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Motivation

* Neutrinos — the missing piece in the puzzle

» Atight link to the matter-antimatter asymmetry?

Dim-5 neutrino magnetic moment

* Coherent elastic neutrino nucleus scattering
* Photon emission off Primakoff up-scattering

* Implications on Majorana vs. Dirac neutrinos

Dim-7 and 9 lepton number violating interactions

* Constraining LNV with kaon decays

* Complementarity of neutrinoless double beta decay and LHC

* Implications For baryogenesis
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2015 NOBEL PRIZE |

Neutrinos — what do we know?

Arthur B.
MeDonald

REUIRNO OoLLLaTONS

PARTICLE DETECTOR

NEUTRINO PRODUCTION
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41F

P(v, — vg) = sin” 20 sin*

Neutrino oscillations require massive neutrinos.
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Neutrinos - what do we know? 2015 NOBEL PRIZE

 Neutrinos in the Standard Model are massless

* Neutrino oscillations require massive neutrinos

Arthur B.
MecDonald

Am3, ~ 7.59 x 10™°eV?

NEUTRINO OSCILLATIONS
Amgg ~Y Am%l ~ 2 .3 X 10_3€V2 The discovery of these oscillations s have mass.

hows that neutrinos h

Normal hierarchy Inverted hierarchy
* Normal vs. inverted hierarchy o — vz m—
[ Amioi
2 —I:-
* Neutrino mixing AmZ,,
M e Am?
Ve ]/1 [:| I/.u atm
vy | =Upuns | 12 ! T
Vr Vg Amgn.‘!
I 1 vz N

How do neutrinos get their masses?
What nature do neutrinos have? Are they their own anti-particles?
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Right-handed Neutrinos (RHNSs)

Leptons

2.4 MeV 1.27 GeV 171.2 GeV
3 l l 75 C % -t
up charm top
4.8 MeV 104 MeV 4.2 GeV
-5 d -5 S - b
down strange bottom

electry AN sterile
neutr/ /N0 neutring

neutriy /10

sterile E
neutrino

neutrino

0.511 MeV 105.7 MeV 1.777 GeV
. . Al
electron muon tau

Right-handed neutrinos could explain the neutrino masses.
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Neutrinos - Dirac or Majorana?

Dirac mass Majorana mass

Yy, LeHUVRr D mpVL VR mM?Rvﬁ

- higher dimensional operator

~ lepton number no accidental my VLV LLHH
symmetry anymore

not at tree-level within ~ dim-5 Weinberg-
the SM possible operator

— Lepton number violation (LNV)

X(H)
Vi __,__YV VR : — (sz\ ;JSH)
i " vy \r'\'
| YV Vi
(H)X ——
VL
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Why is there more matter
than anti-matter?
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How big is the baryon asymmetry?

Quantum
Fluctuations

se

1

on Begins )
Modern Univer

'y
1

,,,,,,
&

Radius of the Visible Universe
__ N_'uclsa‘r' Fus

Dark Ages
« First Stan_'s &"Galaxi_es Form

0 10-% 1us 0.01s 3 min 380,000 yrs 200 Million yrs 13.8 Billion yrs

BICEP2 Collaboration/CERN/NASA

NS = (6.09 & 0.06) x 10710
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Why do we need new physics?

Theoretical conditions that have to be fulfilled (Sakharov conditions):

D B-L violation L<

B
. N < N

D C and CP violation % .
B B
L L

D departure from thermal equilibrium L< > >7N
B
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Basic principle of standard baryogenesis

baryon baryon
asymmetry asymmetry

washout generation

(BNV) (CPV, BNV, OOE)
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Basic principle of standard leptogenesis

lepton lepton
asymmetry asymmetry
washout generation

(LNV) (CPV, LNV, OOE)

lepton
asymmetry

SM processes Q

Julia Harz
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Basic principle of standard leptogenesis

Neutrino mass generation
mechanism?

lepton lepton
asymmetry asymmetry
washout generation

(LNV) (CPV, LNV, OOE)

lepton
asymmetry

SM processes

baryon
asymmetry
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Effective Field theory For neutrinos

* Above the EW scale, interactions can be described by the Standard model effective Field
theory (SMEFT)

LsMNEFT = LsM4N + Z Z Ci(d) Oz(d)

i d>5

- Below the EW scale, interactions can be described by the low-energy effective Field theory

(LEFT)

I/J/F

\4
oqu 1=
qul

S
OqN 1=

ONNF =

qVN 2 —

qN2

qN_

LINEFT = La<4 + Z Z Cf,,((j; ,dL)

ql

vCo,v)F* + h.c.
GEan) (0N + .
ara1) () + hec.
arqar)(NCN) + h.c.

QRO ‘“’qL)(J/CJWV) + h.c.

2 D

(
(
= (
(
= (

(NCo,, N)F* + h.c.

= (GRYuqr) (VO N) + hec.

= (@zqr)(vCv) + h.c.

= (@zqr)(NCN) + h.c.

(qrotq )(NCUWN) + h.c. .

Lepton number violating (LNV)

i d>5

O,NF = VO )F‘uy-f-hc

(v
= (qzvuqr)(vv) ,
qu = (qLvuqrL) (NY*N) |
qul = (qzqr)(VN) + h.c.
Opn = (Gzo™™ QR)(VU,WN) + h.c.
Opo = (TRVuar) ("V) |
Oyx2 = (@RYuar) (N1*N) |

qum (qrqr)(PN) + h.c.

Lepton number conserving (LNC)

Here, L(v) = L(N) = 1.

See e.q. Li, Ma, Schmidt (2020)
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Outline

Motivation

* Neutrinos — the missing piece in the puzzle

* Atight link to the matter-antimatter asymmetry?

Dim-5 neutrino magnetic moment

* Coherent elastic neutrino nucleus scattering
* Photon emission off Primakoff upscattering

* Implications on Majorana vs. Dirac neutrinos

Dim-7 and 9 lepton number violating interactions

* Constraining LNV with kaon decays

 Complementary of neutrinoless double beta decay and LHC

* Implications For baryogenesis
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Dim-5 transition magnetic moments

LD MSNDQLUMVPRNF“V + h.c.

107°

BOREXING | MiNiIBooONE I
h IcECUBE

~

10—10

107

Neutrino magnetic moment [p5]

1012

1072 107! 10° 10! 102 10°
Right-handed neutrino mass My [MeV]
Brdar et al. (2021)
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Dim-5 transition magnetic moments

LD MSNDQLUMVPRNF“V + h.c.

[1/“ coupling only]

-8
10 AQXWAD
15 EI
BOREXING | MINIBOONE .
R IceCUBE

10710

107

Neutrino magnetic moment [p5]

1012

1072 1o 10° 10 10? 10°
Right-handed neutrino mass My [MeV]
Brdar et al. (2021)

What can we learn from coherent elastic neutrino nucleus scattering?
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Window to new physics: CEVNS

Coherent elastic neutrino-nucleus scattering:

vA — VA

recoil
Postulated in the standard model in 1974 by D. Freedman energy

PHYSICAL REVIEW D VOLUME 9, NUMBER 56 1 MARCH 1974

Coherent effects of a weak neutral current

Daniel Z. Freedmant
National Accelerator Laboratory, Batavia, Illinois 60510

and Institute for Theoveticah Physics, State University of New York, Stony Brook, New York 11790
(Received 15 October 1973; revised manuscript received 19 November 1973)

If there is a weak neutral current, then the elastic scattering process v + A —v + A should
have a sharp coherent forward peak just as ¢ + 4 —e + A does. Experiments to observe this
peak can give important information on the isospin structure of the neutral current. The

experiments are very difficult, although the estimated cross sections (about 1073 e¢m? on Our suggestion may be an act of hubris, because
carbon) are favorable. The coherent cross sections (in contrast to incoherent) are almost & A . 7 A -
energy-independent. Therefore, energies as low as 100 MeV may be suitable. Quasi- the Tnevﬂ:able constraints of interaction ra?te, res
coherent nuclear excitation processes v + A — v + A*provide possible tests of the conservation of olution, and background pose grave experimental

the weak neutral current. Because of strong coherent effects at very low energies, the difficulties for elastic neutrino-nucleus scattering.
nuclear elastic scattering process may be important in inhibiting cooling by neutrino

emission in stellar collapse and neutron stars. We will discuss these problems at the end of this
note, but first we wish to present the theoretical
ideas relevant to the experiments.
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Window to new physics: CEVNS

. v v
Neutrino energy for coherence: \\/

1
1
hc A
E, < R_N - O(5OMeV) i gh
Cross-section of CEVNS in the Standard Model:
G L ---- ¥Cs CEWNS —— Pb v, NIN total
do fy— 27| CEYNS =~ eeeees Pb v, NIN 1n
— L E2 . (1 + cos 0) 105 Y —— Pb v, NIN 2n
dQ 167-‘- v E = __,_“._.-__-4,-_,-‘.-.,'.r.f.f-?v-‘A:.'..'..'..'..'.-'..'..-..'..-..-.r..-..-..-'.-.:r--‘
o o Vg€ ,.‘,-A.":,-.r..-..'-»'-’-" """""
(N — Z(1 — 4sin”® 0w ))? - F(Q?) € 1 o i
3 E .-"""'"""”_‘:::. RO T L
Maximal nucleus recoil energy: §10_2:_
max 2E3 107 ;7/ ---------- °' ...........................
Er = M ~ O(keV) : o ColH___ERﬁNT clollabPrati?n etlal. (2917)
A 51 1101 i) I1sl 11 1201 11 1251 L1 Iaol L1 l35] L1 1401 LA l4sl Ll I50l L1 l55
Neutrino Energy (MeV)
Emmy . .
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Window to new physics: CEVNS

Neutrino energy for coherence:
Aq . ARN < 1

h
E, < % ~ O(50MeV)
Ry

Cross-section of CEVNS in the Standard Model:

T.Lasserre

do
E2 14 cos6 =
0 ~Tor ( ) ]
(N = Z(1 — 4sin? 0y))* - F(Q?) 5
W s ‘é
Maximal nucleus recoil energy Ex\'.\'emecz\e“e‘gy.g | R
pucteus ™ g :T o
2 2 =107} i =
pmax QEV ~ O(keV) \_\“bﬂs o smax C M+ 2E
" M A 107 1‘0 2;0 !;O 40 50 60 70 80 90 100
Neutrino energyE [MeV]
Julia Harz Novel ways to probe effective neutrino Tl_m
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2017: First observation of CEVNS

Fluorescent or

COHERENT Experiment @ Spallation Neutron Source (SNS) | R
at Oak Ridge National Laboratory

A w 30 | Beam OFF Beam ON

2 15 +

+ b

R OIS

3R 5 15 25 35 45 5 15 25 35 45
B L 60 . — Number of photoelectrons (PE) . —

e SPOTTING A

5 o) \

“_15 e“‘o

Arrival time (us ‘em 3 to
- ‘st meas“fo‘med in
F“ o M t‘a“s.
u\.\\\b“s ‘ea\.\ty

Accelerator neutrinos:

e- and p-flavor (anti-)neutrinos
E, < 50MeV E, < 0O(10)keV

close to decoherence
Reactor neutrinos:

\
B, < 0(100)eV single e-flavor antineutrinos . c\\a\\e“ge

o
E, < 10MeV ubris L —
fFull coherence NeX
. nu/cleus
\\_7_ S EXPER
Nowtrer. B Julia Harz Novel ways to probe effective neutrino Tl_m 21
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Landscape of new experiments

Figure: M. Vivier

EUROPEAN -
) | spaLLATION -
SOURCE

nu/cleus | = - |

o7

RIC®ECHET-

. Lo; Alamos

(CCM)

Huge variety of detection
techniques !

New experimental field connecting DM and ¢
(reactor) neutrino physics communities !
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Landscape of new experiments

2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030's
Reactor Newirino Sources

BG studses

X — Observation!

XENON@SNS
JCCM - 15t detector
- 2nd detecto
SB Solar Newtrinos
Xenon NT
L7
SuperCDMS
Darkside-LM
Atmospheric and Diffise Supernova Newirino Backgrouind
DARWIN | | | |
Galactic Supernova Newtrinos Only
Darkside-20k
ARGO

Figure: Phil Barbeau
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Landscape of new physics

Plethora of theoretical efforts to identify new physics with CevNS:

Neutron radius, Caddedu et al. (2017)
Link to Dark Matter, Brdar et al. (2018)

CEVNS and neutrino oscillations, Colama et al. (2017)

Neutrino magnetic moments, “o-mas o ol

1% (2015), Miranda et al. (2019)

CP-violating vector mediator, Sierra et al. (2019)

energy

Form Factors, Nuclear physics, Amanik + . . .
McLaughlin, K. Patton et al. (2012) Light mediators, Billard et al. (2019)

Neutrino non-standard interactions, Lindner et al. (2017), Bischer et al. (2019)

Supernovae dynamics, Wilson et al.

References exemplary, non-exhaustive
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Probing neutrino magnetic moments with CEVNS

Y Y 8
Vo Hvavg Vg Vo HvN N N/ HN'N N
active neutrino magnetic moment Active-sterile transition neutrino sterile neutrino magnetic moment

magnetic moment
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Probing neutrino magnetic moments with CEVNS

Y Y Y
v, Hvovg Vg Vg, Hv N N N’ HN'N N
active neutrino magnetic moment Active-sterile transition neutrino sterile neutrino magnetic moment

magnetic moment

LD ,LLSNEQLUMVPRNF“V +M?V/NN’UMVPRNF“V + h.c.

Julia Harz Novel ways to probe gﬂ‘ectlve neutrino Tl_m 26
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Probing neutrino magnetic moments with CEVNS

LD ,LLSNDQLJMVPRNFMV —|—,LL?V/NN/O'MVPRNF’LW + h.c.

Dirac: Vo = VoL + VaR Dirac; N = Np + Nr

Majorana: V. = Vor + V5, Majorana: N = Nj + Np

For scales much larger than the light active neutrinos m, < E,, rates are identical for
Dirac and Majorana active neutrinos —~ agreement with Dirac-Majorana confusion theorem

— How can we distinguish Dirac vs. Majorana right-handed neutrinos (RHNs)?

Novel ways to probe effective neutrino Tu."
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Probing neutrino magnetic moments with CEVNS

Coherent elastic neutrino-nucleus scattering: N

£DM(;NDQLO‘MVPRNF“V—I—,uaN/NN’O'MVPRNF'LW—l—h.C. /Vb

’ recoil

energy

|MvN|2

Primakoff-upscattering

e.g. Magill, Plestid, Pospelov, Tsai (2018)
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Probing neutrino magnetic moments with CEVNS

Primakoff-upscattering

A A

'E‘ T 0“I T T TTTI fy
E 10-% 7“9‘% e
e 2 ““ E v
i o Y% - 2
Q D @O “ R N
g 107 (%)%‘? E \,uy |
E n':¢~ :. E
.2 : ‘E...:’ .‘..-'ﬂ.'_..d
g 10 Ol 3
& .
E — -
S 10~ =
= e e mmm COHERENT Csl .
= - BRSOl mmm COHERENT LAr| ]
Q
(: 10—-12 | 1 IIIIIII 1 | IIIIIII | | IIIIII| | 1 IIIIIII | L1 11111

10—= 107! 109 10! 102 103

sterile neutrino mass m,4 [MeV]

Miranda, Papoulias, Sanders, Tortola, Valle (2021)

Emm . .
.“»':Zf;i?:m BT W Julia Harz Novel ways to probe effective neutrino T“TI
interactions

b 1 Technische Universitat Miinchen

29




CEvVNS with Photon Emission

Coherent elastic neutrino-nucleus scattering with photon emission:

N

; : *
LD pinTar0uwPRNF® + 1%y N'oy PRNFP +he. i )
T Wy

recoil
energy
A A A
Y vs or N’
v N
2
2
22 Sn iy ® o py i |2
Primakoff-upscattering Primakoff-upscattering with photon emission

Suppressed, but new smoking gun signal!

Bolton, Deppisch, Fridell, JH, Hati, Kulkarni (2021)
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CEvVNS with Photon Emission

iMII/)aA—HJIQA’y = MSN.UEN (U050 PR(PN + MmN )0 oo Pruy,, | X777

- 4M _
le/aA—H/BA'y — MSN/’LEN [ul/ﬂ Opv (pN + mN)O-pGPLUVa]XMVpJ

Electron-recoil distribution:

D(M) D (M)
dJVaA—>V5A'y . deaA—>NA FN—)ngy

dER NWA dER I'y

Bolton, Deppisch, Fridell, JH, Hati, Kulkarni (2021)
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CEvVNS with Photon Emission

iMY) Asg iy = Mn iy [y Oy PR(DN + TN )0 po Prtty, ] X7

IMO 4 Ay = BN D N [T O (DN + M) 0 po PLuty | X P

Electron-recoil distribution:

D(M D(M)
dO-I/OL(Al)I/ﬂA’Y . deaA—>NA FN—)ngy
AR |ywa dBr  Iw

Energy and angular distribution of the photon:

D(M
dzo-l/a(Ai)ulgA'y . | o B |2 CMZQE,Y sin 97 /ti dt LZL;/D(M)H”VJT"2(751)
dE,),dH,Y NWA . MVNMVN 1287T2mAE,,mNFN ty ! t%\/ —A4 81=m?\,

Bolton, Deppisch, Fridell, JH, Hati, Kulkarni (2021)
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CEvVNS with Photon Emission — Majorana vs Dirac

E, =3MeV,my = IMeV, uSy =3 x 10 °up, I'v = 107 MeV

x 10718
0 Dirac | | Majorana | @tco
I T
=
‘ <
—
|
~ z
£ 5
< s
21
=

0.0 - ~ - -
0.0 0.5 1.0 1. 2.0 2.5 .00.0
E, [Me
2 M 2 D
d O-I/QA—)U,BA’Y d JUQA—)UBA')/ 1 1 m?v
dSldtl

dSldtl / S1 \

VaA — vgAy VA — UgAy

* Clear difference for larger photon energies / smaller angles
* Different reactor neutrino energy - access to different sterile neutrino masses

Bolton, Deppisch, Fridell, JH, Hati, Kulkarni (2021)
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Experimental realisation: NUCLEUS experiment
7N

nu/cleus
N

EXPERIMENT

* At Double-Chooz site

det;:tor
- NUCLEUS-phase 1: 10g AL,0./CaWO, S5 oo,
-~
* NUCLEUS-phase 2: 1kg *Ge upgrade —tn',"ijerto
S1ET
* Distance to cryogenic outer veto < 5cm for =

P hase 1 Outer
cryo-

/ veto

* Energy threshold: 10 eV

* Sensitivity to photon energy: 1keV to 10 MeV

* lonisation resolution: 50-100 keV

ARy 3 smny _ 1 /Eff Y d8s 000
dEfy ma E,l;nin(E»-y) v dEy dEfy

Bolton, Deppisch, Fridell, JH, Hati, Kulkarni (2021)
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RHN neutrino decay width

Example scenario: neutrino decays within the detector
(NUCLEUS: 5cm):

5
Iy = ? ~ 4 x 10712 MeV 22

0 lO

By

’MgNﬂgN‘Z of |y NN N ’2

I'y > 107" ' MeV

2,,3

Decay width of N limited by Borexino limits to: I'(N — vy) = () "y <107 MeV

A7

Case 1: - There are other light RHNs states

D(M D(M D(M
FN(—>))(')/ — FN(—>V)5'7 + FN(—>]37"}/

e 2,.,3

I > 10" MeV  for  pSony 210 4up
T

Case2: ° RHN decays in other non-radiative modes such as light dark states

D(M D(M D(M)
FN(—>))(7 - FN(—H/)ﬁfy + FN—>dark

Bolton, Deppisch, Fridell, JH, Hati, Kulkarni (2021)
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Sensitivity to CEVNS with Photon Emission

10~/

1078

__107°
Q
=
Z b
y_=
< qo-10}
107
10—12 - s
0.1 1 1000
my [MeV]
Bolton, Deppisch, Fridell, JH, Hati, Kulkarni (2021)
Julia Harz
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Sensitivity to CEVNS with Photon Emission

1077

1078

107°

ﬂf;N (18]

107"°

BBN
101" =

10—12 - T |
0.1

my [MeV]

Bolton, Deppisch, Fridell, JH, Hati, Kulkarni (2021)
Julia Harz Novel ways to probe effective neutrino
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Sensitivity to CEVNS with Photon Emission

10~/

1078

_107°
[Sa]
=
Z
RS :
= 10710}
BBN
101 N\ 3
ii
E
10—12 P | L P | . }
0.1 10 100 1000
my [MeV]
Bolton, Deppisch, Fridell, JH, Hati, Kulkarni (2021)
Julia Harz
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Sensitivity to CEVNS with Photon Emission

107 T .
r%?]’
&
1078 P i
w“ :
: ~~2ND ¢
107%F C955~25% ¢ _
= . &CL- -
040 . S T
MS:Z: - AN N — vy “-,“,V@ %, aip g
10_10 ‘ . N> 5% C i
] N\ 7/ ' N L
K A - / e
\ -~ i)
S ~ Mg.«‘-/": o O
[ - \<
[N véﬁﬁm_ﬁ, “NUCLEUS  10g, /
10_11 1 . HNN = 107 ﬂfi -
: N _ :
SN - .
NUCLEUS 1kg, uyy = 107 ug
10—12 n n_n_nnnonal n n_n_n ol : n_n n ononnnd . !
0.1 1 10 100 1000
9 my [MeV]
o Sy Y XN
X
D(M) D(M) D(M)
I =T + I’ ,
N= Xy N=vpy N=N'y Bolton, Deppisch, Fridell, JH, Hati, Kulkarni (2021)
Nowtrer. RS Julia Harz Novel ways to probe gFFectlve neutrino T“TI 39
e interactions

Technische Universitat Miinchen



Sensitivity to CEVNS with Photon Emission

1077 2 —
Q\./
S (’&\\C‘
L
<
10_8 Q)QO$ N =
b
e Ny
1090 Cose~PB% oy »
E - ~~i(3L ”"‘w\:ﬂ““””,;,
> i : S SHip -
3y e , By, i
10_ 0 - ‘ \879 % CL -
P G
o= ¢
* " BBN NUCLEUS 10g, 7/
10—11 _ \ MNN = 10_4,113 / ' N -
i \ ) P . N\, -
N .- -
NUCLEUS 1kg, uyy = 1075
10—12 . P | . | P |
0.1 1 10 100 1000
my [MeV]

Radiative up-scattering has the potential to out-perform
standard up-scattering mode!

Bolton, Deppisch, Fridell, JH, Hati, Kulkarni (2021)
Nosther. ; Julia Harz Novel ways to probe effective neutrino
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Majorana vs Dirac RHN - nuclear recoil

CHOOZ Flux, VNS CHOOZ Flux, VNS
------ CEvNS, v, A — . A — Qe 5| T e 7. A — 7. Ay, Dirac N — BQe
— 10°} — jx #.A— NA Dirac/MajoranaN  — ALO; | = 101 -y 54— 5.4y, Majorana N — ALO;
CaWoO, . CaWO,
<
o
my = 1MeV ] Tzao my = 1MeV
i = == ly = bem
y o iy — 3% 1075 g |
\
................................................................. A %
=4,
(At
1 R
=
~—
S
_ ~=
1 10 10
Er [keV]
Bolton, Deppisch, Fridell, JH, Hati, Kulkarni (2021)
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Majorana vs Dirac RHN - photon spectrum

dR/dE, [MeV ™ kg™ ! day™']

1.6}

1.2}

CHOOZ Flux, VNS 0.6
—  HuvN, I—)eA — 1—)814’75 Dirac N — 73Ge
- = luN, VeA = D A7y, Majorana N e Ade@y —
cawo, | 7 09
=y
my = 1MeV = ooal
lp = Hcem | :
tony = 3% 1078 up .&D
T 0.3}
)
<
i
= 0.2
i)
=
=
~ 0.1

— Different photon distributions for Dirac vs. Majorana RHNs

E, [MeV]

— N, VA — D A7y, Dirac N

CHOOZ Flux, VNS

SE 73Ge
pun, VoA — D Ay, Majorana N —= ALOs
CaWOy
my = 1MeV
lp = Hem

oy = 3% 10 % ug

05 10 15 20 25 30 35
6, [rad]
pubris ©°
note| enge’
B c“a\\e“

Bolton, Deppisch, Fridell, JH, Hati, Kulkarni (2021)
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Insight in the nature of active neutrinos?

* In case of contribution consistent to Dirac RHN:

— no conclusive statement possible

* In case of contribution consistent to Majorana RHN:

Ly 2 v
My~ TgrztnmNA
(,UVN>2 o myA?
“B 160 m? 7 7\[ N Kf <

— implies lepton-number violation and a Majorana mass term for active neutrinos

— complementary probe to LNV at LHC or neutrinoless double beta decay

|:qu‘

For example, m ~1MeV,A~1TeVandm <1eV - <1078
UB
Bolton, Deppisch, Fridell, JH, Hati, Kulkarni (2021)
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Hint towards the neutrino mass mechanism?

* Majorana mass term

i/

smM ~ [ BeN " myA?
v B 16m  m?2

N N &

* if transition magnetic moment gets loop induced via heavy NP

D
o ~ EoGmDy My medmDy A iy
UB A2 e S N ° N UB 1keV
My "Luu
* active-to-sterile mixing y
{
3 D
g yv Y mymeG ;,‘VA\W D

IU‘I/N ~ W Iu N ~ 2\ 2 ek 3 \X ‘IIJ’VN‘ ~ 10—14 mI/N
My, KB 1672v/2 RS AN KB 1keV

¥

For example, see-saw type | withm ~50 MeV,A~1TeVandm® ~1keV -m_ ~0.2eV

A sign for radiative CEVNS would imply a neutrino mass mechanism beyond
see-saw type I!

Bolton, Deppisch, Fridell, JH, Hati, Kulkarni (2021)
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How magnetic can the neutrino be?

J

Crr) n
Leg = Z ﬁ o' )(u) + h.c.
n,j

o\ = ¢LHo,, NgB"
05(26) = Q_L:I'O’HO'HVNRWQ“V CéG)(u = ANP) =0 = 0356) (/L = 'U) 7& 0
0 = LHNg(H'H)

S = VGO0 e

- 16me o) + O (v) HB

‘Iu'VN| ~ 10—15 5mVN
up 1eV

Bell, Cirigliano, Ramsey-Musolf, Vogel, Wise (2005)

Discrepancies would help to disentangle mass mechanism!
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Summary: dim-5 neutrino magnetic moment

* Photon emission off Primakoff-upscattering as new smoking gun signature
For the detection of neutrino magnetic moments

* Photon detection allows for identifying Majorana vs Dirac nature of RHNs

* |Identification of RHN give hints towards the Majorana vs Dirac nature
of active neutrinos

* Parameter space constrained but rich decay possibilities and subtle
Flavour interactions require full exploration

Bolton, Deppisch, Fridell, JH, Hati, Kulkarni (2021)
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Outline

Motivation

* Neutrinos — the missing piece in the puzzle

* Atight link to the matter-antimatter asymmetry?

2
>THE STANDARD MODEL <

Dim-5 neutrino magnetic moment v
* Coherent elastic neutrino nucleus scattering
5 g
* Photon emission off Primakoff upscattering v /w“‘"
*y

* Implications on Majorana vs. Dirac neutrinos

Dim-7 and 9 lepton number violating interactions

* Constraining LNV with kaon decays

* Complementary of neutrinoless double beta decay and LHC
* Implications For baryogenesis
Nowtrer. RS Julia Harz Novel ways to probe effective neutrino
: Interactions

Technische Universitat Miinchen
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Lepton number violating neutrino interactions

LNV occurs only at odd mass dimension beyond dim-4:

1 1 1
L=Lsym+ —0§5> +ZF0’§7) +ZFO§Q) 4. ..

Ay

A

H H
\)L 07 u
V—=< >V :+
H
05

See surveys of all LNV operators up to dim-11 e.q. in
Babu, Leung (2001), Gouvea, Jenkins (2008), Graf, JH, Deppisch, Huang (2018)

d u
-

o, =

d u
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Probing LNV interactions

d

K+

|

rare meson decays

el

€+

g-i—

neutrinoless double beta decay

- -

Iu\ lu\
nldl Id ! p
\d! \u!

N

A4

'd us
nidl! id!'p
\u‘I ‘ul
b S P’y

colliders
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Probing LNV interactions — Meson decays

- { s U} ~ Same-sign leptonic Final state
5 d ° LNV is directly tested Liu, Zhang, Zhou (2016)
ot * dim-9 only Quintero (2017)
* for first generation, OvPBf stronger  Chun, Das, Mandal, Mitra,
a * constraints very weak Sinha (2019)

Decay into neutrino final state

d v
0 .
K{ ::\/.::V * No experimental searches?

5 * dim-7 Gninenko (2014)

{u > U} Neutrino final state
K+ m

s d « LNV needs to be independently confirmed
v * dim-7
Deppisch, Fridell, JH (2020)

Charged lepton + neutrino final state

U as
K+{ ::\/.:/\; * Neutrino needs to be detected (Cooper et al. 1982)

dim-7 Deppisch, Fridell, JH (2020)
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Probing LNV interactions — Meson decays

- { s U} ~ Same-sign leptonic Final state
5 d ° LNV is directly tested Liu, Zhang, Zhou (2016)
ot * dim-9 only Quintero (2017)
* for first generation, OvPBf stronger  Chun, Das, Mandal, Mitra,
a * constraints very weak Sinha (2019)

Decay into neutrino final state

d v
0 .
K{ ::\/.::V * No experimental searches?

5 * dim-7 Gninenko (2014)

{u > U} Neutrino final state
K+ m

s d « LNV needs to be independently confirmed
v * dim-7
Deppisch, Fridell, JH (2020)

Charged lepton + neutrino final state

U as
K+{ ::\/.:/\; * Neutrino needs to be detected (Cooper et al. 1982)

dim-7 Deppisch, Fridell, JH (2020)
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K* — n*'vvand K - n°vv in the Standard Model

K+{“ ; ’ at
5 d
w w
14 B 14
Branching Ratios:
Im(VisViaXe) \* |, (Re(VaVe Re(ViiViaX1) )
BR(K*T — ntvp) = kT (1 + Agur) [( m t§\5td t)) +( e( ;\s d)Pc+ e( t§\5td t)) ]
Im(V, Via X))\ GIM suppression!
BR(KL N 7TOI/I7) = Ky, ( m(vti\;/td t)) PP
Buchalla, Buras (1999)
Small hadronic uncertainty! Mescia, Smith (2007)

kT = (0.5173 4+ 0.025) x 10 19(|V,4| /0.0225)®
k= (2.2314+0.013) x 10719(|V;,,| /0.0225)8

Due to relation to more frequent decay X — 7/ 1,
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Theoretical and experimental status

Theoretical prediction Experimental measurements

) B BR(K' — nvi)pgag = (1.73+1'15) x 1010
+ + _ +1.0 11 949 ~1.05
BR(KT — nvi)sm = (8.57775) x 10 E949 collaboration (2009)

BR(K; — 7mvi)ey = (3.4 +0.6) x 10711
(Kp = mvv)sm = ) > BR(K" — ntui)nace = (10.6740 £0.9) x 10~

Buras, Buttazzo, Girrbach-Noe, Knegjens (2015) NA62 collaboration (2021)
0. — . +2.0(+4.1) 9
Golden Channel! BR(KL — mvP)koro = (2-1_1.1(_1.7>> x 10

KOTO collaboration (2019)

— NAG62 aims to reach SM sensitivity in the Future!

What would a deviation of the SM expectation
imply for new physics?
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Constraining new physics in rare kaon decays

As neutrinos are not explicitly measured, a new physics contribution
could be also lepton number violating!
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Constraining LNV interactions with rare kaon decays

® .o

U \/
9 chjf*‘
%% %74
T

hOI

N

X - - %7
% v
0(5) = LQLBHPHJ (7) _ rarBAp.gcriyo
1 €Cap€ho 031) = L%L Q d°H €ap€Bo
* GIM suppressed * No GIM suppression

Not explicit LNV! ,
* Includes first and second

generation

Footprints of lepton number violation in rare meson decays?
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Lepton number violating vs conserving current

F(K — 7TI/7;Vj) _ 1 1 1 ’MR
ds dt 1+ 51'3' (27’(’)3 32772%{

* SM, lepton number conserving vector current

_ 1 _
Egl\/l_)ﬁyy — A2 (D,L")/Ml/i) (d’}/'uS)
SM
6
M = = [mi (8 —mz) —t (s +t—mz)] f5(s)°
SM

* BSM, lepton number violating scalar current

v —
Lo = B Wivs) (ds)
BSM _
9 Nk m%{ — mfr K ° D
M| = A6 — 0 (8)] s B
BsM \ "Mts — 1Md
Li, Ma, Schmidt (2019)

Deppisch, JH, Fridell (2020)
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Constraining LNV with Kaon decays: NA62

10Y : :
NA62 19.2 TeV'\ °
i i BRinv (KT = 7 y05) =107 ( Aioa )
198

vo—; 1071F LNV: K* - *vv 6
= _ 24.9 TeV
E BRLN\/(KL — 7TOI/7;I/j) =10 Ly (—
& Alage)
[}
S 102}
g
-
=
g 1073 Process Experimental limit O AR, [TeV]

K* — 7tvv | BRyos < 1.11 x 10710 Os, Njisa > 19.6

future i
Kt — nfpr | BRI < 1.78 x 10710 Oz | X, Nijea > 17.2
- | | | | | | K;, — v | BREOTO <30 %107 Osp | 3 Njisa > 12.3
0.00 0.02 0.04 0.06 0.08 0.10 0.12
s [GeV?]
2
S = <EK — Eﬁ)

Rare kaon decays as window to constrain lepton number violation!

Deppisch, Fridell, JH (2020)
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Limits from KOTO

Deppisch, JH, Fridell (2020)
<7TO’§d|KO> LNV: K* = tvy

— (7% sy*d | K?)

(m°] ds |K")
(m°] dy"'s | K")

»

1
2+ 2|e|?

+F*(1 —¢) (x°| C'|K?) )1/1/

iM (K — ) = (F(l + €) (7| C | K°)

(1/Tr)(dr/dPT) [GeV]
N

N

SM: K' = t*vw

LNV mode - scalar current - real part

signal region

LNC mode - vector current -~ imaginary part 0 = 55 250 260

Pl [MeV]

— no CP phase needed in the LNV case
— different phase space distribution

— current signal region more sensitive to SM current

Emmy
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Probing LNV interactions

d

K+

|

rare meson decays

el

€+

g-i—

neutrinoless double beta decay

- -

Iu\ lu\
nldl Id ! p
\d! \u!

N

A4

'd us
nidl! id!'p
\u‘I ‘ul
b S P’y

colliders
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Probing higher-dimensional LNV interactions
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Survey of higher dimensional LNV operators

| Operator I | o Operator Il [© Operator [ [o Operator I
1 L H Heweg 31| LG, 00, 5 H* Hepe, e ::u ::-:ijg:glgl%kﬁ:ﬁﬂqmem 70 Lietued® HIQTd H ey
iripk e hy; i1 iT = i - ) ™ eomEqn
2 LALRe Heyew 32 LEQuQ e H¥H, iyl 'E.F*GE finl 1 - LI H O e H et
da LHAQR Hleyen 39, L0, vl uH Hoegpe™ " P Lyutin TR el o s
an 15 nevgguen Ty T B g 1| LLOQ00, H™ Hemen 7 LA LR I QT uf T e ki
1 & i e e [ ¥ € e P
: g ;fﬁadrﬁ;ﬂf};’m - Sirnu e 01| DIQQTT A Hreyerm .| LLQdH'Q ety
i o 1 : 1Eq1 4 e '-{! '-L th'_dp-.ﬂ H EapEqgl 1‘7!- L'H?F?tamffmﬂnf-ufjn % LII)Q*I':QII!Q’-‘““II“F-p;'F-UJﬂ
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T DALY Q eagem - aT ,;e% e 18 LA dede 1 1 et 75 Lieued HIQ e HA cruciy
11a L‘L"Q"f‘?fr‘ﬁ;f;{ 3 Rt ] 4 © T gk gl
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15 UL Tt e o W o e At Bo| L'QIQPEQEH H™ cucam
16 AL et d ey 10, LULQTQH™Hepmein 8| LMD H H ™ emege
17 L‘ch.l"rf'd-“u'e;} 404 L L* Q‘ L(Qm H”FH"{j* g 5la L'QTQ"{'@‘ F_'culf_fml::jtm
18 LA w iitey 10.| LL*QTQ, H™H i L LQ, B e HE Heyy
1 LI ity 40| LD LAQT.QH™H e jem 5 QA 1 e
2 B Qe 40,  LLIL*QLmQH™H"cpieun g Wi o
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Na|  LAQU T EH H™ gitim 43 L' LA Tw T e 6, DGR e Hreg
2| LLIQYdQudH H e ym 43, LML H ™ Hueigteme™ B, LD HE L el ey
28, LA AT e i T e 44, G LAQ*e D e H H™ ey 16km [ Irérird” HY 1L e Hpey
: 1 kg « 11VTT. e ok
By L{ﬁ‘@vﬂnu “! ey A, L0 e H H™ cycym o6 LAY H Q" dH ey
: L TyueliT R i
i uq? ﬂ"’j}”m“’* M| BEQY 0 H ™ e o1 | DL T egen
' ur EdlEm 4 = o
20 L‘L:'Ql ,-_f—b 1 rym 444 L qukt" Q;B"‘HI.H Eikjm fifly L‘L"Q’f”'@’ﬂrﬂjfu
b u G ™ et gm PR AL
W  LUTeuentite i I st & & PR Ry Babu, Leung (2001)
LA L@y ue iR mn A6 L et uterus " H ooy LULIT we e 3T .
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Contributions to different observables

45 ] Ll 1 T T T T T T T ] T T T
sl Bl Dim5 |
Radiative neutrino masses — i
o 35F im9 | |
o I Dim 11
® 30
]
8' 25
. 9 20
i )
vy, <h0> vy, -g 15
=}
3b T ik l <
07 == LZLJQ d°H eikejl
5
6 . -1 0 1 2 3 4 5 6 i 8 9 10 11 12
10 AAAAAA AAA ‘A‘ A AAAAAAA AAAA A LOQ(A/TeV)
T only mass mechanism 7-dim de Gouvea, Jenkins (2008)
105k . 9-dim * .
T 11-dim * Neutrinoless double beta decay
- 4- 10 ‘ 13 21182,’82332"92,)9 3232 i
— 6 24 2’,4 26 27 27 30 31 31 HC reach‘ 44
& 363738
103k ¢
.
1581718 s e
nlm [ [ 1
102 3 EW scale 4
3" generation couplings - _
L BRYyYY .. 4 yVYVYYVY _ \ 4

Deppisch, Graf, JH, Huang (2017)
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Contributions to different observables
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0
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7
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. # 2 3t 2
Za 3a()
| | iill .| I ”|I lilli:
ll6 2I5 26 30 I I3I5

EWscale a

1% generation couplings

L 4

YVvYVYVIVvVYIFF IV YVYYYOVYY Vv

L 4

LA A YV YYVVYVY V.V

Deppisch,

Graf, JH, Huang (2017)
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* Neutrinoless double beta decay
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Topologies | Interplay between LHC & Ov(33 decay

Long Mediator (U(1)em, SU(3).)
#  Decomposition Range? SorV, 1 5 or V) Models/Refs./Comments
- (ud)(e)(e)(ud) (a) (+1,1) (0,1) (-1, 1) Mass mechan., RPV [58H60],
LR-symmetric models :
Mass mechanism with vg [61], V3
TeV scale seesaw, e.g., [621[63]
(1) (@) () MR e
1-ii-a  (ud)(u)(d)(ee) +1,1) +5/3,3 (+2,1) Vi Va V3 Vq
(+1,8)  (+5/3.8)  (+2,1) Vi V2 Vy
1-ii-b  (ud)(d)(u)(ee) (+1,1) (+4/3,§) (+2,1)
_ _ _ (+1,8) (+4/:5,§) (+2:1) Topelony ]
Zica  (ud)(d)(e)(ue) (+1,1)  (+4/3,3) (+1/3,3) Topology 11
(+1,8) (+4/3,3) (+1/3,3)
2-i-b  (ud)(e)(d)(ue) (b) (+1,1) (0,1) (+1/3,3) RPV [58160], LQ [65I[G0]
(+1,8) (0,8) (+1/3.3)
2-ii-a  (ud)(u)(e)(de) (+1,1) (+5/3,3) (+2/3,3)
(+1,8)  (+5/3,3) (+2/3,3)
b (ud)(e)(u)(de)  (b) (+1,1) (0.1)  (+2/3,3) RPV [58H60. LQ
(+1,8) (0,8)  (+2/3.3)
o-ii-a (de)(a)(d)(ae)  (c) (—2,;3,3) (0,1) §+1i5 3% RPV [58160]
(-2/3.3) (0.8) +1/3.3) RPV [58H6(
Bonnet, Hirsch, Ota, Winter (2014)
1.0 /A 7 /
I 1 / / 1
I 7 / 7
0.8 /I ,l 4 ,/ il
: / 1
iy / . OvBp decay LHC
1 7 ’ ]
0.6 /l II ’ r 3
5 7w o Py _ a d _ d
Yo} Yy ,/ 7 V. e u
0.4/ ’ S g } I
B s ’ o L
g Ll Al LQ LQ
0.2 '/ ”” - ” - S2/3 vo 81/3 _ e
s 2] d e
1000 2000 3000 4000 5000
M 5(GeV) Helo, Kovalenko, Hirsch, Pas (2013)
Bonnet, Hirsch, Ota, Winter (2013)
DO . Lo S gLo §DQ Hirsch, Klapdor-Kleingrothhaus, Kovalenko (1995)
— 83, 137 +15 2/3 5 2/3 Mohapatra (1986)
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Implications of TeV-scale LNV interactions

Observation of any LNV washout process at the
LHC would falsify high-scale baryogenesis

Deppisch, JH, Hirsch (2014)

Observation of neutrinoless double beta decay
with new physics from > dim-5 LNV operators
would falsify high-scale baryogenesis

Deppisch, Graf, JH, Huang (2018)
Deppisch, JH, Huang, Hirsch, Pas (2015)

Caveats might apply, e.g.:
* Flavor specific leptogenesis

. rk U1 mmetri Aristizabal Sierra, Fong, Nardi, Peinado (2014)
Dark U(1) sy etries Frandsen, Hagedorn, Huang, Molinaro, Pds (2018)
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Baryogenesis & Leptogenesis

Basic principles of leptogenesis mechanisms:

lepton lepton p‘zsﬁ.‘bt\y
asymmetry asymmetry d llg L
washout generation >Cales /
N 4
(LNV) (CPV, LNV, O0E)
‘H AE

lepton asymmetry _|
asymmetry generation

washout
processes

interactions

Nosther. ,\ Julia Harz Novel ways to probe effective neutrino TuTl 66

Technische Universitat Miinchen



Baryogenesis & Leptogenesis

Basic principles of leptogenesis mechanisms:

lepton
asymmetry
generation
(CPV, LNV, OOE)
AE
lepton asymmetry _|
asymmetry generation
washout _1_
processes
Strategy: Search for washout processes with the potential to falsify
baryogenesis models!
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A simplified model study of TeV scale LNV

AE

Right-handed neutrino interactions (“standard thermal LG"):

high-scale source of
lepton asymmetry

Additional TeV-scale interactions

TeV-scale LNV
“washout” -1
interactions

Can TeV-scale LNV destroy the generated asymmetry from standard thermal LG?

JH, Ramsey-Musolf, Shen, Urrutia-Quiroga (2021)
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Implications for Leptogenesis
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Implications for Leptogenesis O(ms) = Ofmr) = O(TeV)

myo = 101°GeV, € = 107°
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JH, Ramsey-Musolf, Shen, Urrutia-Quiroga (2021)
Nocth Novel ways to probe effective neutrino TI_ITI
Noether- ; 5 .
Programm * ‘ Julia Harz ystop X 70
: interactions

DFG . Technische Universitat Miinchen



Implications for Leptogenesis

O(mg) ~ O(mp) =~ O(TeV)

Abundance
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Low-scale LNV destroys lepton asymmetry previously generated by standard LG scenario.

JH, Ramsey-Musolf, Shen, Urrutia-Quiroga (2021)
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Combined results: Leptogenesis, LHC & Ov33 decay

mp = 1TeV, mg/mp = 0.99 mp = 1TeV, mg/mp = 1.5

10°

mp=1TeV, mg/mp =0.5

100

100
101 101 0!
g g g

1072 4 1072 4 1072 1
B Leptogenesis nonviable region
B OvB3—decay
B Collider LNV
B LHC dijet

1073 T T LA | T T LA | T T TrrrrT 1073 T T T T T LRI | T T T 1073 T T T T LA | T T T rrrrr]

107? 107* 107! 10° 1073 1072 107! 10° 107? 1072 107" 10°
gL 9L

— Important complementarity between collider and OvBp decay reach

—~ Observation of TeV LNV would render standard thermal LG unviable!

JH, Ramsey-Musolf, Shen, Urrutia-Quiroga (2021)
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Conclusions

* Neutrinos point towards new physics and might have tight interconnection
with the mechanism behind the baryon asymmetry

 CEVNS is a great probe for neutrino magnetic moments and has potential to
disentangle the Majorana vs Dirac nature in case of observation

* Meson decays, neutrinoless double beta decay and colliders are
complementary probes for lepton-number violation

 An observation of LNV around the TeV-scale would render standard thermal
leptogenesis & baryogenesis scenarios invalid

Great Future ahead to (hopefully) nail down the
nature and mass mechanism of neutrinos!

Novel ways to probe effective neutrino Tu."

Julia Harz ) X
Interactions

73

Technische Universitat Minchen



(osMoLoGY MARCHES ON

Thank you for your attention!
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