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Why is there more matter than antimatter?
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Where do neutrinos get their mass from?
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The nature of Neutrinos — Majorana vs Dirac

neutrinoless

Right-handed neutrinos can give rise to two different mass terms: double beta

decay

Dirac Majorana

Mpviv Myvgpvy

DYLER MYR¥R collider

(LHC)
Lepton number conservation Lepton number violation
(LNC) (LNV)

meson
decay

* LNV interaction smoking gun signal For Majorana nature

* LNV interaction could source baryogenesis via leptogenesis

LNV: AL =2
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Standard Model Effective Field Theory (SMEFT)

* General interactions can be described by the Standard Model Effective Field Theory (SMEFT)

L= LSM+C5O5+ZCZOZ Zc7o7+

LNV

* At dim-7 several LNV (AL = 2) SMEFT operators exist, e.g.

- O -
O | cuom (1) @Ly) 1" e
Ol L &ijemn (85 Ly ) (LS L) H" H d

] LNV: AL=2
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Lepton Number Violation (LNV) & Meson decays
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Probing LNV interactions with Kaon decays

K{ } ) Same-sign leptonic final state

* LNV isdirectly tested

e dim-9 SMEFT only

 for first generation, OvpBP stronger
* constraints very weak

Decay into neutrino final state

d v
KU{ >.i:u * No explicit experimental searches?

* dim-7 SMEFT

K+{“ E } Neutrino Final state
’ ! * LNV needs to be independently confirmed
! e dim-7 SMEFT

Charged lepton + neutrino final state

U o+
K*{ ::\/':: * Neutrino needs to be detected (Cooper et al. 1982)
* dim-7 SMEFT

Liu, Zhang, Zhou (2016)
Quintero (2017)

Chun, Das, Mandal, Mitra,
Sinha (2019)

Gninenko (2014)

Li, Ma, Schmidt (2019)
Deppisch, Fridell, JH (2020)
Buras, JH, Mojahed (2024)

Deppisch, Fridell, JH (2020)
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Probing LNV interactions with Kaon decays

K{ } ) Same-sign leptonic final state
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Charged lepton + neutrino final state

U o+
K*{ ::\/':: * Neutrino needs to be detected (Cooper et al. 1982)
* dim-7 SMEFT

Deppisch, Fridell, JH (2020)
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Lepton number violation in Kaon decays

Precise theoretical predictions with unprecedented measurements

| BNL

NA§62: 2016-2018

—e—i

SM [JHEP @
SM [EPJC

9 (20?2) 1428]

NA§62: 2b21-2 022

NA62: 2016-2022

82 (2022) 615]
IIIIIIIIIIIIII

()IIII5II11()IIII.1\3

20

o5 30 35 40
B(K™ — 7vw) x 1011

Theoretical prediction:

BR(K' — 7T vi)gm = (8.60 4 0.42) x 10711
Buras, Buttazzo, Girrbach-Noe, Knegjens (2015)
Buras, Venturini (2021)

Golden Channel!

BR(K;, — mvp)gm = (2.94 £ 0.15) x 10~

# Do the latest NA62 leave room for new physics?
Buras, JH, Mojahed (2025)

Deppisch, Fridell, JH (2020)
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Lepton number violation in Kaon decays?

v

# As neutrinos are not explicitly measured, a new physics contribution could also be
lepton number violating!

annes GUTENBE Lepton Number Violation: .
jonannes GUTENBERG JG|U p Julla Harz
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General NP contribution in K* - n*vv or K - nvv

Allow for most generic NP contribution from dim-6 LEFT operators:

Dim-6 LEFT operators (lepton number conserving)
Oyp = (@ry*ur)(@y*v) Oy, = (dpy*de) (),
OVr = (WrY"ur)(@y*v) Olr = (dry"dr)(¥7"v) ,

Dim-6 LEFT operators (lepton number violating)

Orrp, = (WruL)(vCv) Ofnr = (drdr) (V) ,
05 r = (Wur)(¥Cv) , Ok = (drdg)(vCv) ,

OT = (@gro" ur)(VCo,,v) , OT = (dgo™dr)(vCo,,v) .
Note:

* For flavour diagonal contributions tensor contribution vanishes
* Inthe presence of light RHNs, LNV and LNC identification may be different within vSMEFT

Lepton Number Violation:
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New vector contribution in K* -~ n*vvand K - nvv

3.0x10710 -
——— (Grossmann-Nir bound
25x10710 -
I —_— MFV
N 10 [ 1
T 1sx1010 " : by =/d
~ - J
< ol — ¢y =7/2
g 1.0x107" ¢
I — ¢y =371/4
-11 L
50x10 : o ¢V:6’/T/5
0 |

| 1 L 1 1 L L | L 1 1 |
0 50x10" 1.0x10710 1.5%x10°10 20x10°1
B(K" — ntvp)

# Vector contribution can lead to larger and smaller BRs than in the SM

# Vector contribution can lie everywhere below Grossman-Nir bound
Buras, JH, Mojahed (2025)
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New scalar contribution in K* — n*vvand K, - n°vv

3.0x10710 ¢
2.5% 10710 -
N —— Grossmann-Nir bound
-10
D 20x107"
S B — ¢s=0
T 10 [
g 1.5x10 : ¢S:7r/4
& 1.0x107" = ds =
C —_— g = 67r/5
5.0x 10"
0 i ! L L L | I L | L | L I L | L | I L
0 5.0x 107" 1.0x 10710 1.5% 10710 2.0x1071°

B(K" — ntww)
# Scalar contribution can only lead to larger BRs than in the SM

# Scalar contribution confined between blue and brown line
Buras, JH, Mojahed (2025) |
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Disentangling the NP contribution

Allow for a NP scalar or vector contribution additionally to the SM such that the experimental
upper bound B(K+ N 7T+yp) — 1.63 x 10719 is saturated.

We fixed ¢, =7/2 and ¢s5=0.

100 = ‘ — T T — — —— MM — — —
'SR1 ' SR2 ' ' ] 2 3
| L
g " ~ R o~ i % 10.
. - . Tl
3 B = -
= = .-
S ; = .
& i ===a= S\ onl EL L mmma=
2 J{C I : 1 L:Lk ‘ N
~ A
>~ 010} —_— max. NP scalar (LNV) . é\ 0.10. max. NP scalar .
S : i 5 | J
— max. NP vector (LNC) ~ i max. NP vector .
0.01 L P I T B P P 0.01 —+—— e et — T T L1 S
"0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
2
s [GeV] s [GeV?

A NP scalar contribution additionally to the SM leads to a striking difference in

the distribution when comparing to a vector contribution only.
Buras, JH, Mojahed (2025) |
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Disentangling the NP contribution

Allow for a NP scalar or vector contribution additionally to the SM such that the experimental
upper bound B(K+ N 7T+V,7) — 1.63 x 10~ 10 is saturated.

We fixed ¢, =7/2 and ¢5=0.

100 sy — 100 -+ — - S

'SR1 SR2 ] ]

& —— E & i ¢s =0 ]
|> — \ | L
& 10p R, i % 10.
. - e
"@ u "@ = -
& 1} [ e T
S : 2 .
ﬁ%‘ 7 ===== SM only | EL‘Q F = ‘
o~ 0.10F —— max. NP scalar (LNV) ¥ - o~ o010 max. NP scalar ..
S : = | :
= max. NP vector (LNC) ~ i max. NP vector “‘

0.01 — - PR S i P N L L A 001 ——— R TR TR T - L S

70.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
s [GeV] s [GeV?]
independent of scalar phase dependent on scalar phase

# comparing K and K* distributions can help to identify CP phase in scalar sector
Buras, JH, Mojahed (2025) |
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Disentangling the NP contribution

100 — — — ——
+ +.,5 i :
Dj_Xp(S) — dF(K d—: I VV) ﬁ:
= CEFE(s) + CERE(s) + CF £ (s) 7 2 I RE LRI
3 I
Measuring distribution at three different values & '
s, s,ands_: g’; R SM only
| = A0t max. NP sc:
o D) [ (50) = o) (sa)] +oyelic T o
5 (1) [fif (s0) £ (s3) — fif (s3) £ (s2)] + cyelic — max. NP vecfor
ot _ DP(s1) [fd (s2) £ (83) — fd(s3) fi (s2)] + cyelic %%00 002 004 o006 008  o0d0 o012 o014
VR (1) [FE (s2) f (s3) = £ (55) f (s2)] + eyelic . GV
ot — D3 (s1) [fS (s2)fy (s3) — fg (83)fy (52 )] + cyclic
' f1 (s1) [f;(32)f\;r(53) fa(ss )ik (2 ] + cyclic

measuring non-zero C_ or C_implies the existence of a scalar or tensor current

measuring non-zero C, not in agreement with SM, implies new vector currents
Buras, JH, Mojahed (2025)
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Lepton number violation in B-decays?

Belle Il reports deviation from SM

BR(BT — Ktvi)sh = (4.924+0.30) x 107°

M Average
0.497 +0.037 300

: N Belle II (362 fb'!, combined)
: : 2.340.7 This analysis 20
.l 1 Belle II (362 fb!, hadroni
|| 1.16:»:1? ng analysis R . [
: N _ Belle II (362 fb'!, inclusive) SN

: 2.740.7 This analysis & 15

1 Belle II (63 fb'l, inclusive) % I

: 194 1.5 PRLI27, 181802 o L

—.'I—I Belle (711 fb'l, ileptoni ~ I

1 I.Ue:l: Ui (PRDQ()', 091101 sett ep OnlC) m 10 L

P Py Belle (711 fb!, hadronic) @X .....
: : 29416 PRDST, 111103 S 7 RO 000 2

—io— | BABAR (418 fb!, semileptonic) 5F e < b
] 02408 PRDS2, 112002 d ,,’ —— SM -+ Tensor
L BABAR (429 fb!, hadronic) N a Belle 11 i
E 1 15413 PRDS7, 112005 7' b ¢ + Vector
L i 1. | L L L | L L | L L L 0 L= L L L | . L | I 1 L L L L 1 L L L L 1
0 2 4 6 8 10 0 5 10 15 20
105 x Br(BT—K * vi) T3 5 (A = o)
Scalar currents are confined to green area
tensor current disfavoured See also Felkl, Giri, Mohanta, Schmidt (2023)
Buras, JH, Mojahed (2025)
Lepton Number Violation: .
s O L P Julia Harz
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Neutrinos or dark sector particles?

Example for comparison with dark sector final state particles: scalar dark matter

30

dSB

105 dT(B — Kvi)

PExp

0.0 L 1 I I | I I I | L 1 L 1

0.0 0.2 04 0.6 08

SB

SM
SM + Scalar
SM + O3,

SM + O,

# Distinguishable from various dark Final states via kinematic distributions,
dark Fermions with similar Dirac structure as scalar SMEFT would require further analysis

Buras, JH, Mojahed (2025)
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Search for Lepton Number Violation (LNV)
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A comprehensive survey of dim-7 LNV operators

|

7é/
Meson decays
See also: Li, Ma, Schmidt (2019)

Neutrinoless double beta decay
See also: Cirigiliano et al. (2017)

@

LNV: AL =2

7 (6% C o
éb) — LLPQPd°H €ap€Bo

Collider searches

See also: Cepedello, Hirsch, Helo (2017), Deppisch, Dev,
Pilaftsis (2015), del Aguila et al. (2012)

Non-exhaustive list of references!!

UR(L) <;?<[> dR(L)

Neutrino oscillations
See also: Bolton, Deppisch (2019)

Coherent elastic neutrino

nucleus scattering (CEVNS)
See also: Lindner, Rodejohann,Xu (2017)

JGlu
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A comprehensive survey of dim-7 LNV operators

Type @ Operator
viH Ol eijemn (L' LT)HIH™(HTH)
V*H*D OLerp €ij€mn (LG uer) HI (H™iDF H™)
U2H2D? Ol k1 €ij€mn (L_z";iDy,Lf;) (H™DrH™)
OLnps €im€jn (Lg' D, LT) (H™DHH™)
U2H2X Olup g€ii€mn (L8 0, L) HI H™ B#
O g'eij(er’) (L&'ou, L) HIH "W
viD OSELD ij (dpyuur) (LS4DH L}Z)
O i esj€mn (8 LL) (LY L) H™
ot O cij (dpL;) (ugef)H d
Ofrouimn eijemn (dpLr) (QFLY) H"
OZZSCELBQ eimejn (dpLy) (QS/ L) H™ _ _
quiLH i (Qpuy) (LELY) HY Eiaaso"sr\a/‘;c?zr(c)l;r;g)u to Lehmann (2014),

Fridell, Graf, JH, Hati (2023)‘

Lepton Number Violation:
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A comprehensive survey of dim-7 LNV operators

Operator

Collider

OvBB8 LBL Osc. p, p'-decay

CEvrNS

Meson decay

Oru
OreHD
Orap
OrHD2
OrLuB
Oruw
OdurLD
OerLLH
OJLueH
Odrornm
Qirorme
OQuLLH

NN

DN

NSNS S

SSRNRNEN
\

NN

SSENENEN
NENENEN

v
v

1 &\ 1

~

Fridell, Graf, JH, Hati (2023)‘
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A comprehensive survey of dim-7 LNV operators

B 0vpBdecay (ee) B K' — 7w future (FU) B K" — n"vvcurrent (FU)
B p' decay (ep) B vmagnetic moment (FOD) M FCC future ()
M LHC Current(up) B LBL Osc. (ee, ep, er) B LBL Osc. (ppu, pt)
| CEvNS future (ee) CEvNS current (ee. pp) B |om,| <1leV
OQuLLH
Od‘ LQLH2
Ousauin T .
O Luerr
OcLrLm
Ofurrp
Oraw
Orup
Orup2
OLup

oLeH D

Oru "

0.1 0.2 0.5 1 2 5 10 20 50 100 200 500

A [TeV]
# Potential to disentangle different operators due to interplay of different observables
Fridell, Graf, JH, Hati (2023)'

1000 2000

Lepton Number Violation:
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Limitations of the EFT analysis - LHC

Validity of the EFT dependent on momentum exchange
2 2 2 4
g _ 9 Q Q
QQ_Mr%ed - Mr%led <1+Mied+O<M§16d>> ........................................
10
generally valid only when M2, > @Q? .
::] ’ —OJLQLHz
7 OELQLHI
Limits on the new physics’ masses dependent on actual Ot
UV model couplings: Z
Mo 1 o
MI?I)led a (ALNV)3 1 — Opetp
=
# Careful interpretation of EFT limits crucial s —
Mmcd [TGV]

Fridell, Graf, JH, Hati (2023)
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A comprehensive survey of dim-7 LNV operators

B K' — 7w future (FU)

B v magnetic moment (FOD)

B LBL Osc. (ee, ep, er)
CEvNS current (ee. pp)

B K" — n"vvcurrent (FU)
B FCC future(up)

B LBL Osc. (ppu, pt)

" |0m,| <1eV

B 0vpBBdecay (ee)
B p' decay (ep)
M LHC Current(up)
| CEvNS future (ee)
OQuLLH
Od‘ LQLH2

0.1' LQLH1
Od Luck
OzrrLe
Ofurp
Oraw
Orup
OLrup2
Orup1

oLeH D

Orm

H

0.1 0.2 0.5 1

5 10 20 50

A [TeV]

100 200 500 1000

For neutrino mass limits see
also: Cirigliano et al. (2017)

Neutrino mass limits can be competitive, but are heavily dependent on the actual model

Fridell, Graf, JH, Hati (2023)'

sonannes GUTENBERG
UNIVERSITAT MAINz JG‘U
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Limitations of the EFT analysis — simplified models

Identification of all possible tree-level UV completions incl. their neutrino mass topology

O&LQLHl = €ij€mn (d—pL?) (Q_gij””)H "

For exploding dim-7 operators see also:
Gargalionis, Volkas (2021)

Alo |8 | R S| N|Z|Ql T &

A ® @ @ / \
Vo vg
Y | @ O %
S1 L 1l topology |
Ry I I O 11
S3 I O | 1II Y L+
N O| 0| O
by O OO VQ4>—®—<iVB
.I.
11 1T
@ o topology Il
| e 11
Fridell, Graf, JH, Hati (2024)
JG|U Lepton Number Violation: Julia Harz
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Limitations of the EFT analysis — neutrino masses

Example: €ij€mn (dpLL) (QE L) H™

10°t
* Naive dimensional analysis (m.);; 1l
Gouvea, Jenkins (2007) ; I
o) .
yps 1 ’[)2 <§ 10_5:
2 A [
d 1672 A = | — EFT cut-off estimate
- o 10710}
] L — — — Full model
* Actual UV model analysis (m,);; 10-18f
& a Babu, Dev, Jana, Thapa (2019) 1,001 11 10 10° 10° 107 10°
i 7§1?7 71:2277 Ji Z 3sin (29) ygkvgikg];«j o m%QQ é: o mkz/msl
t ] : 3272 & m2
hO: k LQl
X

‘ Large mass hierarchies in the new physics are not captured - is there an intermediate way?
Fridell, Graf, JH, Hati (2024)‘
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A simplified multi-scale approach

Based on dimensional regularisation and method of regions
Beneke, Smirnov (1998)

Manohar (1997) .
. |
Generalised to general topology | (1-loop) o .
(m )I ~ I v lo m_<21’1 ()\ ML +A MTAT ) Vo PSS vg
YT 16m2 mE — ml, & m3, o1 MfAp, + Ao, Mf Ay, ), f

topology I (1-loop)
Generalised to general topology | (2-loop)

3
I, two-loop _ 1 U
(ml/)ij ~ (1671'2)2 mél — m%{)Q [fﬁ(mcl)me) - fﬁ(m@zv mW)]

X (Ao, MyAg, + Ao, My g, ).

Fridell, Graf, JH, Hati (2024)

Lepton Number Violation: .
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A simplified multi-scale approach

105F Oarovm 1-Loop, u = 10° GeV 4 [ Og10n 2-Loop, = 108 GeV
1t il |
> - > [
2, i o) I
L -10[
<§ 1 0_5 : <§ L
= [ —— EFT cut-off estimate = s} — EFT cut-off estimate ===
L 1 O— L
10_10: —— Multi-scale approximation [ ——— Multi-scale approximation
F — —— Full model 10-2f —— - Full model
1 0—1 5[ i
1.001 1.1 10 10° 10° 107 10° 1.001 1.1 10 10° 10° 107 10°
é‘:mkz/msl é‘:mkz/msl

- The simplified multi-scale approach captures all relevant features of a UV theory

Fridell, Graf, JH, Hati (2024)

- Lepton Number Violation: .
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Impact on the parameter space

10'6 \ ‘
Oarorm\lopology I Ojruers opolog“y‘ I 2-Loop
]014 \ : ‘\
12 : --------------------- "\, Diil’l-ﬁ LHC
10 ; i, _Cutoff m, ’ *..._ Cut-off m
Multi-scale m, v
2 10} )\ iDim-6 LHC >
O ' <
o o Iti-scale m
S 108 S u v
= =
o : 0vBB decay
106}
104 L BN ."'.1:: """"""""""""""""""
10% A Dim-7 LHC
10 : : : - L 10° 1 7 ' !
107 100 10° 10 10 10™ 10™ 10'° 10 10 10° 108 10"
Mg, [GeV] My, [GeV]

‘ The simplified multi-scale approach as a more reliable estimate

Opens up parameter space featuring interplay of experimental observables
Fridell, Graf, JH, Hati (2024)‘

Lepton Number Violation: Julia Harz
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Credit: Ella Dreiner

From the lab to the cosmos: link to leptogenesis
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Basic principle of leptogenesis

lepton lepton
asymmetry asymmetry
washout generation

(lepton number violation (3 Sakharov conditions

only) together)

lepton
asymmetry

Two complementary strategies to scientifically progress:

» discovery of new physics sourcing baryon asymmetry
(identifying promising models)

* * discovery of new physics depleting asymmetry
(exclusion of models)

s GUTENBERG IR Lepton Number Violation:
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Credit: Ella Dreiner

Implications of low-scale LNV new physics on
baryogenesis
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Falsifying baryogenesis with LHC & Ovf33 decay

q;

Observation of any LNV washout process at the LHC
would Falsify high-scale baryogenesis
Deppisch, JH, Hirsch (2014) 0

106 Y YYYY

pp—)li

5L
IFag "¢ ol ||| P
Observation of neutrinoless double beta decay with
new physics from > dim-5 LNV operators would Falsify 104 I

>
high-scale baryogenesis &
Deppisch, Graf, JH, Huang (2018) =
Deppisch, JH, Huang, Hirsch, Pas (2015)
103 g

Asymmetry stored in another flavour sector?

- measurement in all flavours
— low-scale LFV leading to equilibration

5-1“ gen. F 1 gen. ext.,
[ quarks only _fint. all gen.

For the impact BNV interactions from Nnbar oscillations,
meson oscillations and the LHC on Baryogenesis, see BUT: Limitations of EFT approach
Fridell, JH, Hati (2021)

Lepton Number Violation: Julia Harz
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Falsifying baryogenesis with LHC & Ovf33 decay

Impact of observation of TeV-scale LNV on standard leptogenesis [ gQ@SdR + gLf(iT2)S*F

mgs/mp = 0.5 mg/mp = 1.5
10° 10°
ur er  erf ur
107! 10! RS F o
9o g, | dn ovBB i
obs s Q
Y < Y .
10_2 \\ 10_2 = q
\\ -
N q
B Leptogenesis nonviable region : ‘s W Leptogenesis nonviable region e:t
B 0v35—decay | | OV,B,B decay s 181 9 @-——--
- obs & G Y
ijet t
. i-je y YB < Y i-je
107 - , Wty Y colllder
10 10 g 10 10 1073 10 10 10
L 9,

# Depending on mass hierarchy of new physics, collider or OvBp decay is more sensitive
JH, Ramsey-Musolf, Shen, Urrutia-Quiroga (2021)
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Credit: Ella Dreiner

Implications of new low-scale LNC physics on
baryogenesis and neutrinoless double beta decay
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Low-scale leptogenesis

Low-scale leptogenesis is an interesting alternative possibility to high-scale leptogenesis

T T T T T T T T
- *

106 stdced sedrches ™ |

p="0.001 1 o Testability via collider searches

* Link to neutrinoless double beta

10—10 L A
observed BAU | decay
=12 § i
10 NH see-saw limit de Vries, Drewes, Georis, Klaric, PlakkoF (1998)
R T e L Several works on low-scale leptogenesis by other
100 500 1000 5000 1o authors: Drewes et al, Klaric et al, Hernandez et al., etc.

M (MeV)
How is the parameter space impacted by new LNC non-standard interactions (NSls)?
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Impact of LNC operators on Ov33 decay

LNC vSMEFT operators can lead to an altered half life of neutrinoless double beta decay

See also Dekens, de Vries, Fuyuto, Mereghetti, Zhou(2020)

Gy ; Gy 1/A2
d u u d u
\ e \ - \ .
y; Y Vi
e (4 e
d 4 u d 4 u d ) 4 u
G 1/A? 1/A?

Even though LNC, the operator opens up promising

7%, (3%Xe) [yr]

detection possibilities at next-generation experiments

| NI | I l !
preliminary NO: A=100TeV |

10%2 — Fis ]
(BP 1) Re[w]'= Z’ Im[w] =0

107

KamLAND2-Zen

10%

I I I I 1 I I
1 103 100

my [MCV]
Fuyuto, JH, Weber (in preparation)
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Impact of LNC operators on low-scale leptogenesis

Investigation of the impact of a new LNC vSMEFT interaction O = @(L_aum)(ﬁ@)

on the low-scale leptogenesis parameter space

M-U? plane

10-5_
104
10774

10—8_

U2

10-9 J
10-10 J

10-11_

" PERAHRRS ry

- SHiP, |7,?
- FCC-ee
- HL-LHC, |U,?

S—e
~——e
~~
~=

BP1
BP2
BP3
BP4
BPS

10-12

100
M [GeV]

10!

A2

For parameter study of standard low-scale LG:
Drewes et al, Hernandez et al.

Fuyuto, JH, Weber (in preparation)
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Impact of LNC operators on low-scale leptogenesis

Gar .
Op = A—O;(LaVR,I)(URQ)
PRELINlINARY ;
preliminary ... Yis
10°¢ — BP1
—— BP2
—— BP3
, — BPa # enhancement or reduction of the BAU
| depending on A wrt standard scenario
B possible
le 1) L] T— | i
f ! L] L]
! New LNC interaction can lead to
2 i enhancement of the BAU!
|
|
;'
y Il TRH = 20TeV
0 10° 10° 30"
Fuyuto, JH, Weber (in preparation)
Lepton Number Violation: Julia Harz
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Impact of LNC operators on low-scale leptogenesis

Gor +— __
10" SRERMINARYY BP3) O = A—QI(LQVRJ)(URQ)
preliminary BP3 IIO‘
10° ; dynamics can be independent of the

highest temperature of the thermal
history (T_,) in the overdamped regime

108 1 1

A [GeV]
Yap/Yap

107 1

At OvBB decay accessible parameter
space in tension with BAU

106 4

10°%

103 104 105 106

Tru [GeV]

Fuyuto, JH, Weber (in preparation)
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Impact of LNC operators on low-scale leptogenesis

BP5:my=100MeV, AM/M =107 Gar

Og = —=(Lyv UR
T TITT T T T TTTTI 6 = 2 (Lavr1)(URQ)
.= preliminary =
10" o o
= =
1030 - < Standard . <
o ! !
s, ! Non-standard !
o 10% " : L.
2 5 : For small mass splittings and small RHN
= o : : neutrino masses observation at Ovpf
Q E : decay experiments and correct BAU still
T ! KamLAND2-Zen o
ool T A AR possible
10% : %15 > 23 x 100 yr :
o L L IALL AR

50 100 500 103

A [TGV] Fuyuto, JH, Weber (in preparation)
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Conclusions

Observation of Lepton Number Violation (LNV) would have far reaching consequences
on neutrino physics and leptogenesis

* “invisible” decay modes as in B- or Kaon-decays can give relevant insights

* Only comprehensive consideration of ALL observables can help disentangling the new
physics (operator)

* Simplified models and multi-scale approach for model independent study with reliable limits

* Leptogenesis will be impacted, even for new low-scale lepton-number conserving interactions

Exciting complementary insights from the early Universe and laboratory experiments!
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Thank you for your attention!
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Lepton number violation in Kaon decays?

® . v @ - v
‘**ij?*“ ki 5
o K
pol 57

v
-

X - - %

v

5) _ ra o 7
* GIM suppressed * No GIM suppression
* Majorana neutrino mass + Majorana contribution to neutrino masses

# Footprints of Majorana neutrinos in rare meson decays?
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Lepton number violation in B-decays

Belle Il reports deviation from SM

BR(BT — Ktvi)sh = (4.924+0.30) x 107°

SM Average

0.497 +0.037 304
: .. Belle 1T (362 fb!, combined)
: : 2.34+0.7 This analysis
i - Belle 1I (362 fb!, hadronic
: H 11471 Thiganal)-sis ) =
N Belle TT (362 fb!, inclusive) S
1 2.740.7 This analysis gg
1
1 Belle II (63 fb'l, inclusive) 1+
: 19415 PRLI27, 181802
o1 Belle (711 fb’!, semileptonic) 8
1 1.0+ 0.6 PRDY6, 091101 m
— PY Belle (711 fb!, hadronic) @X
. 1 2.9+4+1.6 PRDS87, 111103 (e}
: ! . X — —— SM + Scalar
—i— ! BABAR (418 fb!, semileptonic) 3
: 0.24+0.8 PRDS2, 112002 i P —— SM + Tensor
: 1 ) . 3 %
V| —— BABAR (429 fb!, hadronic
: 1 15413 PRD8(7.1]20(]5 ) - ,’, —— SM + Vector
T S TS T S | O/f“l‘..l‘.‘\..‘x.‘.l“.\...\.
0 2 4 6 8 10 0 2 4 6 8 10 12 14
- 6 -
105 x Br(BT—K " w) 10° x B(B = Kjvp)

# Tensor (scalar) current confined to blue (green) line, beyond indication for vector current

Buras, JH, Mojahed (2025)

R —— Lepton Number Violation: Julia Harz
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Limitations of the EFT analysis - LHC

Validity of the EFT dependent on momentum exchange

92 92

N ——— 1 +
Q2 o Mr%led MI%led (

generally valid only when

2.5

med med

%

2 2 =
Mmed > Q i
55

<

With an invariant mass of lepton and quark pairs of

510 GeV, one finds an average momentum transfer of

Q ~ 900 GeV

0.0

# Resonances can lead to stricter limits

# EFT analysis leads to an underestimation For smaller widths

Q? Q!
M? +O<M4 )) 2.0}

(o Moy

£ AldLqu* + )\QE%VLX + h.c.

-
- -~ o

-~ o

=

0.5¢,

0.5

Mmed [TeV]

10 50 100

Fridell, Graf, JH, Hati (2023)‘

JGlu
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Limitations of the EFT analysis - LHC

Limits on the new physics’ masses dependent on actual
UV model couplings:

A1 A2 1

M3 o (Anvy)3

- QQ‘MLLH

1A

_1:;"/OELQLH2
"— OHLQLHl

_ OJLueH
# Careful interpretation of EFT limits necessary " — Oap

OLH D2

OLH D1

For large momentum observables simplified | — Opnn

models more reliable ] / / / — o

0.5 1 5 10
Mneq [TeV]

Fridell, Graf, JH, Hati (2023)‘
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Limitations of the EFT analysis — simplified models

Identification of all possible tree-level UV completions incl. their neutrino mass topology

OCZLU&H = €ij (d_PL:‘) (u_get)Hj

For exploding dim-7 operators see also:
Gargalionis, Volkas (2021)

Si| Re| N | Al QL Q| wi| V3| Ui | W X
S * | O IT* Q
Ro| I* IT* IT* v . vs
N | © O O x
Al IT* IT* IT* topology I*
o IT* T
Q7 IT* I | I1* % o
W] o | Ir* T*
V3 I | I1% | T* H_Qlﬁ
o = i r topology II*
1% T | I1* I*

Fridell, Graf, JH, Hati (2024)‘
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Limitations of the EFT analysis — neutrino masses

Example 2: ¢;;(d,L%) (uSe;)H’

* Naive dimensional analysis (m.);;
Gouvea, Jenkins (2007)

1 v2

Zij yij yzipyéi 6722 A

vL <}’/U> VL

(mw)ij
Babu, Julio (2010)

* Actual UV model analysis

3sin(20)v3g?
I
(1672) miq,

(mw)ij =

TN b Til & 7 Tk
(gi Yk Via Y1 (92)7 55 + i (92 )" vt Vikvir (91 ) ])

1 [ Oj1yen 2-Loop, = 10° GeV
1075}
> X
Ad i
-10[
R e
; [ —— EFT cut-off estimate R
10—15 L
10720 [ — — — Full model
1.001 1.1 10 103 10° 107 10°
& =mp,/ms,

2 2 2
T (mLQ1 yTMLQ,» miy)

Fridell, Graf, JH, Hati (2024)

Lepton Number Violation:
From the Cosmos to the Lab

Julia Harz



Limitations of the EFT analysis — neutrino masses

Example 2: ¢;;(d,L%) (ue;) H? -
P Zj( P T)( s t) 1: Ojruenr 2-Loop, 1 = 10° GeV
* Naive dimensional analysis (m.); -
> |
\ o, .
N el .. -10L
L Z ySJpryti 12 . v? R e
: .. U WS T
5 4 Lty d Je (16m2) A = 10_15: —— EFT cut-off estimate
vL :<ho> VL :
. 10-20F — — - Full model
* Actual UV model analysis (m,);; '
Babu, Julio (2010) 1001 14 10 10 10° 100 10°
3sin(20)v3g? / . . 4 .
(mo)yy = 4(1225)23%2 (o Vil i (92)193; + w5, (o8 ) it Vw970 & = mp,/ms,

2 2 2
XIjkl (mLQl y mLQ2 ; mw) y

Is there an intermediate way to correctly estimate neutrino masses
without full UV calculation?
Fridell, Graf, JH, Hati (2024)‘

Lepton Number Violation: .
GlU
9| From the Cosmos to the Lab Julia Harz



A simplified multi-scale approach

Based on dimensional regularisation and method of regions

Beneke, Smirnov (1998)
Manohar (1997)

2
1+ log (ng )]
S1

1) Integrating out first heavy scale (hard region)

(
JFEFT o _
1 m 2 (12 2
167 (mR2 —mg,)

2) Matching to recover Full result (soft region)

%% ¢
~m 2 2 — gl
167 (mRQ mg, )

3) Total result combining both contributions

Il‘f\(/}tsal — IlEFT + Ilana

: 2
~ ey — = log sy
~ tm

1672 (mi~z2 —m3,) m%Z

dj dj,
j Su _1?2_ = Vi
o
X
Example for topology |
(1-loop)

Fridell, Graf, JH, Hati (2024)
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Impact on the parameter space - 1-loop

Mg, [GeV]

101 1ot
OJLQLHl Ry -8,
1014 | 1014 |
e wm e \N\\\\ 102f 1
Model-based m, \
10'% \ |LQ searches (LHC) 2 10"}
O,
108} $ 10%}
=
106} 10%
Wecay
104 1044
"\ Model-based LNV (LE)\ \
102 . X X . 102
102 10* 10° 10® 10" 10" 10™ 10' 10%

...........
---------------

Multi-scale m,

' Dim-6 LHC

opalogy 1

B
-
A,

... Cut-off m,
‘~...

MRz [GCV]

10° 10° 10° 10°
Mo, [GeV]

102 '1614 1016

The simplified multi-scale approach is a more reliable estimate than the
NDA approach, capturing the main features of a possible UV model

Fridell, Graf, JH, Hati (2024)
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Impact on the parameter space - 2-loop

1010 1010 : ]
Odruers B2 — S (j:c?Lue # Yopology I 2-Loop
LQ searches (LHC) Dii’n-6 LHC ,
: Cut-off m,
B >
© )
QO &)
. odel-based m, =
tn =]
= =
0vBg decay
10* . S| 10 RN e
A Dim-7 LHC
Model-based LNV (LHC)
10 3 -] 6 e 10 107 - : =
10 10 10 10 10 10% 10* 10° 108 1010
Mj, [GeV] Mo, [GeV]

Opens up parameter space implying interesting interplay of experimental

observables . .
Fridell, Graf, JH, Hati (2024)‘

Julia Harz
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Falsifying baryogenesis with LHC & Ovf33 decay

Impact of observation of TeV-scale LNV on standard leptogenesis

High-scale source of lepton asymmetry

[ TN e s /

EDy,,LHN—TN N + h.c. ,(L\dR
FO

TeV-scale LNV “washout” interactions i < LNV
~ _ _ Mo — gL .
LD g0QS8dr + gL L(im?)S*F —m28tS — TF I°F + h.c.

Link to EFT study:
d 1 919
4

A5 mgmp

JH, Ramsey-Musolf, Shen, Urrutia-Quiroga (2021)
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Concept of low-scale leptogenesis

production CPV oscillation sphaleron shut-off
L +L,+L.=0 L +L,+L.=0 L. +L, » B,
3
N L =0 | — 21 +9q
S | - s
h — l. + NB LB =0 )
Nc Lc =0
Y,~10°-10° Yae>Ye lepton number gets
not in equilibrium N, s reach equilibrium transferred into baryon
before T, number
Tew
Akhmedov, Rubakov, Smirnov (1998)
Lepton Number Violation: Julia Harz
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Impact of LNC operators on Ov33 decay

LNC vSMEFT operators can lead to an altered half life of neutrinoless double beta decay
See also Dekens, de Vries, Fuyuto, Mereghetti, Zhou(2020)

107 | | 1
. preliminary
ol 44— —
06 = F(LaVR,I)(uRQ) — —
P
~
Gy . Gy . 1/A2 ~ 10
d u u u N —
‘\e \e \e :
v; y; v; w:
" e e - ICsLr/?
414 414 } 4,4 B
! Gy ‘ 1/A? ‘ 1/A?
- (BPl)Re[w]:%, Im{w] =0, . A=100TeV —
. | | | | |
# LNC operator can even lead to enhanced (!) decay rate ' " w06

ma [MGV]
Fuyuto, JH, Weber (in preparation)
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Impact of LNC operators on Ov33 decay

LNC vSMEFT operators can lead to an altered half life of neutrinoless double beta decay

See also Dekens, de Vries, Fuyuto, Mereghetti, Zhou(2020)

Gar
Op = A—O;(LaVR,I)(uRQ)
Gy . Gy . 1/A2
d u u u
v Y Vi
d 4z d 4,4 d ) 42
G 1/A? 1/A?

For RHN masses in the GeV range, OvB decay
experiments become sensitive to NP scales A ~ 100 TeV

7%, (PXe) [yr]

1032

1 026

| T, 1 I I ' l
preliminary NO : A = 100 TeV

3n
(BP 5) Rel[w] = T, Im[w] =291

KamLAND2-Zen

7%, >23x10%yr |

103 106
my [MGV]
Fuyuto, JH, Weber (in preparation)
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Impact of LNC operators on low-scale leptogenesis

A [GeV]

10" WEETTMINARY BPT]

preliminary BP1

1010

10?

108

107

106

103 104 10° 108

Tru [GeV]

GaI

O = Vi (Lavr,1)(WrQ)

dynamics can be sensitive to highest
temperature of the thermal history (T,,)

in the oscillatory regime

parameter space with too large BAU
can be excluded

Fuyuto, JH, Weber (in preparation)
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Credit: Ella Dreiner

Implications of high-scale LNV new
physics on baryogenesis and GWs
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Large lepton asymmetries, baryogenesis and GWs

Large lepton asymmetries are constrained by 06 1st order
CMB and BBN to QCD PT QDPT | ) ()

V2| <1.2 x 1072

and can lead to

* 1** order QCD phase transition sourcing GWs
potentially in reach of proposed pAres experiment

— N W A U N 0O

* non-restoration of the EW symmetry at large
temperatures suppressing sphaleron processes

# successful freeze-in of baryon asymmetry requires
scenarios with late time entropy dilution

ini
YLH

Gao, Harz, Hati, Lu, Oldengott, White (2023, 2024)
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