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Neutrinos — the Standard Model misfFits

>THE STANDARD MODEL <.
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Neutrinos - Dirac or Majorana?

Dirac mass Majorana mass

Yy, LeHUVRr D mpVL VR mMﬁRuﬁ

— higher dimensional operator

~ lepton number no accidental my VLV LLHH

symmetry anymore
not at tree-level within
the SM possible

— Lepton number violation (LNV)
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Lepton Number Violation

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

L = ESM+ (5>+Z/13 (7) Z/ﬁ (9)-|—
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H d ) o
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d u
See surveys of all LNV operators up to dim-11 e.q. in

Babu, Leung (2001), Gouvea, Jenkins (2008), Graf, JH, Deppisch, Huang (2018)

Programm Sl Julia Harz Footprints of Majorana Neutrinos in Rare Meson Decays TI.ITI

DFG Cimmu Technische Universitat Miinchen



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

o) O OO
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— the discovery of a higher dimensional operator will point towards a
Majorana contribution to neutrino masses

Gouvea, Jenkins (2008), Graf, JH, Deppisch, Huang (2018)
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Probing LNV interactions
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rare meson decays
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neutrinoless double beta decay
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Probing LNV interactions with Kaon decays

- { s U} ~ Same-sign leptonic Final state
5 d . L[\IV is directly tested Liu, Zhang, Zhou (2016)
ot * dim-9 SMEFT 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 o dim-7 SMEFT Gninenko (2014)
K+{“ > “} . Neutrino final state
s d = LNV needs to be independently confirmed
v * dim-7 SMEFT Li, Ma, Schmidt (2019)
Deppisch, Fridell, JH (2020)
v Buras, JH (2022)

Charged lepton + neutrino final state

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

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

K+ u' ot
} a
w w
124 B 1%
Branching Ratios:
Im(VisViaXe)\” | (Re(VaVe Re(V;i:ViaX:) \ 2
BR(KT — ntvd) = kT (1 + Agy) [( m t§\5td t)) +( e( ;\s d)Pc+ e( t§\5td t)) ]
* 2
BR(K; — n'vp) = ki (Im(vt;?dXt)) GIM suppressed in the SM!

Buchalla, Buras (1999)

Small hadronic uncertainties due to relation to well measured K — 7/ v, :

kT = (0.5173 £0.025) x 10 '(|V,,| /0.0225)®
rr = (2.231 £0.013) x 1071%(|V,.s| /0.0225)8

Mescia, Smith (2007)
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Theoretical and experimental status

Theoretical prediction

BR(K" — 7t vv)gm = (8.60 £ 0.42) x 10~

BR(K} — mvi)sm = (2.94 4 0.15) x 10~

Buras, Buttazzo, Girrbach-Noe, Knegjens (2015)
updated by Buras, Venturini (2021)

Golden Channel!

Experimental measurements

BR(KT — muvi)goag = (1.73%702) x 1071
E949 collaboration (2009)

BR(K' — mtvi)nas2 = (10.67572 £0.9) x 107!
NA62 collaboration (2021)

BR(K — m"vp)koro = (217310110 ) x 107

KOTO collaboration (2019)

—~ NAG62 aims to reach SM sensitivity!

What would a deviation from 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 also be lepton number violating!
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Constraining LNV interactions with rare kaon decays

N

p"

% U
5
O = L°LPHP HC e pepo O = LYLPQPd H enpepo
* GIM suppressed * No GIM suppression
* Majorana neutrino mass * Majorana contribution to

neutrino masses

— Footprints of Majorana neutrinos in rare meson decays?

— BUT: no unambiguous signal of LNV —is there a way to disentangle LNV from LNC?
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Lepton number violating vs conserving current

F(K—) 7TV@'I/j) . 1 1 |M|2
ds dt 146 (2m)3 32mK
* SM, lepton number conserving vector current
2% 1
AT e (T; " ;) (d'yu )
SM
6
MI* = = [mi (t=mz) =t (s +t—mp)] £ (s)

SM

* BSM, lepton number violating scalar current

v

N

K— _ v 7
Lesu B (viv)) (ds)
BSM
2

M2 = v? m%{ — m

| | — A6 M — Mg fo ( ) Li, Ma, Schmidt (2019)
BSM s Deppisch, JH, Fridell (2020)

Buras, JH (2022)
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LNV vs LNC current - KOTO

°[Deppisch, JH, Fridell (2020)
<7T0|678|KO> = <7T0’§d|KO> LNV: K*  7* vy
0 7 0 0| = 0
(T dy's|K7) = = (| sy"d | KT) 6!
L
o]
O,
1 =
iM (K — nw) = (Fl—l—e 70| C|K° o 4
(KL ) = s (Fa+9 (|0 1K) :
+F*(1 —¢) (7TO|C|R'O>>V1/ Ly
2r SM: K' = tfvry
LNV mode - scalar current - real part
. . | | signal region
LNC mode - vector current -~ imaginary part o) 5 _ 5 ™
Pl [MeV]
— no CP phase needed in the LNV case
— different phase space distribution
Deppisch, Fridell, JH (2020)
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LNV vs LNC current - NA62

10Y : :
NA62 19.2 TeV'\ °
SR 1 SR2 BRLNV(K+ — 7T+Vi7/j) — 10—10 (A—d>
178
vo—; 1071F LNV: K* - *vv 6
= _ 24.9 TeV
N‘E BRLN\/(KL — 7T0V7;I/j) =10 10 (—
|> Aijsd
[0
S 102}
g
-
=
g 1073 Process Experimental limit O AR, [TeV]
Kt — ntvr | BREA® < 1.11 x 10710 Osp | 32, Njisa > 19.6
Kt — ntvr | BREAS2 < 1.78 x 10710 [67] | Os | 32, Ajjea > 17.2
- | | | | | | K, — v | BREOIO < 3.0 x107°[71] | Oz | 3, Ajjsa > 12.3
0.00 0.02 0.04 0.06 0.08 0.10 0.12
s [GeV?]
2
S = <EK — Eﬁ)

- scalar and vector current lead to different phase space distribution
— competitive limits on the new scale of physics

Deppisch, Fridell, JH (2020)
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Complementarity with other LNV observables

Process Experimental limit O AE-EH | TeV]

Kt — ntvy | BREA® < 1.11 x 10710 Oz | > Aijsq > 19.6
K+ — atuy | BROAS2 < 1.78 x 10710 Osp | 2, Nijeq > 17.2
Kp — mvv | BREOTO < 3.0 x 107° Oz | D0 Njisa > 12.3
Bt - 7tvy | BR<1.4x107° Oz, | > Njjpg > 1.4
Bt - Ktvr | BR< 1.6 x 107° Osp | D Niips > 1.4
B — v BR <9 x107° Osp | > Niipa > 1.5
B - K%v | BR<26x 107 Osp | Do Niips > 1.3
K+ — uti, | BR < 3.3 x 1073 Osa | Apesy > 2.4

7t — o, | BR < 1.5 x 1073 Osa | Apewa > 1.9

™ = vy BR < 2.9 x 10713 O3 | Appug > 3.4
Ovsp Tjjgxe > 1.07 x 1026 yrs Oz | Apeug > 330

u- — et Rgi_e+ < 1.7x 10712 O | Apewa > 0.01

— While limits weaker than from OvB decay, different flavours are probed

— B-meson constraints still in LHC reach

Julia Harz

Footprints of Majorana Neutrinos in Rare Meson Decays

TUTI

Technische Universitat Minchen
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General NP contribution in K* - n*vv or K - nvv

NOW: allow For most generic NP contribution from dim-6 operators.

Dim-6 LEFT operators (lepton number conserving)
O, = (W ur)(@y"v) Oyr, = (dytde) (my'v)
Our = (Wry ur)(y"v) | Ofr = (dry*dg)(7"v) ,

Dim-6 LEFT operators (lepton number violating)
O rr = (WRuL) (V) OFpr, = (drdp) (V)
031 r = (WLur) (Vo) OiLr = (dpdr)(vCv),
oF = (ﬁa““uL)(l/_CJWV) , oF = (%JHVCZL)(V_CO'MVV) .

For flavour diagonal contributions tensor contribution vanishes.

Li, Ma, Schmidt (2019)
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General NP contribution in K* - n*vv or K - nvv

Most generic Branching ratios:

A 1 :
B(Kp —w'vD) = 3627TGp% Y (1 - §5Qﬁ> ]Cﬁ;;;faﬁ + CoR? + Cr? + Copn?
as<p
2
—|—0236G;2 Z ‘Cc‘l/i/sdoz,é’ 4+ C;/]’:fdaﬂ . C;/idsaﬂ . C;/I,%dsaﬂ
a,B
A~ — 1 sac sac 2 S« S 2
BUCH ) = 170567 X (1 50us ) (|05 + c3io?| + [c3eo? + o]
as<p

2
0219G;,2 Z ’C;/I’fdaﬂ + C;/]’;daﬂ

9

a,B
Parameterization:
Cir%0 + O = (|Comle'®™ + |Cv €% )dag CSpdef | oSedaf _ |(0g)ei®s 6,
ChoP + CYE*P = (|Csmle™™™ + |Cy e 7V )0ag,  Cipsof 4 0528 = |Cgle™5 5np.
Identify SM parameters:
Bam (K — m0uv0) = 12750 |Can|? sin® s, Bsm(Kt = ntuow) = 37K |Cau|?
ICsni| =1.33 x 1071° GeV ™2,  ¢hgp = 0.09 7.
Buras, JH (2022), to appear
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New vector contribution in K* - n*vvand K - nvv

3.x10710} reliminary’
P y: = (Grossmann-Nir bound
25x10"10} _
N : — MFV
S 2.x10°10f —'
= ] . gb _0
1 1.5x10710} { '
< : — ov=rm/4
Eg 1.x10710} :
0 @V = 37T/4
-10 -10 -10
1.x10 1.5x10 2.x10 ¢V=6/57T

BR(K' — 7 vv)

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

— Vector contribution can lie everywhere below Grossman-Nir bound

Buras, JH (2022), to appear

Noether-
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New scalar contribution in K* —» n*vvand K - n°vv

|I)rellinl|inlaryl‘;
_ — Grossmann-Nir bound
_ — ¢s=0
| — ¢s=7/4
: — g =7/2
Oi'-u-lu...u......,,,,_ s = 6/5m
5.x107" 1.x10710  15x10710  2.x10710

BR(K™ — nm7wv)

— Scalar contribution can only lead to larger BRs than in the SM

— Scalar contribution confined between blue and green line

— Measuring a lower BR than in the SM implies (also) a vector contribution.

Buras, JH (2022), to appear

Noether-
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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(Kt — nTvi) = 1.55 x 107! is saturated.

We fixed ¢y =7/2 and ¢s5=0.

100

100

preliminary ; preliminary ]
D — a |
S |
= 10 ~—— = 10
) O TTTme—ell
n w H =
S Tk T 1t
= = E
ool T T oot0b Bifieny
~ ~ v
C/ max. NP vector \‘:L F max. NP vector
max. NP scalar max. NP scalar I
0.01 : : : ' : ‘ " 0.01 . . . . . ‘ \ .
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
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 (2022), to appear
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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+ — n7vw) = 1.55 x 107V is saturated.

We fixed ¢y =7/2 and ¢s5=0.

100 ' . g 100 ' ' ‘ ;
preliminary | ¢s =0 preliminary ]
D — a |
L T Ts=—l ] |
= 10 ~—— = 10
O, O CT T T ——
@ @ I T -
S Tk T 1t
= = E
ool T T oot0b Bifieny
~ ~ Y'Y
= max. NP vector \‘:L b max. NP vector
max. NP scalar max. NP scalar I
0.01 : . . ' ' ‘ : 0.01 . . . . . ‘ \ .
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
S [Gev?] S [GeV?]
independent of scalar phase dependent on scalar phase

- additional insight by comparing K and K* distributions!

Buras, JH (2022), to appear

programm Sl Julia Harz Footprints of Majorana Neutrinos in Rare Meson Decays TI.ITI 18

OFG & Technische Universitat Miinchen




Proposal to disentangle a possible NP contribution

100

| prelirﬁinary

10 TT==<

-
.-.."'-
—
-

) dT'/ds [GeV™?]

Exp
K+

0.10¢

(1/T

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
S [GeV?]

Measuring distribution at two different values s, and s,:

dD(K+ — 7t ud)

DIP(s) = =CEf&(s)+ CEfif(s)

ds
- _ f5(52)DTP(s1) — fg (51)DTP(s2) ot — Fi (s2)DEP(s1) — £ (1) DT P (s2)
v fo(s1)fd (s2) = fiF (s2)f5 (s1) 5 fa(s1)fif (s2) — 3 (s2) fif (s1)

- measuring non-zero C_implies the existence of a scalar current
- measuring non-zero C, not in agreement with SM, implies new vector currents
Buras, JH (2022), to appear
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Conclusions

* Observation of LNV interactions would imply Majorana contribution to
neutrino masses

* A deviation from the SM expectation in the golden channel K* - n*vv
would point towards new physics (either LNV or LNC)

» While not a clear proof of LNV, pion energy distribution provides possibility to
disentangle scalar LNV from vector LNC contribution

- Interplay between K* -~ n*vvand K, - nvv can give further insights

* In case of a deviation from SM consistent with LNV contribution, interplay with
other experiments is crucial, such as collider searches and OvB3 decay

— For experiments: dedicated analyses and limits for different currents highly interesting!

Julia Harz Footprints of Majorana Neutrinos in Rare Meson Decays TI.ITI
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Thank you for your attention!
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Does LNV directly imply Majorana neutrinos?

* Schechter-Valle Theorem (“Black box” theorem)

- Schechter, Valle (1982)

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

* Caveat

om, = 10728V

Durr, Merle, Lindner (2011)
E.g. 9-dim AL = 2 operator will lead to Ovbb while contributing only little to the neutrino
mass.

Observation of LNV implies some Majorana nature of neutrinos,
but not necessarily the dominant contribution.
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Limits from E949

F(K — 7TVil/j) o 1 1 1 ‘W‘Q
ds dt 1+ (Sij (271')3 3277?,‘}{
Deppisch, JH, Fridell (2026)
20}
signalregion1 S
T-—- 15l SM: K* > it vwv
=
[O)
o,
=y LNV: K* > " vv
cE vu(2)
L
2 10t
S
= / V(i) . TN
il after
theoretical W B - - N experimental
distribution . . il Il s
% 20 40 60 80 100 120 acceptance

Ein [MeV]

— LNV and LNC current lead to a different phase space distribution

Emmy
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Limits and prospects of NA62

(1/T1)(dl /ds) [GeV 2]

100 '
: Deppisch, JH, Fridell (2020)
SR1 | SR 2
|

SM: K* - rt* v (x10'°)

—
<

LNV: K* >t vv (x10'°)

ey
l-‘-
I
l--
. n
--------
- Hig
.....
ofld -
.....
-
.

.
ol
.
.
.
" .
.

1072

PrepEra——————— N i

e
-— - - -

- -
- - o o o
g | C

- o= I Rk N
- T - il 1 ~
," K* 5 utmlv, N
1078 g
] I
" 1 1
I \ I
i \ + + !
: sy Koy, 1
] T [
o w | 1
_4 L s . L a1 . s A Al et ALK s s 1 . N . s . N 1 s s s 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12
s [GeV?]

s=(Ex — E;)*
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Disentangeling LNV and LNC currents at NA62

0.12 Deppisch, JH, Fridell (2020)
SM
0.1
0.08
Y
L
9,0.06
w
0.04
0.02
0.
10 20 30 40 50 60 70 10 20 30 40 50 60 70
Pr [GeV] Pr [GeV]
Tum
Noether- P o . o . .
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Disentangeling LNV and LNC currents at NA62

Summary of sensitivities for a scalar current (based on kinematics only):

“Experiment | SM (vector) LNV (scalar)
NA62 SR 1 6% 0.3%
NA62 SR 2 17% 15%
£949 mvp(1) 29% 2%
£949 7v17(2) 45% 38%
KOTO 64% 30%

— Possibility to disentangle a LNV scalar vs LNC vector current by improving on
experimental sensitivity and strategy?
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Analysis for charged final states

@ /A2, s, Ajeus | TeV] | Apewa |TeV] | m, A™ |TeV]|

3¢ | & 2.2 1.7 Jar s 69

3at!” F(A) 75 1.3 1.1 %3’\ f |04

da | & 2.2 1.7 e, 2 2.4 % 10/

4a™* | pn 1.3 1.1 T v fa) 150

Wy 2.2 1.7 s 33

A |y 1.3 1.1 Tk 0.2

6 F(8) % 1.3 1.1 T 150

T 0.8 0.7 s | 0.6

8 5 2.2 1.7 s s 43% 1070

g F() 2% 1.3 1.1 %X—im\) 7.9 x 107°

o | iy 0.2 0.1 e 1.2 x 1079

120 | ke 0.6 0.5 sy 1.9 x 1073

1200 | e 0.7 0.6 gy 2.6 x 106

13 | oLy 0.2 0.2 s 4.5 % 107

lda | oy Wetvady |6 0.5 Lepdy o 5.6 x 107

16 | iyl 0.1 0.1 et 12 74107

19 | Ly 0.1 0.1 bvin g |24 %1078

20 | gyt 0.5 0.4 WL 18X 107
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Constraints on the scale of New Physics

Process Experimental limit O Apn [TeV]

Kt — ntvr | BRESY2 < 1.11 x 10710 Oy | >, Nijsa > 19.6
Kt — wtvy | BRI <178 x 10~10 Osp | S0 Mijeg > 17.2
K; — 7vv | BREOTO < 3.0 x 107 Osp | 2, Nijsa > 12.3

Sensitivity to different Flavors than most constraining Ovf3f3 !

O 1/A%(—>7ryy Zz Agg?ig [TGV] my Amy [TGV]
I 2.4 dd v 116
3 | 4 11.5 da v 59 x 101
3677 | a) 5.7 % rny 330
I - v2
5 1672 A3 2.6 (16?2)2 XQ 330
1 eV e v —4
10| goplet 0.8 (196;:;)2 = 9.6x10
1 v Yg v -3
116 | ;L% 0.8 oL X 8.9 x 10
1 uV uw U -3
146 | Ly 29 <1y6d7?2)jf 4.1 x 10
66 fM)73 5.1 o5 r() 330 1%t generation couplings
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