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Dirac vs Majorana

» Origin of neutrino masses beyond the Standard Model
» Two possibilities to define neutrino mass

Dirac mass analogous to other Majorana mass, using only a
fermions but with ™/,  ~107'2 left-handed neutrino
couplings to Higgs — Lepton Number Violation
<H>-I=\ 7|_<H>
vy o'
— \/ V‘?
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Beta decays

v

Single beta decay

(4,2) > (AZ+1) +e” +7, et S

Allowed double beta (2vBp) decay
(A4,2) » (A, Z +2) +2e + 27,

» Neutrinoless double beta (0vBp) decay
(A4,Z) - (A, Z + 2) + 2e”
> Violation of lepton number
- Mediated by Majorana neutrinos
o Variants
- OvBtBT: (4,2) > (A, Z—2)+ 2e”
- OVBTEC: (4,2)+e > (4,Z-2) +e?
- OVECEC: (4,2)+2e > (A,Z-2)

Majoron-assisted 0vBpS decay
(A4,72) > (A Z+2)+2e” +ny

v

>
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Ovip

4 Half_llfe V_A:I?/:LLV—A -

-1 _ 2 ~ 100 MeV
T1/2 — |m’8’8|ZGOV|MOV| q

Y

uy,

» Particle Physics

& > uy

+m, V(1 +v5)y
Ay =7 ZUeLVu(1+VS)% zyv(l ys) ~ = ; szezimvi - Mgg

4 2
=1
» Atomic Physics Ey NZ=00
- Leptonic phase space G
» Nuclear Physics NZ=ee
. . " B
> Nuclear transition matrix element M% B
1025yr |mﬁ[g| 2
Ty \ eV Q ~ 2—4 Me
t t >/
z+1l zt+2
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Three Active Neutrinos

» Effective OvBp Mass

— 2 2 2 .2 [ 2 [
mﬁﬁ - C12C13mv1 + 512C13mv2€ ¢12+513mv3e ¢13

» Degenerate Regime

0.08

. . P12 I
|mgg| =m,, [1— sin? (26, )sin? (T "KamLAND-Zen upper limit
| Phys. Rev. Lett. 117 (2016) 082503

» Uncertainty from
unknown Majorana

phases
» Accidental cancellation i 7
for NH possible ” R i
0.15 0.20

Zcosm [eV]

Dell'Oro, Marcocci, Viel, Vissani,
Adv. High Energy Phys. (2016) 2162659
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Three Active Neutrinos

» Experimental Sensitivity

"_|\ 10 T LB BLELL] LI T 'I',rIIII
x E
= F F
S i
» OF 3
5 E E 4
o Sl [ 4
5 10°F 3
o C :
o C X
g 10°F 3
Ne) = =
) C [
>
g 107°F 3
c = =
@ - 2
n 5 B
10° - ;
102 10° 10* 10° 10° 10? 10° 10* 10° 10° 102 10° 10* 10° 10°
sensitive exposure for Ge® [kgiso yr] sensitive exposure for Te'* [kgiso yr] sensitive exposure for Xe'*° lkg_ 1l

Agostini, Benato, Detwiler
arXiv:1705.02996
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Light Sterile Neutrinos

» Effective OvBp Mass

— 2 A2 2 .2 i 2 i(p13—26 2 i
Mgp = C12C13My, + S12C13M,,, € P12 +S13m,y e ($13-20) 4 S1aMy, € P14 4 ...

143, Normal, SN 143, Inverted, SI
0
10°
» Dependence on new mass, gpeuuman A Qs
F == 3vilg) ——-3v(2g)
mixing, p h ase e e
. 10!
S
)
5 o Ay
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4.5 el NSM; a=B=0; y=n 10°
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351 % 1 10—
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S sin°20,, = 0.09 e —
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Heavy Sterile Neutrinos

» with mass larger than = 100 MeV

l
ep Z Vel )/”(1 + VS)

/i+M )/(1 Vo) ~ V(L + ¥l Ve ‘<1
2 v -

» Nuclear matrix 1
elements change

> Short-range 001

OperatOr 10—4,
» Many other probes [*Z |
Ny
dy —— > by, 10°3¢
‘;{LL-V—A _ o
- L 10—10
q ~ 100 MeVX My
> eL_ 10—12 e
1 1 10 100
FFD, Dev, Pilaftsis,
“ | |New J.Phys. 17 (2015) 075019 My (GeV)

Frank Deppisch | Ovpp Overview | 19/07/2017



iy

University College London

Nuclear Matrix Elements

» Hadronic current IB NCSM
LM B |\/|IBM-1
(@) = gyy* = gar*y® + 5 —0"q, — gpy°q" E[%SIS IMSRG
my HFB CCEI
. SRPA® (o
» Nuclear Matrix Element M% N abinitio
A ABM-2
M™" =g\ Mgr ——5 Mp + Mz ROQRPA
A
8 L
> Many-body problem E Reor M . a o E
- Factor 2 - 3 uncertainty b oea . \as N ]
between nuclear models BT Ry x : v
\ initia ina = o ] SMI;‘Ii P— m A - ]
) initl ) fina i) i) 25 4 Ly — o n v L v N
............ "ol TRV 3_ v 0:: = . : o -
n Joj n p n p oL A x ° A
. T =z
: T 2 .
V) TA V) /L\‘ pgsf;]ellllorl;i_tf oL | L L1 \ [ |
B - ---- - e LR 48 76 82 96 100 116124130136 150
oo N e U= al., Phys. Rev.| [Menendez, arXiv:1605.05059 A
& 2 i Lett. 116, 112502 Frank Deppisch | Ovpp Overview | 19/07/2017




Nuclear Matrix Elements

» Heavy Neutrino Exchange
> NMEs less uncertain?
> Talk by J. Menendez at INT Seattle

MON

250 |-

200

150

100

50 |-

- n w B )] ()] ~l
Il

- EDF
- | @ shell model
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| |

Menendez to be submitted :

Song et al. PRC95 (2017) 024305
|| | || |

76 82

96 100 116 124 130 136 150

500

400
300

200 -

100

-Neacsu et al. (2015) PRC100 052503 — 5 -2
I °® ® QRPA-y
mmm— QRPA-Tu
® ¢ ISM-StMa
m— [SM-CMU
°
_ & I I . ¢
: ¢ I I | | o |
:IQI I
48Cgq 76Ge 82G@ 124G 130Te 136X

Frank Deppisch | Ovpp Overview | 19/07/2017



Quenching of g4?

» Nuclear matrix element
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2
9v

MOV = gi (MGT _?MF + MT)
A

» Axial-vector coupling g4
> Free nucleon: g, = 1.27

> Comparison of 8 and
2vBp decay with theory:
ga~ 0.6—0.8

- If applicable to 0vpp,
reduction of sensitivity

> Genuine effect or
short-coming of models?

value 1.2r O from experimental 7y, (ISM) 0 g4=1.25A7%12 -

C :\/551)) °® ga= 1 .25/4_0']8 ]

- W/a from experimental 7,, (IBM-2 ¢

=
|
= L
o 06
04/
Ca Ge Se ZrMo Cd Te Xe Nd
02
().() L L L L 1 L L X i 1 L 1 1 ]
40 60 80 100 120 140 160
lachello ‘16 Mass number

gs
log ft(EC) = 4.40 + 0.24
100Mo log ft(B~) = 4.60 + 0.01
i 42
t7y) = (7.1 £ 0.4) x 10'%y 100Ry

0gs
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Quenching of g4?

2.0

» Comparison with measured
single beta / electron 15
capture rates -
> Fit of model parameters g, 2 0

and g}, (per even-even

ISOtOpe) 0.5 100010 = 190R, \

1907 - %Ry

1907 5 %Mo

6147
log ft = 10810(f0t1/2[5]) = log, B
¢T FFD, Suhonen,| g0

Phys. Rev. C 94 0.2 0.4 0.6 0.8 1.0

2 (2016) 5, 055501 9o
Ber = J4 |MGT(.gpp; gph|2
2] +1 1+
128
128] seBa
53

¥
: és / Ogs  (opp.9pn)y,
e/ seCs
1+
Oés (,dpp:yph).[‘e gs
128%

08s  (90p9ph)y,
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Quenching of g4?

» Comparison with measured i
single beta / electron _w /Og—f)
capture rates wre [/ ° \ e
> Fit of model parameters g, |™ ()\ 128 / g

and g}, (per even-even % lman
isotope) ' ' ' | '
- Taking into account all | 14 *i '
isotopes 1.0} |
- Comparison with 2vBg | 4 ,* l |
> Quenching of g4 Sosl : "L w [ *
(mass number | 41 i !
dependent), 0.4f l l ¢ l“
including large 0.2l :
errors
0.0}
60 80 100 120 140
A

FFD, Suhonen, Phys. Rev. C 94 (2016) 5, 055501
Frank Deppisch | Ovpp Overview | 19/07/2017



iy

University College London

Quenching of g4?

» Single beta / EC / 2vBp
analysis relevant for 0vgg?
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Quenching of g4?

» Single beta / EC / 2vBp 3)
analysis relevant for OV,B,B7 Virtual ng)) transition
—,
Unclear! Y
o ?
(1)
A\ f(1+) _
» Processes different at — 17—
nucleon level -
» Probing different transitions
y
» Incorporate more 0
experimental information m .
o i i 0
Higher, forbidden beta decays 76 G 760 766

> Charge exchange reactions
Muon capture
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Quenching of g4?

) Slngle beta / EC / 2vpBp Virtual 3) transition
analysis relevant for 0vpg? \ @)
A ah
Unclear! e
— )
./ @)

» Processes different at
nucleon level

» Probing different transitions

» Incorporate more — 2
experimental information m
> Higher, forbidden beta decays | - 76 T
: Ge As Se
> Charge exchange reactions
Muon capture

0+
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New Physics and Ovgp

» Plethora of New Physics scenarios W, i

. f N
d u S e Z, )
v 1 eR

W Lyea - ‘l:Vj:B‘ +A

= eR -
V—A
A — X my - : u
e > e A > ug
Z‘?\YFWA .
o VA - We €p

d u dy > Ug o
Left-Right Symmetry Ry ]
W; g

2
-1 _ 2 ov ov
Ty = ENPGNP|MNP

Y
y

Y

V+A

dR > > g
dy, wr,
e -
W e
[é . >
> Loy Extra
| .. || Dimensions
Ve R ~ g
X/g :
o= N Majorons
L X/g
P -T, ur,
b ’ up, hL Leptoquarks
. 1
— -t -
R-Parity| . .

Violating SUSY
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New Physics and Ovgp

» Plethora of New Physics scenarios W, i

. f N
d u S e Z, )
v 1 eR

W Lyea - ‘l:Vj:B‘ +A

> e 1
V-A
A — X my - : u
e > e A > ug
Z‘?\YFWA 7
dy . V+A _ W g

d U _ " S
Left-Right Symmetry Ry ]
W; g

2
-1 _ 2 ov ov
Ty = ENPGNP|MNP

Y
y

Y

V+A

dy > > g
dyp, 1753
] ] — T
» Neutrinos still w
- - T -
Majorana - “liy Extra
. .. || Dimensions
Ve A X/§ _
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T - ’ u,
¢ b b up, + i Leptoquarks
R-Parity| , —<————
Violating SUSY
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New Physics and Ovgp

» Examples in Left-Right Symmetry —

Y

Hy Xmy

d u di{ > V+A"L—Z7’ , R e
W Lyea - iyi;sl@vm > R

e N = u
 m— K my t
e = e

3

H‘/Q V+A

d dy > V+Arj\rr & Hy Elgi-jll - z UelWel tan (W
u 3 . =1 10_9
m, m
_ 2 RRz _ 2P "W ~
Ti/s = €npGRp| MY €5 = 2 Vei———3 (A/10 TeV)3
i=1 N Wr
1078
» 0vBpB probes (A/1TeV)3

the TeV scale
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New Physics and 0vgpf

» Examples in Left-Right Symmetry

d u
e
e
d u
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2
-1 _ 2 ov ov
Ty = ENPGNP|MNP

» OvBB probes
the TeV scale

dy — = up
W lyoa e
Xmy
d;f - V"‘A"L_ZL L= Hp CW ><m;\-" - .
W, Ly N e 4 V+A R
_ V—A _ u
X my i i -
IKR‘S‘S\\H—A > el; V+A
dy — VA & Hy EV—A - eiWei tan (W
3 4
RRz _ 2 Mp My, ~
B Vei my ma
i=1 N w
1078

~ (A/1TeV)s

Modified angular and energy

distribution of emitted electrons
(Doi et al. '83; Ali et al. '06)

FFD, SuperNEMO,
Eur.Phys.J. C70 (2010) 927)

0.0
00 02 04 06 08 1.0

|At ]
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Disentangling 5
New Physics Contributions

» Angular and energy distribution of emitted electrons

(Doi et al. '83; Ali et al. '06; Arnold et al. '10; FFD, Jackson, Nasteva, Soldner-Rembold '10)

University College London

ar =£(1—k(E E, )cosf), —-1<k<1 1>
dE, dE,,dcos® 2 17 € ’
: : 410
o Linear in cos 6 =
S
° k(E,,,E.,) depends on 0vff mechanism 05
L] &8 1= _ 0.0
§ Mass Mechanism § i Right Handed Current 0.0 0.2 0.4 0.6 0.8 1.0
w Bl reorctical distribution o [ Il theoretical distribution A
0.87 l:l Reconstructed distribution

I: Reconstructed distribution

0.6

0.4

0.2

0

—l 11 | 111 ‘ L1l | 111 l 111 ‘ 111 | 111 ‘ 111 I 111 111 | 111 J 111 ‘ L1l | L1l ‘ L1l I 111 J 111 111 | 111
1 -08-06 -04-02 0 02 04 06 08 1 -1 -08 -06 -04-02 0 02 04 06 08 1
Cosine of angle between electrons

Cosine of angle between electrons
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Disentangling
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New Physics Contributions

» Angular and energy distribution of emitted electrons

(Doi et al. '83; Ali et al. '06; Arnold et al. '10; FFD, Jackson, Nasteva, Soldner-Rembold '10)

dl’ I

dE. dE.,d cos® )

= _(1 _ k(EelyEez) COoS 8), —1<k<1 1.5

o Linear in cos 6
° k(E,,,E.,) depends on 0vff mechanism

0.0
00 02 04 06 08 1.0

|At |

2 0 2 4
A[1077]
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Disentangling *UCL
New Physics Contributions

» Angular and energy distribution of emitted electrons
(Doi et al. '83; Ali et al. '06; Arnold et al. '10; FFD, Jackson, Nasteva, Soldner-Rembold '10)

ar r 1.5
dE,,dE,,d cos§ 5 (1= k(Ee, B, ) cos0), 1<k <1
o Linear in cos# %1-0
° k(E,,, E.,) depends on 0vBp mechanism 05
0.0 > 7
> Comparison of 0vBB in multiple isotopes 0.0 02 0. IAIIO'6 08 1.0
(FFD, Pas PRL 2007, Meroni et al. 2013) m—
> Depends on 0vBB mechanism 80% —60% —40% —20% 0 20%
> Independent of details of use A x| m —
new thSiCS %Mo * DEl A O msusv-e
(if one mechanism dominates)| e A wswns | A R
1306 A N A gLRM
Tl/Z(X) G(Y)|M(Y)|2 B36xe B A 333%4k * R (10Gev™)
Tp00)  GXOMEOP || "Nae  om | e
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OvBp vs LHC

» Example of Left-Right Symmetry

(Mohapatra, Senjanovic ‘75)

10!

s

LHC #ijj

[
S
[

LHC displaced vertex

\

E RE~W |

9
1075 [o y
(Y K VA g “r
107} |5 T ';Vl;LLVM g o
10—7 1 u | | | | 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 Xmy
Helo, Hirsch, Phys. Rev. - e,
D92 (2015), 073017 mygr(TeV) Z;UJ‘M ®
d o VA .

Uup
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OvBp vs LHC

10%

» Example of Left-Right Symmetry ol
(Mohapatra, Senjanovic ‘75) 0

> Correlation of contributions, e.g. S
Seesaw Il dominance with m, o« My L

10
FFD, Hati, Patra, |

1024{

Pritimita, Sarkar ‘17 1075 107* 0.001 0.01 0.1 1
104 [T T T T T mlightest [CV]

103. d A “r

7V:7'7<L._ P

10% s my

] S‘ 10l W, §OViA ’ €r

z 10 S .
1 N 1 3 E

§ dy o + o u
T95<10% yr o ’

0.1} - g o

mysT -Z-_<

1072} ﬂm%‘ : we o
P V+A u
107°L T - .

104 102 102 01 1
ms; [eV]

1075
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Quadruple OvBBApL

» (A,Z2) > (A, Z+4) + 4e” d 5 y
» Possible for new physics w L (/Lg/? .
violating lepton number AL = 4 ) ; ]
(Heeck, Rodejohann, EP Lett. 103 (2013) 32001) A ,
» Dirac neutrinos despite ’ o0
lepton number violation ] L$ 5
d u

» Challenging to probe

Heeck, Rodejohann,
EP Lett. 103 (2013) 32001

T10/1/24B A 4 A

~ 1046 [ > 3

TZVZB ~ 10 TeV > 120 E 0v23
1/2 NEMO-3 2
A

21203
(0]72%]
Qovap Qov2s Ene’rgv
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Baryon Asymmetry
Generation and Washout

» Classic Example: High-Scale Leptogenesis —\
L

- Generation via heavy neutrino decays

- Competition with LNV washout processes "
> Conversion to baryon asymmetry N N
- EW sphaleron processes at T = 100 GeV H L
+ Observed asymmetry H H
o= /

Np —Np
My = —— = (620 + 0.15) x 107
14

» What if we observe lepton number
violating processes in Ovvp?
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Baryon Asymmetry
Lepton Asymmetry Washout

» Compare 0vgBp rate with N FFD, Harz, Hirsch, Huang, Pas, }
lepton asymmetry washout 1014?‘ A Phys-Rev. D32 (2013) 0360054
in the early Universe I

-A
future

1012 .
» Observation of lepton r eurrent
number violation 107
- gives information at what 3 0)Y/5764 LFV :
temperatures operators 10°% E
are in equilibrium ] Brie 2 Ry e)!

> corresponds to highly 106? l
Br(z — ¢y)

effective washout I, /H > 1
> can falsify high-scale LHCreachH [I
102—EWSCale “

T [GeV]

104

baryogenesis scenarios

05 07 09 Oll O,uey Orfy O,ueqq

Frank Deppisch | Ovpp Overview | 19/07/2017



iy

University College London

Conclusion

v

Neutrinos much lighter than other fermions
> Dirac or Majorana? Lepton Number Violation?
- Mechanism of neutrino mass generation? At what scale?

OvBp is crucial probe for BSM physics
> Discovery - Majorana v = Physics near GUT scale? LNV @ TeV?
> Exclusion - Dirac v? 2 Fine-tuned SM?

v

Challenging nuclear physics
- Effort to calculate NMEs from first principles
> Quenching (if any) needs to be understood quantitatively

Strong Synergy with LHC+LFV searches

> LHC can deep-probe anatomy of 0vBB LNV operators
> Observation of LNV+LFV would strongly constrain baryogenesis

v

A 4
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