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Neutrinoless double beta decay

(A, Z) - (A, Z+2)+2e (0vBp)

rare process, not yet observed

violates lepton number

best chance to confirm Majorana nature of light oscillating neutrinos
constraints a lot of BSM models

observation would have a lot of implications




best limit was from 2001, improved 2012

Upcoming/running experiments: exciting timel!!
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Why should we probe Lepton Number Violation?

L and B accidentally conserved in SM

effective theory: £ = Lonm + % Linv + ﬁ L1.Fv,BNV,LNV + . ..
baryogenesis: B is violated

B, L often connected in GUTs

GUTs have seesaw and Majorana neutrinos

chiral anomalies: 8, J% . = ¢ G, G** #+ 0 with JZ = S G v, ¢; and
n’B L u y 7
Jﬁ =2 i ts)

= Lepton Number Violation as important as Baryon Number Violation

(OvBpB is much more than a neutrino mass experiment)
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1) Dirac vs. Majorana neutrinos

Neutrinos oscillate = m, # 0

normal inverted

)
mi

A

| [ | m%

according to Standard Model, they shouldn't




Limits (later):

e direct (Kurie plot): mg = /> |Uei|?m? < 2.3 eV

e neutrinoless double beta decay: |me.| = | > UZm;| < 0.3 eV
e cosmology: > m; < 0.7 eV

= “m," less than 1 eV

How can we introduce neutrino mass terms?




11) Basics

a) Dirac masses

with L ~ (2,—1) and ® ~ (2,1), add vg ~ (1,0):

SSB U

Lp :ng(I)VR — —= Qv VL VR = My, VL VR

V2

But m, S eV implies ¢, S 10712 << ¢,

highly unsatisfactory fine-tuning. . .




actually, m. = 1079 m;, so WTF?

point is that

with m, ~ my

d

has to be contrasted with

Ve

with m, ~ 10" %m,

€

what suppresses neutrino mass for every generation?




b) Majorana masses

need charge conjugation:

electron e™: |y, (20" + e A*) —m|y =0 (1)
positron et: [y, (i0* — e A*) —m|y° =0 (2)

Try ¢¢ = S*, evaluate (S*)~! (2)* and compare with (1):

and thus

: : —T —T
Y =iy " =ivnywy =C¢

flips all charge-like quantum numbers




Properties of C"

Ol =0" =0~ =—C
Cr,C~t = —’yff
CyC~'=ng

Cyurs C™ = (Yus

)T

properties of charged conjugate spinors:
(p°)° =4
=T C
Ewg — ¢_§¢1
(Yr) = ()R
(Yr) = (¥°)L
C flips chirality: LH becomes RH




common source of confusion (added here to create or add confusion):

that was actually particle-antiparticle conjugation (vy — 7g)

charge conjugation leaves chirality untouched (v, — 7p)

same effect for total state v = v}, + vp, different for chiral states




Fermion mass terms

L =myp =m,Yr g+ h.c.=m, (Y Yr + YrYL)

both chiralities a must for mass term!

there are two and only two possibilities:
(i) ¥ independent of ¢ g: Dirac particle

(i) ¥r = (v¥g)°: Majorana particle

(i) =¥ = (Wr +9Yr) = 1)+ (Wr)  =¢Yr+Yr =7 :

= Majorana fermion is identical to its antiparticle, a truly neutral particle

= does not carry conserved additive quantum numbers




mass term for Majorana particles:

Lar = 5 UMy = 0+ W) M (v + (1)) = 152 M ug + he

e Majorana mass term (not allowed by gauge symmetry, never mind for now)

o Ly < * T = NOT invariant under ¢ — e*® ¢
= breaks Lepton Number by 2 units!

in standard approach to Ov3[: origin of decay

LW e ) o /1




Dirac vs. Majorana

in V — A theories: observable difference always suppressed by (m/E)?

In terms of degrees of freedom (helicity and particle/antiparticle):

vp = (v, vy, s, V)) versus vy = (v4, V))

weak interactions act on chirality (left-/right-handed)

chirality is not a good quantum number (“spin flip”): L =] +% 1

Dirac:

— what we produce from a W~ is £~ (i + Z1) )

— the 7, CANNOT interact with another W™~ to generate another ¢~:
AL =0

Majorana:

— what we produce from a W~ is {7 (14 + Zvy)

— the vy CAN interact with another W™ to generate another /7: AL = 2

= amplitude o< (m/FE) = probability oc (m/FE)?




o /-decay:

e Meson decays

Dirac vs. Majorana

I'(Z = vprp)

~1—3

F(Z — VMVM)

e neutrino-antineutrino oscillations

P(vy — Ug) =

1
E?

Z Uaj Uﬁj Uo*m;UEi M4 e_i(Ej_Ez')t
,J




Majorana only works for neutral fermions = neutrinos only candidate in SM

1 = 1) makes spinor have two degrees of freedom, not four:

P P
f —ZO'Q(I)*

(P, & are 2-component Weyl spinors)

in terms of creators/annihilators, ¥ = W¢ happens for

v m{ij@ 3 [ P e + B P Pt

where v, = Cul and u, = Cvl
mass term 7z v§ not allowed as vy, isin (2,—1)

if Ng ~ (1,0) exists: Ng N& allowed!




Majorana nature implies new relation for spinors:

> uS’ELS:[H—m : Y VUsUs =p—m
> usvy = (p+m)CT ZSTLST_ =C7l(p—m)
Zs@sﬂs =C7'(p+m) , Y veug; =(@p—m)C*

and new propagators

(1) T {T(2)T(y)}10) = S(z —y)

(2)  OT{¥(z )‘P(y)}|0>=—5(x— y)C
(3) (OIT{¥(2)¥(y)}[0) =C~S(z —y)

with standard propagator

' d'p p+m —ip(z—y)
S(ZC—y) _@/ (27.‘.)4 (pQ _m2+i€) €

= can create or annihilate two neutrinos ((2) and (3))




consider t-channel W—W = — e e~ from L = WevH (1 — v5)vm

2\F

—iM = (%) €16 [ﬂsw(l - %)ikft Z:LQ (=C)aam (1= 7s5)
o< (UzYu (1 —5)) (f+m) (=C) (a4, (1 —5))
= (U3vu(1l —5)) (k+m) (= (1 — v5)7v4)

= m U3, (1 — v5)7v4

proportional to (suppressed by) neutrino mass!!




consider t-channel W=W ™= — e~e™ from L = —ﬁW,ﬁv“(l — Y5 )V

—iM o m gy, (1 — v5)7,vs

proportional to (suppressed by) neutrino mass!!

same result by replacing one éy*(1 — ~v5)vas with —op4* (1 + 5)e€




consider t-channel W™W™ — e7e™ from L = —T-W,ev"(1 — v5)vm

NG

M o< &3y, (1 — v5)v ény (1 — 5)v
= e3Yu(l — 1)V 7 (1 4 5)ef(—1)
time-ordered product vv is propagator o< (k+ m)

usee=fu-+ flv, e=fla+ fv, e = flo+ fu= e getsa vy




how to calculate identities:

start

P = (¢°)°

e = —ypT C~1 and ¢° = C@T

T _ _
P (= = Ows)') ve CrC™t = —vi, CyuysC™h = (yus)”

T

(e [y, (1 + )] Ve collecting signs

= —0Cy, (14 75) € is scalar and fermion exchange
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12) Seesaw Mechanisms
how to generate Majorana neutrino masses. . .

a) Higher dimensional operators

include d > 5 operators, gauge and Lorentz invariant, only SM fields:

1 1
E—ESM+£5—|—£6—I-...—ESM—I—KC’)5—I—F

there is only one dimension 5 term! “leading order new physics”

O + ...

2
C+xx cSSB CUT __ . — _C
KO5:KLCI><I>TL >2AVLVL:7TL,/VLVL

Majorana mass term! AL = 2

1%

it follows| A e (2LeY) 101 GeV|  Veinberg 1979




Weinberg operator is LLO®®P

\
\

seesaw mechanisms are “UV-completions” of this effective operator by integrating

out heavy physics




Master formula: 2 x 2 =3+ 1

Lo~ (2,+1)®(2,—1) = (3,0) ® (1,0)

to make a singlet, couple to (1,0) or (3,0), because 3®3 =503 1

Alternatively:

I°L~ (2,-1)®(2,-1) = (3,-2) & (1, -2)

to make a singlet, couple to (1,+2) or (3,+2). However, singlet combination
(1,—2) is 7 £¢ — £ v°, which cannot generate neutrino mass term

— (1,0) or (3,42) or (3,0)
type | type Il type IlI




Origin of small masses
has only 3 tree-level realizations
e Np ~ (1,0) type | seesaw
e A~ (3,2) type Il seesaw
e >~ (3,0) type Il seesaw

seesaws include new representations, new energy scales, new concepts




Type | Seesaw
introduce N ~ (1,0) and couple to g, L ® ~ (1,0)

becomes g, v/\/2v; Ngr = mp v Ng

in addition: Majorana mass term for Ng: %MRN—gNR

using vympNg = Némgyz:

L= (ﬁij%)

Dirac + Majorana mass term is a Majorana mass term!




Diagonalization:

mp MR

mp

mp MR

~"

diag(m,,, M)

with

general formula:

tan 20 = —]\247;50




Note: mp associated with EWSB, part of SM, bounded by v/\/§ = 174 GeV
Mg is SM singlet, does whatever it wants: = Mgz > mp

Hence, 0 ~ mp/Mpr < 1

v =vy, cost — N§ sinf ~ vy, with mass m, ~ —m?% /Mg

N = Npg cosf + v§ sinf) ~ Np with mass M ~ Mg

in effective mass terms
1 1 -

compare with Weinberg operator:

2

also: integrate Nr away with Euler-Lagrange equation




matrix case: block diagonalization

0 mp VE

mb5 Mg

write down individual components:




write down individual components:

My pmp +mpp+pMpgp"
0 mp — pmp p* + p Mg
M —ptmp —mk p* + Mg

now, p (aka 6 from before) will be of order mp/Mg:

pmp +mpp+pMgp"

mp +pMgr = p=—mp Mg'
Mg

insert p in m,, to find:

m, = —mDM]glmg




2 2
p— —mD p— mSM p— mSM €
Mg Mg

my

(type |) Seesaw Mechanism

Minkowski; Yanagida; Glashow; Gell-Mann, Ramond, Slansky; Mohapatra,
Senjanovié (77-80)

we found the requested suppression mechanism!







THE SEESAW

E g










Seesaw Formalism

0 mp 1%
L Mgr>mp _
—— iy = mgMleD

mp Mg Nr
arbitrary 6 x 6 (?7) matrix
with new aspects:
e fermionic singlets N ~ (1,0)
e new energy scale Mg (o< 1/m,,)

e lepton number violation




See-Saw Phenomenology

Full mass matrix:

mdiag 0
— U Y N U with U =
mb Mg 0 Mz

e /V is the PMNS matrix: non-unitary

o S5 = mE (M7,) ! describes mixing of heavy neutrinos with SM leptons




Type Il Seesaw

LxL¢L—vliy
has isospin I3 = 1 and transforms as ~ (3, —2)

= introduce Higgs triplet ~ (3,4+2) with (I3 = Q — Y/2):

AT —V2ATT 0 0
A = —
\/§AO —A+ T 0

gives mass matrix:

| — vev 1 __ 1 __
£:§nyC7j02ALﬁ §y,,vTuzyLE§m,/uzyL

<> neutrino mass without right-handed neutrinos!




v < v because

V=-MiTr(ATA) +p@'A®

with g—X = 0 one has |vr = ,u_fv;
MA

vr can be suppressed by Ma and/or p

compare with Weinberg operator:

cMi
gv

A=

Type Il (or Triplet) Seesaw Mechanism

Magg, Wetterich; Mohapatra, Senjanovic; Lazarides, Shafi, Wetterich;

Schechter, Valle (80-82)




Seesaw Summary




Paths to Neutrino Mass

approach

ingredient

quantum number

L

of messenger

“sM”

(Dirac mass)

RH v

Np ~ (1,0) hNR®L

“effective’

(dim 5 operator)

new sca|e

+ LNV

hLC®PL

“direct”

(type Il seesaw)

Higgs triplet
+ LNV

hLCAL + pd®dA

“indirect 1"

(type | seesaw)

RH v
+ LNV

WNR®L + NRMRpN§

“indirect 2"

(type Il seesaw)

fermion triplets

+ LNV

RE L® + TrEMs X

plus seesaw variants (linear, double, inverse,. . .)

plus radiative mechanisms
plus extra dimensions

plusplusplus
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1I3) Summary neutrino physics

common prediction of all mechanisms: in basis with diagonal charged leptons

1
L= 5 v m, v with m, = U diag(mq, mo, ms3) Ul

with PMNS matrix

—i6
C12 C13 512 C13 513 €
_ ) )
U= —S812C23 — C12 523 S13 € C12 C23 — 512 823 S13 € 523 C13 P

5 5
S12 S23 — C12 C23 S13 €' —C12 823 — S12C23 S13€'° €23 C13
with P = diag(e'®, e?’, 1) (++ Majorana, lepton number violation)
= 3 angles, 3 phases, 3 masses

“three Majorana neutrino paradigm”




Status 2016

9 physical parameters in m,

2 2
912 and m2 - ml

923 and |m§ — m%

013
mi, Mo, M3

2 2
sgn(m3 - m2)

Dirac phase ¢

Majorana phases « and (3




LBL Acc + Solar + KamLAND + SBL Reactors + Atmos

T | | ] [ L5 L 7
. "

& ¥
| PRI ST Ll | [ |

7 7.5 8 8.5 2 22 2.4 2.6 2.8

SM?/107° eV? AMZ/1072 eV?

III'I1II1'I|II1IIF!11I

0.32
sin 813

0.3 0.35
. o
sin 812

0.25

Lisi et al., 1601.07777

0.4

025
sin 823

0.6

(3-flavor, matter effects in solar, atm., LBL expts)

0.7




inverted

I

A

T nd m

Why so different? <> Flavor symmetries!




PMNS-matrix:

0.801...0.845 0.514...0.580 0.137
0.225...0.517 0.441...0.699 0.614
0.246...0.529 0.464...0.713 0.590

CKM-matrix:

0.97427 4+ 0.00014 0.22536 + 0.00061  0.003551 0 00012
V=1 0.22522 4+ 0.00061 0.97341 + 0.00015 0.0414 + 0.0012
0.00886 "0 00033 0.040519-50110.99914 =+ 0.00005

large mixing in PMNS, small mixing in CKM

Why so different? + Flavor symmetries!




Neutrino masses

e neutrino masses <> scale of their origin

e neutrino mass ordering <> form of m,,
1

> >
®, ®,
£ £
3 3
£ £

m;
m;

m; m3

: ‘ : 0.0001 : :
0.001 0.01 b 1 0.0001 0.001 0.01

m [eV] m [eV]

Am3i > m3 ~ AmZ > m3i: normal hierarchy (NH)
|Am3 | =~ m? > m3: inverted hierarchy (IH)

m3 ~ m3 = m3 > Am3: quasi-degeneracy (QD)
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I1) Neutrinoless Double Beta Decay: Standard
Interpretation

(A, Z) - (A, Z+2)+2e (0vBpo)

e second order in weak interaction: ' o G%. = rare!

e not to be confused with (A,72) — (A, Z+2)+2e~ +2v, (2v50)

(which occurs more often but is still rare)
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111) Basics
Need to forbid single 3 decay:

odd/even ﬁ \ocld,fodcl
even/odd S|l @
\ S

. E’Bindung - E'V@Iumen - EOberH&:he } E’Cnulﬁmb } E’Symmetrie I EPaarbildung — even/even — even /even

e either direct (Ov53) or two simultaneous decays with virtual (energetically
forbidden) intermediate state (2v3/3)




How many nuclei in this condition?

—
ot

Slide by A. Giuliani




e 35 candidate isotopes

e O are interesting: *®Ca, ®Ge, 32Se, 99Zr, 190Mo, 16Cd, 130Te, 136Xe, 1°ONd

e ()-value vs. natural abundance vs. reasonably priced enrichment

vs. association with a well controlled experimental technique vs.. ..

=> no superisotope

Natural abundance of different OvB@ candidate Isotopes

A

w
o

G for OvppB-decay of different Isotopes

no
[$a]

)
o

—_
[$a]

Natural abundance [%0]

=
o

LA A
A

[$a]

A A

A A

A

Bry Toge B2y %y W0 Oy Ubsy I2g,  130p 16y, 150y
Isotope

Tlo/’/2 x 1/a

A

A

48(:a 7GGe 8256 96Zr 100M0 llOPd 116Cd 1245n 130-|-e 136Xe 150Nd

Isotope

T1O/V2 xQ°




Isotope G [107 yrs™!] @ [keV] nat. abund. [%]
18Ca 6.35 4273.7 0.187
0Ge 0.623 2039.1 7.8

2.70 2995.5 9.2
5.63 3347.7 2.8
4.36 3035.0 9.6
1.40 2004.0 11.8
4.62 2809.1 7.6
2.55 2287.7 5.6
4.09 2530.3 34.5
4.31 2461.9 8.9
19.2 3367.3 5.6

Most mechanisms: G, < Q°




Experimental Aspects

e experimental signature: sum of electron energies = ()

(plus: 2 electrons and daughter isotope)

e background of 2v33 <+ resolution

= 2vp
= Ovpp (M = % /100)
1% resolution

0
b

=
=

-
g

=

2
o

A

Summed b Enerav [MeV1




if claimed, typical spectrum will look like:

Period: August 1990 - May 2003 71.7 kg v !

LR = (0.24 - 0.58) oV |

(0.69 - 4.18) x 10 vy 42c

Lountsikev
b
th

=
=]

z?: 2020 2030 2040
Energy, kel

= first reason for multi-isotope determination




Experimental Aspects

number of events (measuring time ¢ < 77, life-time):

N=In2aMtNa(Ty),)"

with
a is abundance of isotope
M is used mass
t is time of measurement

N 4 is Avogadro's number




Experimental Aspects

Number of events (measuring time ¢ < T, life-time):

N=In2aMtNa(Ty),)"

suppose there is no background:
o if you want 10%° yrs you need 10%® atoms
e 102% atoms are 10° mols

e 10°% mols are 100 kg

From now on you can only loose: efficiency, background, natural abundance,. ..




Experimental Aspects

)
aMet without background

()™ o ik ith background
ae with backgroun
\ BAE

with

B is background index in counts/(keV kg yr)
AFE is energy resolution

e ¢ is efficiency

o (T7),)~" o (particle physics)

Note: factor 2 in particle physics is combined factor of 16 in M xt x B x AE




Sensitivity and backgrounds

| -tonne 7°Ge Example T,.0V = In(2)Net/UL(B)

-
o0

—— Zero background
0.1 counts/ROl/tly
1 count/ROl/tly

-
o

14

-
N

. —fhverted Hierarc hy

[— :
7 —
m |
- —
Y —
N | I—
S -
— —
[ —1 [
p— | I
— |
(&) =
2 -
s 100
N —
S— —
> -
= -
w —
= —
0 —
» —

Q —
|— I

I”II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

1 2 3 4 5 6 7 8 9 10
Exposure [tonne years]

°O

Neutrinoless Double Beta Decay Goldhaber-Grodzins-Sunyar Celebration

slide by J.F. Wilkerson




Interpretation of Experiments

Master formula:

o — G.(Q,2)|Mz(A, Z) 77:6’2

o G,.(Q,Z): phase space factor
o M.(A,Z): nuclear physics

e 1), particle physics




Interpretation of Experiments

Master formula:

oY — G (Q,Z) |Myx(A, Z) 77:6’2

o G,.(Q,Z): phase space factor; calculable
o M.(A,Z): nuclear physics; problematic

e 1), particle physics; interesting




Standard Interpretation

Neutrinoless Double Beta Decay is mediated by light and massive Majorana
neutrinos (the ones which oscillate) and all other mechanisms potentially leading
to Ov 33 give negligible or no contribution

ur,




e UZ from charged current
e m;/FE; from spin-flip and if neutrinos are Majorana particles

amplitude proportional to coherent sum (“effective mass”)

[Mee| = ’ZUeQz m2’

m/E ~ eV /100 MeV is tiny: only N4 can save the day!




The effective mass

@3) eZiB

mee .
o

—
|l IRE

amplitude proportional to coherent sum (“effective mass”):

Mee| = ‘Z Ugim@’ — HU61]2m1 + [Ugz|? Mg €2® + |U.3]? m3 627’6‘

= f (012, |Ues|, mi, sgn(Am3), a, 8)

7 out of 9 parameters of neutrino physics!
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112) Implications for and from neutrino physics

imee| = |- U2 my|: fix known things, vary known unknown things, assume no

unknown unknowns are present:

normal invertiert

9 2

m; [ I
2
Amg

9

[ EEmEmR

m;, my; & ms [eV]
m;, mx & ms [eV]




The usual plot

hierarchical cancellation quasi—degenerate
(only normal)

' T |
! = = a2,
"u,ffj"{”-"tr T 008 20019
|'

Hl'l.'lllﬂlf.rt-irlli_l:.'

LN

i
M2y

. —\/Am2 + mist,d,
| A2 Hf.J r*ﬂ \ s . ik

Ill' 2.2 = nyf Ams +misiy
_u,lr;"'i'mi'.jl.L-i_.1

0.0001 0.001 0.1




The usual plot: the other way around

(life-time instead of |mcc|)

Normal Inverted

00001 0001 00l 01 00001 0001 001
Mghe €V)




Which mass ordering with which life-time?

’mee|

2

2 VB 2P|

~ 0.003 eV = Tf/’/z 2 1028729 yrs

VAmMZ /1 — sin’ 20,5 sin’ o

~0.03 &V = T/, 2 102727 yrs

mo \/1 — sin? 26015 sin? «

2 0.1eV = Tlo/”2 2 1025726 yrs




The usual plot: include other neutrino mass approaches

Normal Inverted

0.35 eV

0.35 eV
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lot against other observables

Normal Inverted Normal Inverted
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Complementarity of |m..| = 2m? and X =Y m;




CP violation!

Dirac neutrinos!

something else does Ov30!




Neutrino Mass

m(heaviest) 2 /|m2 — m2| ~ 0.05 eV

3 complementary methods to measure neutrino mass:

Method observable now [eV] near [eV] far [eV] pro

con

Kurie /> |Uei]2 m? 2.3 0.2 0.1

theo. clean

model-indep.;

final?;

worst

best:

Cosmo. > om; 0.5 0.2 NH/IH

systemat.;
model-dep.

OvBps | S UZm;] : 0.1 : NH/IH

fundament.:

model-dep.;
theo. dirty




Cosmological Limits

stacking more and more data sets on top of each other, limits become stronger
including more and more parameters, limits become weaker

needed to break degeneracies, but induces systematic issues

S — ~0.70
AN ‘ — - pEmkEReeR o 0.80
7 E Ly-a+H E -V
1 r 0 .

H —— Ly-a + Planck (TT+lowP) |-

g ] -0.90
-1.00
-1.10

-1.20

-1.30
i 1 : 1 -1.40
P T O I P P Y 4'E| oo Lo o L L L ] 0,2 0'4 0.6 0.8

62 64 66 68 70 72 74 . - - X . )
Ho (km s™ Mpc™) Zm,, (eV)

Riess et al., Palanque-Delabrouille et al., Hannestad,

1604 .01424 1506.05976 PRL 95

most extreme (1410.7244): at 1o: ¥m, < 0.08 eV, disfavors inverted ordering. ..




2 kinds of neutrino masses

1) ee-element of mass matrix

1

By

X |(m1/>ee| with (mv)ee

direct probe of fundamental object in low energy Lagrangian!
2) neutrino mass scale: QD neutrinos

_ 2 2 2 2 2ia | .2

= mo |cip €13 + S12 Clz €' + 513 €
2

exp 1 + tan 012 exp

. ~ 3 |m
T — tan2 912 — 2 ‘Ueg‘Q ’ ee|

P

215’

[Mee

= mo < [Mee| ~ eV

min

same order as Mainz/Troitsk!




Alternative processes

(A, Z2) = (A, Z+2)" +2e” (OvpB)*
(A, Z) = (A, Z —2) +2¢7 (OvB*B")
e, +(A,2) = (A, Z —2)+et (OvB+TEC)

2e; +(A,2) > (A, Z—2)*  (OvECEC)

depend on same particle physics parameters, but more difficult to realize/test

BUT: ratio to Ov5( is test of NME calculation and mechanism
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Alternative processes

the lobster:

m,, for sin® 26, 3=0

1
0.0001

0.001

001
m [eV]

Disfavored by Cosmology

0.000

Disfavored by Cosmology

1
0.0001

0.001

001
m [eV]
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Reconstructing m,,

me, for sin® 263 = 0 m,, for sin® 263 = 0 me for sin® 26,3 = 0

Imee| [eV]
Imer| [eV]

Disfavored by Cosmology

Disfavored by Cosmology
Disfavored by Cosmology

0.001 0.001

my, for sin® 26;3 = 0

>
2
E
E

[mye| [eV]

Disfavored by Cosmology
Disfayoted by Cosmology

0.0001
0.0001 h 0. 0.001

m,, for sin® 26,3 = 0

Imer| [€V]

Disfavored by Cosmology

0.0001
0.0001 0.001




Recent Results

o "5QGe:
— GERDA: T /5 > 2.1 x 10% yrs
— GERDA + IGEX + HDM: T} /5 > 3.0 x 10%° yrs

o 136Xe:

- EXO'2OO T1/2 > 11 X 1025 yI’S (first run with less exposure: T1/2 > 1.6 x 1025 yrs. . .)

— KamLAND-Zen: T} /5 > 2.6 x 10°° yrs

Xe-limit is stronger than Ge-limit when:

GGe
TXe > TGe &




Current Limits on |m..|

76Ge

136Xe

GERDA

comb

KLZ comb

EDF(U)
ISM(U)
IBM-2
pnQRPA(U)
SRQRPA-A
QRPA-A

SkM-HFB-QRPA

0.32

0.52

0.27

0.28

0.31

0.28

0.29

0.27

0.44

0.23

0.24

0.26

0.24

0.24

0.13

0.24

0.16

0.17

0.23

0.25

0.28

GERDA Phase |

7 TGERDA 14-03]

claim (2004)

| 68% C.L-

[ KamLAND-Zen

= |
(e ]

[
“' EXO-200 (new result)

D\:
T2 (

136

Xe) [yr]




Inverted Ordering

hierarchical

cancellation quasi—degenerate
(only normal)

| ! 9
Y Amyery

IMee| [eV]

\,f"ﬂ:rr:','\r;.,'.i cos 209
[ STan:
!

0.001

1--#15— 2514
=7
12

3. 3
M 3acty
= \;‘;\m; +mistycly

—\/Am3 +misiy

0.1

Nature provides 2 scales:

IH / IH /
Mee|it >~ cisv/AmE  and  |mee|lt ~ ¢ 1/ AmZ cos 201,

requires O(102° ...10%7) yrs

is the lower limit |m | fixed?

min




Inverted Hierarchy
m3 = 0.001 eV

=

N

N

(0¢]

- 4 2

=
(@)

8 14

W
N

E— B R

| | | | 1 —E 16 8
0.28 0.3 0.3 0.34 0.36 0.38
S11 012

Current 30 range of sin® 05 gives factor of ~ 2 uncertainty for |mee|IH

= combined factor of ~ 16 in M Xt x B x AFE
— need precision determination of 65! <+ JUNO
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CP Violation?

Majorana phases: consider IH spectrum

[Mee| X ’COS2 615 + %' sin? 012’ — \/1 — sin? 260, sin? a

« can be probed if
uncertainties on |me.| from NME smaller than 2
o (|mee|) S 15%
o(Am3) < 10% (IH) or o(mg) < 10% (QD)
sin 612 2 0.29
2ce € [1w/4,3m /4] or [br /4, Tm /4]

Pascoli, Petcov, W.R., PLB 549
No to “no-go’ from Barger et al., PLB 540




Majorana phases

Normal Inverted Normal Inverted
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0, E 0.1eV 0 = 0.05eV
q% =0.03eV q% =0.01eV

m_..
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0.38% 3%
observed |g>| = 0.3 eV

0,,=

. 2
Sin

41

B CP violation established at2

-~ data consistent withi,,, = O

3

2
uncertainty in |[|g=>| from NME
2 =3
2%, Amy, = 2.2x10" + 3%

2
e12

sin

Majorana phases

41

= 8x10

2
My

0.25+ 3%

Pascoli, Petcov, Schwetz, hep-ph/0505226
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Vanishing |m..|

hierarchical cancellation quasi—degenerate
(only normal)

\.'AJIH'I\r_II c0s 29 | m

[ ! g
| \JAm Acly

115 =251,
my— i
12

Ime.| [eV]

e

3 ¥
Mty

- .\,f'Amf + i stycty

- I\'I,-".-'_\Jrr:'l\ " m.?.-%:{

0.0001
0.00

0.001 001 0.1
m [eV]

Il

only for NH = rule out possibility by ruling out NH

unnatural? texture zero!?!




Vanishing |m..|

does it stay zero?

seesaw RG effects

NLO see-saw terms:

m,, = mp /Mg + O(mp, /M)

actually:

U2 m; [Mee|
Ao =" ~ L4 O(m?/q*
Jatty o el oot

Planck scale (Weinberg operator with Planck mass)




Renormalization

0)66 Ig (mg)eu Ic 1, (mg)eT I 17
(mg)uu Ii (mg)m I, I;

(mO)TT Ig

v

where

A 1 A

yiln— and I, ~1+ >y, In —

A A

C

I, ~1
* 1672

167

and

apM = 3¢5 + 212 +y2 +y2) +6 (yF +yE +y2 +y2 +y3+v2) + Mu

1

QMSSM _ _gg% _ Ggg + 6 (yt2 +y3 + yi)

174

= main effect: rescaling of |m..|, typically increases from low to high scale




Renormalization

D421

0.40 |
| =

1 -~

=
0381}
| E

. 4 . :ﬁ . g . ]..t::I . 1.2. o . [, . . . :ﬁ . é . l.ﬂ . 1.2. .
logn i GeV) log) oluf GeV)

Antusch et al., hep-ph/0305273




Flavor Symmetry Models: sum-rules

sun-rile  Flavour symmetry .l

mytmy=m AT, (8

mtm=my 9y (A

Ll #5230 30% error|,

@ 30 exact
Hl TBM exact
T T v II]

A, T

Il Ilgllll I'::IIIIIII| 111 1111111l
001 01

nh(eV)

constraints on masses and Majorana phases

Barry, W.R., Nucl. Phys. B842




Predictions of SO(10) theories
Yukawa structure of SO(10) models depends on Higgs representations

10g (< H), 126y («+» F), 1205 (+ G)

Gives relation for mass matrices:
Myp X 7(H + sF +it, G)
Maown X H + F +1G
mp x r(H — 3sF +itp G)
my x H—-3F + 11t G
Mg <1 F

Numerical fit including RG, Higgs, 015
107 + 126z: 19 free parameters
107 + 1267 + 1205 18 free parameters

20 (19) observables to be fitted




Predictions of SO(10) theories

Model

Ms
[GeV]

10 g —|—1—26H NH
107 + 1265 + SS NH

3.6 x 102
1.1 x 102

10 g —|—1—26H—|—120H NH
10 + 1265 + 120 + SS  NH

0.78

9.9 x 10™
4.2 x 103

107 + 12675 + 1205 IH
105 + 126 + 120 + SS  IH

35.952
24.22

1.1 x 10%3
1.2 x 10%3

Dueck, W.R.,

100

JHEP 1309
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Nuclear physics

€

iZU

)
L

Nucl== Nuclear Process==Nucl’

SM verte
Vi R
W

2 point-like Fermi vertices
“long-range” neutrino exchange
momentum exchange ¢ >~ 1/r >~ 0.1 GeV

wave functions of nucleons not exactly known, depend on nuclear model

103



typical model for NME: set of single particle states with a number of possible
wave function configurations; obtained by solving Dirac equation in a mean
background field; interaction known, treatment of fields differs

QuaS|—part|C|e Random Phase ApprOX|mat|On (QRPA) (many single particle states, few

configurations)

N UClear She” MOdel (NSM) (many configurations, few single particle states)
|nteraCtlng BOSOn MOdG' (I BM) (many single particle states, few configurations)

Generat|ng COOrdInate MethOd (GCM) (many single particle states, few configurations)

projected Hartree-Fock-Bogoliubov model (pHFB)

tends to overestimate NMEs: tends to underestimate NMEs

gives uncertainty due to different approach

104



plus uncertainty due to model details:
e short range correlations (<> repulsive NN force): multiply two-body wave
function with
— Jastrow function
— Unitary Correlation Operator method
— Coupled Cluster method
— (if heavy particles exchanged: NMEs suppressed)

model parameters

— correlated: e.g., ga, gpp, SRC

— uncorrelated: e.g., model space of single particle states

— some calculations include errors/ranges, some don't. . .

105



Ov __ g_A . Ov gV Ov
M= (55) (M- G )

with Gamov-Teller (axial) and Fermi (vector) parts

Mg = (f] Zaz ok T, T H(Tik, Eo)li)

M%”=<f!l§k3n T H(riw, Ea)lt)

rie =~ 1/p ~1/(0.1 GeV) distance between the two decaying neutrons

E, average energy (closure approx.); |i) and |f) nucleon wave functions
Joo = 2 0(% = T)7F(ga0 I 4 Gak J5) with JP = gy and J = ga J}dn
‘neutrino potential’ integrates over the virtual neutrino momenta

sin qx
o — (M; + My)/2

106



The 2v33 matrix elements can be written as

0 <f|Za)oa Ta_l'n><n|2b)ab Ty |9
MGt = %: E,—(M;—M;y)/2
0 <f|ZaZTJ|n><nIZbITJIi>
Mg =2 E,—(M;—My)/2

n

no direct connection to Ovj33. ..

sum over 17 states (low momentum transfer); in O35 all multipolarities

contribute

adjust some parameters to reproduce 2v33-rates

2v 33 observed in 48Ca, "0Ge, 82Se, 99Zr, 1Mo (plus exc. state), 11Cd,
128Te, 130Te, 1°ONd (plus exc. state) with half-lives from 108 to 10%* yrs

107



From life-time to particle physics: Nuclear Matrix Elements

T
T T O aem
NSM =
QRPA (Tue) ——- i : {%BR\I[
RPA(ly) - - - :
Q I(By) | A QrrAQ)
B qs QRPA(T)
GCM ¢
PHFB - - -
Pseudo-SU(3)

e ok ]
-
b ————

4

|
i
T
T =
L |
] m :
‘.L
u

- ‘

0 I I I I I I I I I I I
ABCa 76Ge BZSe %Zr 100M0 110Pd 116cd 1248n 130Te IQGXE 150Nd . 100 198 136

150

110P 1245n 130Te 150Nd

Ubny 128p, 1%y, 15 Isotope A

to better estimate error range: correlations need to be understood

108



Faessler, Fogli et al., PRD 79

ellipse major axis: SRC (blue, red) and g4

ellipse minor axis: g,
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Quenching

Tlo/”2 x g4, where in 2v33-decay (Tachello)

(

0.58 Ge
giM~12747%8 = 053 Te

0.52 Xe

\
would shift lifetimes an order of magnitude (in wrong direction. . .)

model-space truncation (A-dep.)/omission of N*, A (not A-dep.)

energy scale (no quenching for muon capture)/many multipolarities in Ov

include 2 body currents (creation of 2p2h), weaker quenching in Ov (Engel,
Simkovic, Vogel, PRC89)

lots of nuclear theory work on the way, possibly no showstopper (20%7?)

110



Ov56 and Neutrino physics

Typ=5x10%y

I

|-
T8

1

T
ree
Lé
H range ;
W NSM = -
<M> iy SN° 649 =027 Tue ——-
Y,
IBM
H o2 H o2
<M, SIN° 6,5 =0.38 <M, SIN° 6,5 =0.38 IBM
PHFB - - -
| | | | | | PlseUdO-ISU() | | | | | | | | | PlseUdO-ISU() |
By Tog gy %y W0 Wy Uy D 1p, Ly, B0

By Te gy
ISotope

¢
H

N[ sin’ 6,,=027

¢
I
1

%y 100 U0y Wby g, 10, By, 15
ISotope
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Testing NMEs

1

T10/1/2 (A7 Z)

=G(Q,Z) IM(A, Z)n|*

if you measured two isotopes:

TP/5(A1, Z1) _ G(Q2,Z3) |M(Az, Zs)|?

TV (A2, Z2)  G(Q1, Z1) IM(A1, Z1)P?

systematic errors drop out, ratio sensitive to NME model

= second reason for multi-isotope determination

112



NMEs are order one

IBM

best-fit: 4.06

numbers :-)

NSM

best-fit: 1.92

A NSM
= sqrt(4) +/- sqrt(1/10

Mo(100) Te(128) Te(130)
QRPA Jyvaskyla
best-fit: 2.92

QRPA Tubingen
best fit: 3.08

Te(128) Te(130) Xe(136)

® QRPA Jyvaskyla
= sqrt(9) +/. sart(2)

® QPRA Tubingen
— sqrt(10) +- sqrt(3),

Zr(96)  Mo(100) Cd(116) Te(128) Te(130)

Z(96)  Mo(100) Cd(116) Te(128) Te(130)
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114) Exotic physics
e Dirac neutrinos

e Pseudo-Dirac neutrinos: for each mass state

1| 1+
—>U:\ﬁ
2 1 —

+)2 . (m

and |m66|(i) = em; = 2 6m?/m;, with ém? = (m;

1
one neutrino could be (Pseudo-)Dirac, the other Majorana!
“Schizophrenic neutrinos”

For instance: inverted hierarchy, msy Dirac:

| Mee| = C%Q C%S \/ Am?A

factor 2 larger than lower limit

Mohapatra et al., 1008.1232
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Normal Inverted Normal Inverted
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Barry, Mohapatra, W.R., 1012.1761
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| orentz invariance violation

Lorentz and CPT violating term for Majorana neutrinos (Kostelecky et al.)

gives contribution to propagator

% - gAW/ Oxp qu

S(q) = 7

and leads to OvB5 even for massless neutrinos

can identify

5 ([{g28 )12 + [{ged) 1 + (g2 )
R

(Mee| <

and set limits of order 107 (Diaz, 1311.0930)
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CPT Violation
MINQOS, MiniBooNE, solar/KamLAND. ..
what about Dirac/Majorana??

Barenboim, Beacom, Borissov, Kayser, hep-ph/0203261

Define £ = CPT. A Majorana particle is defined as

Elvi) = e i)

Now we introduce CPT-violation

+ A *
M, = H / for basis v, 7
y p—A
y mixes v and 7 and hence violates L

diagonalize M, to get eigenstates
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vy) = cosO|v) + € sinb[v) , my = p+/[y?] + A2
v_) = —sin@|v) + € cosO V) , m_ =p—+/|y?| + A2

mixing angle tan 20 = |Z—|

CPT properties are £|v) = e [7) and £[7) = € |v), hence

Elvy) = ec=9) (sind |v) + €' cosf|D)) ,

vy = =6 (—cos b |v) + €' sind 7))

= v4 are Majorana particles if and only if 6 = 7 /4
but # = 7/4 means A = 0 and thus CPT conservation:-)

if A # 0: CPT is violated: neutrinos are no longer Majorana fermions; if y # 0
then L is violated and Ov(33 can occur

observation of Ov33 implies non-zero y but not that neutrinos are CPT
self-conjugate
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Neutrinoless double beta decay?

mass eigenstates are for 3 generations
Vi) = UailVa) ‘|'U:n'|7a>

amplitude for OvBp3 is

.A X Zmz UeiUei

for 1-flavor case:
A m U_|_,/ U_|_7 +m_ U_V U_g
— m_ cosfe'® sinf +m_ (—sin®) e*? cos
_|_
x (my —m_) cosf sinf =y
as expected

CPT counter part of Ov55 gives same result
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Light Sterile Neutrinos

<5 is there a sterile neutral lepton with Am? ~ V2 and mixing 0(0.1)?
LSND (v, = 7.) 3.80

MiniBooNE (v, — 7. and v, = v,) 3.80

Gallium anomaly (ve — ve) 2.90

Reactor anomaly (7. — 7.) 2.80

Cosmology and Astroparticle Physics (N.g, ‘Dark Radiation”)

Amz; [eVZ]  |Ues|l |Upsl Amgy[eV?]  |Ues|  |[Ups|

34+2/243 0.47 0.128 0.165 0.87 0.138 0.148
1+3+1 0.47 0.129 0.154 0.87 0.142 0.163

or Am3, = 1.78 eV? and |U.4|? = 0.151

Kopp, Maltoni, Schwetz, 1103.4570
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Sterile Neutrinos and Ov (33

" : " .
o recall: |mec|ny can vanish and |mee|yy ~ 0.03 eV cannot vanish

o |Mee| = ]lU€1|2m1 + |U€2|2m2 et 4 ]U€23] ms 62i€+]\Ue4]2m4 e2iq)1/|

~" ~"

act st

mee mee

e sterile contribution to Ov35 (assuming 143):
act
> |Mee|np

~ act
= ’mee IH

|7neeft53 ‘Ajngzﬂjéﬂ2

= |Mee |y CaNNot vanish and |mee|yy can vanish!
= usual phenomenology gets completely turned around!

Barry, W.R., Zhang, JHEP 1107; Giunti et al., PRD 87; Girardi, Meroni,
Petcov, JHEP 1311; Giunti, Zavanin, 1505.00978
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Usual plot gets completely turned around!

Normal Inverted

— 3V (best-fit) — 3 v (best-fit)
Bl 1+3v (best-fit) Bl 1+3v (best-fit)
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Do Dirac neutrinos mean there is no Lepton Number Violation?

model based on gauged B — L, broken by 4 units

= Neutrinos are Dirac particles, AL = 2 forbidden, but AL = 4 allowed. ..

Heeck, W.R., EPL 103
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Do Dirac neutrinos mean there is no Lepton Number Violation?

model based on gauged B — L, broken by 4 units
= Neutrinos are Dirac particles, AL = 2 forbidden, but AL = 4 allowed. ..

= observable: neutrinoless quadruple beta decay (A4,72) — (A, Z +4) +4e™

Heeck, W.R., EPL 103
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Candidates for neutrinoless quadruple beta decay

A

Decay rate

0vdj

»
>

QOI/ 13 Q()I/ZJ Encrgy

Qovag Other decays

%Zr — J9Ru | 0.629 | 777 ~2x 10"

136Xe — 33%Ce | 0.044 | 77707 ~ 2 x 107

50°Nd — §3°Gd | 2.079 | 775" ~ 7 x 108

Heeck, W.R., EPL 103
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With Ov35 one can

test lepton number violation
test Majorana nature of neutrinos
probe neutrino mass scale

extract Majorana phase

constrain inverted ordering

conceptually, it would increase our believe in
GUTs
seesaw mechanism

leptogenesis
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