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From the Big Bang to Today...
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How big is the baryon asymmetry?

Our Universe consists mainly out of baryonic matter, np _ Ny — 1Ny

quantified by the baryon-to-photon ratio: B = Ty - Ty

Big Bang Nucleosynthesis

3Hen — 4He y
-
3HeD — 4Hep

NS = (6.09 & 0.06) x 1019

What created the asymmetry?
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2015 NOBELPRIZE =~

What is the nature of neutrinos?

REUIRNO OoLLLaTONS

NEUTRINO PRODUCTION PARTICLE DETECTOR

PARTICLE

\ DETECTOR
EXISTING PROTON i
ACCELERATOR lp[[

Al '\T ULL
DETECTOR

Am?
P(vq = sin” 20 sin” L
(Vo — vg) = sin” 20 sin (4E )

Neutrino oscillations require massive neutrinos, forbidden in the Standard Model.

How do neutrinos get their masses?
What nature do neutrinos have? Are they their own anti-particles?
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Outline

Neutrinos & Lepton-number violating interactions
* Neutrinos as a window to new physics
* Why lepton-number violation?
* Lepton-number violating operators

* Testability

Leptogenesis & Baryogenesis

* Difficulties to probe high-scale leptogenesis
* Falsifying high-scale leptogenesis

* Low-scale leptogenesis

* High-scale baryogenesis
* Low-scale baryogenesis

* Alternative tests

* Possible links to dark matter
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Illustration by Sandbox Studio, Chicago
“Neutrinos, the Standard Model misFits”

Neutrinos.
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Neutrinos - what do we know?

« Standard Model (SM) contains  mass-
3 active neutrinos e
@
« SU(2), doublets 3 .
V; e n mut.>0 neut?n"' g
1 + neutrino =
L’I, _> E ; » 0.511 MeV 105.7 MeV 1777 GeV ‘L-E-' spin 0
7 S |1 e 1 -1 ..[ §
W+ 3 electron ml:t!;I tau COO

 Within the SM neutrinos are massless
m, =0
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Neutrinos - what do we know?

* Standard Model (SM) contains 2015 NOBEL PRIZE il

3 active neutrinos

« SU(2), doublets

V; 1
L; — / 3
7 kaaki Arthur B.

McDonald

W+

NEUTRINO OSCILLATIONS

yGF shows tha

 Within the SM neutrinos are m S
/assles/ - * )
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How do neutrinos get their mass?

* Masses of the active neutrinos cannot be explained within the SM
* BUT right-handed neutrinos could help

Dirac mass "HEET E O Majorana mass
1/2 W EE B
vy, LeHvy D mprpvp = ;/ j/ . 4 My UVRVE
-1/2 0 B A . 0 0
hypercharge 12 1/2
-— C
* tiny Yukawa couplings mmyvLvy LLHH
Ao < 1012 1/21/2 -1/2 1/2
m”/ w < 10 not at tree-level within
the SM possible
* Lepton number no accidental
symmetry anymore ° higher dimensional operator
* Lepton number violation (LNV)
v X(H) H
" R - ( )—k , nub
o : YV VL % o'd
(H)X — \_/ -
L
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How do neutrinos get their mass?

Dirac Majorana

1] c 1] — c
LD Mpvp,vp, + My g, v,

mass— | 2.4 MeV 1.27 Gev 171.2 GeV O M
charge - | %4 % % t £ MYy M = D
U C MY My
name up cham top . L
Diagonalisation:
9 ‘4.8 Mev 104 MeV 4.2 GeV
Y- -1 -5 2 M
:"d S *Db m, = M v~ v = v
o down strange bottom M M M
<0.0001 eV F10 ke | ~0.01 &V [ ~Gay w004 eV [ ~Gey MD
0 0 my = M ~ —— ¢
Ve/ N, |"Vi/N,|"Ve/N; v =M N v v
mu B / sterle
r%e?urglenc %urtinem NeUmNng  netitrin
th 0.511 Mev 105.7 Me\V 1777 Gavf
= B 1 1 N (-
fe |Pp P ~
-l electron muon tau 5

+ Sterile Neutrinos
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Where are the right-handed neutrinos (not)?

GAMBIT: NeutrinoBit

M. Chrzaszcz, M. Drewes, T. Gonzalo,
JH, S. Krishnamurthy, C. Weniger (2019)

101 GAMBIT 1.4.0 10~1 GAMBIT 1.4.0
10—2 [ 11.0 1.0
103 ]l . 0T 1 -
10~ 1.5 103 1. £
107? o £ - =
10~ 1 3z 107 1 =
e s L 10 e ©
= 1= | = = ] =
=) 10~9 = % éu 10-° = =
10—10 0.4 " _ 2
1071 q 1 ]
_ B _ S
fo-1 02 5 107 3 &
10414 g 10_9 2
Most comprehensive analysis of see-saw | model with three
right-handed neutrinos below the TeV scale
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Lepton-Number Violation

1
L=Lspr + —(955)
Ay

/

O = L*LPHP H €, e 50
3/23/21 1

mass dimension
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Lepton-Number Violation

* LNV occurs only at odd mass dimension:

L= LSM+—0<5>+Z A30<7> Z A5(9<9>+

Ay
- A ~
9 o Y ~C C
055) = LO‘LBH’)HJEM%J (9&& = LYLPQ.u°Q"d €6p
32321 1 O = LoLPecd e uleny

mass dimension

(9:(3? — LaLﬁdecHaeagepa
O:(sz) = LO‘LBQ’OCZCHUGQPGBJ
O\ = Loeu’dHP e 5

Babu, Leung (2001), de Gouvea, Jenkins (2007), Deppisch, Graf, JH, Huang (2017)
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Neutrino mass generation

* LNV occurs only at odd mass dimension:

_ (5) (7) (9)
£_£SM+A10 +ZA3O ZA5O + -

O§5) _ LO‘LBH”HUEapGBU ©
<H)'|v\ ’_J_(H) 0(7) _ LaLﬁQPchaeaﬂepg

. Iy
Vi \_/ VL) 0(7) LO‘LBdeCHGEQpEﬁa

2

my = /1_1

2

 Yayug® v

M =~ (167’(’2)4 A16

e (1) e (1) e
v R ) R | B T A T
2 2 2
€y Ugn G, m, = Ydg v m, ~ Ya YU Deppisch, Graf, JH, Huang (2017)
(1672)2 Asq 1672 Asy, de Gouvea, Jenkins (2007)
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Probing LNV interactions - OvBf3 decay

Neutrinoless double beta decay Most stringent limits are currently set by
GERDA and Kamland-Zen:

Ty5 > 0.9 x 10% y Ti)5 > 1.07 x 10%% y

Ty = mgs [2 G | M P

/7 N

: : nuclear matrix element
particle physics

phase space factor

standard mass mechanism long range contribution short range contribution

d u Oy T U
W— d
e e d e
05 vV 1%
u d U Oy u

OvBpB decay probes only first generation!
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Does OvBPB decay directly imply Majorana neutrinos?

Schechter, Valle (1982)

Any AL = 2 operator that leads to Ovbb will induce a Majorana mass
contribution via loop

v°(p) e“(p + k1) < e(p — k) v(p) Dirr, Merle, Lindner (2011)
9-dim AL = 2 operator will lead to Ovbb but only tiny contribution to neutrino mass

om, = 10728V

Observation of OvBB decay does not imply that the mass mechanism is the dominant
contribution.
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Probing LNV interactions - Ov33 decay

I y\ Iyh

long range contribution nldl I d : p standard mass mechanism
i \ |
d “ " d u
e~ W= B
— (&
1 - 05 y
W- e
— W—
d “ d a
Or
—1 21 B2 ~1 _ 2 2
1/2_G0V|M| ’€a| 1/2_G0V‘M| |m55‘
Leptonic and hadronic current with different chirality structure:
Gr . . .=
L="{0 ATh 4+ eljsdl} jp = €0pv
V2 b -
’ J! =u0,d
M
Ovia="(1%£75) el X 10% | &, | ep™d A€ol et
Os+p = (1L 75) ©Ge | 411 021 37  0.66 0.07
7 Xe 206 | 0.11 22 0.26 0.03
OTR,L — 5[7;“’)@](1 + 75)
Deppisch, Hirsch, Pas (2012)
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Scales of LNV New Physics

*t generation couplings
A A A A A ]

5 7-dim
_ Gre v
Non-standard FE7 g 9-dim

mechanism \/§ o 2A73 .
11-dim =
- effective coupling can ]

be related to the scale
of the operator

11112 14 14 19 20
{\ LHC reach
24 28 28 32 36 37 38
2 27 28 29 31 32
26 30 b
a a
718 2b7 3,,1
29
I ’s I ; I 40 43
16 W B2 | | 30 1

102k EW scale g

L 4 * e

YV YYYY Y YYRYYN Y YYYY®YY v® vyvvy YV _ YYVVYVYY .V v

only mass mechanism

Deppisch, Graf, JH, Huang (2017)
Deppisch, JH, Huang, Hirsch, Pas (2015)
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Scales of LNV New Physics

3" generation couplings

106 7\
EJA ANA A A A A A A A A A A AAAAA A AAA A
X * o
[\ 3 p 4 only mass mechanism 7-dim
9-dim
10°F i m
5 non-standard mechanism 11-dim
. : L R 4
-_— 4 i 28 28 28 29 29 32 32 i
= 107
8 2424 27 27 31 31 HC reach’ 44
36 37 38 7
10° 3 | | ;
35 40 43 :
102}k s EW scale ]
; 23
NS B AASEE A 4 Yy .Y Y Y _ A 4
Observation of OvBB decay does not imply that the mass mechanism is the dominant
contribution.
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Baryon
Asymmetry.
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Why do we need new physics?

Theoretically, we know the conditions on interactions that have to be FulFilled
(Sakharov conditions). =
b Q
L a
D baryon number violation L< o
B
L - L
N N
D C and CP violation 4< % 4<_
B B
L L
L< > >7N
B B

D departure from thermal equilibrium
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Why do we need new physics?

Theoretically, we know the conditions on interactions that have to be FulFilled
(Sakharov conditions).
b Q
Standard Model? L «
\Z baryon number violation L<
B
N N
M C and CP violation
L< )—

& departure from thermal equilibrium

There has to be new physics in order to explain our own existence!
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Many theoretical models and ideas...

* Electroweak Baryogenesis Kuzmin, Rubakov, Shasposhnikov (1985) baryon
. . asymmetr
» Affleck-Dine Baryogenesis Affleck, Dine (1985) Y Y

» Spontanous Baryogenesis Kohen, Kaplan (1987)

« GUT Baryogenesis Youshimura (1978), Barr (1979), SM processes

Toussaint et al. (1979), Dimopoulos, Susskind (1978)

* Leptogenesis Fukugita-Yanagida (1986) lepton
asymmetry
 and many new ones!
A lepton lepton
7T £$>=0 A asymmetry asymmetry
m. e washout generation
Vi 7 (LNV) (CPV and LNV)
Vi O
N Ao & 1
b A\
r'th \3 [ [ ] [ ]
Y N\ Which mechanism is
realised in nature?
>
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Many theoretical models and ideas...

* Electroweak Baryogenesis Kuzmin, Rubakov, Shasposhnikov (1985)
» Affleck-Dine Baryogenesis Affleck, Dine (1985) asymmetry

» Spontanous Baryogenesis Kohen, Kaplan (1987)

« GUT Baryogenesis Youshimura (1978), Barr (1979), SM processes

Toussaint et al. (1979), Dimopoulos, Susskind (1978)

* Leptogenesis Fukugita-Yanagida (1986) lepton
asymmetry
 and many new ones!
A lepton lepton
7T £$>=0 A asymmetry asymmetry
m. e washout generation
NN
P 4 (LNV) (CPV and LNV)
Vi O
N @hto o _
b xl L L L
)TN N S
L//‘ \4 ‘0“‘ “‘0‘ _ .‘0‘
H * L 4 H 0‘ H
>
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Probing Leptogenesis at the high scale

* generation of lepton asymmetry via heavy neutrino decays
* competition with lepton number violating (LNV) washout processes

* conversion to baryon asymmetry via sphaleron processes at
Fukugita et al. 1986

dNy, .

Hz d: = —(I'p + I's)(Nn, — Ny,)
AN

Hz— L=l p(Ny, — N3t) — Ty N
<

AB=AL =3

AL =1 source of CP violation

OB+L = H (QLququzﬂLi)

i=1,2,3

sphaleron processes

AL = 2 washout processes
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Probing Leptogenesis at the high scale

Small neutrino masses and washout pushes the right-handed neutrino to high scales.

My > 10® __ns__\ (0.06eV GeV
5 x 10—11 ms

Ways out: almost degenerate particles, late decays, massive decay (annihilation) products

review by Racker 2016

Plethora of examples:

Extension of seesaw type-l by new scalars with same quantum numbers as SM
fermions - e.g. long-lived scalars, R-hadrons, heavy sterile neutrinos e.g. Fongetal. 2013

Z' models -~ same-sign di-lepton final states e.g. chun 2005
Left-right symmetric models - falsification by low mass W, eg. Dev. et al. 2015

Soft leptogenesis — type-l: charged LFV e.g. Adhikariet al. 2015

— type-ll: same-sign di-lepton resonance, same-sign tetra-leptons
e.g. Chun et al. 2006
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Probing Leptogenesis at the high scale

Small neutrino masses and washout pushes the right-handed neutrino to high

scales.
8 O 06eV
My 2 10° | ———
ol 5 X 1(\—1 !
nes]
Jping 1LePtOE”
Wave - b Garbredt! >n) products
A B il
g 6, B ETE ¢ g, Nad ' by Racker 2016
& M. DV g, Mol
x Dev b o SR 3a Ba
el Aot mdﬁf— 72 ora-: el
Her AR E 55, KO 50
A 3 - }(t T ’ 1 [ {] s T (L5t
Plet 7. 3- Chlﬂc Harz ¥ e N 1 Study geoul ta Mari Valp
T H:Ll"(l\ﬁ JR . 4_(]41‘(1'1]{6 )dt’ﬂ-‘:o San
'C‘__: Instit ute o Técnict He G ciences:
° < VI Unive™ T opile or the SpOce
EI € i artme of Ph-’.U‘“‘(S Mc onne L;;(j; )53]30_- DSA bmue'f“ﬁt \A
fe 7z Det 1 of PR ard M0G0 Lowis 1 amen e “al. 2013
e . n
Z. sDeport™ v ashingto™ " grticle P“’”fﬁcfa?Nem;s 318, 05%15-970 2
¢ Z' 1 Cosmol09V P in, [ e 110 s strafie
w § C{ rlt f ;J Ll(ru(’ d,l’_’ wu de S”O P(]ﬂl ! Tnes FT’[LTLC}M E’
r:';"" Fisico versie lo, Brodk M{j.ﬂfh en, JO
3 . 1 iner Sl
stituto 0¢ ¢ Univ
° Left Wl 710, Tech’,fr'jg e arching: Gy LOW Mass W, e.g. Dev. et al. 2015

1t
\ Physik Depafr*tmefr

(oY
)
(4

° Soft — cype-l: charged LFV e.g. Adhikariet al. 2015
-

— type-ll: same-sign di-lepton resonance, same-sign tetra-leptons
e.g. Chun et al. 2006
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LNV as a probe of baryogenesis models

The generation of a baryon asymmetry - baryogenesis — can be created by a lepton
asymmetry - leptogenesis:

baryon
asymmetry

SM processes Possible tight link
to neutrino
physics

lepton

asymmetry .
neutrinoless
. lepton lepton double beta decay
ossibly asymmetry asymmetry
at high generation washout > LHC
scales

(CPV and LNV) (LNV)

Mesons

In turn, lepton number violation (LNV) can destroy a lepton asymmetry, and
thus even a baryon asymmetry!

Julia Harz From Neutrino Masses to Baryogenesis TI.ITI 28

Technische Universitat Miinchen




Lepton Asymmetry Washout

v u
* LNV operator would cause washout of pre-existing net t ©: -
lepton asymmetry in the early Universe B

O = (L'd°)(ecuc) H ¢,

dnr, Nr Nege  MNyeN el p _ -
e e dc'"H ¢ C
ZH?%Y d — = eq _eq  _eq_eq_eq |V Q(Leec — U dCH)
z Ny Nge  MyeN Mg
2D—4
2D—4 €d ~ I
i @aL. T - i A 2D-38
YT s DAD2D—8 Le

CD operator specific fFactor
* washout efficient if

_ 2D -9
Fw_CD T2D4 ,Ap](T) >1

H - ’an ADQD_S - AD AD

"L lepton density

IF OVRR is observed, washout efficient in the temperature interval

A\ 7P
AD(,D) =\p <T < Ap
CDAPI

Julia Harz From Neutrino Masses to Baryogenesis TI.ITI 29

Technische Universitat Minchen




Falsifying Baryogenesis with OvBB

T [GeV]
=
100

scale above which :
high-scale 106;‘
baryogenesis can

be excluded

FW > 1 LHC reach I
H “ EW scale
1 0" = EW scale '

_05 0O, 0Oy On

Deppisch, Graf, Harz, Huang, Phys. Rev. D98 (2018)
Deppisch, Harz, Huang, Hirsch, Pas, Phys. Rev. D92 (2015)

L]

<
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Falsifying Baryogenesis with Ovpf3

1 . d
= current 3 N m_-_ N
101% PV A U
E o5 OvBp LFV ﬁ - -
i Lo €
scale above which
high-scale 106;— . Y
baryogenesis can ] =
be excluded u-—ey
F_W > 1 LHCreach I | _§
H Z EWscale
lO"-—EWscale ' ' _E'

OS 07 09 011 O,uey Orf’y O,ueqq

Deppisch, Graf, Harz, Huang, Phys. Rev. D98 (2018)
Deppisch, Harz, Huang, Hirsch, Pas, Phys. Rev. D92 (2015)
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Lepton asymmetry washout

*t generation couplings

106 E 2 A 2 A 2 A A .
344 L 2 7-dim
IS 9-dim
: S
10°k , 11-dim .
s 5 6 .
7
||
% 10* 3
14 14 19 20
: LHC reach
36 37 38
103 g
17 18 27
25 29 40 43
M 16 16 ]
102k EW scale g
] . oo :
Y Y Y YV S Y YNV YN Y YYYY®YY v¢  yvyvy YV _ YYVVYVYY V. vy
Deppisch, Graf, JH, Huang (2017)
Deppisch, JH, Huang, Hirsch, Pas (2015)
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Lepton asymmetry washout

3" generation couplings

6
10 F A A A AAA A A A A A A A A AAAA A A A A A
C * o
3344 7-dim
9-dim
105k . A
O 212 1414 11-dim

8
56 :
[ XS ]
- ‘ -
7

X 11 151 -

r; 1 04 10 13 28 28 28 29 29 32 32
O 76
g 24 24 27 27 31 31 HC reaCh. 44
B 36 37 38 7
L -
: o ]
X 35 40 43 4

17 18
NN
102k uA EW scale |
: 23
— et = = A 4 \A A A A A0S A 4

Deppisch, Graf, JH, Huang (2017)
Deppisch, JH, Huang, Hirsch, Pas (2015)
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Distinguishing between different operators

- SuperNEMO will be able to discriminate O, from others, due to e', and e*_in the final state

% Mass Mechanism "E LR Right Handed C t
15 _ //I '3 - Theoretical distribution E - Theoretical distribution
P ,I/ l:l Reconstructed distribution 0.8 [ | Reconstructed distribution
5 ~_/
a1.0 /'/ 0.6f
=]
% 0.4
105 dl’ r i
— Y L
—— = —(1 — kpcosbi2) | 02
d cos 019 2 ( ) 020 i
0.0 * d 408060402 0 02 0406 08 1 01 0806 0402 0 0204 0608 1
00 02 04 06 08 10 Cosine of angle between electrons ' ’ C.osin:a of angle. bet\;veen.elecirons
. 141/Q . Dell'Oro, Marcoca V|el Vissani (2016)
discrepancy between sum of neutrino masses from 0.08
cosmology and Ovbb half live measurements could "KamLAND-Zen upper limit 30 j
indicate non-standard mechanism 0,06LENs: Rev. Lett: 117 (2016) 082 S
 distinguishing between different mechanisms via = [ ]
measurements in different isotopes i ]
(RNP (R 11111 )/R E L -
—-80% —60% —40% —20% O 20%
o] T T T T - 0.02- T
Se A *x | B R |
o B T wsen
:Te “ o o ) %0.05 0.10 0.15 0.20
307e A | + R T1/2< X) |M(76G€)|2G(76G8) % eosm [€V]
136y B A 33300k R (10GeV™ —
A A2 (A
1§0Nd A |:|I 300%* T1/2< X) |M( X) | G( X)
. observatlon oF OVBB via O, and O,, will imply observation of LNV at LHC
Tm
Noether- ; s . . o
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Falsifying Baryogenesis with the LHC

Washout processes could be observable at the LHC

I
Large washout, if Vs,

H
Ty Mx OLHC
10%10 ? > 6.9 -+ 0.6 (ﬁ — 1) + 10%10 fb
Observation of any washout process My [TeV]
at the LHC would falsify high scale
baryogenesis! Deppisch, Harz, Hirsch, Phys. Rev. Lett. (2014)

Deppisch, Harz, Hirsch, Pas, Int. J. Mod. Phys. A (2015)
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Combining LHC & Ov3f3

L =90Q8dr + g L(iT*)S*F —m3S'S — %WF +g5(ST9)? + Aps(STH)? + hec.
mep = 1 TeV, mg/mp = 0.99

109 -
ur e, © ur
_\ ¢
I ‘ ‘
1N
\ 9Q Jmmmmmtm— oo Q
\ > S gL Fg9gr s
10~ 1 5 \ X
: "‘ 1 dp dp
Vo ovBp
9Q Vo
I ®
» NO: 7: washout tooll))ig to *pg;;/ q Sng q
073 A = generate n%>® N 9gL=- o
1) B N F !
Y
< gQ SR e*
: ==+« LHC (14TeV, 100fb—1) S+
! — = LHC (14TeV, 3ab™1) e*
. — FCC (100 TeV, 30ab~?! .
PR el UL q collider
10—3 102 10-¢ 10°

gr

Comprehensive analysis confirms EFT results and shows interesting interplay

between collider and Ovf reach. JH, Ramsey-Musolf, Shen, Urrutia, in preparation
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Constraining LNV interactions with rare kaon decays

o - O
u

L ey

M

T

hOI

X--K o

1%

O = LYLPHPH ¢, e 5,

Og) — LO‘LﬁdeCH"eapeB(7

* GIM suppressed * No GIM suppression

Not explicit LNV! ,
* Includes first and second

generation

How are higher dimensional operators constraint by rare kaon decays?
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Calculating LNV Branching Ratio

OF) = LELEQOdSH enpeso

® O
hodgdiyLiVLj B
* v

?abho (dchb) (I/L Vyp,. ) —+ Cwabho (dZVLi) (VLjdLb>

N

ijab ijab

cs vanishes due to
Czljab 9 ho (dZdLb) (VL,L-VLj) —

hY (dotvdy,) (vi,0vL,) + h.c.  pseudoscalar nature of
kaons and pions

. (Y =
iM = YE (m(p)| ds |K(p)) vi(k)v;(k")
17sd — — —
2
TZ?,K m fo ( ) F(K—)T('Viyj) B 1 1 |M|2
) ds dt T 140, (27m)3 32mK

* Usage of known hadronic matrix elements / fForm factors
* Alternative approach: SMEFT matched on chiral perturbation theory Li, Ma, Schmidt (2019)
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Constraining power at E949

* SM, lepton number conserving vector current Deppisch, JH, Fridell (2020)
20r
| signalregion1 S
K—nmvo __ — ., 7
£SM o A2 (szy VZ) (d’yus) — SM: K* = 1t vw
SM T 15
[0)
S
;E LNV: K" > m*vv .
* BSM, lepton number violating scalar current o
§ 10}
v - g
K—rmvry __ . e
Losnt”’ = —5— (vivy) (ds) = JIL
A vr(1)
BSM 5L L o
° ° ° ° /-’ il ot
— different phase space distribution / I2s \\ §- .1
% 20/ 40 e 80 N\100 120
o EX [MeV
- different acceptance: . in (M€
N b \vector 10 theoretical after
BR(K™ = 77vD)ggsg < 3.35 x 10777 at 90% CL distribution experimental
BR(KT — ntvp)ialar < 91 % 10710 at 90% CL acceptance
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Constraining power at NA62

10° . N o
! Deppisch, JH, Fridell (2020) Summary of sensitivity to gcalar
SR1 | SR 2 current (based on kinematics only):
|
) 10-'H SM: K* - 0" v (x10'°) LNV K* o 2wy (616°) Experiment | SM (vector) LNV (scalar)
T NA62 SR 1 6% 0.3%
Q@ fjtttre.
S | NA62 SR 2 17% 15%
S 107 £949 7w (1) 29% 2%
= | E949 707 (2) 45% 38%
s Rtk , . KOTO 64% 30%
L - rll e " K* —)[J+7T0Vy . \\
1073 5,0 i >
ll ‘:\‘\\ K* > v, : Experiments are generally more
. L il ! sensitive to vector currents
000 002 004 006 008 010 0.12
s [GeV?]

S — (E — E )2 og oo o o o
K @ Possibility to disentangle a possible signal by
improving on experimental sensitivity and strategy?
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Constraining power at NA62

0.12 Deppisch, JH, Fridell (2020) /\ Deppisch, JH, Fridell’ 2020)
0.460
M
S N\ .
0.1 ¥ 0.368
0.322
0.08 0.276
. 0.230
° 0.184
(%0.06 0.138
0.092
0.04 0.046
0.02
0.
10 20 30 40 50 60 70 10 20 30 40 50 60 70
Pr [GeV]

Pr [GeV]

For LNV more events in SR1 expected.
for LNC more events in SR2 expected.
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Putting pieces together

1** generation couplings

O |\ Nk smn 225 Nisa [TeV] | my A [TeV]
I 2.4 dd v 116

3 | 4 11.5 da v 59 x 101
3677 | a) 5.7 % rny 330

5 L 2.6 Aty 330

10 | % 0.8 At 9.6 x 107
116 | -Lwe 08 % 89 %1078
14b | Lt 29 s 41x107°
66 | rn% 5.1 49 pn) 330

Sensitivity to different Flavors than most constraining Ovpf !

Process Experimental limit O | AL, [TeV]

K+ — 7'vr | BRjue < 111 x J071 Osp | S, Njisa > 19.6
K+t = atvy | BRY22 <178 x 10710 [67] | Os | 32, Ajisa > 17.2
K; — v | BREQTO « 30 x 1079 [71] | O | 32, Ayisg > 12.3
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Putting pieces together

1** generation couplings

O 1/A%(—>7ryy Zz Aggég [TGV] my Amy [Tev]
1vi | 2.4 do v 116

3 | 4 11.5 da v 59 x 101
3b1° | ra) 5.7 U2 pp) 330

(% ’U2

5 s 2.6 Tln T 330

10 | % 0.8 At 9.6 x 107
116 | -Lwe 08 % 89 %1078

1 uU B —
14b | Lt 29 et 41x107°
2
66 F(A) 15 5.1 Sy f() 330

Sensitivity to different Flavors than most constraining Ovpf !

Process Experimental limit O | AL, [TeV]

K+ — 7'vr | BRjue < 111 x J071 Osp | S, Njisa > 19.6
K+t = atvy | BRY22 <178 x 10710 [67] | Os | 32, Ajisa > 17.2
K; — v | BREQTO « 30 x 1079 [71] | O | 32, Ayisg > 12.3
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Putting pieces together

1** generation couplings

O 1/A%(—>7ryy Zz Aggég [TGV] my Amy [Tev]
123 U4

va | v 2.4 a4 v 116

3b | % 11.5 da v 59 % 10

3677 | a) 5.7 % rny 330

5 L 2.6 Aty 330

10 | % 0.8 At 9.6 x 107

116 | L% 08 i v g9 107
1 uU B -3

14b | Lpm2 29 %X 4.1 x 10

66 F(A) 15 5.1 b f) 330

Sensitivity to different Flavors than most constraining Ovpf !

Process Experimental limit O | AL, [TeV]

K+ — 7'vr | BRjue < 111 x J071 Osp | S, Njisa > 19.6
K+t = atvy | BRY22 <178 x 10710 [67] | Os | 32, Ajisa > 17.2
K; — v | BREQTO « 30 x 1079 [71] | O | 32, Ayisg > 12.3
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Summary

Process Experimental limit O AE,-EH | TeV] A [TeV]
Kt — ntvy | BREA® < 1.11 x 10710 Oz | S Ajiea > 19.6 | 0.213
K+ = 7fvr | BRSO < 1.78 x 10710 [67] | Oy | 32, Ajisa > 17.2 | 0.196
Kp — mvv | BREOTO < 3.0x 1077 [71] | Og | 3. Misg > 12.3 | 0.178
Bt — wtvy | BR < 1.4 x 1075 [52] Oz, | S, Njipg > 1.4 | 0.174
Bt — Ktvv | BR < 1.6 x 1075 [52] Osp | S, Aips > 1.4 | 0.174
B — 1w | BR <9 x 107° [52] Osp | D Nipa > 1.5 | 0.174
B - K% | BR < 2.6 x 1075 [52] Osp | >, Aips > 1.3 | 0.174
Kt — uto, | BR < 3.3 %1073 [32] Osq | Moo > 2.4 0.174
mt — pto, | BR< 1.5 x 1073 [32 Osq | Mjowa > 1.9 0.174
™ = v BR < 2.9 x 107'? [78] Os | Appua > 3.4 0.174
Ov3p Ty 5% > 1.07 x 10% yrs [79] | Oz | Acewa > 330 3.5
o — et R . < 1.7x 1072 [80] O | Ajewa > 0.01 0.174

Bright future perspective — B-meson constraints still in LHC
reach. Could imply strong lepton asymmetry washout?.

*) If LNV interaction is confirmed.
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UV complete example: Leptoquarks |

LD Lov + pS1H Ry — g{"’imiag‘ﬁfz;ﬁa; — " gLfeaf;Sl — ggnﬂ%ejSl +h.c.

Cata, Mannel (2019)

RQ c 3, 2, 1/67 ~ L Bl
- By —1 43
S1€3,1,1/3 S -1 —%
pgig K919
Lop = mz}—m%L?HﬂszgLJV,eaﬁew + 2~1—m‘:32L?H5dzufle§€a5
\ Ro Sl}¥ ) 2 Sl}L J
—~ Y 7)
1 O 1 o\’
X Ve 30 A3 i x

Emmy

Noether- & . . . m
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UV complete example: Leptoquarks Il

LD £SM + MSlﬂTQRQQ — gikiiaiag‘ﬁézﬁaz — g%n gLJ@EagSl — gé”ﬂ%ejSl + h.c.

Cata, Mannel (2019)

3sin(20)¢2V.qGi?5.cU ;.
()i =2 ( )§127Tcl491 ELmyl(miq, miq, miy)
J
1.gen/2.gen/3.gen 1.gen/2.gen/3.gen
1 0 0 0O 1 O
gi~10 0 O g~10 0 O
O 0 O O 0 O

(m,); ~ 0.08eV

A contribution of leptoquarks to rare kaon decays would imply
a non-trivial flavour pattern to explain smallness of neutrino
masses.
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Probing Leptogenesis at the GeV Scale

Leptogenesis via the Akhmedov-Rubakov-Smirnov (ARS) mechanism

* Yukawa couplings yield small values with a certain hierarchy (equilibrium vs. non-eq.)
P due to mixing, oscillations distribute individual lepton number unevenly
* the one in equilibrium translates its L number via sphalerons to the active sector

- baryon asymmetry Akhmedov et al. 1998

For N=2 it was shown that the baryon asymmetry is predictable by combination of
different experimental measurements:

0.1F Obs. YA _36x10-1]
® Neutrino oscillation experiments —
®* Neutrinoless double beta decay N
experiments =
= 0.01}
. Q.
* Direct searches for heavy neutral 5
leDtonS Hernandez et al. 2015, Abada et al. 20135,
Drewes et al. 2016
E AU]2=1%,AM =0.1%
0.001 AU = 1% ,AM = 0.1% ,A§ = 0.17 rad
Update to N=3 ' 20 10 0 10 20
Abada et al. 2018 Yap(1071)

Julia Harz From Neutrino Masses to Baryogenesis TI.ITI 48

Technische Universitat Minchen




Leptogenesis & Sterile Neutrinos

Explain Light Neutrino IV[asses
(“ Seesaw Mechanism”)

soisAyd
oulnaN

0 =
o . .
2 = Dark Origin of Matter
o o , :
s R Matter (“Leptoge 1esis”)
Q
< a4
- B
'U(-Q ® .
23 Dife Indirect
&3 Searches
g
< e
M. Drewes
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Leptogenesis & Gravitational waves?

NanoGrav: Sign of cosmic strings?

10_6 e I i o V 7 l') LlI O I ,'l,'l 1,;‘
. . . . 10—7r i T’Z g]/ 5,1 II';'.IS?
If particle production dominates, stochastic osp 1[5 i 8"\5/“’,
gravitational wave spectrum depends on wop L/ -
-0 : ’l % lll ‘llll: l'l LL;"III 15 (S
Q h2 G 2 10—11 i r - - - - - G T T AT "_/I7l10 ooy
Gwi X Gl IR S o e R N i - AL S04 Gev
L A B T AN I G LY
[~ v L AN h A 102 Geyd
__— 0 e , P A 10" Gev+
cosmic string tension breaking scale o P vi—
Hindmarsh (2011) 10—1; Dror, Hiramatsy; Kohri, Mufayama, White (2020)
Buchmueller, Domcke, Kamada, Schmitz (2013) 10" 107 107 107107 107 107 107 107 107 110 10% 10° 10°
fTHzI
10°
Direct and indirect links:
Excluded by KamLAND-Zen,GERDA,EXO-200,CUOR
* cosmic string network is a generic prediction 16 z
of the seesaw mechanism when B-L is broken 3 o r =
l — 10-2 Sensitivity goal of next generation exper%ents
spontaneously Y g 2
£ . B E
* RH neutrino induced gravitational 1072} T 38
H H ¥ o -
leptogenesis mechanism (RIGL) Samanta, Datta (2020) § & &
=4 ' h 1
McDonald, Shore (2015) 10504 1072 102 107" 10°
m4 [eV]
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High scale baryogenesis

1010, , :
. . . « ‘Addazi et al. (2020) NNBAR -
Testable B violation scenarios: = | ]
. 10%; DUNE -
* AB=1:proton decay l : QJ§’ Superkamiokande A
i K _ ]
J =2°'N- i i . - A < Kamiokande ]
A B = 2: n-nbar oscillations 510° SA A m A sﬁo -
> eA %GF Lo SOUDAN-2 i o
S ., IMB
= 107¢
5 wa o 1
BIC .. c Triga
i o a 6l BB Ffreen—n
¥l e >1O ? _ E
é i IE i ‘ Boundn - n
— ] (model dependent)
=1

5
9980 1990 2000 2010 2020 2030
Tnm 2 10'%s Year

New high-sensitivity searches for neutrons converting into antineutrons and/or sterile neutrons at the European
Spallation Source, Addazi et al. (2020)

Future sensitivity at ESS:

YD) T3 T3 I i) Ty

Topology — 1 Topology — 11

Mohapatra, Marshak (1980)

Grojean et al. (2019) Babu, Mohapatra (2012)

Emmy
Noether- & . . .
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High scale baryogenesis

Simplified model:

dd f:l,l/.d ::13-1" AW :.Ij.2.. oo\ a.j4
1)
EII - fij dediRde + EXud(uiRde + Udez‘R) Topology — I1
+ )\fdeXuqud + h.c. ne
1 :' -
Interesting interplay with other experiments: 0.50 i
mx,, = 101 GeV ¢ =1
* N-nbar oscillations Avp_p =6 x 10" GeV
* Di-nucleon decay o~ % 0.0} 1
¢ LHC 10710 ]
* meson oscillations 0™ —— Supedamiokends (Curen) 0061 Sl RS L
. DUNE -
........ NNBAR
10719
1072
0.01; . . . ) N E——
Can we learn something about baryogenesis by 1000 2000 5000 10*
the complementarity of experiments? iy [oov)

Fridell, JH, Hati, in preparation

Emmy
Noether- R 3R . . . .
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Low scale baryogenesis

B-mesons decay into
Dark Matter and hadrons

e Dark Matter
—_ e/'o anti-Baryon

Out of equilibrium

late time decay CP violating oscillations

| |
: G0®

@ ~ 20 MeV Ad, A3,

Sl

0 Baryon

Globally, AB = 0.

Yp ZA x Br( 2—>¢£+Baryon—|—X)

q=s,d

Testable scenario at Belle, Belle-ll and BarBar! BY

BR(B — ¢¢ + Baryon +)

CaryogeneD

Y5 =87 112

&

Dark Matter

N

¥ @

,<\G
Y /
A

>
A

>

A Supersymmetric Theory of Baryogenesis and Sterile Sneutrino Dark Matter from B Mesons,

Alonso-Alvarez, Elor, Nelson, Xiao (2019)
Baryogenesis and Dark Matter from B Mesons, Elor, Escudero, Nelson (2019)
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Noether- & . . .
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Many other possibilities...

electroweak CP violation

baryogenesis 1st order phase transition

14 TeV 14 TeV P
ini::vigrPl;ﬁt':de sryolmitt HL-LHC installation F:f";';ll 10° il Geo”
Civil Eng. P1-P5 e juminosty o
S IETA e aVIRGO
2018 2019 2020 2021 2022 2023 2024 2025 2026 2037 | S solar'ma'ss i ;:A'SSA
azdri‘aatigog SKA Extreme mass ratio inspirals
. 2 x nominal Juminosity x ) e /i
et expempnhe.rga Py — 1 uxporlr::;l::ngmde ':S 10—6 |
K
5‘1 G = FCC-hh 10—9 | Stochastic
8 0 E sppc backgroun
%’ - Unresolvable Supernovae
: () HE-LHC 10-12 | galactic binaries
P [ ] Pulsars
1075 ¢13 HLLHC
= 107"% :
C ) FCC-eh 1071° 1078 107 1074 1072 10° 102 104 108
= A Frequency / Hz
3 i _ °
10 s HL-LHeC HE-LHeC / nggs
— (]
8 = —p-  factories
B CEPC ILC FCC-ee . . °
e Stochastic gravitational
- wave background
! [ I I [ | | | | | | { | |
2010 2020 2030 2040 2050
Year
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Probing freeze-in dark matter and baryogenesis

Vy Y FXSM X

Review Article: The Dawn of FIMP Dark Matter: A Review of Models and Constraints,

y ~ O(1077)

Bernal, Heikinheimo, Tenkanen, Tuominen, Vaskonen (2017)

(1) Thermal equilibrium regime (T >> m)

_al e
; ‘\\ DM is feebly interacting with the SM
-6 \ bath; abundance negligible
—8:— \\‘ AF i
% ol | (2) DM production
g ‘ DM gets produced via decay of a heavier
i ‘ / particle Y that is in equilibrium with the SM bath
: ~—}__—
~14p \ Y — SM x
o \ ' (3) Freeze-in
10 -05 00 05 10 15 20 when T falls below mass of parent particle Y,
log1ox cooling production gets Boltzmann suppressed
= T
v =my/ down  » ny = exp(—my /T)
Tm s

Julia Harz

Technische Universitat Miinchen
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Probing freeze-in dark matter and baryogenesis

Assuming that DM is mostly generated by decays of the parent F, we can
relate the relic abundance with the parent particle life time

0.12)( M >(M)2( 102 )3/2 [t de 2t Ky ()
g (

cT ~ 4.5 mﬁgp(

2,h? ) \100keV M mr/3) 37 /2
- = my=12keV, Tr =50GeV
103 m,=12keV, T =100GeV
- - my,=12keV, Tr =160GeV
— msl2keV. Ty =100CeV |, - m_=12keV is the smallest possible mass
N T - my=1MeV, Tz=10"GeV | "'t S i
10% 4 viv m,=10 MeV, Tj = 10°GeV * from Lyman-a constraints
DLS :
ser |l m_> 12 keV would imply even smaller T,
10! | — DT
E -
© el - If s made up not all of the DM, a smaller T,

would be implied

-
-
-
-
-
-
~
~ -
-
-
-
-
-
-
~ -
"'h
[~

T.=160GeV ;

-~

10 |

T =50GeV T =100GeV -~ most conservative choice
10% 260 360 4(‘)0“ 560 660 7C
myp [GeV]

Possibility to Falsify baryogenesis / leptogenesis models that rely

on effective sphaleron interactions. Belanger, JH et al. (2018)
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Conclusions
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Conclusions

We live in a world full of interesting mysteries!

Astroparticle physics might guide us to new physics.
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Thank you for your attention!
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