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All compelling v—Oscillation Data: 3—v Mixing (a refer-
ence scheme)

vi= > UjvjL, Il=enp,r
7=1,2,3



Three Neutrino Mixing

3
L = M Tﬂ__._u_. L -
=1
7 1s The Fontecorvo-Maki-Nakagawa-Sakata n_u____._____?_mu neutring mixing matrix,

HHnH d._u 2 d._u 3

U= Hm.fH q.__.n 2 ﬂ.__._”m
H;.-..- T T

71 T2 T3

e [V - nxn unitary:

n 2 3 4
mixing angles: tn(n — 1) 1 3 6
CP-violating phases:
 v;— Dirac: tn—1(m-2) 0 1 3
» vj— Majorana: n(n— 1) 1 3 6

n =23 1 Dirac and
2 additional CP-violatina phases, Majorana phases

s.M. Bilenky, J. Hosek, 5. T.F., 1920



PMNS Matrix: Standard Parametrization

1 0 0
U=V~FP, = 0 &= 0 .
0 0 &
€12¢13 512013 s13e "
.—\\ — — 812023 — ﬁ“_.mmmmm“_.m.mm..m C1 2023 — m“_.mmmwm“_.m.mm..m 823013
S12823 — _.H_.Mﬂmwm”_.w_mm..% — 12823 — MHMDMWMHWWE C23C13

* 54 = sin _mﬁ.u; Cij = CO5 _mﬁ.u; _m.ﬁu == _”_Dd_ Wln”_,
¢ & - Dirac CPV phase, d =[0.2x]; CP Inv.: ¢ =0,7.2m,

* oz, a3 - Majorana CPV phases; CP inv.: aoysy = k(F)x, (') =0,1,2...
S .M. Bilenky, J. Hosek, S.T.F., 1980
o Am2 = Am2, = 7.54 x 1079 eV2 > 0, sinf5 = 0.308, cos26;; = 0.28 (30),

o |Am3) )| =248 (2.44) x 1073 eV?, sin?fas = 0.425 (0.437), NH (IH),

» 015 - the CHOOZ angle: sin®f;3 = 0.0234 (0.0239), NH (IH).
F. Capozzi, E. Lisi et al., arXiv:1312.287828



o sgn(Am3, ) = sgn(Am3;) not determined

Amcy, = Am3, > 0, normal mass ordering

Ami, = Am3, < 0, Inverted mass ordering
Convention: M1 < Mo < M3 - NMO, m3 < m1 < mp - IMO

my <€ mo < ma, MNH,
m3 <€ my < mo, IH,

m1 = mo = ma, Em_m_m >> Amiy,, QD; m; = 0.10 eV.



« Dirac phase d: v < vp, vp <> vp, L #FU; AL « Jep xsindissing:
F.1 Krastev, 5. T.F., 1988

1
Jep =Im {Uaq UpULU:} = g 51N 20125iN 263 5in 2013 cOs 1 3 5N &

Current data: |Jeop| £ 0.035|sind| (can be relatively large!).

« Majorana phases as1, a31:

— V] <= U1, U] <= Uy not sensitive;
S.M. Bilenky, J. Hosek, S.T.P.,19280;
F. Langacker, S. T.F., G. Stelaman, S. Toshey, 1927

— _.nmqﬂwuv_ in (33)p,—decay depends on 91, &371;
— (gt — e+ ) etc. in SUSY theories depend on ooy 31;

— BAU, leptogenesis scenario: 0, 21,31



« Fogli et al., Phys. Rev. D86 (2012) 013012, global
analysis, b.f.v.: sin©0{3 = 0.0241 (0.0244), NH (IH).

o Am? =Am3 =7.54x10°° eV? >0, sin“#> = 0.308, cos26> = 0.28 (30),

o |[Am2) | =248 (2.44) x 1072 eV?, sin?fas = 0.425 (0.437), NH (IH),
e 615 - the CHOOZ angle: sinf;5 = 0.0234 (0.0239), NH (IH).

o lo(Am3,) = 2.6%, lo(sin’0i2) = 5.4%;

lo(|Ams, (oq) = 3%, lo(sin®f23) = 14%;
L] Hﬂnm_jmmwm“u = ”_._U_w.m:
e 30(Am3,): (6.99 —8.18) x 107° eV?; 3o(sin®fA12) : (0.259 — 0.359);

s mi_bﬁwzmu_u : 2.19(2.17) — 2.62(2.61) x 1072 eV?;
3o(sin“fy3) : 0.331(0.335) — 0.637(0.663);

e 35(sin?#y3) . 0.0169(0.0171) — 0.0313(0.0315).

Fogli ef al., arXiv:120k.5254v3



After the discovery of the v—Oscillations, the most

Important positive result was the high precision

measurement of the "CHOOZ" angle 613

IN the Daya Bay and RENO experiments.



« March 8, 2012, Daya Bay: 5.20 evidence for 613 = 0,
sin?2 26,3 = 0.092 + 0.016 + 0.005.

« April 4, 2012, RENO: 4.90 evidence for 613 # 0,
sin? 26013 = 0.113+£0.013 = 0.019.

« Nu'2012 (June 4-9, 2012), T2K, Double Chooz: 3.2¢
and 2.9¢ evidence for 813 = 0.

. RENO, 12/09/2013 (TAUP 2013):
sin2 2613 = 0.100 + 0.010 (stat.) +0.012.

« Daya Bay, 23/08/2013:
sin? 2613 = 0.090 + 0.009.
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T2K: Search for v, — ve oscillations
T2K: first results March 2011 (2 events);
June 14, 2011 (6 events): evidence for #13 #= 0 at 2.5¢;

July, 2013 (28 events).
For |[Am35] = 2.4 x 1073 eV?, sin26,3 =1, § =0, NO
(1IO) spectrum:

sin2 2613 = 0.14 (0.17), best fit.

This value is by a factor of ~ 1.6 (1.9) bigger than the
b.f. value obtained in the Daya Bay experiment.



Synopsis of global 3v oscillation analysis

_u_ P _. N NP P T A
65 Vo ¥5 80 &5 20 22 24 26 25800 05 10 15 20
- - - l”—
am3107° eV® AMT10™ eV aim
T MLIMA SN IR
L .u__....ﬂ.: “_... -
[ | ] ]
03 04 05 068 0700171 002 003 0.04
- 2
sin m_m

025 030 0.35
- - 2
sin° 6., sin® 8,

Global data: best fit sin? 653 = 0.39;
cosd= - 1 favored over cosd = +1;

Fogli et al., Phys.

Rev., D36 (2012) 013012

best fit: sinf13 cosd = —0.16;



Neutrino Mixing: New Symmetry~?

o 010 = .._wmu_ = %4_ Oo3 = %mﬁﬁ: - #ﬁl\.v 013 = %
[ 2 1 \
Af__x w_] QM _ €
Ubmns = |f_1W ﬂW |ﬂ|qu.v '
1 /1 /1
\ Vs V3 V2D )

Very different from the CKM-matrix!
e =7/4—-0.19, 613=0+47/20, O3 =7/4 —0.08.

« Uppmns due to new approximate symmetry?



A Natural Possibility (vast literature):

U= Q_wanm“w, V) Q. o) UtripimLc P(a1, a2),
with
(]2 1 ) /1 1 \
Vs V3 O 23
ﬁwnﬂm_.__.__._” — ____F ____F — ____F P.qm_.__.__._” |W W |P
Ve V3 V2 | 2 2 "2
_ 1 J1 1 = = =
\ Ve V3 V2 ) \ 22 V2 )

. q_w_uamﬁ 1) - from diagonalization of the [~ mass matrix;

. QAmE_mEM...ﬁanmmTme - from diagonalization of the v
mass matrix;

o« (o, ), - from diagonalization of both the [T and v
mass matrices.

F. Frampton, STP, W. Rodejohann, 2003



ULcy Usram, Usrem.
[ 1

V2

| _e23

U c= V2
503

\ V2

L/ L’

(g sl

__ 512 €12

__ %12 f12

\ V2 V2

Usram:

Ham:
1 g )
V2
Vo 523 | g7 symmetry: 6o = Fw/4;
s,
V2 23 )
[ V3 1 \
omj 2 2 9
o .____| U — — 1 #\\w |P
Ju__lm HGM >v3 2v3 75
V3 _ 1 V3 1

Aﬁmm“ .__.._..._.”_.“ _n__‘..._._._q..__ = I_I _m.__....._._u_.i a1 = _m_u—

sinZ@y, = (24 )1 20276, r = (14 v5)/2

Usrem: Sin“8Y, = (3 —r)/4 = 0.345.

0l =7/6.



e UTeM: 5750 = 1/3, 5535 = 1/2, 595 = 0; s73 = 0 must be
corrected; if >3 %= 7 /4, mmm = 0.5 must be corrected .

« Usm: $1, = 1/2, mwm = 1/2, s73 = 0;  sf3 = 0,

s95, = 1/2 and possibly s3; = 1/2 must be corrected.

Urem(em): Groups Ag, Sa, T', ... (vast literature)
(Reviews: G. Altarelli, F. Feruglico, arXiv:1002.0211; M. Tanimoto et al., arxiv:1003.3552;

S. King and Ch. Luhn, arXiv:1301.1340)
« Ucr: Group As,.
L. Everett, A. Stuart, arXiv:0212.10567;..
« U c: alternatively U(1), L'=Le— L, — L~
M M 5. T.P., 19282
« U c: 5150 =1/2, s13 =0, s¥3 - free parameter;

22 =0 and s, = 1/2 must be corrected.



None of the symmetries leading to Utgpm, Usmy UL ¢y
Usrmy Unem C€Can be exact.

Which is the correct approximate symmetry, i.e.,
approximate form of Uppns (if any)?

In all cases of U, given by Ui, or Upm, O ULc,
etc. the requisite corrections of some of the mixing

angles are small and can be considered as pertur-

bations to the corresponding symmetry values.

What is the minimal q_m_u providing the requisite cor-

rections to Utgm BM,LC,GRM,HGM?



The simplest case (SU(5) x 17,...)

Ujep = O15(615); now Q = diag(e*¥, 1,1);

sint 813, sin‘ #>3 - negligibly small (SU(5) x T7,...).
Usm(Lc): SiN?612 = 3 + sin26Y, sin6q3 cosd

0 is the Dirac CPV phase;

Ugm: requires cosd = F1 as sin 207, = +£1.
UrgM: SiN2 601, = WH 2 % sinf13 COSs .

Problem for Urgm BM,GRM,HGM IT sin? O>3 = 0.42:

m

.m |HMm_:mHmE

sin< f,3 = 5 omﬁlm_:?mv
MAH_. —sin m_Hmu_

F. _u_m__._.__,h_#c_._ S.T.P., W. Rodejohann, 2004 ;

S. King, 2005; S, Antusch, S. King, noomn [. Masina, 2006;

k. _._c_n_._::_,h_.__ ,u.n_.._u._ . Rodejohann, 2007
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Larger correction to sin?#%; = 0.5 needed.
Minimal case: Ulep = Ujep(00, 053),

Q = diag(1,e ¥, e~ ).

Two possibilities.
“Standard’ Ordering:
Ulep(8i2.053) = 0335(853)0715(635) (GUTSs typically);

in many theories - a consequence of mZ < m2 < m2.

“Inverse” Ordering:
Ulep(0f5.053) = 01,(6{,)035(643)

Results are drastically different in the two cases.



Standard Ordering

U = 012(012)023(053)diag(1,e ¥, e~ )003(653)012(075) P,
P = diag(1, el e'v2)
Can be shown to be equivalent to:

U = O12(015)diag(1, e'?, 1)023(023)O012(075) P° (a1, ap)

-

023

023(053,% — w,053), & = d(053,%,w, 053).
r/4 (BIM,LC) or sin~1(1/v/3) (TBM)

v
12

Thus, 615,023,013, 0 - functions of 6,, ¢,053.

Expect § = d(612,6023,6013)(!)



Standard Ordering

U = 012(612)023(053)diag(1,e ", e ™) 0p3(053)012(6% ) P
Can be shown to be equivalent to:

U = 012(015)diag(1, €®,1)023(823)012(655) PP (a1, ap)
Indeed,

012(015)023(653)diag(1, e, e )023(053)O12(645) P

= 012(04,)Qdiag(1,e'?,1)023(03) PO15(6Y,) P

Q =diag(1,1,e'*), P =diag(1,1,e?), PV = PP,

a = (v + ¢+ w) - unphysical,

8= (v — ¢) - adds to the Majorana phases,



1
5 ? — 25in 653 cos 053 cos(w — %vv :
arg mmlr_h__u cos O55 + e sin mmmv ;
arg AI e~ cos 53 + e “sin mmmv ,
diag(1, e'®1, i (r210)y

m. ._ }
012(012)diag(1,e'?, 1)003(823)012(6{2) P° .



in2 _Etm_ cos? 0},
SN %me - |_q_mm._m — m__—_.._ %MWH m_:.__m mymmm_:.__m m_rmm. \
- y
cin2 s — Uedl® sin 6, cos 0 ,+¢' cos 0%, cos B3 sin 64,
12 1—|Uz3l° 1—sin? 64, sin® fa3

Jop: 0 = —0¢.

From first two eqgs.:

0, = 075(013,6023), O3 = 023(013,623);
substitute in the third.



sin? 0,3 —sin2 613 -

. M _}[_
° 1 —sin263 = - %3

: — 1 | 1sin28y3sin#13Cos0

BM, LC: sin?6;- — 2 T 21 °cos28,3cos?85

LD 1 . /2 sin 26053 5in #13 cos &—sin? 6,3
TBM: sin®015 = 3 m 1—cos? >3 cos<f3

cos ¢ = cos ¢(012, 013,023), both for BM, LC and TBM.

Similar results - for GRM and HGM.



Comparing the imaginary and real parts of Mmﬂm@wm@ﬂi

In the two parametrisations:

e BM, LC cases

¢ siné(f10,613,623)
Sind = SN 2017 )
__ coso 2 sin? 64 B .
Cos0 = sin2615 mm_:m 053 cos2 013+sin? H15 Hv .
1 2 2
COS O = — cot 201 tanéd 1 — cot< -2 siN“ 0 )
25in 65 12 23 ﬁ 23 Eu

For sin?#1> = 0.31, sin?6,3 = 0.39, sinf;3 = 0.16

sind = 4+0.170, cosd = —0.985, i.e., 6 = .



e [BM case

.o 22 sing
SIN0 = — 3% 5in2g,,
o3 4 2sin? 03
COS0 = 33inzg,, COSP A L Gin b23 COS? 013+SIN* 013

| 1 sin2@-3 sin 3
" 35IiN2012 sin? 63 cos2013+sin2613

tan s
3sin26012sinfq3

COSd = X

T. -+ m,.w sin? 010 — Mu mn_. — cot? 6>3 Si n? %Hwﬁ

For sin® @1, = 0.31, sin?f,3 = 0.39, sinf{3 = 0.16

sind = £0.999, cosd = —0.0490, i.e., 6 =x/2 or 37w/2.



In all three cases BM, LC, TBM.:

e New sum rules relating 615,013, >3 and 9;

e Jop = Jop(b12,6023,013,0) = Jop(612,023,6013).
e BM, LC cases: d =

e TBM case: § = 3n/2 or 7/2;
b.f.v. of 6;;: 6 = 265" or 95°.

o GRAM case, b.f.v. of §;;: 6 = 286" or 74°.
o GRBM case, b.f.v. of #;;: 6 = 261" or 99°.

e HGM case, b.f.v. of 6;;: 6 = 296" or 64°.



e March 8, 2012, Daya Bay: 5.2c0 evidence for 613 7+ O,

sin? 2013 = 0.092 = 0.016 = 0.005.
e April 4, 2012, RENO: 4.90 evidence for 613 # O,

sin22613 = 0.113 + 0.013 + 0.0109.
e Nu'2012 (June 4-9, 2012), T2K, Double Chooz: 3.2¢0

and 2.9¢ evidence for 613 = 0.
e RENO, 12/09/2013 (TAUP 2013):

sin2 26013 = 0.100 + 0.010 (stat.) +0.012.
e Daya Bay, 23/08/2013:

sin? 2613 = 0.090 + 0.009.



T2K: Search for v, — ve oscillations
T2K: first results March 2011 (2 events);

June 14, 2011 (6 events): evidence for 613 #= 0 at 2.50;

July, 2013 (28 events).
For |[Am35] = 2.4 x 1073 eV?, sin®20y3 =1, § =0, NO
(1IO) spectrum:

sin2 2013 = 0.14 (0.17), best fit.

This value is by a factor of ~ 1.6 (1.9) bigger than the
b.f. value obtained in the Daya Bay experiment.
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P(Ve — Ve) = Pee(612, 013, Am3,, Am3,)



(c) 20000 E :
P(vy — ve) = Pue(012, 013, Am3,, Am3,,023,0)



Up to 2nd order in the two small parameters |a| =
|[Am3,|/|AmE,| < 1 and sin? 613 < 1:

P2y man(y, — ve) = Py + Pains + Peoss + P3,

ot
Py = sin? 63 mmﬂ|wﬂHmm sin2[(A — 1)A],

0
a? cos? 03 m_:wmm;m sin2(AA),

Psing = — a 4035y (sin A)(sin AA) (sin[(1 — A)A]),

Prgss = o mmﬂmﬂ?ﬁ A)(sin AA) (sin[(1 — A)A]),

P3

— .D.,__ﬂth — man_ 2E

vy — Vel 0, A— (—0), (—A)
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arXiv:1312.2878
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Large sinf13 = 0.16 (Daya Bay, RENO) - far-reaching
Implications for the program of reserach In neutrino
physics:

» For the determination of the type of vr— mass spectrum
(or of sgn(Am?2,,,)) in neutrino oscillation experiments.

« FOr understanding the patern of the neutrino mixing
and its origins (symmetry, etc.?).

- For the predictions for the (33)q,-decay effective Ma-
jorana mass in the case of NH light » mass spectrum

(possibility of a strong suppression).



Large sinf13 = 0.16 (Daya Bay, RENO) + 6 = 37/2 -
far-reaching implications:

« For the searches for CP violation in v-oscillations; for
the b.f.v. one has Jop = — 0.035;

« Important implications also for the “flavoured” lepto-
genesis scenario of generation of the baryon asymmetry

of the Universe (BAU).

If all CPV, necessary for the generation of BAU is due
to &, a necessary condition for reproducing the observed

BAU is
|sinf;3 sind| < 0.09

S, Pascoli, S. T.FP., A. Riotto, 2006,
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Standard Ordering - TEM

R R L
:
4 L
N. 3 _.._,u
:
% 003 oia Em TE Eﬂ. 03 04 05 08 07 %0 025 030 033
sin A4 sinfh- sin’) 2

N- as a function of sindyz, m_.zmm_um. sin” 3.
dashed lines - Fogli et al., solid lines - our analysis.

Blue lines - NH, red lines - IH; NH: sin“#: < 0.5 at ~ 2¢.




Standard Ordering - EM, LC
6 Jmn

L W S SR J
10 012 014 016 018 o020 03 04 05 06 07 20 025 030 035

gin & E..ﬂ...,__.._m....h E.._Hm._m.___u
N- as a function of sindy 3, m_.:mm_um. sin” 3.

dashed lines - Fogli et al., solid lines - our analysis.

Blue lines - NH, red lines - IH: NH, IH: sin“f=2 < 0.5 at ~ 3.0s.




Standard Ordering - TEM

L
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r ir 3= A
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_002 000 002 0.04

u T
5 —004 1l

N, as a function of 4, J-p. Blue lines - NH, red lines - [H.
Dashed lines - Fogli et al., solid lines - our analysis.

Jop #=0 at ~ 5oy bofv.: Jop 22 —0.034, NH,IH;

at 30, NH: 0.032 £ Jop £ 0.036 or —0.038 £ Jop & — 0.028;

at 3o, IH: 0.027 = Jop = 0.037 or —0.039 = Jop = —0.024.,



Standard Ordering - BEM, LC

——
i e
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4 e

—0.04-002 000 002 004
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|

Nz as a function of 4, J-r. Elue lines - NH, red lines - IH.

Dashed lines - Fogli et al., solid lines - our analysis.

NH, IH b.f.v.: Jop 220 NH, IH, at 30 —0.026 < Jop < 0.022.



Inverse Ordering )
U = 013(053)015(61,)diag(1,e'?, e'¥)0p3(653)012(64,) P

Now @15, 6053,013,0 - functions of %mwu ..Wu @, %%M.

TBM: results as in Fogli et al.;
BM: tension (allowed at 20).



Inverse Ordering - EM
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Conclusions.

¢ We have considered a simple scheme for obtaining sin“#ys =2 0.16 and sin<d-3 £ 0.4 from
TEM, BEM, LC from the charged lepton corrections. U, = Ui (40.,05.) required.

® The results depend strongly on the ordering of the 1-2 and 2-3 rotations in Ug.
» Interesting results in the case of “Standard Ordering”, Oos(6.;)012(8].):

i) new ‘“sum rules”: § = &(fh, fzz, 013);

i) BM, LC: § = 7;

i) TBM: § = 37/2 (hints from data), Jop = 0 at 50, b.fov. Jop = —0.034;

iv) sin“d-z < 0.5 at ~ 20 (~ 37), TBEM4+NH (BEM, LC).

Standard Ordering of U,.,, TEM, EM, LC: the predictions for sin“ fez, 6 and Jop will
be tested by the .- oscillation experiments able to determine whether sin“ = < 0.5 or

sin” d=z = 0.5, and in the experiments searching for CP violation in neutrino oscillations.



