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The SM 1s a gauge theory based on the symmetry group

Concha Gonzalez-Garcia

‘N eutrinos in the Standard Model |

With three generation of fermions
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‘N eutrinos in the Standard Model |

The SM 1s a gauge theory based on the symmetry group

With three generation of fermions Three and only three
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There 1S no vp
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Accidental global symmetry: B x L, x L,, x L, (hence L = L.+ L, + L;)
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v strictly massless
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e By 2017 we have observed with high (or good) precision:

* Atmospheric v,, & v,, disappear most likely to v (SK,MINOS, ICECUBE)

* Accel. v, & U, disappear at L ~ 300/800 Km (K2K, T2K, MINOS, NOvA)
* Some accelerator v,, appear as v, at L ~ 300 /800 Km ( T2K, MINOS,NOvA)
* Solar v, convert to v, /v (Cl, Ga, SK, SNO, Borexino)

x Reactor 7, disappear at L ~ 200 Km (KamLAND)

x Reactor 7, disappear at L ~ 1 Km (D-Chooz, Daya Bay, Reno)

All this implies that L, are violated
and There 1s Physics Beyond SM
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e By 2017 we have observed with high (or good) precision:

* Atmospheric v,, & v,, disappear most likely to v (SK,MINOS, ICECUBE)

* Accel. v, & U, disappear at L ~ 300/800 Km (K2K, T2K, MINOS, NOvA)
* Some accelerator v,, appear as v, at L ~ 300 /800 Km ( T2K, MINOS,NOvA)
* Solar v, convert to v, /v (Cl, Ga, SK, SNO, Borexino)

x Reactor 7, disappear at L ~ 200 Km (KamLAND)

* Reactor 7, disappear at L ~ 1 Km (D-Chooz, Daya Bay, Reno)

All this implies that L, are violated
and There 1s Physics Beyond SM

e The starting path:

Precise determination of the low energy parametrization
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‘ The New Minimal Standard Model |

e Minimal Extension to allow for LFV = give Mass to the Neutrino

x Introduce vr AND impose L conservation = Dirac v # v¢:
L=Lgrny — M, vrvr + h.c.

* NOT 1mpose L conservation = Majorana v = v°
L=Lsy— sM,rv§$ + hec.
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\%W:{ N (U BAP LV + Uy Uiy* LD?) + hec.

Vj Uj



Global analysis of v data Concha Gonzalez-Garcia

‘ The New Minimal Standard Model |

e Minimal Extension to allow for LFV = give Mass to the Neutrino

x Introduce vr AND impose L conservation = Dirac v # v¢:
L=Lgrny — M, vrvr + h.c.

* NOT 1mpose L conservation = Majorana v = v°
L=Lsy— sM,rv§$ + hec.

e The charged current interactions of leptons are not diagonal (same as quarks)

\%W;Z(U{gpﬁwmﬂ' + US o UA* LDY) + hec.

e In general for V = 3 + s massive neutrinos Uy gp 1s 3 X N matrix

ULEPUEEP = I343 but in general UEEPULEP # INxN

e Urrp: 3+ 3s angles + 2s + 1 Dirac phases + s + 2 Majorana phases
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e If neutrinos have mass, a weak eigenstate |v,) produced inl, + N —v, + N’

is a linear combination of the mass eigenstates (|1;)) : |Vy)= g Uai Vi)

e After a distance L it can be detected with flavour 5 with probability
" A
* * . 2 ( * * .
Pog = 80p — 4§Re[UQiU5anjUﬂj]sm (7‘7) + 2 ;Im[UnganjUﬂj]sm (Aij)
JF1 JF1

Aij _ (Bi—FE;)L —1 27(m?_m?) L/E
2 2 ' eV? Km/GeV

No information on v mass scale nor Majorana versus Dirac



Global analysis of v da1 1 M aSS O S Cill ati ons i n V acuum Ioncha Gonzalez-Garcia

e If neutrinos have mass, a weak eigenstate |v,) produced inl, + N —v, + N’

is a linear combination of the mass eigenstates (|1;)) : |Vy)= g Uai Vi)

e After a distance L it can be detected with flavour 5 with probability
" A
* * . 2 ( * * .
Pog = 80p — 4;Re[UmUmUajUﬂj]sm (7‘7) + 2 ;Im[UnganjUﬂj]sm (Aij)
JF1 JF1

Aij _ (Bi—FE;)L —1 27(m?_m?) L/E
2 2 ' eV? Km/GeV

No information on v mass scale nor Majorana versus Dirac

P.o=1—P,,. Disappear

e When osc between 2-v dominates: ,
P = sin2(29) sin? (1.27&% L) Appear

= No info on sign of Am? and 6 octant
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‘ Matter Effects I

e If v cross matter regions (Sun, Earth...) it interacts coherently

— But Different flavours
have different interactions :

Ve, Vpy Vr only v,

= Effective potential in v evolution : V, 75 Vir=AVY = -AVY = V2GE N,

o [ Ve Ve — ij—— I Am? 0590 42; Ve
s ()=l (U = "

VX iE iE
= Modification of mixing angle and oscillation wavelength (MSW)
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Global analysis of v data
‘ Matter Effects I

e If v cross matter regions (Sun, Earth...) it interacts coherently

— But Different flavours Z K

have different interactions
Ves Vyy Vr only v,
= Effective potential in v evolution : V, 75 Vir=AVY = —AVY = V2G N,
.5 Ve \ Vo, — Vx — 4E 00329 Alfg Ve
2 ()= - (s 22 !
X iE AE X

= Modification of mixing angle and oscillation wavelength (MSW)

= For solar v/'s in adiabatic regime
e Mass difference and mixing in matter: Pee = 5 [1 + cos(26y,) cos(26)]
Am?2 = \/(Am2 cos 20 — 2EAV)? 4+ (Am? sin 20)* Dependence on 0 .OCtant :
" = In LBL terrestrial experiments
Dependence on sign of Am?

and 6 octant

sin(20,) = A’stmfm
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e By 2017 we have observed with high (or good) precision:

* Atmospheric v,, & v,, disappear most likely to v (SK,MINOS, ICECUBE)

* Accel. v, & U, disappear at L ~ 300/800 Km (K2K, T2K, MINOS, NOvA)
* Some accelerator v,, appear as v, at L ~ 300 /800 Km ( T2K, MINOS,NOvA)
* Solar v, convert to v, /v (Cl, Ga, SK, SNO, Borexino)

x Reactor 7, disappear at L ~ 200 Km (KamLAND)

* Reactor 7, disappear at L ~ 1 Km (D-Chooz, Daya Bay, Reno)

—c‘-:; ].3:

S 1.6

0

o 14

v

212
2 i

S 08F

S o6f
g o

£ 04
S~

8 02

=2 4

O 0 1 sl = L —

1 10 10 10 10
I /F (ke /(ie\M)

(n 1-5 T T T T
MINOS/T2K/NQVA
R !
o |

N }

C -

_,9 05? —4— Far detector data N
@) - Best oscillation fit

E=1 s Stats. only decay fit

D(:s B ‘ X Stals‘. onlydecthrencefit 1

. T R S

Reconstructed neutrino energy (GeV)

10

« Data-BG- GeoV,
[ — Expectation based on osci. parameters
1 + determined by KamLAND
> L
= osfF
23 L
3 L
o E
T 06 +
I N [
5 o KamilL AN
d T d
0.2~
OV [N I RN N I P I B
20 30 40 50 60 70 80 90 100
Ly/E, (km/MeV)
18
— 16
kel
g 14
g
5 12
g 10—
:Daya-B ENO/D-Ch
glZaya-bay /D-Chooz
g 4; —+— Far site data
w 2: === Weighted near site data (best fit)
E —— Weighted near site data (no oscillation)
| L L L L L
g v
5 1.cfl I
S 095
2 09E + l
T E T |
& ossf i

e Confir medVacuum oscillation L/ FE pattern with 2 frequencies

MSW conversion in Sun

[ N - T - T -

eet V. survival probability
o o o o o (=] =

° pp — All solar __+
] ’Be — Borexino '
[ pep - Borexino
0.2 e °B - SNO LETA + Borexino
e °B - SNO + SK
0.1 MSW-LMA Prediction
0 | L L Lo |
10 1 10
E, [MeV]




Global analysis of v data ‘ 3V Fl avour P aram et ers I Concha Gonzalez-Garcia

e For for 3 v’s : 3 Mixing angles + 1 Dirac Phase + 2 Majorana Phases

1 0O O C13 0 8136i5cp ca1 s12 O e 0 0
ULgp = | 0 ca23 so3 0 1 0 —S12 c12 0O 0 e'2(
0 —s23 €23 —Slge_iécp 0 Cc13 0O 01 0 0 1
NORMAL INVERTED 8
m ~ B
3 é 2 ¢ =
~® m, <
=
<

e Two Possible Orderings

2
A msolar
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e For for 3 v’s : 3 Mixing angles + 1 Dirac Phase + 2 Majorana Phases

1 0 0 C13 0 8136i5cp C21 S12 0
ULgp = |0 c23 s23 0 1 0 —s12 c12 0
0 —s23 €23 —Slge_iécp 0 C13 0O 01
NORMAL INVERTED %
M3 8 2 ¢NE
(\I% m, <
=
. . q
e Two Possible Orderings .
~ 3
= m,
< ¢ m, m,
Experiment Dominant Dependence Important Dependence
Solar Experiments — 015 Am3, , 013
Reactor LBL (KamLAND) — Am3, 015 , 013
Reactor MBL (Daya Bay, Reno, D-Chooz) — 053 Am?2,
Atmospheric Experiments — O3 Am?2, ., 013 ,0cp
Acc LBL v, Disapp (Minos,T2K,NOvVA)  — AmZ,,~ 0a3

Acc LBL v, App (Minos, T2K,NOvVA) — 013 Ocp » 023
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Global 6-parameter fit http://www.nu-fit.org
Esteban, Maltoni, Martinez-Soler, Schwetz, MCG-G ArXiv:1611:01514
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Global 6-parameter fit http://www.nu-fit.org
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Global 6-parameter fit http://www.nu-fit.org
Esteban, Maltoni, Martinez-Soler, Schwetz, MCG-G effect OF T2K (2017) VERY PRELIMINARY
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3 v Analysis: “12” Sector
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‘3 v Analysis: ‘12’ Sector I

e Am2; > E/L = P> = cl3P, + 513
- d Ve Am2 —cos 2019 sin264- 0%3 0 Ve
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‘ 3 v Analysis: “12” Sector and 6,3 I

e For 913 =0

—_
—_

Concha Gonzalez-Garcia
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0.3 From Solar
0.325 From KLAND

e When 0,3 increases
( Solar High E : Céll3 sin? 2015
Pee >~ ¢ SolarLow E : ¢i3 (1 — sin®2612/2)

. . Am2. L
Kam : ¢ (1 — sin? 26,2 sin? A)

X 4E

= KamLAND region shifts left
= Solar slight shifts right (due to High E)
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‘ 3 v Analysis: “12” Sector and 6,3 I

e For 913 ~ 9°
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= KamLAND region shifts left
= Solar slight shifts right (due to High E)
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For 013 ~ 9° 015, OK. But residual tension on Am%2| NUFIT3.0 2016) |
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e ‘3 v Analysis: Am3, KamLAND vs SOLAR rG

For 013 ~ 9° 01, OK. But residual tension on Am 7, ~yrraq gore |
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e At 0sc maximum sin? (
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§ 25j H[T Ru:nl 75 prehmmm: Prediction

3 FIY |~ BestFi

‘S W1

2 I - |*Dan

v =

ST

Reconstructed neutrino energy (GeV)
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‘3 v Analysis: 093 I

e Best determined in v, and v,, disapperance in LBL

Py == 1 — (ci38in® 2093 + s355in° 20;3) sin” (

e Allowed regions by the different experiments:

3.6|||||1|||||||||1||| TT T T [T T T T[T T T T[T T T T TT

saf e 68%CL
— 90%CL
3.2 ’

3
2.8
2.6
24
22
2

1 (107 eV2/ch

2
32

A m

IIIIII|III|III|III|III|III|III|III

NOvVA (2016) Super-K

T2K Runl-7¢ preliminary MINOS+ J
P I T B B D R

03 035 04 045 05 055 06 065 07

In making this figure 0,3 is constrained by prior from reactor data
Caution: Not the same using 6,3 reactor prior than combining with reactor results

(because of Am3, in reactors)
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‘ Amj, in LBL vs Reactors I

e At LBL determined in v, and v, disappearance spectrum

Am%l L
4F

P, ~ 1 — (c138in” 2023 4 s33sin” 2613) sin” (

) + O(Ama)

e At MBL Reactors (Daya-Bay, Reno, D-Chooz) determined in v, disapp spectrum

o e

P.. ~ 1—sin” 20,3 sin” ( Tg,e >—Cf113 sin® 2612 sin” ( Z%l ) ' 0.95;—

e EH3
2 2 2 2 2 -3 2 I
Amee ~ ]Am32] + C12Am21 ~ |A’m32| + 0.05 x 10 eV 09~ 1230 days

— Best fit
.................

Nunokawa,Parke,Zukanovich (2005) 0 02 04 05 08

Loy / (E,) [km/MeV]
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‘ Ams, in LBL vs Reactors: Consistency I

e At LBL determined in v, and v, disappearance spectrum

e At MBL Reactors (Daya-Bay, Reno, D-Chooz) determined in v, disapp spectrum

LBL v, disappearance REAC v, disappearance

Sept (2017) PRELIM
3.2__||IIII|IIIIIIII||||||____|IIII|IIII|IIII|I__

reactors
(noDB) 1

1— Consistent values of |Am3, |

— Hint for non-maximal 053
driven by NOvA and MINOS

DayaBay

[10° eV Am

N
N

1 T2K (2017) slight fav 63 > 45

2

m32
LN NS
w 0o o N
TT]TIT

G
N
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‘3 v Analysis: Reactor Flux anomaly and 0,3 I

e The reactor 7, fluxes was recalculated about 6 yrs ago
T.A. Mueller et al.,[arXiv:1101.2663].;P. Huber, [arXiv:1106.0687].
13

e Both found higher fluxes ~ 3.5 % 1-25— g §

= negative reactor experiments A
at short baselines (RSBL) indeed
observed a deficit

ILL

=
=
T | TT
.l Krasnoyarsk
® ; i
|
I
|

observed / predicted
|_\
I
H
..'.l
I } I
N
ey 1

o o
0] o
I I
[ ]
=Yy
2o
In
n T
f
—t
| I gT
o —
I
f
In
I Ir 1
! Bl
| I
L
T4
IIIIIIIIIIIIII
L B L R B
|

0.7k

e For 3v analysis a consistent approach (T. Schwetz et. al. [arXiv:1103.0734]):

— Fit oscillation parameters and reactor fluxes simultaneously

. a, Opye T
— Use calculated fluxes (a) or RSBL data (b) as priors & s \:... Huber E
8- — +RSBL flux—free E
Difference at < 0.30 level 3 E
2 2 5 5
Xmin,a — Xmin,b ™ 7 4 3
3 —
2 5
'E | E
09071 é - ‘O.‘OZ‘ - "0":022 - ‘00‘24‘ - 6.626

sin“tY,s
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‘Leptonic CP Violation I

e Leptonic(P = P, ., # Py, 5,:

Pyosvs — Pogsog o< with  J =Im(UnUj,Us2Ug ) = Jigp cp sindcp

max

1 .2 .2 . 2
LEP,CP = 5C13 Sin 2013 sin” 26053 sin” 2601
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‘Leptonic CP Violation I

e Leptonic(P = P, ., # Py, 5,:

Pyosvs — Pogsog o< with  J =Im(UnUj,Us2Ug ) = Jigp cp sindcp

max

1 .2 .2 . 2
LEP,CP = 5C13 Sin 2013 sin” 26053 sin” 2601

e Maximum Allowed Leptonic CPV:

Sept (2017) PRELIM
15 T inEag,CP:(3.29iO.07)><10_2

B 1  to compare with
o E q Jokmep = (3.04+£0.21) x 1075
él< | _
5 |- NO—: = Leptonic CPV may be largest CPV
- — 10 in New Minimal SM
Sozt 605 003 604 .
Jmax _ o o & s &2 s if sin dcp not too small

CcP 12 12 723 723 T13 T13



Global analysis of v data Concha Gonzalez-Garcia

‘Leptonic CP Phase I

e Leptonic CPV Phase: Mainly from v,, — v, in LBL (complicated by matter effects)

2
~ g2, gin? Az 2 (B L max A1z Azr Ve L . B1 L Az L
Plie = 853 810" 2013 <B$) S ( 2 ) +8JiEpcr Vi B sin (“5%) sin cos ( +dcp)

2 2 2
— Best fit dcp ~ 270°
Before T2K (2017)

— CP conserv at 70% (NO), 97% (10)
— Driven by “fluctuation” in T2K

NUFIT 3.0 (2016) |

15 i LI L L L ] i L | LI | LI I L | y 7
i 1| | — Reactors + Minos ] Mass hierarchy | Normal Inverted | Normal Inverted
= 4 |  — Reactors + NOVA . — —
- 4 | F — Reactors + T2K . dcp= —m/2 @ 25.5 @ 6.5
N i i i dop=1/2 19.7 av.2) 7.7 (84)
F L B i ocp= £m 24.2 21.6 6.8 7.4
B . Data 32 4
5 — NO —
7 = One concluded :
1 1 i L1 1 11 i [ | . .
00 90 180 270 360 0 90 180 270 360 Slgnlﬁcance may nOt grOW soon

8CP

CP
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‘Leptonic CP Phase:T2K 2017 I

Accumulated 14.7x10%° protons-on-target (POT) in neutrino mode and
7.6x102° POT in antineutrino mode - full data set presented here

» 29% of the approved T2K POT

Predicted Rates Observed

Sample Ocp=0 Ocp=T1/2 Ocp=Tt Rates

728 CCQE 1-Ring e-like FHC 74
Ve CC1m 1-Ring e-like FHC 15
Ve CCQE 1-Ring e-like RHC 7
Vi CCQE 1-Ring u-like FHC
798l CCOE 1-Ring u-like RHC

M. Hartz, KeK colloquim, August 2017
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Concha Gonzalez-Garcia

‘Leptonic CP Phase I

Including T2K (2017) PRELIMINARY

Sept (2017) PRELIM|

35 LT TTTT T TTTT T TTTT T TTTT] T T T 17T | T T TTT | T T TTT | T T T T T
30 4 B . —

25 ] il — Rea + NOVA T

- 1 E — Rea + T2K 3

L 20F 4 E — Rea + LBL-comb_J
b C i I 7]
] C 1 E -
15 = B NO g

10 - —

— Best fit at dcp ~ 240°

— CP conserv at 95% (NO)

— 15°-160° disfavoured at Ax? > 9

— Sill more than expected sensitiv in T2K

2 2 ~
_Xmin,IO o Xmin,NO ~ 3

5 4 F -
O ........ |, |/ = =
0 90 180 270 360 0 90 180 270 360
6CF’ 6CP

8 EXPECTED SENSITIVITY T2K Runl1-8 preliminary

I . B B B L BN L g

16 ;_ — Normal R _;

14;— ----Inverted ',' : | _;

12F 3

= oF 3

E 105— K i -

S % 5

6 /." 3

428 e

NG E

OOl v T L b e 1]

-3 -2 -1 0 1 2 3

dcp (rad) 50
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o LeptonicGP = P, ., # Pp, 5,:
Pyosvy — Poosoy o< J with  J =Im(UnUj,Us2Ug ) = Jigp cp sindcp

e Leptonic CPV Phase: Mainly from v,, — v, in LBL (complicated by matter effects)

2
. . B L . B-L
Pue = s3ysin? 2015 (522) " sin? (255) + 8135 cp 422 522 sin (Y52) sin (Z52) cos (84% + dop)

Am?-
Aij = 2E] Bj: = Agl + VE Jfl]ff)( CP —

éClg sin2 2613 SiIl2 2923 sin2 2012

e | eptonic Jarlskog Invariant : Best fit Jypp cp = —0.030

NuFIT 3.0 (2016) Sep (2017) PRELIM

15 I I T I T T T I T T I | T I | 15 | T I I | I I I | | | | |
u —— NO - - —— NO .
B — 10 . - — 10 -
ok 1 oL -
"= 15 [ ]
A 1 L N
n B I | | 1 1 I 1 1 1 I 11 1 | ] o B | | ] ] ] | ] ] ] | 1 1 1 | ]
-0.04 -0.02 0 0.02 0.04 -0.04 -0.02 0 0.02 0.04

Jop =Jgp SiN3gp Jop =Jgp SINSp
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’ | Neutrino Mass Scale |

Single 5 decay : Dirac or Majorana v mass modify spectrum endpoint

e E m2|U ,’2 _ NO : mj 4 Amj,ci3s3y + Am3 i,
— U, —
ve g ’ 10 : mj + Am3,ci3si, — Am3yciy

K(T)

Present bound: m,_ < 2.2eV (at95 % CL)
! Katrin (20XX???) Sensitivity to m,,_ ~ 0.2eV

v-less Double- decay: < Majorana v/’'s
p Ov __ Me

If m, only source of AL T’7 =
n % ' Y Goy MI%ucl m2,

T e = ) UZml

- - |2 2 in 2 2 in2 2 —idcp
. [C:di € —‘613012?7”&16 + C73S79M2 €77% + S{3Mm3e

P = f(my, order, maj phases)
Present Bounds: m.. < 0.06—0.76 eV

. . 5 2 2 2 2 2
COSMO for Dirac or Majorana m= 1 N VG + /Amgy +mg + / Am3y + my
m,, affect growth of structures 10 /m2 + /—AmZ, — AmZ, —m2 + /—AmZ, —m?



‘Neutrino Mass Scale: The Cosmo-Lab Connection |

Global oscillation analysis
= Correlations m,,_, m.. and > m,,

(Fogli et al (04))
Nufit (95%)
- ET T T T ]
> z
o - |
— _1* i
£ E
e || Width due to range in oscillation parameters very narrow
N | Lower bound on > m; depends on ordering
10—37 1 ‘ I ‘ ]
- FTT T T E
>
QD L
—
g0 ¢ Ell ,
A - | Wide band due to unknown Majorana phases =
oA = Possible Det of Maj phases?
_3: :
10 : 7 Lo |



‘Neutrino Mass Scale: The Cosmo-Lab Connection |

Global oscillation analysis

= Correlations m,,_, m.. and ) ni

Lower bound on ) _ m,; depends on ordering

Precision determination/bound of > ' m,; can give infor-

mation on ordering ?
Hannestad, Schwetz 1606.04691, Simpson etal 1703.03425, Capozzi

etal 1703.04471 ...

Or much ado about nothing?

Cosmo data will only add to N/I likelihood

when accuracy on Y>.m,, better than 0.02 eV

(to see a 20 N/I difference between 0.06 and 0.1)
Hannestad, Schwetz 1606.04691

(Fogli et al (04))
Nufit (95%)
—~ [ T T ‘: T
QD L .
) :
«l0 & :
& . o
L i—
i W S
:|| +:
10 2? E 'iz.:
= ' &
B N :E g:
I 3 o
_al 2 <
1 O | Lo R
—_— ™
@ Vs
. Xe 90% CL A EEERRELS
SRV ' A TR
10 = Vxe 90% CL |80
C SIS I
et '
10 = :
10_‘3 . \i L
> 1( \/)
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‘Beyond 3 v Oscillations? I

e Three-flavour oscillation scenario very robust

e Most extensions: VLI, Non-Unitarity, CPT viol, eV sterile neutrinos ...
Only allowed to be subdominant

e What about non-standard interactions?



Global analysis of v dzl NOn Standard 1% InteraCtiOnS Incha Gonzalez-Garcia

e Including non-standard neutrino NC interactions with fermion f

Lust = —2V2Grel L (0" Lug) (f,Pf),  P=L,R

e In flavour basis 7 = (v, v, 1)’ the neutrino evolution eq.:

d _
zd—y = H"U with H" = Hyae + Hpat and HY = (Hyae — Hipat)™
X
1 0 O Eee ECeu Eer
Hiat = V2GpNe(r) | 0 0 0 | +V2GeNe(r)| el cup cur
0O 0 O : )

Cer Eupr Er7

N
Eap(r) = Z Nf E:; (J; ‘B/ = 3v evolution depends on 6 (vac) + 8 per f (mat)
f=ued ©
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e Including non-standard neutrino NC interactions with fermion f

Lust = —2V2Grel L (0" Lug) (f,Pf),  P=L,R

e In flavour basis 7 = (v, v, 1)’ the neutrino evolution eq.:

d _
zd—y = H"U with H" = Hyae + Hpat and HY = (Hyae — Hipat)™
X
1 0 O Eee ECeu Eer
Hiat = V2GpNe(r) | 0 0 0 | +V2GeNe(r)| el cup cur
0O 0 O : )

Cer Eupr Er7

N
Eap(r) = Z Nf Eri (J; ‘B/ = 3v evolution depends on 6 (vac) + 8 per f (mat)
f=ued ©

= Parameters degeneracies (some well-known but being rediscovered lately .. .)
In particular CPT = invariance under simultaneously:

012 <> 5 — b2, (Cee — €pp) = —(€ee — €pp) — 2,
Amz; — —Am3,, (&rr —€up) = —(Err — Epp)

5—)7’(’—5, 5045_>_5a5 (Q#B)a
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‘Matter Potential/NSI in ATM and LBL |

e Weakest contraints when

2 equal eigenvalues of ¢
Friedland, Lunardini,Maltoni1 04

e General parametrization for this case

Hmat — QrelUmat Dmat UrJLat Q:rrel

: (x8% (x8% —lx] —1X
Qre1 = diag (e 1L e"™*2 e *71 2),

Umat = Ri2(p12) Ris(p13),
Diat = V2GFNe(r)diag(s,0,0)

N\

\
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‘Matter Potential/NSI in ATM and LBL |

e Weakest contraints when

2 equal eigenvalues of ¢
Friedland, Lunardini,Maltoni1 04

e General parametrization for this case

.l.

Hmat — QrelUmat Dmat UILat Qrel

y

. T T —t] —1Q
Qrel :dlag(e Loe™2, e " 2),
§ Umat = Ri2(p12) Riz(p13),
| Duat = V2Gp N, (r)diag(z, 0, 0)
So
Eee — Eup = € (COS22 Y19 — sir122 ©p12) cos? p13 — 1
Err —Eup = £(sin® @13 — sin” @12 cos? 913)
Eep = —ECOS P12 SIN P12 cos? Y13 Qz(al_O@)
Eer = —ECOS P12 COS P13 Sin Y13 e?(2o‘1+0‘2)
Eur = ESINEP12 COS P13 SIn Y13 ella1+2az)

No bound on ¢ from ATM+LBL

1

o
ol
T

(i

o
TT

e
3

(l+e,-¢ /e

\
e
=]

0_5 UL LU

0.25
w

-
= 0
B C

? oz EWVV YA

-0.25

-0.5

0.5

0
.25 Eﬁ? : : !
0.5

0
w
o8
-0

M 1l
0
0.5 mrrrrr [T T

0.25 |-

w
-

g O
w

-0.25

-0.5
-100

i

-10

Maltoni, MCG-G, Salvado ArXiv:1103.4265



Gl"ba‘“| Matter Potential/NSI in Solar and KamLAND rG

: 4 4
o In |Am3,| — 00 : Pee = cigPorr + 513

2

Hanfgt = \/§GFN6(T)< 813 8 )

T f
+V2GrY Ng(r) < ZJI'?* Zﬁy )
f N D

EfD = c13513Re [eiécp (323 EZ/Y + c23 557‘-/)]

— (1 + 8%3)623823R6(€[L¥)
_as (Y IV

5 — Eup
2 2 2
S59—S87aC fv fv
_|_ 23 213 23 (57-7- _ €MM)
1% 1%
el =cs (023 el — sazels )

—idcp |2 SV _ 2 _fVx
+s13e” ¢ [3235/” 23 Ept

TC23523 (éiy - 6;6:{)]



Gl"ba‘“| Matter Potential/NSI in Solar and KamLAND rG

o In|Am3,| = 00 : Pee = cl3Per + 513 e LMA-D (0;2 > %) allowed
Miranda etal hep-ph/0406280

B ATM+LBL ol SOLAR+KamLAND
B4 [90%, 30] [90%, 95%, 99%, 3]

C2 O Jne =0.023 —
Hmat — \/§GFN6 (T) 013 0 8:7 7 ’

L f E {) <:3 [) (}
+V§GF§:AG00< ;ﬂ " ) -t 1l
f N

€D

am2, [10° eV

02 03 04 05 06 07 08 02 03 04 05 06 07 08

el =cizsi3Re [ei‘SCP (823 el + cas EZTV)]
— (1 + S%3>623823Re(€£¥> : 1f p ]
—a (LY Y R e
+3%3_§3033 (&qu‘.f 5/]2,2{)
M.C G-G, M.Maltoni 1307.3092
el =ci3 (023 el — s23 65;/)

—idcp |2 ~JV 2 _fVx
+s13e” ¢ [3235/” 23 Ept

+C23523 (€£¥ 8,62{)]



GI‘ NSI: Bounds/Degeneracies from/in Oscillation data I

M.C G-G, M.Maltoni 1307.3092

90% CL
Param. best-fit LI\I’IA LMA-D
£oe — €pu | 10.298 [+U.60, +0.51] @ [—1.19, —0.81]
gt — e, | +0.001 | [~0.01,+0.03] (—0.03,+0.03]
e¥, —0.021 | [~0.09, +0.04] (—0.09, 40.10]
el +0.021 | [—0.14,40.14] —0.15,+0.14]
o —0.001 | [-0.01,+0.01] (—0.01, 40.01]

—Bounds O(1 — 10%)
— Except e2, — &th;/)/




GI‘ NSI: Bounds/Degeneracies from/in Oscillation data I

M.C G-G, M.Maltoni 1307.3092

90% CL
Param. best-fit LMA LMA-D 20 x> Osc+NS|
T N 7\ Ty ‘ T T ‘ 1T ‘ T T ‘ T 1T ‘ T T ‘ \7
e, — e, | +0.298 | [+0.00,+0.51] | @[-1.19,-081] | ¥ I : .
g¥, — g, | +0.001 | [—0.010: —0.03, +0.03] 15 |- =
e —0.021 | [-0.09, 4+0. —0.09,+0.10 \10: ]
ey +0.021 | [—0.14,40.14] —0.15,+0.14] i ]
ev, ~0.001 | [-0.01, +0.01] 01, 40.01] 5 =
A oo NA v L I
— Bounds O(1 — 10%) LMA: Improved fit (s -1 05 0 0s T
€ ee™C 4y
— Except €2V — g2V to Solar+KamLAND
ee 292
k | [ ITT1 | L T T | L LI ]
orf T PRCT=rat 8 =
E 7 Borexino (pep) *  Borexino (SB) ] N; : :
0.6 r Borexino ('Be) = mﬂ) 7 5 | —
: o | ]
N NE A -
[ e ™ ]
. ' <] - ]
5| : 65F  LMA LMA-D
02; j ggi ;22 ; :gij :gg: { :l 11 1 1 | 11 1 | | L1 1 1 I 111 1 | 1 111 I 111 | I:
T TR TR e T e o 02 03 04 05 06 07 08
EV sin2 9,



GI‘ NSI: Bounds/Degeneracies from/in Oscillation data I

M.C G-G, M.Maltoni 1307.3092

Param. beSt_ﬁt LIIVIA N 20 T Ty ‘ T T ‘ \><\2 I OSC+NSI [ ‘ T ‘ T

et — gt | 40.298 | [+0.00,+0.51] [ . I f

e¥, —e¥, | +0.001 | [~0.01,+0.03] 4 . 15 g

e, 0021 | [-0.09, +0.04] 10.09, 18 \S\ E

£ +0.021 | [—0.14, +0.14] 40.15,+0.14] ~ .

e, —0.001 | [-0.01,+0.01] [40.01, +0.01] \ i

B \ f=u]

O \ L1 ‘ T [ ‘ T ‘ | ‘ T ‘ \7

—Bounds O(1 — 10%) ST Y
V V = o
— Except e¢." — ¢},
8.5 :l T 1T T T | T T I T 1T | T TT T 1T :
Degenerate solution LMA-D (612 > 45°) b \ E
Miranda, Tortola, Valle, hep-ph/0406280 o E
Cannot be resolved with osc-experfiments o 7° _ _
Requires NC scattering experiments w5 7 F -
< i i
Coloma etal 1701.04828 65F  LMA LMA -D
Requires NSI ~ G (light mediators?) 65|....|....|....|....|....|....|E
Farzan 1505.06906, and Shoemaker 1512.09147 0 03 04 05 06 07 08
sin” 9,
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COHERENT EXPERIMENT

Science 2017 [ArXiv:1708.01294]

® observation of coherent

. . A scattered
neutrino-nucleus scattering 1@ neutrino
at 6.70 at Csl[Na] detector 7

. . 7 nuclear

® neutrinos from stopped pion boson\ recoil

source at Oak Ridge NL

&
142 b d -@ |
® events observed,
in agreement with Standard // @5%

I
M odel scintillation |



"""INSI: Combination with COHERENT data r

Coloma, MCGG, Maltoni,Schwetz ArXiv:1708.02899

e COHERENT has detected for first time Coherent v /N scattering 1708.01294:
142(14 0.28(sys)) observed events over a steady bck of 405
136(SM) + 6(1+ 0.25(sys) beam-on bck) expected

e In presence of NSI: Nxsi(e) =7 | fo. Qae(€) + (fo, + f5,)Q%,.(¢)]

2
Q%o o [Z(gY +28Y +ebY) + N(gy + ey + 2280 )]” + 505, |22ty +257) + Nty + 2553



""INSI: Combination with COHERENT data r

Coloma, MCGG, Maltoni,Schwetz ArXiv:1708.02899

e COHERENT has detected for first time Coherent v N scattering 1708.01294
142(14 0.28(sys)) observed events over a steady bck of 405
136(SM) + 6(1+ 0.25(sys) beam-on bck) expected

e In presence of NSI: Nxsi(e) = v | fo. Qae(€) + (fo, + f5,)Q%,.(¢)]

2
Q% o [Z(g) +2e%Y + V) + N(g¥ + ey + 25" + Y540 [2(253’; +ely )+ N(ely + 262 )]

e Impact on LMA-D: Allowed COHERENT region vs LMA-D required range

. -1 I—0.8 -06 -04 -02 O 02 04 06 038
u,V
€e



"""INSI: Combination with COHERENT data r

Coloma, MCGG, Maltoni,Schwetz ArXiv:1708.02899

e COHERENT has detected for first time Coherent v /N scattering 1708.01294:
142(14 0.28(sys)) observed events over a steady bck of 405
136(SM) + 6(1+ 0.25(sys) beam-on bck) expected

e In presence of NSI: Nxsi(e) =7 | fo. Qae(€) + (fo, + f5,)Q%,.(¢)]
Q%o o [Z(gY +28Y +ebY) + N(gy + ey + 2280 )]” + 505, |22ty +257) + Nty + 2553

e OSCILLATION + COHERENT = LMA-D excluded at more than 3.1 (3.6) o

15_ |III

2

10

OSC(+COHERENT)

sz

0SC(+COHERENT)

sz

0_ II__IIIIIIIII|I__|III
- -0. 0 025 -02

f,v
€
ut




"""INSI: Combination with COHERENT data r

Coloma, MCGG, Maltoni,Schwetz ArXiv:1708.02899

e COHERENT has detected for first time Coherent v /N scattering 1708.01294:
142(14 0.28(sys)) observed events over a steady bck of 405
136(SM) + 6(1+ 0.25(sys) beam-on bck) expected

e In presence of NSI: Nxsi(e) =7 | fo. Qae(€) + (fo, + f5,)Q%,.(¢)]
Q%o o [Z(gY +28Y +ebY) + N(gy + ey + 2280 )]” + 505, |22ty +257) + Nty + 2553

e OSCILLAT+COHERENT bounds on NSI’s

2

f=u f=d
e,V | 0.028,0.60] (0.030, 0.55]
elV | [-0.088,0.37] | [—0.075,0.33]
eV | [-0.090,0.38] | [-0.075,0.33]
el | [-0.073,0.044] | [-0.07,0.04]
e,V | [-0.15,0.13] [—0.13,0.12]
/'Y | [-0.01,0.009] | [—0.009,0.008]
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‘ Summary I

Robust description of all confirmed oscillation data

e 3v oscillation:

CP phase: sin ocp < 0 favoured
CP conservation excluded at 20 CL
Hint for NO emerging but still only Ax? = 3

e Non-standard neutrino NC interactions:
Before august possible degeneracies in ordering and octact determination
New COHERENT results able to exclude LMA-Dark degeneracy
Bounds of OSC+COHERENT at the few % level.
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Thank You
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Thank You
Happy Birthday!!
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‘ Gauge Inv NSI and Lepton Mixing Non-Unitarity I

e Take v; mixed with m HEAVY states U gp = (Kl,gxg ; Kh,3><m) Schechter, Valle (1980)

And ULEPUEEP = I3x3 but in general UEEPULEP 7 L(34m)x (3+m)

e If m states are heavy (M >> F,) oscillations measure K, 33 (not unitary)
or equivalently K; ~ (I + ¢)U(60;;,6,1;)
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‘ Gauge Inv NSI and Lepton Mixing Non-Unitarity I

e Take v; mixed with m HEAVY states Up,pp = (Kl,3><3 ; Kh,3><m) Schechter, Valle (1980)

And ULEPUEEP = I3x3 but in general UEEPULEP 7 L(34m)x (3+m)

e If m states are heavy (M >> FE,) oscillations measure K, 33 (not unitary)
or equivalently K; ~ (I + ¢)U(60;;,6,1;)

Flavour Changing Neutral Currents = NSI’s
e But this unitarity violation = Flayour Violation in Charged Lepton Processes

Universality Violation of Charge Current . . .

e Constraints on these processes limit leptonic unitarity violation to

0.9979 — 0.9998 < 1075 < 0.0021
T -5
K K| = <10 0.9996 — 1.0 < 0.0008 Antusch et al ArXiv:1407.6607
< 0.0021 <0.0008  0.9947 — 1.0

or equivalently |e,;| < few x 107 =
Too small to have effect in oscillations Blennow etal 1609.08637
Unless NP is not that heavy (specific models Farzan 1505.06906, and Shoemaker
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1512.09147)



Global analysis of v data Concha Gonzalez-Garcia

1512.09147)
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Atmospheric neutrinos:

getting the most from SK data

o SK(1-4) data: 486 580 bins de- 5] 7777 7T i T T i
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3 v Analysis: Ordering, ocp in ATM

e For 03, = 0 ATM sensitivity to
octant 03 & ordering & ocp __Normal hierarchy ____Inverted hierarchy _

121" SK1+SK2+SK3+SK4 [ i

: 1t 10

xé% — 1~ (Fc33 — 1)Pay(Am3,012) [Am3; term] 1,1% Jf ___:~> + -E
+(fF 5%3 — 1)P2V(Am§17 613) [613 term] T* __________ e _ iii:i:L__;_’_‘:;_;;'_‘_:-:;L;:j: ;5
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77
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3 v Analysis: Ordering, ocp in ATM

e For 03, = 0 ATM sensitivity to

octant 653 & ordering & dcp

NO

e
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 Normal hierarchy favored at:
* Xnu—Xw=-43
(-3.1 expected)
 Driven by excess of upward-
going e-like events:
* Primarily in SK-IV data

e consistent with the effects

of 0,5 driven v oscillation.
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Upward/Downward asymmetry in energetic
electron samples (ve/anti-ve enriched)
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e consistent with the effects
of 0,5 driven v oscillation.

(Upward - Downward)

(Upward + Downward)

Muti-Ring others

0.2

-0.2

-0.4

L — Normal
Inverted
JF
1 1 I
2x10° 10* 2x10*

Concha Gonzalez-Garcia

Upward/Downward asymmetry in energetic
electron samples (ve/anti-ve enriched)
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