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The Standard Model
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Single energy scale!
Interactions fixed by mathematical structure (gauge symmetry)
and symmetry breaking (Higgs): Confirmed!

Contains 19 free parameters, leaves unexplained many observational facts,...
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Neutrinos do have mass!
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Note: only mass (squared) differences can be measured!
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Puzzles

* neutrino mass much much smaller than all other

IMasses

* lepton mixing completely different from quark
mixing (CKM)




Puzzles

* Teptor-miang completely-dsfferent Irom quark




Origin of Neutrino Mass

* Most straightforward possibility: add Nz and obtain Dirac mass:
I_CD NR — mDViNR
* Gauge invariance allows Majorana mass
Mg Ni Ni
* in total Majorana mass for SM neutrinos:
my vicvy with my = mp? /Mg = mp € with € = mp/Mg = msp/Mg

: my inversely
violates lepton number proportional to

1TSS AlL=2 scale of origin!




Origin of Neutrino Mass

* Most straightforward possibility: add Nz and obtain Dirac mass:
I_CD NR — mDViNR
* Gauge invariance allows Majorana mass
Mg Ni Ni
* in total Majorana mass for SM neutrinos:
my vicvy with my = mp? /Mg = mp € with € = mp/Mg = msp/Mg

e mass term links LH and RH projection
® here RH projection is LH"

® thussnu=LH+RH=LH + LH°

2 anctags g = L EEE =i

® is its own antiparticle!

violates lepton number
its: /
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Origin of Neutrino Mass
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* Gauge invariance allows Majorana mass
Mg Nz Nr
* in total Majorana mass for SM neutrinos:
my vic vy with my = mp2 [Mgr = mp € with € = mp/Mg = msy/MRg

: my inversely
violates lepton number | proportional to

scale of origin!




Origin of Neutrino Mass

* Most straightforwage
New Pa

GO obtain Dirac mass

X/

* 1in total Majorana mass for SM neutrinos:
my vi¢ vy with my = mp? /Mg = mp € with ¢ = mp/Mg = msp/Mr

my inversely
proportional to
scale of origin!




Origin of Neutrino Mass

X/

* 1in total Majorana mass for SM neutrinos:

. - jolation
s Vi Vi Wi New concept: leptont qumber viola it
ew :

my inversely
proportional to
scale of origin!




Origin of Neutrino Mass

+* Ngr could be TeV: colliders!

+* Ng could be keV: dark matter!

* NR could decay in early Universe: baryon asymmetry!

* NRr couples to Higgs: vacuum stability, hierarchy problem!
“ NR couples to lepton doublets: lepton flavor violation!

——> Use this to distinguish the many (many!) mechanisms for neutrino mass

W Rodej ] H Iﬁihi 14 GK, 2022



Why look for Lepton Number Violation?

“ [ and B accidentally conserved in SM
8 - ol A /ALt
with £5=L‘d dL — my vicvy
“ Baryogenesis: B is violated
+ B, L often connected in BSM, GUTs
* GUTs have seesaw and Majorana neutrinos

* (B and L non-perturbatively violated by 3 units in SM...)

Werner Rodejohann (MPIK) Le GK, 2022



Why look for Lepton Number Violation?

Lepton Number as important as Baryon Number

16



Lepton Number Conservation?

“ accidental lepton number conservation difficult in BSM...

* need a symmetry to forbid Mg Nr Nz

can apply flavor symmetries with (Nr1, Nr2 Nr3) ~ 3, in groups that have no singlet in
3x3 (e.g. A(27))

still need to explain smallness, e.g. wave-function overlap in ED, 2HDM with one vev of
order eV,...

« global U(1)r or U(1)p.L — expected to be broken by
quantum gravity effects

« gauge U(1)r or U(1)pr without breaking? — long range

force, needs ultra-tiny charge

Werner Rodejohann (MPIK) 7 GK, 2022



Why so ditficult to see AL =27

* V-A makes things difficult: chirality vs. helicity

* vp = (v, Vi, Vi, Vi) o N
4""
VRH =V} + €V,
VLH=V| + €V}
~ _
W= ¢ = m/E e

+ doesn’t work

Werner Rodejohann (MPIK) - GK, 2022



Why so ditficult to see AL =27

* V-A makes things difficult: chirality vs. helicity

¢ vm = (v}, Vi) =Vm v N
—
VRH=V} + &V|
VLH=V| + €V}
~ _
W= e =m/E e~

« probability suppressed by (m/E)?

Werner Rodejohann (MPIK) . GK, 2022



Why so ditficult to see AL =27

« probability suppressed by (m/E)2:
* I(Z = vpvp)/I(Z = vavm) = 1 - 3 (mv/mz)?
BRI v o) 10U el )2
s R ) B2 RN Ll UL el el

* Only way to beat m/E:



Why so ditficult to see AL =27

« probability suppressed by (m/E)2:
* I(Z = vpvp)/I(Z = vavm) = 1 - 3 (mv/mz)?
BRI v o) 10U el )2
SRy v L IR L] el

* Only way to beat m/E: Avogadro’s number



Neutrinoless Double Beta Decay

(A Z)— (A Z+2)+2¢c
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Q-value (MeV)

Neutrinoless Double Beta Decay

(A Z)— (A Z+2)+2¢
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Current Limits

GERDA 190902776

Experiment Isotope M; FWHM L(Ti;) S(Ty)2) mgg
(kmol) (keV) (10®yr) (10®yr)  (meV)
GERDA (this work) °Ge 0.41 3.3 9 11 104 - 228
Majorana [22] Ge 034 25 2.7 4.8 157 - 346
CUPID-0 [23] 82Se 0.063 23 0.24 0.23 394 - 810
CUORE [24] 130Te 1.59 7.4 1.5 0.7 162 - 757
EXO-200 [25] 136 e 1.04 71 1.8 3.7 93 - 287
KamLAND-Zen [26] '3%Xe 2.52 270 10.7 5.6 76 - 234
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Neutrinoless Double Beta Decay

(AZ)—(AZi2) - 2ec

* Master Formula: T° =G,(Q, Z)|M4(A, Z)n,|?

* G«(Q,Z): phase space factor, « Q5
» My(A,Z): Nuclear Matrix Element (NME)

* 1) : particle physics parameter

29



Neutrinoless Double Beta Decay

(AZ)—(AZ2) -2

* Master Formula: T° =G,(Q, Z)|M4(A, Z)n,|?

* Gx(Q,Z): phase space factor, « Q5 calculable?
¢ M«(A,Z): Nuclear Matrix Element (NME) problematic’

* 1) : particle physics parameter interesting

*1gnore here

“ignore here even more

26



Interpretations

# 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(3f3 give negligible
or no contribution

* Non-Standard Interpretations

* There is at least one other mechanism leading to Neutrinoless
Double Beta Decay and its contribution is at least of the same
order as the light neutrino exchange mechanism

WR, 1106.1334

Werner Rodejohann (MPIK) e GK, 2022



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 OvPBf give negligible or no contribution

dr, ur,

Werner Rodejohann (MPIK)

known

amplitude proportional to ,effective mass™:

Mee| = |3 UZ m;| =[UZ my 4+ UZ, moe™™ + Uz mge'|

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

|

unknown

Gikaidaas



T'he usual plot
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The usual plot
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Neutrino Mass Observables

Method  Observable current near

Y L2 m2 0.8 eV 0.3 o/ 0.1 eV? model-indep.; final;

clean weakest

best; model-dep.;

2. M O5eVe [ 0:1leV [ 0.05eV? Nl

fundamental, model-dep.;

TUim U2y OBV BOIOVI T o T G
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Neutrino Mass Observables

Normal Inverted Normal [nverted
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cosmology strongly distavors a signal in KATRIN
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Neutrino Mass Observables

Normal lnverted Normal [nverted
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Neutrino Mass Observables

Normal lnverted Normal [nverted
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Neutrino Mass Observables
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Neutrino Mass Observables

Normal Inverted
l()o : 1 LI III I LI ||| I LI ||| I L llll 1
[ 254 CPV 32 CPV
[ — (+4) —®
R
h
~
>
0
p—y
A8
£
V.2

10 001 01

mg (eV)

001

0.1

near future

S

10

Normal lnverted

{ AKX XD
i%%ﬁ'
e

&
TR
t’n‘o’ic’o‘c’t‘(’




Neutrino Mass Observables

Normal Inverted Normal Inverted
1005 I I |||||| I I FTrTrrIrTl I ||||||| 1 I 1 1005 1
[ 254 CPV % CPV X
[ — (+4) —® i
..... (+7) e ()
_ o _
- ()
-1 -1
~10F P —
> f Sl
L ot 2
A!D AO i
EU) Eﬂ) |
Sk Y1078
-«
'3 IIIlIIII '3 1 1 lIlllII 1 1 lIlllII
10 001 01 001 01 10 01 | 01 1
mg (eY) Im, (&V)
far future
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Sterile Neutrinos

+ are there sterile states (LSND /reactor/ MiniBooNE, etc.) with mass
Am?2 = eV2 and mixing Ues= 0.1 ?

* would make m.. sum of 4 terms with sterile contribution
| Ues |2V Am? that can cancel almost completely contribution of IH!

« usual pheno completely turned around!

1+3, Normal, SN 143, Inverted, SI

T T T T TTTT T T T T TTTT T T T

10 T IIIIII‘ T T T T TTT1T T T T T 11717 T T T T IIIIII‘
— 3 v (best-fit) — 3 v (best-fit)
---3v(20) ) ---3v(20)

I 1+3 v (best-fit) y Bl 1+3 v (best-fit)

% Barry, WR, Zhang,
JHEP1107
10 000t ool o1 0.001 0.01 01
5 V)
S 200

erner Rodejohann (MPIK)



Non-Standard Interpretations

* There is at least one other mechanism leading to
Neutrinoless Double Beta Decay and its contribution is
at least of the same order as the light neutrino exchange

X/ 1] | ) W

mechanism
dj, UL g uL g ei dy, ur,
e P> > < l > > P>
> . .
e ~ L
dp L UL' ——
. W

X/g' I ur, 0
V% 2 s e

A V2P = .
A X/9 DY SRR

u
|

Werner Rodejohann (MPIK) = GK, 2022



Non-Standard Interpretations

* There is at least one other mechanism leading to
Neutrinoless Double Beta Decay and its contribution is
at least of the same order as the light neutrino exchange
mechanism




Non-Standard Interpretations

* There is at least one other mechanism leading to
Neutrinoless Double Beta Decay and its contribution is
at least of the same order as the light neutrino exchange
mechanism

— need to solve the ,inverse problem”




Non-Standard Interpretations

mechanism physics parameter current limit test
oscillations,
light neutrino exchange |U‘32z m; 0.2 eV cosmology,
neutrino mass
: 2 _ _ LFV,
heavy neutrino exchange ij? 2x 1078 Gev! .
g collider
: 2 _ _ flavor,
heavy neutrino and RHC %— 4x 107 Gev™ * ,O
M; My, collider
flavor,
Higes triplet and RHC ‘—%— 10715 GeV—1 collider
mAR Wn _ . . .
e~ distribution
N flavor,
A-mechanism with RHC LS 1.4 x 1071 GeV~? collider,
WRr e - .
e~ distribution
flavor,
n-mechanism with RHC tan ¢ |Ue;i Se; 6 x 1077 collider,
e~ distribution
A211211 ll'd
short-range R Adysy 7x 1071® GeV~? ccf)l e
Asusy = f(mg, may,mg,, my;) avor
: —13 —2
sin 20° Nia1 13 (m12 o m12 )l 210 GeV flavor,
long-range R ® 11\1, | by lid
collider
~ CEmy 5 1 x 107" GeV—?
) _ spectrum,
Majorons or 2 107%...1
j o) or [(gy) AN

40
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Non-Standard Interpretations

dy > UL d; u, g e; ur
d > > <« > >
- _ . Su ;
dp ‘L . €L ﬂL' —
X/g' I ur, 0
2 i Rl
X \/ig g, -»>- hee }
A" X/3 fem e 0
U X
X/Q‘ it I
eL ei "ﬁvL I
el , 514 €
d ] > > B > > >
dy > R u, dg up d e dg u,

» decouples double beta decay from cosmology and KATRIN

(m)

2
-ASta,nda,rd =G F g

c
VEISUS ANon—Standa,rd — M_g(

Werner Rodejohann (MPIK) = GK, 2022



Non-Standard Interpretations

* decouples double beta decay from cosmology and KATRIN

(m)

2
ASta,ndard =G Fq

d,

V2ghy "‘<

d,

)

Therefore:

T(eV) =

T(TeV)

uL dc

. >

x/g
x/3

- dL

€ ur,

e, dp

c
VEISUS -ANon—Standa,rd = M_g(



Non-Standard Interpretations

d; > > u, UL gy UL e e, dr ug
C

> > <
er up,
V] X/g' vV U, 0
Wi Rl
Nz X \/§Q2UL »=( hee ;
A" x/3 ST SEE
N ~ ug,
: - 4 W
J ei
> > <

C -
dy > — U] u dp ug d e, UL

* decouples double beta decay from cosmology and KATRIN

(m)

_ Y2
ASta,ndard =G Fq

c
VEISUS ANon—Standa,rd = M_j;)(

Therefore:
whe s __ Tests with LHC LEV ete

T(eV) = 1(TeV)



Black Box Theorem

Whatever the mechanism, observation of Ov@ implies
Majorana neutrinos (Schechter-Valle, '82)

%74 %%
E‘u‘ ‘u‘E

is 4-loop diagram = tiny mass (Diirr, Lindner, Merle, 1105.0901)

if you see Ovff: neutrinos are Majorana. If you don’t, you
can’t tell...

Werner Rodejohann (MPIK) GK. 2022



Double Beta Decay and LR-Symmetry

dr, dr, ur, dr UR
> > > |
W Wr
e, €R
N Ri N Ri,
€L €p
W Wr
! >
dr d, UL dp UR
d L ur, d R Up dr
> > ' -
e, €,
W L W R
ﬁgQUL ->- hee \/ngUR ->- hee
o~ op~
Wy i W i
€r, €p
> > > >
dr, UL dr UR di
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Double Beta Decay and LR-Symm

dr

onee: L) the othersREL
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Double Beta Decay and LR-Symmetry

Aype ot my, =my, — Mp/Mp — my, with my, oc Mp

= right-handed neutrinos diagonalized by PMNS matrix!

iR UR 2 2
> > Vi Uz
W A x X

Mi m;

€p : : |
. gl amplitude determined |
R |
by PMNS, but & 1/, My =35.5Tev
> > largest my = 0.5 TeV

dp UR 10—4 o
10—4 0.001 0.01 0.1 1
lightest neutrino mass in eV

normal

again, NH/IH turned around...

Senjanovic et5gl., 1013522



Double Beta Decay and LR-Symmetry

* add Standard and LR-diagram
Barry, WeR,; THEP 1809

& PBeoocd i 2and Tip o 112 Dev, Goswami, Mitra, WR,
PRDS88

* gives lower limit on m,

1029 — — — —_—y EIRAESSS
My,=3TeV 76 Ge L

- Mpy.=1TeV - d :d
28_ > | =
&
g 1077 :'s
2 e N

= 10%.

10_4 ()(X)] 001 : 1

M lightest €eV)




Leptogenesis

y
L g La
a %
f s \
Acemme o A------@ XN mp = My
(mV)(X,B ) \A\ /
L[g B ® . LB
y

| Im [p (y* fy'), ] (MA)2
= —— Mz L= 1+
ST e Z MATY[ffT]+ 2 M;
becomes proportional to:

> | )’]
v,

Rink, WR, Schmitz, NPB97/2



Leptogenesis

Logio Ma [GeV] - NO

2.00 14.0
1.75
1.50- 13.5
" 1.251
co — v vt . —————v———v——v——
O
Z 1.00 13.0
=
o, M, t00 small
a®
©0.75
0.50+ Mg <0V ng #ng™ 12.5
0.25-
12.0

275 —250 —225 —2.00
LOgIO Mee [€V]

Rink, WR, Schmitz, NPB97/2



Colliders and Double Beta Decay

N Ri%
- 31_2
L
dp UR

N
AQIAQ
N

() t-channel production ) s-channel production

et

DOSItron




LHC and Double Beta Decay

Biwal, Bhupal Dev, 1701.08751
Lindner, Queiroz, WR, Yaguna, JHEP1606

58



Complementarity of LHC and Ov[5[3

geﬁ‘

l//~(1,0)

: E‘ | < e o
> _E'_+_1_ W :5_+_1_
d

» LHC preters Ms > M,,

-
o N OB

» LHC has low sensitivity for small M,,

eff
o
oo

g
o
o))

| # include jet-fake rate, charge mis-ID,
02 QCD corrections in Ov[3(3, etc.

* = complementary

Ramsey-Musolf et al., 1508.04444 Hirsch et al., 1511.03945

5%

E



T'eV-scale LNV and Baryogenesis

« HExample TeV-scale Wr: leads to washout in early
Universe via E€R €R <> WR WR and €Rr WR = WR ER,
processes stay long in equilibrium (Frere, Hambye,
Vertongen, Dev, Mohapatra; Sarkar et al.)

* more model-independent (Deppisch, Harz, Hirsch):

£l wash-out:

log 1, I“I-V(QQ—;IH# q9) < 6.94+0.6 (% — ) + logyg OI{'IBIC

/4

would need electroweak, resonant, ARS, post-sphaleron baryogenesis

Werner Rodejohann (MPIK) oL GK, 2022



leV-scale LNV and Baggogenesis

“ Example TeV-scale Wg: leads to wg @Q early
Universe via egr er <= Wr Wr ang Q/‘b@ Q > Wrer;
processes stay long in equilj OQS’QQ%Q/Q Hambye,
Vertongen, Dev, Mohapatra 4 @‘Ci& .\%Q‘ =)

\
. : &
“ more model-indepeng s %
&N
o \@
&% C:b' {:
&Q /CO
81 EN P Q/Q/bv &Q lOgIO FW(QQ—;{E+£+ 24) Z 6.9+ 0.6 (%XV — ].) + loglo GIE_PbIC
q; gs
bs\ f3

Lo
fa

84
would need electroweak, resonant, ARS, post-sphaleron baryogenesis

W Bt (MPIK. 61

¥oisch, Harz, Hirsch):

/i




T'wo Kinds of Double Beta Decay

(AVZ)— (A L+2)+ 26 + 20,

- TWo Neutrino Spectrum
- Zero Neutrino Spectrum
1% resolution

r(2v)=100* T1(0V)

AL =" g ;

0 15
Sum Energy for the Two Electrons (MeV)




New Physics with 2v[3[5

I—Iubble tension and new neutrino self-interactions

NEW 5
PHYS|CS DME—U,0=1O MpuGeVv cr;\

. Early DE,2=1O4,QEDE=O.O>7

: : 4040 : )
L 4 : > 5
Ea r|>/ : : Late
g : : Here :
Planck18+ACDM ®
— Gaia DR2,HST 7 (R18a,b: SHOES)
BAO+BBN 2H ®
® SN la NIR (DJL17,CSP B18)
BAO+ACTPol,SPT,WMAP
——— HOLICOW—4 lenses (Birrer18)
rg+ inverse ladder ®
® R16 (SHOES)
Reanalysis of R’.16 (C16,FK17,FM18)
1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 l 1
64 66 68 70 72 74 76

Hy (km s™" Mpc™")

Werner Rodejohann (MPIK)

LI;SNIC = Gg(Vele)(VaVp),
Lrsr = Gs(Veve) Vavs),

can resolve tension for strongly
and , moderately” interacting v:

Geff: {

Kreisch et al., 1902.00534

(47105 MeV) 2
(89+171 MeV) 2

(SIv)
(MIv)

(extra radiation to modify H, delays
matter-radiation equality, then vSI
to compensate resulting CMB modifications)

GK, 2022



New Physics with 2v[3[5

# 2-neutrino double beta decay only direct probe of 4-nu

interactions:
e e
n Tl
> > ' >
1% P 4 p
Y
14
oM, Gg < Deppisch, Graf,
1 WR, Xu,
A A, PRD102
D P
> > > v
n Tl
e e

64



New Physics with 2v[5[3

“ Strong interactions ruled out by lab experiments,
including double beta decay:

1.2

2vf33
2us1 83

OvS B¢
Ov3 3

Deppisch, Graf,
WR, Xu,
PRD102

0-9.0 0.5 1.0 1.5 2.0 25 3.0
T /MeV




New Physics with 2v[3[5

“ Strong interactions ruled out by lab experiments,
including double beta decay:

6 ® IB)M-2
¥ Shell
A QRPA
5 -

voll tavoreql by copmolog]cal datia

1NN
T

Deppisch, Graf,
‘ 100)\[ WR’ XM,
o PRD102

Gs/(lOQGF)

(N}
T

128 T .
e ¢ FUTe ¥ 0Xe

1sotopes
66



Lepton Number Violation with Dirac Neutrinos

* Many models based on gauged B-L, broken by 2 units,
hence Majorana masses and AL = 2

# can break it also by 4 units, hence AL = 2 forbidden, but
AL =4 allowed!

« example: 3 RH nus with charge -1, an inert scalar x with
charge -2 and a scalar ¢ with charge +4

Vi (0) VR « : .
X X1
| |
- — 4 - + A :
K ==X ()
& X |
VR VR ) ! N

Heecle WR: EPL103

Werner Rodejohann (MPIK) GK, 2022



Lepton Number Violaton with Dirac Neutrinos

Phenomenology: Neutrinoless Quadruple Beta Decay Ov[3[3(

A \
®

Mass

Candidates Qovap Other decays | NA

f0Zr — $$Ru | 0.629 |77 ~2x 1019 2.8
19Xe = B0Ce | 0.044  |7777 ~2x10%] 8.9
L5ONd — 150Gd|  2.079  |7772F ~ 7 x 10'8| 5.6

|

d

d
d

CH
b
y (9

u

u

Heeck, WR, EPL103



Lepton Number Violation with Dirac Neutrinos

week ending
PRL 119, 041801 (2017) PHYSICAL REVIEW LETTERS 28 JULY 2017

S

Search for Neutrinoless Quadruple-$ Decay of 1°'Nd with the NEMO-3 Detector

IOP Publishing | f ¥ @ N

— thSICSWO”d n Magazine | Latest ¥ | People ¥

' particles and interactions

PARTICLES AND INTERACTIONS | RESEARCH UPDATE

v NEMO-3 hunts for ultra-rare beta decay

KA 2N hhin 2N17

Werner Rodejohann (MPIK) 5 GK, 2022



D vs. M with general interactions

+ most general neutrino charged lepton interaction:
LD % » vl [ZFG’(C(L + 5a’i75)€] Rosen, PRIL48
a

+ with usual five possible terms:
[ = {]7 i757 /7'&7 7”757 ot = %‘hﬂu’ ’YI/]}

+ there can be sizable differences for Dirac and
Majorana neutrinos!

Werner Rodejohann (MPIK) GK, 2022



D vs. M with general interactions

£ > E o [(1(Ca + Dain®)]
a

“ 1n general, cross section for elastic neutrino electron scattering:

do G2M —
d_T(V_I_g) — o
do ,_ - GiM _
d_T(V_I—g) 27

1

AEZ(CA—DA—I—Cv—Dv)z—l——

1
C=-—
4

+ For Majorana neutrinos: Cv=Dyv=Cr=Dr=10

A28

C’+QB(

1
2

B=—

o =

1
2 8

T
1_E_,,>+C<

T
1_E_V>+A(

with:

1
CPCT+§(C,%+C§+D%+D§)—

1 — —
L,

] T
L,

2

(C% + C%+ D3 + D) + C3 + D3,

T>2

;

1
2

2

2M EZc;

Werner Rodejohann (MPIK)

(M + E,)? - B2

1
—CgCrp —I—C¢12w +—-DpDp— —DsDT-{—D%

1 1 1 1
(Ca+ Dy —Cyv — Dy) 2—_CPCT+—(C%+C§+D2P+D§)+§CTCS+C%— —DpDr+-DsDr+ D3



D vs. M with general interactions

do G2 M T T\
d—”(me)—G%“M croB(1-L2)4al1-L 2
dT 27 E, E,

+ Rosen introduced a measurable ratio:
P 2(A+2B + O)
P A+C

« differs for Dirac and Majorana neutrinos!
0 < R, <4 (Dirac),
0 < R, <2(Majorana)

Werner Rodejohann (MPIK) GK, 2022



D vs. M with general interactions

0 < R, < 4 (Dirac),

0 < R, <2(Majorana)
+ measure between 0 and 2: can’t tell
* measure between 2 and 4: Dirac!
“ => can only show Dirac nature!

« actually, slightly more complicated than just R,

Wik X1 Yaouna, |FiEI1T705
Werner Rodejohann (MPIK)



1011S

Interact

11

Dvs. Mw

h general

A-C

A

Y_

+ (2

\/A2_|_BQ

R =

Dirac

Y2

2

3

Majorana

<1 and X <0

X)

2X* 4+ (Y

Weizmann, 2020

WR, Xu, Yagquna, [HEP1705

Werner Rodejohann (MPIK)



CHARM-II data

10, .. .. =N WR, Xu, Yaguna,
-0.6 -04 -0.2 00 02 04 056 JIIEP 7205

JWNernerRodeiohann MBI Xpe Giliaiaaae



1.OF™ 7

10 ... =N WR, Xu, Yaguna,
~0.6 =04 —-02 0.0 02 04 0.6 JHEP1705

‘Werner Rodeiohann (MPIK) Xe —



TEXONO data

-0.5+
* Dirac
—1.0*1 IR RN U R N T B WR’ XU, Yﬂguna,
-08 -06 -04 -0.2 0.0 0.2 04 HE 0D

T R L R R o Xee Gikiaidaae



And now
for something
completely different...




Is Dark Matter its own Antiparticle?

“ Dark Matter probably a
particle

8 26.8%

SOy - « natural, yet hardly asked
question: 1s it self-conjugate?

“ determining nature of DM
particle turns out to be
possible with direct detection
only

(However, very difficult....)

Queiroz, WR, Yaguna, PRD95

Werner Rodejohann (MPIK) GK, 2022




Dirac versus Majorana DM

+ ditficult task, need:
* isospin violating DM

* non-zero coupling with p and n of DM particle and
antiparticle

* close density of DM particle and antiparticle
* scalar and vector interactions
* non-zero cross section with p and n

» different ratio of (p,n)-coupling to DM particle and antiparticle

Queiroz, WR, Yaguna, PRD95
Werner Rodejohann (MPIK) GK, 2022



How 1t works:

« If yis Dirac fermion: yP and anti- yP in principle both

present = Dirac-DM has 4 possible interactions:

« yP talking to p, yP talking to n, anti- yP talking to p, anti-

xP talking to n

« It yis Majorana fermion: yM = anti- yM = Majorana-DM

has 2 possible interactions:

e yMtalking to p, yM talking to n
* => Need to show that 4 interactions are present!

* = can only show Dirac nature!
Werner Rodejohann (MPIK) GK, 2022



Dirac versus Majorana DM

» most general SI interaction of fermion y (N = p,n):

gi — )‘Nﬁ szwx &NwN - )\N,o @x%ﬂbx &N”Y'uwN

+ For Majorana: no vector interactions:

M 4"@ M M 2
OSI:T[AP Z—|—>\n (A—Z)]

* For Dirac: particle and antiparticle:

412 1 2

+ N2 Z 4D (A—Z)r)

A = (Ayetdvo)/2and A2 = (\yo—Ayo)/2

Werner Rodejohann (MPIK)

GK, 2022



Dirac versus Majorana DM

* suppose we have measured DM cross section with isotopes X
and Y. Interpreted in terms of Majorana, we have:

2 O

X
M 7z e AM (Ay — Zy)])? =20
[)\p vy + A (Ay Y)] 12




Dirac versus Majorana DM

* suppose we have measured DM cross section with
isotopes X and Y. Interpreted in terms of Majorana, extract
(AM, 4,M): two parallel lines with slopes mx = Zx/(Ax - Zx)

and my = Zy/(Ay - Zy)

* if mx = my: lines intersect at 4 different points
= always consistent with Majorana case!
= need third isotope V:

* hit one of the crossing points of X and Y: can’t tell Dirac

from Majorana

* miss all crossing points of X and Y: DM is Dirac particle!
Werner Rodejohann (MPIK) GK, 2022




10}

[10~° GeV~?]

Ay

-10L,

Xe
\ Ar
\ Si
40% uncertainty in o \
-10 — 0 10

Werner Rodejohann (MPIK)

AJ[107° GeV™?]

Dirac versus Majorana DM

* red and blue lines for Xe

and Ar: cross each other 4
times

» green line for Si: does not

cross other lines in one
point

=> Majorana interpretation
does not work

=> DM must be Dirac
particle

GK, 2022




Experimental Aspects

* need isotopes with different
Z and N = A-Z

« Z/N between 0.65 and 1 for

stable nuclei

» Ar, Xe, Ge too close to each

other

* Ar, Xe and Si or Ca or O

would be nice...

1sotope

Ar
Xe
Ge
Si
Na
F

Z

N
22
77
40
14
12
10
20

110
74

Z/N
0.82
0.70
0.80
1.00
0.92
0.90
1.00
1.00
0.67
07



Statistical Analysis

(do ,realistic” analysis with proper event numbers, experimental details, etc.)

Target Fmin [keV] Enax [keV] Exposure [ton yr]

Xe 5 40 20
Ar 30 200 150
Si 7 100 3
Ge 5 100 3
CaWO, 10 100 3

AL AP
| 3010 5 4 3

Ensemble A; m, =50 GeV

0.6}

Max. significance (x): 4. 00
0.5

F= AP APAD Y P2 £ AP (P2 AP

Werner Rodejohann (MPIK)

~1.00 -0.99 -0.98 -0.97 -0.96 -0.95 -0.94

Ensemble B: Xe + Ar + Ge

Ensemble A: Xe + Ar + Si

Ensemble C: Xe + Ar + CaWOy4

Ensemble D: Xe + Ar + 50% Ge + 50% CaWOQOq4

|A££A?|

30 10 5 3
1.1 T T T T T
Ensemble B; m, =50 GeV
1.0+
0.9
R Ar
~ 0.8 Ge A
B O
0.7 e oo
Xe
0.6}
Max. significance (%): 2.2¢0

05 1 1 1 1 1
-1.00 -0.99 -0.98 -0.97 -0.96 -0.95 -0.94
= OPAZ A APAD) [\ P2 + AP (P2 + AP

30

- 20

lo

Kavanagh, Queiroz, WR, Yaguna, JHEP1710

fix event numbers for Xe
at each mass, parameter
ranges determined

at each point, generate
mock data

fit under hypothesis D
and M, respectively
compare likelihoods

Gikaidaas



Statistical Analysis

100 : ——ry : ——
| Fixed Xe + Ar exposure
m, =50 GeV; )xn/)\pzo. 8 f=—0.995

DM Mass [GeV] 25 50 300 1000
- | A (Xe+Ar+5Si) 280 4.00 490 5.00
z:: ..................................................... :l .......................... B (Xe+Ar+Ge) 1.70- 2.20- 2.70- 2.80.

C (Xe+Ar4+CaWOQOy) 200 240 3.00 290
D (Xe+Ar+Ge/CaWOy4) 3.20 260 290 320

20+

lo}

Discrimination significance

= Sj ]
== Ge + CaWO, |

0.50 . M M .
0.1 1 10 100
Exposure [ton yr]
AP/ AP/ AP/ AP /AP
30 10 5 4 3 30 10 5 4 3 30 10 5 4 3 30 10 5 4 3
1l T T 11— T T T 11— T T T 1.l T T T
Ensemble A; m, =25 GeV 50 Ensemble A; m, =50 GeV 50 Ensemble A; m, =300 GeV 50 Ensemble A; m, =1000 GeV 50
)| -
Si
40 40
3o 30
120 120
0.6
Max. significance (x): 2.80 Max. significance (x): 4. 00 Max. significance (x): 4. 90 Max. significance (x): 5. 00
0.5 ! ! ! ! ! L 11 0.5 ! ! ! ! ! L1 0.5 ! ! ! ! ! L1 0.5 ! ! ! ! ! L1,
-1.00 -0.99 -0.98 -0.97 -0.96 -0.95 -0.94 7 -1.00 -0.99 -0.98 -0.97 -0.96 -0.95 -0.94 7 -1.00 -0.99 -0.98 -0.97 -0.96 -0.95 -0.94 7 -1.00 -0.99 -0.98 -0.97 -0.96 -0.95 -0.94 7
F= AR+ APAD) Y P2+ AP +07?) F=OPAP DA P2+ AP (P2 A7) F=OPAZ+APADI A P2+ AP +0P?) F= OPAP 4+ APAD) A P24 AP (P A7)

Kavanagh, Queiroz, WR, Yaguna, JHEP1710



Scalar and Vector Dark Matter

« Scalar particle ¢, also possible. If complex:

L2 =2AN, M,y ¢ o\ hnihn
+ iAN .0 [CbI( (8u¢x) - (@qu;r) Cbx} &N’)’M»DN

+ if real: ANo=0
“ Again, 4 parameters for complex DM, two tor real

* Works similarly with vector DM

Werner Rodejohann (MPIK)



Werner Rodejohann (MPIK)

Necoel,
Homn.a

e —

Summary

Chi U'ha visto ?

Litore Majorana
MAInNnAarlg 4l nsica
" Univer-

Lk dl Napoll, ¢
m:steriosamente
omparso daglt ul.
mi di marzo., Di
anng 31, alto me-
tri 1,70, snello, con
capelli nerl, occhi
scuri, una lunga ci-
catricce sul dorso di
una mano Chi ne
sapesse qualco=a ¢
Dregato di scrivere
al R. P. E. Maria-
Viale Regina Margherita A8 -

90

GK, 2022



Expectations of lifetimes

NL.
sin® 0, Am; [10° eV
15 T
10_— -1 —
w |
5_ — = —
0_\I.. R N R Vi
0.3 0.7 28 26 24 22 22 24 26 28
Ami2 [10%ev? Am;
15 71T T
o |
5_ —
) AT IR AT IR T i
0.015 0.02 0.025 0.03
sin2913
Experiment Iso. [so. o ROI |erv|€sig & B 3? disc. sens. Required
Mass T2 g | Improvement
kg;s0 VT cts Iso.
kgiso] | [keV. V] | Bk
gl [keV)| ]| (]| 10| [|E ]| [ o] | ]| meV) | Bk o | 0
LEGEND 200 [61, 62] | ®Ge| 175 | 1.3 | [-2,2] |93 |77 119 1.7-10%  [8.4-10%°|40-73| 3 | 1 | 5.7
LEGEND 1k [61, 62] Ge| 873 | 1.3 | [2,2] | 93|77 593 2.8-107%  |4.5-10%"| 17-31| 18 | 1 | 29
SuperNEMO [68, 69] 828e| 100 | 51 | [4,2] [100|16 | 16.5 49-102  [6.1-10%5(82-138| 49 | 2 | 14
CUPID [58, 59, 70] 828e| 336 | 2.1 | [-2,2] |100|69 221 52-10* |1.8-10%7| 15-25 |n/a| 6 | n/a
CUORE [52, 53] 130Te| 206 | 2.1 |[-1.4,1.4]/100 | 81 141 31-10  |5.4-10%|66-164| 6 | 1 | 19
CUPID [58, 59, 70] 130T | 543 | 2.1 | [-2,2] |100]| 81 422 3.0-10*  [2.1-10%7| 11-26 |3000| 1 | 50
SNO-+ Phasel [66, 71] |'*°Te| 1357 | 82 |[-0.5,1.5]| 20 |97 | 164 82-10% |1.1-10°°|46-115| n/a |n/a| n/a
SNO-+ Phasell [67] 130Te| 7960 | 57 |[-0.5,1.5]| 28 | 97 | 1326 3.6-10%  |4.8-10%| 22-54 | n/a |n/a| n/a
KamLAND-Zen 800 [60]|***Xe| 750 | 114 | [0,1.4] | 64 | 97 194 39-10%  |1.6-10%|47-108| 1.5 | 1 | 2.1
KamLAND2-Zen [60] |**®Xe| 1000 | 60 | [0,1.4] | 80 |97 | 325 2.1-10°  (8.0-10%6| 2149 | 15 | 2 | 2.9
nEXO [72] 136Xe| 4507 | 25 |[-1.2,1.2]| 60 | 85| 1741 44-10*  |4.1-10%7| 9-22 |400 [1.2| 30
NEXT 100 [64, 73] 136Xe| 91 | 7.8 |[-1.3,2.4]| 88 | 37| 26.5 4.4-102% [5.3-10%(82-189|n/a | 1 | 20
NEXT 1.5k [74] 136Xe| 1367 | 5.2 |[-1.3,2.4]| 88 |37 | 398 2.9-10 |7.9-10%| 21-49 | n/a| 1 | 300
PandaX-IIT 200 [65] 136Xe| 180 | 31 | [-2,2] |100|35| 60.2 4.2-10%  |8.3-10%(65-150| n/a [n/a| n/a
PandaX-III 1k [65] 136Xe| 901 | 10 | [-2,2] |100]35 301 1.4-10%  [9.0-10%| 20-46 | n/a |n/a| n/a

discovery probability for NO

discovery probability for IO

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

......................................................

Bayesian discovery
probability: discovery
sensitivity (value of m1.
for which expt. has 50%
chance to see it at 30)
folded with probability

......................................................

....................

...........................

-IIIIIIIIIIIIIIIIIIIIIIIIlIIII|IIII|IIII|IIII|IIII_

' ' ' '
ST R R TR ST SRR S SN SR SN T AT SN SR SN S A S N S

I T l T LI T | T I I I l T I I T I T I LI l I T I I
' ' ' . '

distribution of 71,

............................
................
.......................

Agostini et al, 1705.02996;
also Caldwell et al.,
1705.01945;

.....................

also Zhang, Zhou,

' ' ' '
L 1 1 1 | 1 1 1 1 I 1 1 L 1 I 1 1 1 1 I 1 1 1 1

0 1 2 3 4 5
live time [yr]

1508.05472

2 ,



Expectations of lifetimes

NuFIT 3.0 (2016)
15 L I B /L
10|~ . -
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2
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IIII |
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X [eV]

Werner Rodejohann (MPIK)
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0.04 0.06
my, [eV]
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Predicted Half-Lifetime for “°Ge
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Expectations for hali-lifes

ejrzieielzivel

Predicted Half-Lifetime for "Ge

e 1.2
0.4 | J—‘L._LI_ e 1t
l_
el LEGEND (200kg) | '@
JJ LEGEND (1000kg) | ©
o
0.2 | =
(@)
o
0.1
: 0

0 sl e 0 0 0 e 0

T?,Vz [years]

0.8 |
06 |
04 |
0.2}

)

g

yravile

T9), [years]

Ge, WR, Zuber, 1707.07904

Predicted Half-Lifetime for 76G.e
e
|_I_‘ IH e -
J LEGEND (200kg) A
~ LEGEND (1000kg) |
o 1026 10?7 g N0 022

PDF dP/dlogT

1.2

el
0.8 |
06 |

e

0.4
0.2
0

Predicted Half-Lifetime for "°Ge [LRSM-typell]

LEGEND (200kg)
LEGEND (1000kg)

AR |

)
i

NH ——

H — |

i

O e 10—

10 510
T9), [years]

However, most alternative mechanisms unrelated to neutrino parameters...
...thus decoupled from cosmology (and direct experiments)!

Werner Rodejohann (MPIK)

102°

10°

Weizmann, 2020




Nuclear Matrix Elements

G e i s How good are the models?
L NREDF A i : 3 p
ey 2 Example isobaric triplets
- QRPAJy X ] = :
6 - amPATu - within QRPA
" QRPA CH+Ts + v
S BM-2  m 5 1
2 B SM Mi st ] —
< 4 ComstmasTk @ ) azlc =

3

= ;
v =] log f£(EC) = 4.40 + 0.24
i ]
A A 1 10006 log ft(B~) = 4.60 + 0.01
| Y o0t 42
L 3 8s
I ] @v) _
S 5 £y = U'M WRu L
= | _
B | i
48

gs
E257] Ja=| I [rass] I I

Engel, Menendez, 1610.06548

Deppisch, Suhonen, 1606.02908

0
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A A=100, Zy,=42 A=116, Z,=48
1.0 1.0
log ft, v

0.8 loa s 0.8 ogt, &

< 4 < S

> ' > [ y
0.6 i / 0.6 £’

tsey
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log ftg
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Nuclear Matrix Elements

SRR " :
)

84, eff
SRS
T hl T T Ql T

=
[\

=

O from experimental 7, (ISM)

O gine=1.26947%12

m/A from experimental 7,, (IBM-2 CA/SSD)
ogngff e

lachello et al., 1506.08530

2O

Menendez, Gazit, Schwenk,
1103.3622; Engel, Simkovic,
Vogel, 1403.7860

Ov
T% X g,

QUENCHING??

—4

7; | | | | o | 1bc (IArgonlne) §
6 E_ o 1bc (CD-Bonn) _é
g @—@ 2bc (Argonne) E
E = m 2bc (CD-Bonn) 3
5 3 =
5 4 :
2 3 E‘ v‘,"f E
22— ‘,«"/ / 1 -
less quenct
1 / ‘,‘““‘ .
- o than in 2vf3
0" 48 I 76I 82I 96I 100I 110I
Ca "Ge ®se *°zr Mo "’pd (20_30% effect)

+ factin 3 and 2v{3[3
+ truncation of model-space?

also in OvpB3??

g =102 vs. 100 MeV?

higher multipolarities?

two-body currents?

muon capture?

SM vs. QRPA

E



Comparison of Limits

Limit from Xenon is better than limit from Germanium if:

GGe MGe ’

TXe > TGe

10% i ' T ' ' "GERDA 14-03
5 ) / |
: y :

76

(
0
'™
o
Je!
13
1
15
1D
:O_
-
N

EXO-200 (new result)
[ KamLAND-Zen

iy
C:'M
i
iy
o
(]
h

136

05 (P%xe) [yr]

96

6

VIS
GXe MXe

depends on NMEs

for most NMEs Xe better

limit about m,.. < 0.2 eV

means 0.2...0.6 eV for KATRIN

means 0.6...1.8 eV for cosmo




Best chance: Neutrinoless Double Beta Decay

o Z) (L)) ©:5(AZ)— (AZ+2)+2¢e +2 Ve
-

ol =/ AL =0

= Two Neutrino Spectrum
- Zero Neutrino Spectrum
1% resolution

I(2v)=100* T(0V)
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Neutrinoless Double Beta Decay

ac
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first background free result

current limits: Ty = 1026 years
with exposure of about 100 kg - years
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Neutrinoless Double Beta Decay

isotope  FWHM background T, sensitivity upper mg

mass [kg] [keVl  [(FWHM after4yr  limit [meV
in FV € bisotope YT )] [1025 yr] (lowest NME
Ge detectors _ Ge 27 3 S 15 190
Majorana-D Ge 24 3 5 15 190
§ 200 kg Ge 155 3 1 100 75
S LEGEND
: 1000 kg Ge 780 3 0.2 1000 24
VL
190
i iquidnoblegas EXO | Xe 80 88 220 6 240
)
§ nEXO Xe 4300 58 5 600 24
=
loaded liquid 400 kg Xe 88 250 90 6 240
scintilator  KAMUAND. 1.
800kg Xe ~180 250 ~10 50 90
SNO+ Te 260 190 60 17 160
cryo bolometers CUORE Te 206 5 180 9 210
100




New ldea

assume RH neutrinos with mass less than mw (Dib, Kim, 1509.05981):

et ) B (k) e (t,) et )
W K AR e
I\'ID e e+(k2) BNV ﬁM v, (k,)
= e ey W+ — et u-et anti-v,
ARE—0L 2 . i A — )

2ok

hiddenin v. ..
but u comes from
different vertex!

Werner Rodejohann (MPIK) GK. 2022



New ldea

%)
A A A A Ak d A A A A A Y — - 10-1 .
1077 1 10 107"
r
(solid is mult-variate; dashed is cut-and-count)
2 2
_ 6 ‘UN&UNM‘ _ |UNe
s=2x10 5 5y T = 5 -
‘UNe‘ 'HUNM‘ ‘UNM

Dib, Kim, Wang, 1703.01936




Cosmological Mass Limits

—— Lya + CMB
—— Lya + CMB + BAO

—

IIIII

# adding more and more data
sets: breaks degeneracies and
improves limits
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[
T

-}llllllllllll

+ BUT: can introduce

-
Sean
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-------

—02

0.3
systematics? Zm
P15(T+P)+Iensinlg+ext (2.60) — Planck (TT-l-lOWP)
P15 (T+P)+BAO (2.70) E —— Ly-a + H0 _I_E
P15 (T+P)+lensi (2.80) - ]
o ——— - —— Ly-a + Planck (TT+lowP) |-
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P15 (TT) arg
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P15 (TT) £>1000 (3.80) = CMB ACDM+N,_4 ©
P15 (TT) £ <1000 (L50) = HOLICOW 0.96-

= CMB ACDM
= R16 0.95F

P15 (T+P)+lensing+ext (3.00)
——

Bernal, Verde, Riess, 1607.05617

P15 (T+P)+BAO (3.20)
i+7
P15 (T+P)+lensing (3.10)
L ——
P15 (T+P) (3.40)
————
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Neutrinoless Double Beta Decay

aMet background free,
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Unexpected Correlations with other Experiments

viL €iL viL . k V d
d o v eV van
F - RPV SUSY i
N i wi diz RH currents
&S (a) CC s-channel (b) CC u-channel at Icecube .
Ld Vi1, Vi, viL, . ln KATRIN
= ] v+ and in Ovpp :
= dir un. Wp .- and in Ov[33
H\ dir dir  drL 41 R
§ (C) NC s- channel y I(Id) NC u—channe:L dR g
> jc : N
'§ dir dkr  dkr R m
U (e) NC s-channel (f) NC u-channel . §
% 102 i — S¢=10"%, Mj=2 keV =
Q ms =400 GeV E — Sg=10"%, M;=4 keV g
27 — S¢=10"%, M=7 keV =
10 >
L | —~
= : ] R S
Zn‘ | r ] Q
ig 1026 L-emeemceeeeeee . ................ GERDA-I | = kaTAIN ' QH;
? e e
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[ ) - i 3 O
10="% \ ! et EET FUEEERISRERIEREEE R .
0T 0 s 5 :
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Excess events at IC . ek
0vB3B halflife T, for *°Ge in yrs

Werner Rodejohann (MPIK) 15 GK, 2022



D vs. M with general interactions

do _ GyM T T\?
da(u Ty - GrM crol1- Lt Vyal1-L 2
dT 2T El/ El/

“ SM: same cross sections for Dirac and Majorana
(A, B, C)" = ((1+2s7,)%, 0, dsyy) (NC+CC)

+ not the same if other interactions are present!

¢ can extract A, B, C due to different E-dependence

+ can also combine neutrino and antineutrino data

Werner Rodejohann (MPIK) GK, 2022



Experimental Constraints

+ Data available from CHARM, CHARM-II, LAMPE,
MINERVA, LSND, TEXONGO,...

« take data from expt. with best measurement of sin2 Bw

: s e . B s A A : L e B B B B | 0.020 T T
L5 7 > 7 0.015
= 1.0- ® 0 0.010 -
S| E— ? :
I I 0.005 |

: -
705 5
: : 0.000 — _+_ _+
000 o Ob T

0.0 0.2 0.4 0.6 0.8 1. 0.0 0.2 0.4 0.6 0.8 1. 0,003

T/E, T/ E, T (MeV)

CHARM-II CHARM-II TEXONO

vy e scattering anti-vy, e scattering anti-v, e scattering

Werner Rodejohann (MPIK) GK, 2022



Experimental Constraints: GHARM-II

+ CHARM-II: highly relativistic E, = 20 GeV and provide
unfolded differential cross sections:

()i = si]”
X2(Auea Buea C,ue) — Z d 5 + (VM — PM)

g“ .
+=T bins S,

* fit Aye, Bue, Cpe and translate into Xy, Yy for normalization
Ry fixed to SM-value

, : SM prediction
1.5/ 1.5/
i I \ VS.
S I = I .
S 1.0 . S 1.0 best-fit
3 | 4 5 |
3 o 3 o
0.5 0.5/
00;\ . . . | . . . | . . . | . . . | . . . | 00;\ . . . | . . . | . . . | . . . | . . . |
00 02 04 06 08 I 00 02 04 06 08 I
T|E, T/ E,

Werner Rodejohann (MPIK) GK, 2022



Experimental Constraints: TEXONO

+ reactor neutrinos, thus non-relativistic

T; +AT 8 MeV d
“ provide event numbers: Vi = / AT /0 AE,®(E,) 7=(T, E,)
012
2 [N i — IV, ]
X (Aeea Beea Ceea Dee) — Z 5
i=T bins ON,i

@ flt Aee, Bee ; Cee, Dee and tr anSIate into Xee , Yee fOr
normalization R..and D,, fixed to SM value

00201+

0.015 - |
0.010 SM prediction
: ] VS.

0.005 -

best-fit

Event rates (day_lkg_lMeV_1 )

0.000 a—

_0005 T B S A S S S H ]
3

Werner Rodejohann (MPIK) GK, 2022



Experimental Constraints

* Individual Parameters (assuming Dirac):

o . m—— TEXONO
CHARM-II . 5w | ANE1-Ve € SCattering
vyeand anti-vy €| | — 5D, wmm =
scattering 6C, - 6C, m— —
oD, S 6Dy I
5C, N 6Cy N _
6Dp 6Dp I
6Cp 0Cp I
5Ds 6Ds I
s -

] | | | | | | | | | | | | | | | | | | | | | | | | |
-1.0 -0.5 0.0 0.5 1.0 -2 -1 0 1 2

* weak limitson P and S

= T,V and A well constrained

Werner Rodejohann (MPIK) S 200



D vs. M with general interactions

' Dirac vs. Majorana

WR, Xu, Yaquna, 1702.05721
Werner Rodejohann (MPIK) GK, 2022



Future Constraints

* choose points in allowed 90% range, assume uncertainty
reduced by factor 3 and 4, respectlvely

0.5+

-0.5+

-1.0
-06 -04 -02 00 02 04 0.6

fcould prove
Dirac
nature!

e
Majorana

Dirac

" _06 -04 -02 00 02 04 O
Xee



Analysis

Assume Dirac DM and find values of the four interaction parameters
such that data can not be explained in Majorana interpretation

100; ' ' L ' ' . | Tl ' ' “““E 100;:,‘ " “‘““““lx “‘ . “““:- “ ' L ' ' '
| ek - MU.>10% 5 AV o 0 MU>10%
S g Ve - 1% <M.U. < 10% - a0t tR . 1% < M.U. < 10%)
¥ o o B pu e X LT
10} i 1ok’ M.U.< 1%
I?<_=n I?<_n.. ;:{
G L ] B b
i | L] i [
0.1 E E 0.1p
o Y R e e S (R e .01
AR/
Minimal Uncertainty to exclude Majorana particle:
larger than 10%
between 1% and 10% — need partial cancellation between
between 0.1% and 1% proton and neutron contributions to Oiot

of either particle or antiparticle

Werner Rodejohann (MPIK)



Predicting the effective mass

Flavor Symmetry models can not predict masses,
but relations between them:

Normal Inverted

suntule — Flavour symmefry

27RQ

Igtmg=my Ay T (8 10

10°E

Iy WRRIDEI Sy, Ay .

) 1] Y

T3 A4a I 7 :

| My My My 10"k

] :
L1 o

e )

e 10° 501

Barry, WR, 1007.5217
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Scales

* 0vfP standard mechanism: Ty, o 1/ (11,2)
“ 0vpp standard and Weinberg: T, « A2

* 0vpBp and heavy Physics: Ty, o« A10

+ cf. to proton decay with Ty, o« A4

+ cf. to neutron-antineutron oscillation P o« A10

Werner Rodejohann (MPIK) L GK, 2022



Scales

Ovpp standard mechanism: Ty « 1/ (11,2)
“ Ovp standard and Weinberg:
* 0vpp and heavy Physics: Ty o« Al0

« cf. to proton decay with Ty, « A4 XY

cf. to neutron-antineutron oscillation P dliXeY

116




LEV and Double Beta Decay

Nee
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- Werner Rodejohann (MPIK)
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()CD Corrections

d% <d d
(a)

» naive size (as/4x) In (Mw/100 MeV)2 = 10%, true for standard

diagram

* creates in non (V-A) ® (V-A) short-range mechanisms color

non-singlets, Fierzing to singlets gives different operators with
vastly different NMEs

»* = can give etfect exceeding NME uncertainty...

Mahajan, PRL 112; Gonzalez, Kovalenko, Hirsch, PRD 93;

Peng, Ramsey-Musolf, Winsfow, PRD 93
Werner Rodejohann (MPIK) GK, 2022



Connections to Oscillation Experiments

D s o Factor 2 uncertainty of
2 0 g minimal . in IH, mostly
N 1 ég
£ , © from B12
4
0.01 — : : =16 g
0.28 0.3 0.32 0.34 0.36 0.38

sin? 012

Nature gives us two scales

JUNO will fix 812 and remove

/,, \ | uncertainty in value
\ | of minimal .. in IH

sin2 61, = 0.

A NH Lntv centV+1

\ //f\\/,v.\\\ H——- — -4

in? B2 = 0.339
N ’/\" \*/"\ S].n 12 - L

U \ /

_ Dueck, WR, Zuber, 1103.4152; Ge, WR, 1507.05514

EEEEEE
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LHC and Double Beta Decay

- Co;wfiguration 1: E.=60 GeV,P.=0 Configuration 2: Ec=60 GeV, P. = 80%
0.1% MID 1 0.1% MID -
1,000 E 1,000 -
> i > )
S : 3 :
F ]
100 . - = 100 -
Say . Vo : . Sey Vo :
B I | e BB( -
T ) -
vOBR (Kamland) vOBB (Kamland)
10 'I""l""l"" 10 llllllllllllllll'
1,000 2,000 3,000 4,000 5000 6,000 7,000 8,000 1,000 2,000 3,000 4,000 5000 6,000 7000 80
Mwr [GeV] Mur [GeV]
polarization at LHeC
Lindner, Queiroz,
WR, Yaguna, JHEP1606
Wi —— (MPIK 120



LHC and Double Beta Decay

7000
5000 ; .
standard + displaced dlsplaced Vertlces

KS (eejj+ej)

reach

3000
2000

for low masses

1500 standard KS (eej)) (L=300/fb)

»xclusion, 20 CL
000 -
l (CMS)

700
500

300

200
150
100
70
50

my [GeV|

- - = - =

p—J
- - w - - -

30
s ‘ -]
15 e - . »
10

Nemevsek, Nesti, Popara, 1801.05813
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Neutrinos do have mass!

:lk
1/1
W=

;I;/

flavor states,
produced in weak

interaction

(

cos 6
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|

Mixing matrix
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S detector
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&
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Experiment Isotope Techinique Total mass Exposure FWHM @ ()33 Background S (90% «
[kg] kgyr]  [keV] [counts/keV /kg/yr] [10%° yr]
Past Dell’Oro et al., 1601.07512
Cuoricino, [179] 9Te  bolometers 40.7 (TeO,) 19.75  5.8+21 0.153 + 0.006 0.24
CUORE-0, [1580] 9Te  bolometers 39 (TeO,) 9.8 5.140.3 0.058 £ 0.006 0.29
Heidelberg-Moscow, [181]  "®Ge  Ge diodes 11 (°™Ge) 35.5 4.234+0.14  0.06 £0.01 1.9
IGEX, [182, 183] “Ge  Ge diodes 8.1 ("*Ge) 8.9 ~ 4 < 0.06 1.57
GERDA-I, [167, 184] “Ge  Ge diodes 17.7 (™ Ge) 21.64 3.24+0.2 ~ 0.01 2.1
NEMO-3, [185] Mo tracker + 6.9 (19°Mo) 34.7 350 0.013 0.11
calorimeter
Present
EXO0-200, [186] 130Xe LXe TPC 175 (°Xe) 100 89 +3 (1.7+£0.2)-107% 1.1
KamLAND-Zen, [187, 188] '*°Xe loaded liquid 348 (°"*Xe) 89.5 244 + 11 ~ 0.01 1.9
scintillator
Future
CUORE, [189] 9T bolometers 741 (TeO,) 1030 5 0.01 9.5
GERDA-II, [174] “Ge  Ge diodes 37.8 (™ Ge) 100 3 0.001 15
LUCIFER, [190] ®Se  bolometers 17 (Zn®*Se) 18 10 0.001 1.8
MAJORANA D., [191] “Ge  Ge diodes 44.8 (emr/natGe) 1002 4 0.003 12
NEXT, [192, 193] B0Xe Xe TPC 100 (“™Xe) 300 123-172 5-107* 5
AMOoRE, [194] 'Mo bolometers 200 (Ca**MoO,) 295 9 1-107* 5
nEXO, [197] 136Xe LXe TPC 4780 (*™Xe) 12150 58 1.7-107°P 66
PandaX-I1II, [196] 130Xe Xe TPC 1000 (°™*Xe) 3000¢ 12 -176 0.001 11°¢
SNO+, [197] 130Te  loaded liquid 2340 (™a¢Te) 3980 270 2.1074 9
scintillator
SuperNEMO, [198, 199]  ®%Se  tracker + 100 (52Se) 500 120 0.01 10


https://arxiv.org/abs/1601.07512

Nuclear Matrix Elements

G e i s How good are the models?
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Nuclear Matrix Elements
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84, eff
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Cosmological Mass Limits

—— Lya + CMB
—— Lya + CMB + BAO

—
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# adding more and more data
sets: breaks degeneracies and
improves limits
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Neutrinoless Double Beta Decay
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