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The issue of nearly degenerate
: y aes AT
neutrinos = e et

The neutrino mass spectrum
mi=mo, mg=/mi+Am3, m3=/md+Am3

m Oscillations: [vfit: www.nu-fit.org]
» Am3, = 7.507312 x 107% eV?
» Am3, = 2.457 4 0.047 x 1073 eV?
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The issue of nearly degenerate
) y deg AT
neutrinos

eeeeeeeeeeeeeeeeee f Technology.

The neutrino mass spectrum

mi=mo, mg=/mi+Am3, m3=/md+Am3

a Oscillations:

a Am%l = 7.50'_"8:%? x 1075 eV?

» Am3, = 2.457 4 0.047 x 1073 eV?

[vfit: www.nu-fit.org]

LY
® Unknown: Absolute neutrino mass scale — KATRIN 7 #
2

w new limit (2016 + z?): 0.2 eV, discovery (5¢): 0.35 eV
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The history of degenerate neutrinos ﬂ(“'

m degenerate patterns follow from S3 symmetries
(“flavour democracy”)

m Renormalization Group effects on degenerate neutrinos

m Quantum corrections: fixed point solutions
@ Quantum corrections: threshold effects

m Issues on degenerate Majorana neutrinos: Majorana phases
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RGE Corrections [Chankowski, Pokorski 2002] Q(IT

nnnnnnnnnnnnnnnnnnnnnnnnnnnnn

Renormalization Group Equation for v masses and mixing

%c — _KC—=x [(Y2Y6>T c+cC (YLYE)}

t= o (L)
SM: = —2 and K = —3g% + 2Tr (3YLYu +3Yhy, + YZYE) +2)
MSSM: & = +1 and K = —6g% — 2g% + 2 Tr (3YLYu)

Solving the RGE

C(t) = IxIC(0)T, where 7 = diag(I, I,,, I,)) and
¢ t
I = exp (—/ K(t')dt') , I., =exp (—KZ/ yzA(t')dt') .
0 0
Oct 31, 2014 5/13
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Threshold Corrections \“(“'

nnnnnnnnnnnnnnnnnnnnnnnnnnn

Generic treatment

miyp = misy +myelos + Liem@y
I: threshold correction I ~ 1g7r2f (In(M?/Q?)) (in the SM diagonal).
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Threshold Corrections A“(IT

Generic treatment

miyp = misy +myelos + Liem@y

I: threshold correction I ~

1§ﬁ2f (In(M?/Q?)) (in the SM diagonal).

w tree-level rotation matrix U(©): U(O)T m0 U© = diagonal

Mass basis

myy, = mgo)éab + (m,(lo) 4F mgo)) Iy

Iy = ZAB IABUSQUEOI))

Wolfgang Gregor Hollik — degenerate neutrinos Oct 31, 2014 6/13



Threshold Corrections AT

nnnnnnnnnnnnnnnnnnnnnnnnnnnn

Generic treatment

miyp = misy +myelos + Liem@y

I: threshold correction I ~ 1g7r2f (In(M?/Q?)) (in the SM diagonal).

w tree-level rotation matrix U(©): U(O)T m0 U© = diagonal

Mass basis

myy, = mgo)éab + (m,(lo) 4F ml()o)) Iy

Iy = ZAB IABUSQUEOI))

® assumption: degenerate tree-level masses, |m1

)|_

m| = [m{]
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Comments on degenerate masses AT

aif m® =mg1: U(O)T m© UO = m1 for any (real) v

Wolfgang Gregor Hollik — degenerate neutrinos Oct 31, 2014 7/13



Comments on degenerate masses A“(IT

aif m® =mg1: U(O)T m© UO = m1 for any (real) v
w if eg. m(® = diag(1,—1,1) this is not true

Wolfgang Gregor Hollik — degenerate neutrinos Oct 31, 2014 7/13



Comments on degenerate masses A“(IT

aif m® =mg1: U(O)T m© UO = m1 for any (real) v
w if eg. m(® = diag(1,—1,1) this is not true
m in general: Majorana phases!

Wolfgang Gregor Hollik — degenerate neutrinos Oct 31, 2014 7/13



Comments on degenerate masses A“(IT

w if m©) =my1: UO" m© yo = mgo 1 for any (real) U©)
w if eg. m(® = diag(1,—1,1) this is not true
m in general: Majorana phases!

w phase matrix U® — U P with P = diag(ei®, eio2, 1)

Wolfgang Gregor Hollik — degenerate neutrinos Oct 31, 2014 7/13



Comments on degenerate masses A“(IT

aif m® =mg1: U(O)T m© UO = m1 for any (real) v
w if eg. m(® = diag(1,—1,1) this is not true
m in general: Majorana phases!

w phase matrix U® — U P with P = diag(ei®, eio2, 1)

e« m® s pPTy©r 00 p — mo diag(e2i@1 2oz 1)

Wolfgang Gregor Hollik — degenerate neutrinos Oct 31, 2014 7/13



Comments on degenerate masses A“(IT

w if m©) =my1: UO" m© yo = mgo 1 for any (real) U©)
w if eg. m(® = diag(1,—1,1) this is not true
m in general: Majorana phases!

w phase matrix U® — U P with P = diag(ei®, eio2, 1)

e« m® s pPTy©r 00 p — mo diag(e2i@1 2oz 1)
a redefine masses

Wolfgang Gregor Hollik — degenerate neutrinos Oct 31, 2014 7/13



Comments on degenerate masses A“(IT

w if m©) =my1: UO" m© yo = mgo 1 for any (real) U©)
w if eg. m(® = diag(1,—1,1) this is not true
m in general: Majorana phases!

w phase matrix U® — U P with P = diag(ei®, eio2, 1)

e« m® s pPTy©r 00 p — mo diag(e2i@1 2oz 1)
a redefine masses
a mi = e ®my,

Wolfgang Gregor Hollik — degenerate neutrinos Oct 31, 2014 7/13



Comments on degenerate masses A“(IT

T
wifm@=myl: UO" mO UO® =my1 for any (real) v
w if eg. m(® = diag(1,—1,1) this is not true
m in general: Majorana phases!
w phase matrix U® — U P with P = diag(ei®, eio2, 1)
« m® - PIyO 0y p - mg diag(e? @122 1)
a redefine masses
a mi = e ®my,
u mo = 22y,
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T
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T
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Comments on degenerate masses A“(IT

T
v if MmO =mol: U mO UO® =mg1 for any (real) U
w if eg. m(® = diag(1,—1,1) this is not true
m in general: Majorana phases!
w phase matrix U® — U P with P = diag(ei®, eio2, 1)
e« m® s pPTy©r 00 p — mo diag(e2i@1 2oz 1)
a redefine masses
a mi = e ®my,
u mo = 22y,
| M3 = Mmyo.

w taking CP as good symmetry: oy € {0,£5}

a choice: m; = —my = m3:
1+ QUalUlgl[ag 0 2Ua1U531a5
mY = mo 0 -1 - QUQQUQQIQB 0
2Ua1U/33[a5 0 1+ 2Ua3Uﬁ3]a5
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Same CP AT

eeeeeeeeeeeeeeeeee f Technology.

Trivial mixing @ tree-level

Ihw e Itz
m” =mol +mg | L1z Iz Io3
Lz Iz I3z
® requirements for I;;:
@ Oy3=7/4
1 0 0
Un=|0 77—
0 %5

Q@ lip=1i3—=>013=0

_1 2v215,
@ 012 = 5 arctan (2122_111

m get mq 2 in terms of I;;, m3 = mg
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Same CP AT

Karlsruhe Institute of Technology.

Trivial mixing @ tree-level

Iin Tip I3
m” =mol+mg | [12 Ia Io3
Iz I3 I33

m requirements for I;;:

° 923 ~ 7T/4
I 112\-}113 _112\;113
' =ULT _ Lia+1i3 2]2 0 ?
— U23 U23 — \/§ 22
_112\7!13 0 0
2

Q@ lio=Li3—=013=0
@ 01, = %arctan (M)

2I22—111
® get mq 2 in terms of I;;, m3 = mg
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Nonzero 6,3 AT

nnnnnnnnnnnnnnnnnnnnnnnnnnnnn

Deviations

w 013#0 — I3 # L2

w3 S5
Is3 =1 +e¢
Ly=TIa+9¢

mo
\/m% + Am%l
\/mg + Am%l

14 I I Lis+0

=mU(012,613,023)" | T2 1+ I I U (012,013, 023)
Iis+ 0 Iy 14+ I +e¢
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Numerical example AT

Inputs (central values, “old” numbers”),
012 7 31.80 5 913 ~ 8.5° 9 923 ~ 39.20 9
Am3 = 7.5x107°eV? | Am32; ~2.458 x 1073 eV?

m~ 0.35eV ,
I1 ~ 098 x 1073, Ipn~047x 1072, I15~0.10x 1072,
§~019x 107, £~ 0.20 x 1072

0.000976 0.00103 0.00105

I = 0.00103 0.00475 0.00475
0.00105 0.00475 0.00674
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Non-diagonal threshold corrections AT

nnnnnnnnnnnnnnnnnnnnnnnnnnnn

MSSM with righthanded neutrinos

1
W D uHy Ha+Y} Hy-Lp;Ng;—Y} Hi-Lp;Eg;+ 51\41.13?1\@%,1-J\IRJ
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Non-diagonal threshold corrections ﬂ(“‘

nnnnnnnnnnnnnnnnnnnnnnnnnnnn

MSSM with righthanded neutrinos

1
W D pHy-Hy+Yyj Hy LyiNg;—Y;; HiLiiBR;+ 5 M{NpiNR;

New soft SUSY breaking terms

v 2 ~k o~ 2 ~  ~x
soft — (mi’)ij VpiVLj + (mg)ij VR,iVR,j

* (Aiyj hy DLk + (B®),; VRl + hec. )
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Non-diagonal threshold corrections T

nnnnnnnnnnnnnnnnnnnnnnnnnnnnn

MSSM with righthanded neutrinos

1
W D pHy-Hy+Yyj Hy LyiNg;—Y;; HiLiiBR;+ 5 M{NpiNR;

New soft SUSY breaking terms
1 2 ~% ~
soft — (mi’)ij VLiVLj + ( R) VRV,
+ (A% B 77k + (B2),, Py + he. )

m seesaw type |:

m) = —viY [ MG'Y, + O(v, /M)

m adding SUSY 1-loop [Dedes, Haber, Rosiek 2007]

1—loop _ N (’()75 My, (V) V VJ (V) Vv
(my )ij = (my);; + Re |X}; 5 — % 5 ) ]
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Constraints on AY A“(IT

Random scan

Mgusy € [500, 5000] GeV
M; € 1]0.3, 3] Msusy
M, € [1 5] Msusy

€ [—15,15] TeV
tanﬁ € [10,60]

Wolfgang Gregor Hollik — degenerate neutrinos Oct 31, 2014 12/13



Constraints on AY

Karlsruhe Institute of Technology
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Constraints
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Constraints on AY
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Conclusions ﬂ(“'

stitute of Technology

m if tritium decay measures a neutrino mass: spectrum
quasidegenerate

m large effects from renormalization group running

m threshold effects become important for degenerate masses

m update on “my = —msg = mg": sinfi3 ok, but not Amfj

m same CP eigenvalues: threshold corrections have the power to

completely determine the mixing and deviations from degenerate
masses

m non-diagonal corrections needed: e.g. supersymmetric

m requirement for off-diagonal A"
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Side Note T

the same follows from a special tree-level mass matrix

1 00 011 0 00
Miee =20 1 0] +y|1 0 O] +2z[0 1 1
0 01 1 00 011
r Yy Y
=ly z+2 =z |,
Yy oz  xr+z

which can be diagonalized by

C1
s

— DN
o W
= =
N o

S
oS
S-S

with s19 = sin 019, c12 = cos b2,
tan 2019 = \/5%

2

Utree =

vl

1

o

S
©
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Side Note (cont'd)

can be inverted

v —
Miree =
mi
4 Am2, Amd;
V2 V m1+m3 m1+m2
ZEL Am§1 Am%l

2 V ml4+m3 ml+m2

ST

Karlsruhe Institute of Technology

Am3,  Am3, i [ Amd  Am3,
ml4+m3 ml4+m2 ml4+m3 ml+m2

s 3 (32 mi = 3ma)

3 (me = 3m) mapm

The philosophy behind threshold corrections

m exact degeneracy Q tree-level: trivial mass matrix

a m(l) = m(o) _|_ m(O)I,

a small perturbation
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Update on the + — + scenario \“(“‘

nnnnnnnnnnnnnnnnnnnnnnnnnnn

» degeneracy leaves freedom of rotation U(® — U R4
Z U(O)U(O)I —0
aB
» flavour diagonal corrections: I3 = 1,00z
u explain deviation from (tri-)bi-maximal mixing: s;3 = sinf;3 ~ 0

512
$13 = — —=893Co3—, where [, =0 and I, > I,
C12 I
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Update on the 4 — 4 scenario AT

nnnnnnnnnnnnnnnnnnnnnnnnnnnn

Brief review of [Chankowski, Pokorski 2002]

» degeneracy leaves freedom of rotation U(® — U R4
0)17(0
Z o(él)Ué?,)IaB =0
ap
» flavour diagonal corrections: I3 = 1,00z

u explain deviation from (tri-)bi-maximal mixing: s;3 = sinf;3 ~ 0

S I
513 = — 2 5930937 where I, =0 and I, > I,
c12 I,

try to accommodate s13 ~ 0.15 and Am3, /Am3, ~ 33

P — 512 I;L_IT
13 = C23523—— 5
cio I, — sgglu — c53l;
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Update on the + — + scenario (cont'd) A“(IT

Am2, =m? ([1 + 203, 1) — [L + 2U2,1,)?)
w m? overall scale
m use relation for s13 to get correlation between I, and I, I,

a try to fit

([1 +203310)* — 1 + 203, 1J%)
([1+2021a)* — [1 4 2UZ, 1a]?)

Amgl/Agﬂl =
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Update on the + — 4 scenario (cont'd) AT
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Update on the + — 4 scenario (cont'd)
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