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* New Physics potential: NSIs
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* New Physics potential

* Theory origin of NSIs
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Neutrinos oscillate and leptons mix

+ we know that: 0 # Am2 = Am?23
e = all three masses different, at least two are non-zero

* hierarchy mild and neutrino mass much much smaller
than all other masses

+ we know that: Upmns = Uit Uy, = 1

» = charged lepton and neutrino mass matrices diagonalized
with different matrices; Nature distinguishes v., v, v,

* mixing completely different from quark mixing




Low Energy Paradigm

At low energies, neutrino mass matrix m,:

1
L=—-vm,v with m, = Udiag(mi,ma,ms) UL

2
with PMNS matrix
€12 C13 512 C13 s13€e "’
_ is is
U= —S512C23 — C12 523 513 € C12 C23 — S12 523513 € 523 C13 P
X0} X0}
512 8§23 — C12 C23 S13 €° —C12 S23 — S12 C23 S13 €° C23 C13

changes number of parameters in SM":

Species Species
Quarks Quarks
Leptons Leptons
Charge

Higgs Higegs
strong CP strong CP



Low Energy Pa

At low energies, neutrino mass matrix m,:

L7

L= SV My with m, =
with K

{ ] .
—is

€12 C13 s13€e "’

U=| —siace3—ci2s ° $23 €13 P
X0}
512 8§23 — C 5 si3€e’ C23 C13

Species Species
Quarks Quarks
Leptons ? Leptons

AT-D (18/09/18)



Determine Parameters

NUFIT 3.2 (2018) |

* We know: N 1t f
e O1p and Am?y g LS :
2 623 and | Am231 | %:2I - 2)|25Il | I0.3 | b]’:‘5ll | I0.|4I: :I6.|5I - I7I | 7.5 8 8:.5 3
sinto,, Robust fit results by
e O3 oF 1 Valencia (1708.01186),
¢ it - Bari (1804.09678),
+ We have limits: 5 NuFEIT
A (I (R A I 1F ; ]
O o e o 2 e s 55 54 5e s INO post-Neutrino2018
+ We don’t know: . " O A 11076V Ay update yet...
2 sgn(A 771231) 10
0o a b °r
T T Y P Y
~ Werner Rodejohann (MPIK) AT-D (18/09/18)



Determine Parameters

NUFIT 3.2 (2018) |

< We know:

e 01> and Am2y

e Oy and | Am?23 |

e O13

¢+ We have limits:

2 ol i S

I|IIII|I__III|III|III|IiiI|III|II|III
0.6 07 -28 -26 24 22 22 24 26 28

2 3 2 2
Am,, [107eV'] Am,,

+ We don’t know:

« sgn(Am2Z;)

0 ab Normal Ordering

preferred at = 30

1 I 1 1

1 1 | 1 | 1 | |
0.015

1 1 I 1

0.02 0.025
.2 0

sin 13
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e 01> and Am2y
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2 ol i S

II|I_ _III|III|III|IiiI|III|II|III
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+ We don’t know:

« sgn(Am?2s)

Normal Ordering
preferred at = 30

0 ab

1 I 1 1
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Determine Parameters

< We know:

+ We don’t know:

e 012 and Am?y

e O and | Am?23 |

s 0. inversely proportional to

enerey scale of origin
+ We have limits:/' 5 5

i) o 2 4 AR 1

most robust prediction of models;
/ determines flavor structure of m,
e sgn(Am?2)

Rl Conceptually most interesting
(baryogenesis)




< We know:

+ We don’t know:

Determine Parameters

determines size of

correction to mixing
e Goand Am’ / parameters

= Oz and | Am2 |

<0 inversely proportional to

enerey scale of origin
+ We have limits:/' 5 5

* iy, M2, Ni3

most robust prediction of models;
/ determines flavor structure of m,
e sgn(Am?2)

Rl Conceptually most interesting
(baryogenesis)




Oscillation Parameters

parameter best fit £ 10 30 range
7 10-5av2 F0.20 >
Ams, [107°eV] 7.957016 7.05-8.14 - S—— JUNO
|Am?2,| [1073eV?] (NO)  2.504£0.03  2.41-2.60 Am’y, ~3% ~0.6%
|Am?Z,| [10-3eV?] (IO) 2421008 9319251 I Am? 59 ~0.6%
31 ©34—0.04 : . 23 S il
sin2 05/10! 3201020 273379 [ |S™%: 03k o
; 1 020 $in20, ~20% N/A
S]..:n2 ()_);/10 : (NO) 547_7_8%% 445_5.99 407% Sin2613 ~14(_y09 ~4o = 150/0
S11 6)35/].0— (IO) 5.51_030 4.53-5.98 4.4%
sinz 013/ 10—2 (NO) 2. 160}:§;§§§ 1.96-2.41 ooy
in“ 6,3/107“ (10 2.2207 1.99-2.44 =€
sin” 01/ 10) —0-070 Unitarity tests, solar physics,
Tortola, talk at Neutrino2018 precision for double beta decay




Achievable Precision

Ballet et al.. 1612.07275

0.05 | | T | T I T 25 I I T2HK app ISyS =0.02 —
DUNE —— T2HK }10 yr) ' ' 0.04

Normal ordering DUNE + %%EE DUNE/2 + T2HK/2 (10 yr) ~--- 0.06 —

0.08 —

0.04

_0.03
5

0.02

0.01

O | | | | | | ] | 0 | | |
0.44 0.46 0.48 0.5 0.52 0.54 0.56 0.58 -1 -0.5 0 0.5 1
4 TrAle sin? 04 4 4 ’I‘rueA §/m
(41.6+0.3)0 (45+1.7)0 (48.5+0.6)0 cos do: (0+0.29) (1+0.006)

orecision for.most.interesting values...

vary neutrino /antineutrino share for better discrimination of d?

Werner Rodejohann (MPIK) AT-D (18/09/18)




Future of Mass Ordering

n, (4 yr)
ORNWARUON®O

12

11+

10

ORCA Sensitivity to mass hierarchy
8 - 0.040 - :
- o ! i

5 s [ JUNO __~
© 6 Q 0035} i
o ) - ! Ax? levels
% 5 -~ ! : 0
kS) ) ' -
5 4 . DUNE Sensitivity (Staged) -2 | o= e X[I_qn]l_/_'l_a_/_ value
) —Normal Ordering [ 100% of &, values : /
c 3 " sin’28,, = 0.085 - 0.003 = Nominal Analysis i 6
© [ sin’e,, = 0.441 = 0.042 =seses 6., & 6,, unconstrained i
T 92 [ !
- - ;

e ; DUNE ;

820 ot 205 a0 - 7 e B

2020 2021 2022 2023 2024 1~ F ~1 year 0.75 1.00 125 150
Date U< 6 exposure
— NO median sensitivity =
| WWm 68%CL(stat)! [
95% CL (stat.) ! L
' 2 - am Beam (e Nomav sifomoa 11T T TTIETTTTEET

0.45 0.50

.2
sin” Oy

0.55

0.60

0.65

-

beam + atm

e
o -

e

““\

T2HK,

6 7 8 9 10
Running Time (Years)
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| mmm 68% CL (stat.)!
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O NWPAPULIONOO O

Future of Mass Ordering
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c
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Flavor Symmetries

“ Discrete Non-Abelian Symmetries

—~
: Group d Irr. Repr.’s Presentation Type  Li ve Ve A
) D3 ~ S3 6 ]_, ]_/, 2 A3 = B2 = (AB)2 =1 Al 3 L1 1 ..
S D4 8 ].]_, ...].4, 2 A4 - B2 - (AB)2 - ]. A2 B B l, ll, lll, a
S | D 14 [ 1,1,2,2,2 AT=B?=(AB)*=1 Bl . . .
A 2] L1173 A% = B? = (AB)’ =1 R T
-2 | A5 ~ PSLy(5) 60 1,3,3,4,5 A3=B2=(BA®’=1 o1 S
%O T 24 |1,1,17,2,2,2", 3 A® = (AB)3 =R’ = 1, B*=R C2 1 Q
S |5 24 | 1,1,2,3,3% BM : A*= B? = (AB)’ = 1 P
L _ TB: A3 =B*= (BA2)2 =1 C4 1,1.1" 3 §
;:\ A(27) ~ Z3 A Z3 27 11,...19,3,3 D1 ~
S | PSLy(7) 68| 133678 |A'=B"=(BA)'=(BA"BA) =1 D2, S
S |Tr~Zr x Z3 21 1,1,1/,3,3 A"=B*=1, AB = BA* D3 - . - % S
< D4 v, 3 N
E 3 3. L1,1 S
FooL1,1" 3 3 lorr O
G 3 11,17 1,1,1"
H 3 L11
Many possible groups, within each group many models... 13 1Ll L1l
J 3 1L,1,1 3

— can distinguish only classes of models

AT-D (18/09/18)



Example I: Sumrules

/ cos 0 sin 0 0 \
Uy = | —sinf/v2 cosf/V2 3 and Uy ~ CKM  King et al.; Frampton,
\ sin 9/\/§ COS 9/\/§ \/g / Petcouv, WR,...

= sin 015 ~ sin® f — |Ues| sin 26 cos o

* sin20 =1/3=0.33 (tri-bimaximal, e.g. A4, S4, T")
* sin2@=1/2=050 (bimaximal, e.g. D)

* sin20=1/4=0.25 (hexagonal, e.g. D15)

* tan@=1/¢ or sin260 =0.276 (GRA, e.g. As)

* cos O =¢/2 orsin20 =0.346 (GRB, e.g. D1o)
Rmeereweyvee@ — can distinguish only classes of models




Example I: Sumrules

/ cos 0 sin 0 0 \
Uy = — sin 9/\/5 COS 9/\/§ % and Uy ~ CKM  King et al.; Frampton,
\ sin 9/\/§ COS 9/\/§ \/g / Petcov, WR,...

= sin® 05 ~ sin” 0 — |Ues| sin 26 cos o

1.0

0.8 T A ”
8 HG
Z. 0.6
Girardi, Petcov, Titov, é 5
1410.8056 =
0.2}
0_013.0\ J % U\

~0.5 0.0 05 1.0

eyl — can distinguish only classes of models




Example I: Sumrules

/ cos 0 sin 0 0 \
Uy=| —sinb/v2 cosf/V2 % and Uy ~ CKM  King et al.; Frampton,
\ sin 9/\/§ COS 9/\/§ \/g / Petcov, WR,...

= sin® 05 ~ sin” 0 — |Ues| sin 26 cos o

| i

1.0

BM
GRB
TBM

GRA
HG

o
00

<
o

Girardi, Petcov, Titov,
1410.8056

Likelihood [NO]

i
~

<
)

O

S
-
o
pr———
F—
—

~0.5 0.0 05 1.0

-1.0




Example 1I: GUT's

# S§0(10) can have 10-, 126, and 120-dimensional Higgs-rep
* 10- and 120-dimensional: no seesaw
e 120- and 126-dimensional: don’t work
* 10- and 126-dimensional: don’t work for ITH

* 10- and 126-dimensional and no SUSY: predict small 023

2.5 —— — . . :

\ f\ % MN,NH RGE ———

ol i i\ % FN,NH,RGE _
' ‘ . FS,NH,RGE -------

0.3 0.32 034 036 0.38 0.4 042 0.44 0.46
sinzeé_3

rner Rodej n PIK AT-D ‘18 ‘ 09‘ 18;



New Physics in Oscillations

* Various good reasons to expect NP:
 unitarity violation from new fermions
e NSIs from new physics
 new interactions (scalar, tensor, etc.)
* long-range forces
* decay, Pseudo-Dirac,...
» Lorentz/CPT violation

* light sterile neutrinos...

~ Werner Rodejohann (MPIK)
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Non-Standard Interactions

GF _ 5 V_— A_— 5
£> = Y T (1 =4 [e?qu“q el GqY" q]

g=u.,d, e

eV o c2/[Mx? = €V =0.01is TeV-scale physics

oscillation effect is MSW-like t-channel forward scattering (g2
very small), hence MxMeV-ish

there are also CC-like production and detection NSIs...

can prevent experiments from determining parameters...

Werner Rodejohann (MPIK) AT-D (18/09/18)




rner Rodej

n

PIK

LMA LMA & LMA-D

— gt [—0.020,+0.456] B[—1.192, —0.802]

ee JepL
et —e%, [-0.005,+0.130]  [—0.152,+0.130]
ey, —0.060, +0.049]  [—-0.060, +0.067]
gt —0.292, +0.119]  [—0.292, 4+-0.336]
e, —0.013,+0.010]  [-0.013,40.014]
ed, —ed  [-0.027,40.474] ®[—1.232,—1.111]
ed —ed  [-0.005,+0.095  [—0.013,40.095
ed, —0.061,4+0.049]  [-0.061, +0.073]
ed —0.247,40.119]  [-0.247,40.119]
ed. —0.012, +0.009]  [—0.012, 4+0.009]
ele — b, [-0.041,+1.312] @©[-3.328, —1.958]
el — b, [-0.015,+0.426]  [—0.424,+0.426
el —0.178,+0.147]  [-0.178,40.178]
ebs —0.954, +0.356]  [—0.954, +0.949
ehr —0.035, +0.027]  [-0.035, 4+-0.035]

Esteban et al., 1805.04530

Limits typically
EW scale

AT-D ‘18‘09‘18‘



Non-Standard Interactions

T2K / Double Chooz
i , ,‘/'
N 0.1 aa.
S : 2200 23 o
< oox )
7 005 o
o o%) Sol o L
a) X =30 :; ,I’::g.
i3 i
*a; o d 5
£ 0.02 I 5 ..;. :.:‘: Q g@
§ 2 * S 0;1
3. 0.01 Eathes 'gf.‘ e d 8
N I.og,w(le]) <;upper limit 6
0 < hrg(e) <27 [,
0 01 0 02 O 05 0.1

Sin*26;3 Best Fit (T2K)

Kopp, Lindner, Ota, Sato, 0708.0152




Non-Standard Interactions

* Dereneracies

* & - €uu = O(1): no oscillation experiment can determine
mass ordering

» individual other &4 typically resolvable by comparing
different P, and ditferent L and E in different extps

* multiple ¢,p can cause problems...

~ Werner Rodejohann (MPIK) AT-D (18/09/18)



Non-Standard Interactions

25
DUNE (5+5) — Sl wes NSI (true @y, @ € {-n - n}; Eee < 0)
B € [-11: O); €. > 0)

=== NSI (true @ep = Per =0; Ece > 0) NSI (true @ep, @er

20F +
|€enl, | €exl, €e =0.04,0.04, £0.4 |€eul, | Eexl, Eee =0.07,0.07, £0.7

| &l |8l €ee=10.01,0.01,£0.1

-1 -0.5 0 0.5 1-1 -05 0 0.5 1-1 -0.5 0 05 |

S / 1t (true) S /1t (true)

Masud, Mehta, 1606.05662




Non-Standard Interactions

DUNE has better
NSI sensitivity
than T2HK

l 2 '4'—;;;—'044%—9—9—44}%%4440—044%4—44—‘;9 T —— } [ 4+ 4
' T2HKK-1.5 - T2HKK-2.5
1.0

0.8 ] Liao, Marfatia, Whisnant,
506 | 1612.01443

0.4 . | |
02} | ‘ ‘ ‘

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

0 50 100 150 200 250 300 350 50 100 150 200 250 300 350
0" [deg] 0" [deg]




NSIs for solar parameters

= I I I = o .
N LMA—dark _ - .
- - with 612 > /4| T _ 20 tension |
‘\‘; ;‘ <> - _E 151 for Am21 ;
- _ LMA-D - o | .~
L | E LMAL i =+ |could be NSIs
R - 7 '
o 10}
o 8 - ‘ — — | KamLAND
& E LMA-0 3 g
g9 F a |
s — 5 L
| I | I | I - I | I | I | | I | I - | BBaAR
0 02 04 06 038 18 0 0
.2 0 0.1 0.2 0.3 0.4 0.5
SN Ygq sin*6;,
Miranda, Tortola, Valle, hep-ph/0406280 Liao, Marfatia, Whisnant, 1704.04711



NSIs for solar parameters

- N N —
[ JUNO
L) [
7_
g,; :
> 60
l? a
Lo
e
=
Lo
. -1 1—0.8 -06 04 -02 O 02 04 06 08
u,V
Gee

3
02 03 04 05 06 07 08

COHERENT sin%0,
distavors LMA-dark JUNO and HyperK

with about 30 would reject no NSI-case by 70
Coloma et al., 1708.02899 Liao, Marfatia, Whisnant, 1704.04711



Origin of NSIs

e from integrating out scalar of type Il seesaw: e¢,p o (1m)ep (Malinsky, Olsson, Zhang,
0811.3346)

| 2

scalar needs color to generate e7,p, often have €., |” = €cc€pp, |€ur]” = €pp€rry |€er|” = €ccbrr

efrom Z of Ly, - L;: ey =- & (Heeck, WR, 1107.5238)

¢ from integrating out doublet leptoquarks (Wise, Zhang, 1404.4663)

e from integrating out charge +1 scalar singlet: e, antisymmetric

¢ from loop effects, including secret neutrino interactions (Bischer, WR, Xu, 1807.08102)

e from higher dimensional operators (Gavela et al., 0809.3451) within flavor symmetry models
have information on flavor symmetry (Wang, Zhou, 1801.05656)

¢ from integrating out Z":
* if only kinetic Z-Z’ mixing: no NSI effect in LBL: e+ 3 e# + 3 &4 =0

e if there is non-zero NSI in DUNE: needs mass mixing OM2 Z Z’, i.e. scalar with charges
under SM and U(1) = Higgs pheno! (Heeck, Lindner, WR, Vogl, to appear)

Werner Rodejohann (MPIK) AT-D (18/09/18)




Example I: Leptoquark

SU(2);, doublet with hypercharge -7/3 L = /\z'jL_z'P RU;S gives: €qg =

M

[ IR
1_ Nonperturbative regime
3 Buper—k—__
_.—._ NuTeV exclusion j
0.01. LHC8TeV T e~
. Leptoquark LHC Limit (4™ u~ channel)?
: exclusion
000 b e
0 500 1000 1500 2000 2500 3000

mg (GeV)

Wise, Zhang, 1404.4663

le. |

3 ik,

1N matter:

e+ 3eu + 3ed




Example 11: flavor-dependent 2

L = _ZZ’/“’Z,W 3 2M Z’ L. g]’“Z’
SlIlX Fiiii SR

'Cmix —= 9 Z B,uz/ i 5]<Z'MZ’U )
f mass mixing;

kinetic mixing; needs scalar charged

must exist under SM and U(1)’

* 1if only kinetic mixing: no NSI in LBL experiments!

* hence, if observed, need scalar charged under SM and U(1)’

= non-standard Higgs physics

Heeck, Lindner, WR, Vogl, to appear
Werner Rode]'ohann (MPIK! AT-D (18/09/18)



Coherent Elastic Neutrino-Nucleus Scattering

do oM T
Freedmann, PRD9, 1974 — =9 (1 — ) oc N2
dT M CZ—;TI'&X

neutrino

2
o5 = Gp [N - (- 4sw) 2] F(O)M*

47

* last missing v-cross section in SM (largest one...)
“ helps SN explode

« neutron charge density <= neutron skin <= NS eos
* ultimate background for DM direct detection

* measurement of Ow at low energies

+ NSIs, exotic NC, Z’, sterile v,...
Werner Rodejohann (MPIK) AT-D (18/09/18)



Coherent Elastic Neutrino-Nucleus Scattering

d SM T
Freedmann, PRD9, 1974 d_f(; = % (1 — Tmax) oc N2

2
o5 = Gy (NS ds)a) F°()M° =

47

neutrino

replace with:

1 1 .
Qe =4 [N~ +ett + 2688 ) +.2 (G - 2y + 2 e )|

+4 37 [N(eWY +2¢2) + Z(2e2Y + V)]

=, T

Complementary to oscillation experiments!!




New Physics in Coherent Scattering

Example: CONUS-100 like, BG 3/day/kg/keV,
exposure: 5 kg yr GW m-2

[ I T TTTTI I T TTTT I T T I | [ TTTI | |

d
|E7e]

| O
@ /-Gecons. |
B
@
BN o

EA
He v—Ge,opti. :
latest bound
l€hel ‘
He ¢ DUNE |
)
2! | o |
|
)
e o
| [ [ 1 | L il | BN |
103* 1073 107 107! 10°

Lindner, WR, Xu, 1612.04150

Werner Rode]'ohann SMPIKg WiVANE B 218‘ 09‘ 18 z



Coherent Elast N\, ‘leus Scattering

NSI

heavy and liht NSI origin

can be distinguished!

(if scalar, pseudoscalar, tensor, axialvector interactions: no effect in oscillations!)



New Physics in Coherent Scattering

sl B e e Tl e s o e e e B
SM+(heavy scalar)

1.20 B SM+(heavy vector) 3
i SM+(heavy tensor) ]

5 MeV bum
15 P i

Q== SM+(light scalar)

Xun-jie Xu

recoil energy T/keV

Werner Rodejohann (MPIK) AT-D (18/09/18)




New Physics in Coherent Scattering

Gr I .
exotic neutral currents: LD ﬁ Z vy ["/)N ['(Cq + D1y’ )N ]
a=S,P,V,A,T

0.10

do _ Gp*M [52’ MT
dT 4 °2E,2
(1 i) .

Lindner, WR, Xu, 1612.04150; Sierra et al., 1806.07424

Werner Rodejohann (MPIK) AT-D (18/09/ 18)



Light Physics in Coherent Scattering

1% Yl k‘y 1%
et
N * . :
B diff. cross section: |
S ¢
)
S o 1/2 M T + m2y)’ .
S
0
™~
=
> § N
M\
= 0,010 pmm
- -~ { — — — Meson+n scat.

=~ i -7 ]
= 000ty T | —— COHERENT
"g E T | ~ =~ COHERENT-X
A .

~ > _ - OvBB+n scat. g
= 10— ____---""" —; N
= T e ; —CONUS
§ N et 1 ——— CONUS100
s 10 1
kL

10—7 e . . P I . ) N B N ~ Aot
0.5 1 5 10 50 100
mg (MeV)

Werner Rodejohann (MPIK) AT-D (18/09/18)




New Physics in Coherent Scattering

V, X can also produce new particle (could be DM
and related to neutrino mass)

1.20
- = SM+(7.0e-6, 0 MeV, 0)
1.15 [ = SM+(7.0e-6, 3 MeV, 0)
| = T —— SM+(5.0e-5, 0 MeV, 100 MeV)
S —— SM4(7.0e-5, 3 MeV, 100 MeV) -
1S < 110
| 1.05
I .
1.00 = “:I
Z CONUS
<,
0 L h y y
0.5 1.0 1.5
N N Recoil energy T /keV

Brdar, WR, Xu, in preparation

~ Werner Rodejohann (MPIK) AT-D (18/09/18)



Summary

R/
%?

Situation for unknown neutrino mixing parameters
promising!

+ Various reasons to believe neutrinos come with NP
* can generate interesting phenomenology

* both low and high masses possible!!

R/
%?

can mess up our determination of parameters

R/
%?

connected to various fields including colliders

Werner Rode]'ohann ‘MPIK: WiVANE B 318 ‘ 09‘ 18:
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Future of CP Phase

DUNE Sensitivity
Normal Ordering

- 7 years (staged)

OF sin“2e., = 0.085 + 0.003 [ 10 years (staged)
8,,: NuFit 2016 (90% C.L. range) ===*-* sin’,, = 0.441 + 0.042 10
8 _ N9r£n2%l rr;%sic, hierarchy HK 1tank 10years -
o - 5in2043=0. -
DUNE X [ Shee,205 -
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Non-Standard Interactions

10

DUNE + NOvA + T2K
8 -

|€ul, €|, | €| =0.01,0.01,0.1

— Sl NSI

|€cul, €|, | €| =0.04,0.04,04

o =V(AY)

S / 1t (true)

6 / t (true)

Masud, Mehta, 1603.01389




% - » The University of Tokyo
[= By g

( ’ THE UNIVERSITY OF TOKYO Hongo, Bunkyo-ku, Tokyo 113-8654, Japan

September 12" 2018

Concerning the Start of Hyper—-Kamiokande

Seed funding towards the construction of the next-generation water Cherenkov
detector Hyper—-Kamiokande has been allocated by the Ministry of Education, Culture,
Sports, Science and Technology (MEXT) within its budget request for the 2019 fiscal
year. Seed fundings in the past projects usually lead to full funding in the
following year, as it was the case for the Super-Kamiokande project.

The University of Tokyo pledges to ensure construction of the Hyper—-Kamiokande
detector commences as scheduled in April 2020. The University of Tokyo has made




New Physics in Coherent Scattering

can also produce new particle (could be DM

I :
X and related to neutrino mass)
0.8}
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5 L
] 0.4
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00:_ ....................................
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T [MeV]

Brdar, WR, Xu, in preparation




Non-Standard Interactions
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CP Phase

current fure. with sl Significance of CP Violation
Crveian vy Crvian cusu (1n1)
12 2 . 2
'g S *g xcpv (023, 013) = 5o [Xo. 5. (023, 013, dcp)]
11 < < —  Imin [X;zj +7 (023, 013, 5CP)]
5cp€[—7r,7r] € €
219 poubldch.
9 can gain up to 1o,
RENO : :
having more neutrinos

"% 40 45 50 5 85 4 45 50 55 seems to be better...

CPV@T2K 2026 (1:2) CPV@T2K 2026 (2:1) 20

but depends on 613 and 623
Lindner, WR, Xu, 1709.10252
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Oscillaton Parameters

Maximal 03 preferred by LBL, slight 1-20 shift to > /4
by SK

LBL prefer 0 = 3m/2, driven by (too many?) v,;
also SK due to sub-GeV e-like events

normal mass ordering preferred by LBL (tension with
reactors) and SK (excess of upward going e-like events),
~ 20 effect each, = 30 total

Werner Rodejohann (MPIK) AT-D (18/09/18)



Mass Ordering

“ preference for normal ordering

e tension in the preferred values of 03in T2K/NOVA and reactor, found
to be stronger for the case of inverted mass ordering

« tension in the preferred values of Am23;in T2K/NOVA and reactor,
found to be stronger for the case of inverted mass ordering

 e-like multi-GeV events in SK
» supported by strongest cosmological mass bounds

» BUT: depends on sampling with logarithmic or linear prior, using m;
Or Msm + Am2(Gariazzo et al., 1801.04946, Hannestad and Schwetz,
1606.04691)

Werner Rode]'ohann ‘MPIK: WiVANE B ‘18 ‘ 09‘ 18:



New data presented @Nu2013

First NOVA antineutrino data New T2K antineutrino data

Monday

7 Talk by M. Sanchez O [ OO ... s June 4th
S T . Datafit S B —
Q0 : : e T ae i G S
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-§ NOvA Preliminary B F i =
‘ a5 i Sl
'_Q 2al s _55 3 Talk by \Q
=2 &« = 24F E M.Wascko ~
S 3 2g . S - =
S © .- - sy
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Lo | sin(0,,) e
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3.0 combined analysis . . —
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i Sin“0,,

.probably adds another o to each hint...

~ Werner Rodejohann (MPIK) AT-D (18/09/18)




Expectations for hali-lifes

e 5 @) TR T
szieielzirel Sterie Larerierie
! B 76
Predicted Half-Lifetime for ""Ge Predicted Half-Lifetime for "°Ge Predicted Half-Lifetime for "°Ge [LRSM-typell]
05 : ! NH 3 12 T 12 '
T pEE—— (e
0.4 | J—‘L._LI_ 15 e ) 1} ‘ \ H —— | 1} H — |
o LEGEND (200kg) | '2 038 | i LEGEND (200kg) { '@ 0.8 | LEGEND (200kg) -
: LEGEND (1000kg) | o 7 S LEGEND (1000kg)
JJ D LEGEND (1000kg)| 2 ., |
0.2 ! E E
E 04} 1 E 04}
0.1} ! 7
0.2 } 1 0.2 |
g 0 0 =2

100 Hoele 07 Tatos = iol e e 102 1028 1027 1028 102 10°%° 102 10® 10 107 102 102 10°

Ov
T9)z lyears] 79 lyears] T9)2 lyears]

Ge, WR, Zuber, 1707.07904

For standard scenario, see also Agostini et al, 1705.02996; Caldwell et al., 1705.01945;
Zhang, Zhou, 1508.056472; Benato, 1510.01089

However, most alternative mechanisms unrelated to neutrino parameters...

...thus decoupled from cosmology (and direct experiments)!
Werner Rode]'ohann (MPIK) AT-D (18/09/18)



Connections to future Oscillation Experiments

Mz =U.uUI eV SiIlZ 612 = 0323
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JUNO fixes 012 and removes uncertainty

Nature gives us two scales
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Sterile Neutrinos

+ are there sterile states (LSND /reactor/etc.) with mass Am?2 = eV?2

and mixing Ues= 0.1 ?

* would make m. sum of 4 terms with sterile contribution
| Uesa |2VAm?  that can cancel almost completely contribution of [H!

“ usual pheno completely turned around!

143, Normal, SN 143, Inverted, SI

B Predicted Half-Lifetime for "°Ge

N — 3 v (best-fit) — 3 v (best-fit) 1 . 2 : .

r ---3v(20) ---3v(20) NH e
i Bl 143 v (best-fit) Bl 1+3 v (best-fit)

r 143 v (20) @ 143 v (20)

1| _'_‘ H — -
0.8 | LEGEND (200kg) -

-1
107 IE_%’
D 5
N &k — - LEGEND (1000kg) |
3 10 E
= 04 | .
0.2 | e :
10_3 Ll U . . O )
0.001 0.0 0. 0.001 0.01 0.1 [ 125 1027 pe 1029 0%
Myiope (€V) T [years]
53 12 1Y

Werner Rode]'ohann (MPIK) FPCP (17/07/18)



Implications

50%
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\
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Werner Rodejohann (MPIK) smallest mass/eV AT-D (18/09/18)



Implications

It OD or IH: more need of
protection of special values

impact on necessary precision/ interpretation
of oscillation parameters




erturbations
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Gariazzo et al., 1801.04946
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logarithmic priors on masses give more importance
to smaller masses, where NO/IO difference is large

Werner Rodejohann (MPIK)

AT-D (18/09/18)



Perturbations

< Various sources:

* VEV misalignment, NLO terms, RG effects,...

* Frequent feature: d(012), 0(0) > d(O13), 0(O23)

large

« etfects larger for IH and QD

Example RG enhancement: NH H i Y’{Q/
[in units of 105 tan? ] 0(012) 1 Am3 / A"'%’?D 7'/8/ Am%
5(013) | \JAm2/Am} 1 m3/Am}
6(23) 1 1 /| mi/Am
5(0) | \JAmL/Am} | Ak /An2, | md/Am]
5, B) | \JAm2 [Am | Amd JAm?, | md/Am}

Werner Rodejohann SMPIKZ ATD 218‘ 09‘ 18 z



Perturbations

< Various sources:

* VEV misalignment, NLO terms, RG etfecg

Example RG enhancement:

[in units of 10-5 tan? 3]




Non-Standard Interactions

— Present

20 I T | I 1 I I | | I T | 1 1 i /I
|
—— Future 7 -

15

Illllllllllll
|

|Illl|llll|llll

-1 -0.5 0 0.5 1

£ = —sinfoz eV e =sin® Oy ely — el

Miranda, Tortola, Valle, hep-ph/0406280

(can also explain small Am? discrepancy in KamLAND/solar and missing upturn of Pe.)

~ Werner Rodejohann (MPIK) AT-D (18/09/18)



Neutrino Mass guaranteed?

Sprenger et al., 1801.08331

M,[eV] = 0.06+

- 0.07

Planck: 0.084
O realistic © CS cons. @ CS real. @® conservative
- 0.05
.6\96 .\) ) - 0.03
d¢c 0O Mo & &g .01
| | | | | | | | | | | |
& & & & & & & & &
S S T T T T T
AT T A A
%% % % % % 3 % R % 0%
o o o <] &
@ @ e %
50 detection when Euclid and SKA are combined!
AT-D (18/09/18)
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AT-D (18/09/18)



Atmospheric Mixing Angle

I

R
Normal Hierarchy, 90% CL
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Correlations includ
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True Inverted Mass Ordering

True Inverted Ordering
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