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* Non-unitary v mixing: parameterization and

current constraints
Escrihuela et al, PRD92 (2015)

» CP degeneracy in Pue due to non-unitarity (NU)
Miranda, MT, Valle, arXiv:1604.05690 [hep-ph]

* Measuring CP violation at T2(H)K with NU
Ge, Pasquini, MT, Valle, arXiv:1605.01670 [hep-ph]



3-neutrino masses and mixings

e Three-neutrino mixing is described by 3 mixing angles and 1 Dirac
(+2 Majorana) CP violating phase.

SBL reactor + LBL

atmospheric + LBL
disappearance appearance sedarches

e Two possible mass orderings:

[mass]
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long-baseline +

SBL reactors
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(Unitary) global fit of v oscillations
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* No indication for correct mass ordering:  Ax*(NH — IH) ~ 1

Forero, MT, Valle, PRD (2014), arXiv:1405.7540 [hep-ph] Update in progress




Non-unitary light neutrino mixing
® Most models of neutrino masses -> extra heavy states

Ex: type I seesaw, inverse seesaw

0 Mp O
0 M p Mg 0 M
T
ML Mg L
Minkowski 1977, Gell-Mann Ramond Slanski 1979, Mohapatra-Valle, 86

Yanagida 1979, Mohapatra Senjanovic 80,
Schechter Valle 1980.

¢ NXN mixing matrix with:
N(N-1)/2 mixing angles and (N-1)(N-2)/2 Dirac CP phases

— (3x3) light neutrino mixing matrix non-unitary in general



General parameterization of NU mixing

® NxN mixing matrix: Okubo, PTP1962
U™ = Wy qn Wnaonte. « Wi 8ot (5 5, G B0 G s (019
: C13 0 e ‘1354
wij = complex rotation o 0 1 0
matrix in the i-j plane Fe'isans . i
N W
nxn __ NP y7SM U’len 2
U — UL ek ( v T

Hettmansperger, Lindner, Rodejohann, JHEP2011
and the (3x3) light block:

V11 0 0
VAL NNP U3><3 e ey h 0 U3><3

31 Q32 Q33
Escrihuela et al, PRD92 (2015)



General parameterization of NU mixing

11 0 0
Ni= N o360 =i, ony 0 0 e

31 (32 (X33

3x3 light block of
neutrino mixing matrix:

with: 11 —CinCin—-1C1n—2...€C14 ,

o9 = Con Co2n—1C2n—2...C24 ,

X33 — C3n C3n—1C3n—2...C34,
g1 = Con Con—1---C257M24M14 + C25 ...C267M25M15 C14 T ... T N2nMin Cin—1 Cin—2 -.- Ci4,
39 = C3n C3n—1---C357M34M24 + C3n --.C36 735725 C24 + ... T N3nT2n C2n—1Con—2 ... C24,
31 = €31 C3n—1---C35734C24M14 T C3p -.-C36 N35C25715C14 + ...+ N3nC2pn Mn Cln—1 Cln—2---Cl4
Sl C3n C3n—1---C35M357257M24M14 + C35 ...C36 136726C25 124714
i o N30 M2nN2n—1Mn—1Cln—2 .- - Ci4 -
with:  c;; = cosf;; ,m;; = e P sin0;;,7;; = —e'? sin 0,

(N-3) heavy extra states Escrihuela et al, PRD92 (2015)



Model-independent constraints on NU

® Universality constraints
n decay: G =Gr \/(NNT)M(NNT)m =GF \/0411(0422 + |z ]?)
3 decay: Gp=GCry/(NNDy =Cp /o,

CKM unitarity

3 Q y. 1
i Z\VmF:(—ﬁ) S = 0.9999 £ 0.0006
=l

Gy (g + [021]?
PDG 2014
Pion decay branching ratio p _— D(a™ — ev)
" T(rt = uty)
Lo (N SR 056 () 0040
% T REM T (@iNT)ey RS R(CHNSER

Abada et al, JHEP 2014



Model-independent constraints on NU

® Neutrino oscillations with NU:

3 3 .
Am=4. L
. % sk >k 2 2 {2
Pog = E NGiNgiNajNg; — 4ZR€ [NasNpjNailVj;] sin ( 4137 )
i j>i

3 2

. [ Amz L
i ZZIm [NajNﬁijNm] sin ( 2;_} )
u-e appearance channel: j>i

Ple = (04110422)2P32<3 - 04%10422|0421|PL{8 + asy|oo |2

From NOMAD experiment: Astier et al., PLB2003
B.o(L ~ 0)# o [g51]* < 7 x 1077 (909 @

-4 Combining universality + oscillation constraints:
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CP degeneracies in Pue with NU

Pue = (a11022)° P32 + o3 aolomn | Py, + 031 |aa |

PS?S = g (COS2 912 COS2 923 SiIl2 (912 SiIl2 Agl i COS2 913 SiIl2 913 Sin2 923 SiIl2 Agl)

+ sin 2(912 Sin (913 Sin 2923 Sin 2A21 Sin Agl COS (Agl i 5(}}))

P/fe =G T) 2@13 sin (923 Sin Agl sin (Agl 5CP ¢)

— co8fq3cos a3 8in 2015 sin 251 sin ¢

3x3 .
— PHe with SCP =0

— = 8 = TM/4, ¢ = 51/3

200 400 600 800
L/E (km/GeV)

Miranda, MT, Valle, 1604.05690 [hep-ph]



CP violation searches with NU

Non-unitarity may lead to ambiguities in Pue

Do they disappear combining neutrino and antineutrino channels?

L/E=490 km/GeV (~T2K) L/E=250 km/GeV

0.04

some CP-dep. terms in Pue cancel interplay between CP-dep. terms
— (8, ¢) degeneracies disappear — degeneracies persist

Miranda, MT, Valle, arXiv:1604.05690 [hep-ph]



CP violation reconstruction with NU

dcp reconstruction starting from 8cp'™e = 3m/2, a;=0

L/E = 500 km/GeV L/E =250 km/GeV

2 -
o = 2.5x10° oL, | = 2.5x10°
o, | = 2.5x10° | oL, | = 2.5x107

— great improvement with v + v — no sensitivity for current az bound

— sensitivity recovered for az — O
Warning: no full simulation, oscill. parameters fixed to BFP

Miranda, MT, Valle, arXiv:1604.05690 [hep-ph]
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Neutrino oscillations with NU mixing

11, 22
S [.7VNP(]23P5]S/[JVNPUVQSP(S]Jf — 7
az1|, ¢ = —arg(az)
P/ﬁp = ai; {ad, [c]S1a]? + 52151517 + 2¢484(cos dcpR — sin 6o pl)(S75575) | + |1 | Pee

+ 292 |a1] [cq (Cqu T quﬂ) (511513) T Sq (%+5ch gy, 3¢+5CPH) (Silsg)]}

T2(H)K [L=295km)

 10XR(S;,Sy) ——  1(S); Syp) —— FOr |0521 | B> 002
10x KS,, Sya) ——  R(S); Syg)

T UORS) Sy — 1Sy Syg) — non-unifal”y CP coefficients

— non-unitary CP phase ¢
can fake the effects ascribed
to standard CP phase 3
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Ge, Pasquini, MT, Valle, arXiv:1605.01670 [hep-ph]



CP violation searches with NU at T2(H)K

We simulate pseudo-data with
S = 3m/2, offeis aff® =1, |ag | = 0

12 years (T2K) and 6 years (T2HK), 1/3 neutrino +2/3 antineutrino

The effect of including non-unitarity at T2K [ 8 = -90°, NH ] The effect of including non-unitarity at T2HK [ 85 = -90°, NH ]

Unitary =—— | Unitary ' :
Non-Unitary = ....L.... . Non-Unitary =——— . ./ .
Non-Unitary + Prior Non-Unitary + Prior

180° 225° 270° 315° 360° 180° 225° 270° 315° 360° 405° 450°

Leptonic Dirac CP Phase 8!';’,, Leptonic Dirac CP Phase 52;',,

uncertainties in 023 and a2 spoil CP sensitivity
even for L/E = 500 km/GeV Ge, Pasquini, MT, Valle, arXiv:1605.01670 [hep-ph]



Probing CP violation with uDAR

4+ T2(H)K in neutrino mode (12/6 years) B 08 Fagiwaririge 2016

4+ uDAR: uSK (15 km), pHK (23 km) in antineutrino mode (6 years)

The effect of including non-unitarity at T2K+uSK [ 855 The effect of including non-unitarity at T2HK+uHK [ 855 = -90°, NH |

Unitary 5 § : § Unitary
Non-Unitary B S ; | Non-Unitary |
Non-Unitary + Prior Non-Unitary + Prior = |

315° 360° o ° o o 225° 270° 315° 360°

Leptonic Dirac CP Phase 8p Leptonic Dirac CP Phase 8/,

sensitivity to break CP degeneracy improved thanks to wide puDAR spectrum
—Pue has both cosécp and sindcp terms of similar size

T2(H)K with uSK(HK) can preserve the CP sensitivity at the T2(H)K level
Ge, Pasquini, MT, Valle, arXiv:1605.01670 [hep-ph]



Improving CP sensitivity with uNear

The non-unitary CP effect is modulated by |a2|
— stronger constraints on |az| would suppress the size of faked

CP violation

For very short baselines: Pﬁp ~ of|ag|?

uNear: 20 ton scintillator detector, 20m from the uDAR source

Event Spectrum at uNear [20ton, L = 20m) 10 Upper Limit on la, | &t pNear
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4'DARK:*DAR = 5x10°*

Ge, Pasquini, MT, Valle, arXiv:1605.01670 [hep-ph]



Improving CP sensitivity with uNear

CP sensitivity at T2(H)K + uSK(HK) + uNear

The effect of including non-unitarity at T2K+uSK+uNear [ St = -90°%, NH ] The effect of including non-unitarity at T2HK +uHK +uNear [ 84 = -90°, NH |

Unitary | Unitary
Non-Unitary Non-Unitary
Non-Unitary + Prior _ ‘ o Non-Unitary + Prior

180° 205° 270° 315° 360° 180° 225° 270° 315° 360° 405° 450°

Leptonic Dirac CP Phase 5'3,, Leptonic Dirac CP Phase S'C"p

— CP sensitivity match the potential of T2(H)K + uSK(HK) for unitary mixing.

— Combination of CP measurements at T2(H)K + uSK(HK) + uNear can determine
the leptonic Dirac CP phase 5cp unambiguously

Ge, Pasquini, MT, Valle, arXiv:1605.01670 [hep-ph]



Summary

* General parameterization for non-unitary mixing

for N arbitrary number of heavy states, as a
function of 3 real + 3 complex new parameters

* Non-unitary mixing leads tfo ambiguities in the CP-
violation parameter space.

* Degeneracies due to non-unitarity may spoil CP
sensitivity in T2K and T2HK.

= Partially solved by combining T2(H)K with uDAR

= ND measurements constraining o; allow to
recover CP sensitivity






T2(H)K x? analysis

To extract the sensitivity on the leptonic Dirac CP phase, we fit
the pseudo-data with the following 2 function,

2 — .2 2 2
X = Xstat + Xsys + Xp'ri(n'

2 _ Z j\f}) red _ Njglata. 2 X2 ~ fz/ _1 2 f,7 1 9
Xstat — i \/W SYs 005 005

92 [ 14_(/2 | . constraints on NU params.
Xprior T X-wnxita'ry Xnmz—unitary |
— J _J 5 5 = 0.9999 £ 0.0006 Q lo,
(59 + |1 |?
2
/ L 09956+ 0.0040 @ 1o,
(59 + |voq|?
3-nu oscill. param. constraints 201 |az [* < 0.0014 @ 90%C.L.

Forero-MT-Valle, PRD2014 Escrihuela et al, PRD2015



Constraints on NU from p —e vy

Using MEG bound from PRL2013: Br(p— ey) <5.7x 107

Process ’ [ — en

Hierarchy NH IH

General
Degenerate .

, ' 10~ 2 -3 :
nly| < | 1.44 x 1073 1.20 x 10 v e
nlsl < | 113 %1072 1.23 x 10~2

SseesSaw
nks] < | 2.02x 1072 1.49 x 102
Ink| < | 952 x 10~*  7.27 x 104 #
" M linear
Ink| < | 317 x 1072 2.84 x 102
seesSaw

nk| < | 210 x 1072 2.79 x 102
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D.V.Forero PhD Thesis (updated from Forero et al, JHEP2011)



