= ZP(A+T—>C+U)
T.,U0

Assuming that the amplitude ® (A, T,;B,;C,U, )is
dominant

PADC)~PA+T, - C+U,)
=|®(AT,;B,;C, Uﬂ)lz

+2Re[ ®(A,T,;B,; C,Up)* Ypep, ©(AT,; B C,U, )]

+|ZB¢B(D 2 Ly » a)lz

For a neutrino factory : 4 —»p-  C— pu+

01/10/2015
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Production and detection involve charged current NSNI
T HTV, W —>e- V,uV_a
n+v,—p+l,

2‘/§GF‘9;Z (l_ﬂ}/ﬂ])LVa L_”/yPL,Rd) 2\/§GF5:; (/'_l}/#})LV,H XvayﬂPLe)

0.041  0.025 0.041 0.025 0.03 0.03
“<|2.6-10° 0.078 0.013 \gﬂe\< 0.025 0.03 0.03
0.011 0.016 0.13 0.025 0.03 0.03

bounds are ~ 102

We are left “only” with neutral current NSNI

a = Q\ﬁGFRBE

Aorva ()]
¥ f'l.(T ETT

01/10/2015
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P(vﬂ - vﬂ)z

1—sin*(28)sin*(1.27Am" L/ E)

£ v, spectrum ©
£ uSP K] spectrum ratio
300 5120
w Unoscillated Ty
8 +
200 Oscillated 5 0.8-—-. Am? + *\*HH’
Bos $
© E i
= 041 +
100 5 0 4: + L
o 0.2F P+
RS E Monte Carlo
L e I | | L L
R B B S 1) 2 4 6 8 10
Visible energy (GeV) Visible energy (GeV)
gt changes the disspearence
probability at large energies
1.4 i iti
B F Monte Carlo Sh,'ﬁ,s the muo" of the
& 1.20 minimum in energy
'g 1 2
_S_ 0.3; racteristic ++++H++ Am
Bos6-
3 r
E 0.45— +
=2 3 & 8 70
Visible energy (GeV)

&y modifies the dissapearence
probability near the first oscillation
minimum, especially the depth of the

Siﬂ.z (2 623)
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MINOS: v, and 17# Disappearance

1.0 g
0.8
0.6
04
0.2
1.0
0.8
0.6
04
0.2
1.0
0.8
0.6
04
0.2
0.0

i

neutrino

o
o
‘IIH|HII‘HH|HI

antineutrino

-
\_
T
-
e
.
1

AT

|HH|HH|H|||H|

P(v, - v,)

|HH||H||H||‘|H

=N
14¥)

0

E, (GeV)

Kopp et al. 1009.0014

Neutrino (2012)

T (—
=+— MINOS Far Detector Data - T (b Ak L AR L A
—— Prediction, No Oscillations h —+— MINOS Far Detector Data 4
—— Prediction, AnT=2,41<10° aV® 60— Prediction, No Oscillations |
W Uncertainty (oscillated) 4 —— Prediction, Best-Fit Parameters
[ Backgrounds [oscilated) I Uncertainty (oscilaled)
[ Backgrounds (oscillated)

Antineutrino

g

Low Energy Beam, v -mode

10.71x10™ POT
MINOS PRELIMIT*ARY

Low Energy Beam, T -mode
3.36x10% POT
MINOS PRELIMINARY

Events / GeV
8
o

L I N S B e

Events / GeV

—
f=]
o

PR IR -

5 10 15 20 30 50 0 5 10 20 30 40
Reconstructed v, Energy (GeV) Reconstructed v, Energy (GeV)

ogr
8

For 0 < Ereco < 50 GeV I
Prediction, No Oscillations: 3564 events
Observed: 2894 events

For 0 < Erec < 50 GeV
Prediction, No Oscillations: 312 events
| Observed: 226 events

vy Oscillations Best Fit Parameters Vg Oscillations Best Fit Parameters

|Am3; | = 2.4135:35 x 107%eV* |ATZ,,,| = 2.647938 x 1073eV?
o e +0.04 ;
sin®(26) = 0.947 55 sin?(20) > 0.78 (90% C.L.)
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CPT violation

| |
ATﬁztm
T
AN,
T I
Arﬂiolar Almlzolar
| —— | ——
m(Ky,) — m(K,
| m(Ko) (Ko ) | <10-18

Myg_ayp

1

(m(Ky) — m(Kp) Y(m(Kp) + m(Ky ) <2 1078 mg_g2
Im2(Ko) —m2(Ky))| ~ 2 eV

| Am? - AmZ | = 10~6 — 1073 eV >
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Distinguishing CPT violation from NSNI

The muon neutrino survival probability in matter can be written as

Ply, —uv,)=1- sin’20,sin’ ( 1

in matter

Am?L

Am?cos2d

Am?sin2f

4Am* = Am® + Aml + 2Am2Am?2 cos(20, — 20,)

(Am2sin(26,) + Am2sin(26,))°

in*(26) =
sin*(26) Amt + Amd + 2Am2ZAm2 cos(20, — 20;)
2emA = Am?cos(28,) — Am? cos(26,)
4elt A = Amlsin(26,) — Am? sin(26;)

—c A,

TT

- 2¢ AL

Violations of Lorentz invariance

(hei‘f)ab —

2

Tn'ah l o,

— ( ()L ) (1-__{-_7’ ;Oﬁ- 2313]
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01/10/2015

34



Violations of Lorentz invariance

Lorentz violation

m?> 1 ;
_ "Yab «, af
(hett)ap = oY + = [(ar)*pa — (cr) pﬂ.pﬁ]ab
standard Lorentz D violates both CPT and
covariant term Lorentz invariance

Violations of Lorentz invariance

Lorentz violation

m?> 1
_ ‘ab v,
(Peft)ab = S5E + = [(aL)*pa — (cr) n'pﬁ]ab
standard Lorentz D violates both CPT and
covariant term Lorentz invariance

As usual, the oscillation probability is governed by$he difference of the
eigenvalues of the effective hamiltonian.

sin(Ag, L/2)

Mop2L/E (c*P)ap LE
(@%)ap L
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P(v, —v,)=1-sin"(20)sin’(1.27Am" L/ E)

: Neutrino sector

Combination Result System Ref.
(ar), (—3.1+08) x 107 GeV  MiniBooNE [93
(ap)¥, (0.6 + 1.9) x 1072 GeV » 93
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(er)5 o3
(en)TX (-09 " 193
(en)EY (13+2 @ " 193
(er)TZ » 03]
(ce)37 " 93
(e )5 93
(en)2F 03
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-
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o
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195
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J 95
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MINOS ND [96
96 V.Kostelecky and N. Russell

96 Rev.Mod.Phys. 83 (2011) 11
oo e-Print: arXiv:0801.0287
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1 c13 sz clz Si2 1
Uai = €23 S23 1 —s12 C12 e
s s "y oo 1 et
:
Atmos _ # decay
sin%0,, 0.267-0.344
Sm  Sin?0,, 0.342-0.667
sin%0,, 0.0156 - 0.0299
Am,,? (7.00-8.09) X 10° eV?
|AMy3 o 237 (2.24-12.70) X103 eV?
LSND MiniBoone Ga Anomaly Cosmology (WMAP)
os b data ‘i 1 E
' 3 i P ‘ 1 es} %
e el L e /
= or— Hest fit 1
R=0.86:0.05 | ,

L/E, (metersiiel)

o Light Steriles 777

GALLGN EAEm  EACE

e Mass Hierarchy m3 > mo > my OR my > my > mg
using |Uea|? < |Uea|? < |Uar|?

Is CP violated 7 sind # 0

Mass of Heaviest Neutrino
Mass of Lightest Neutrino

New Interactions, Surprises !!!
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