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Neutrino masses and Lepton Number Violation

The only laboratory evidence of BSM physics so far:

Neutrino oscillations => Neutrino masses

— ———————— e ——————————

Purely SM;
| o strictly massless neutrinos

e conservation of lepton number and flavours |

Two possibilities for neutrino masses:

o XGH)

VL/Y{;/’
v VS.

mx v

mDuLsz C y,/LHV%

Dirac: like other fermions, but tiny
Yukawa couplings ~10~'%  “finetuning”?

Vi 1/Anp Vi

mMﬁLVE

Majorana: needs only left-handed neutrinos
v =1° :Lepton Number Violation!

Phenomenologically very interesting!

Simple UV completion: seesaw mechanisms



How to probe the neutrino mass mechanisms?

Numerous possibilities of realising the Majorana neutrino masses

e.g. type |, I, lll seesaw, low-scale seesaw, radiative models, Left-Right Symmetric Model, ++

How to probe so many different neutrino mass model possibilities?

Effective Field Theory approach provides a robust option

&> Model Independent € Direct NP signatures

e.g. Resonant NP production:
simplified model approach



Effective Field Theory (EFT)

Classic example: Fermi theory for beta decays

UV: Electroweak Interaction EFT: Fermi interaction

B o

Top-down : ‘
A ‘% \
UV known: 0 infer '
properties
match onto the EFT @ of the UV sector

(unknown)

— - S

set constraints
with this simplified )
parameterization

1 /Constrain the EFT in 2\
\.model independent wa)

accessible E

Decoupling theorem

Appelquist,Carrazzone PRD‘7?5

No on-shell
production of heavy state



Effective Field Theory (EFT)

Mereghetti NDM’22
d : L =L +1£ +i£ +i£ +i£+
h h WR gg SMEFT — SM A 5 A2 6 A3 7 A4 8 ¢ ..
: v, new physics A > v
) . . o Wi u L,=>. COd=n C; free parameters ( Wilson coefficients )
L L O; invariant operators that form
q g a complete, non redundant basis
SMEFT operators
-~ d u
Top-down
d u

SU(3). X U(1)em Operators

non perturbative QCD

Chiral Effective Theory




Lepton Number Violation and SMEFT

d=5 d=7 d=
LNV SMEFT-:
Weinberg operator Babu and Leung ‘Ol :
. > p‘ de Gouvea and Jenkins ‘08 ¥ .Lgraessggilg Ma, ‘20
Weinberg *'79 Lehman ‘14 . Llao and X. D. Ma
: 1 T V2 T
Neutrino mass: Keijgani CL,HH, — AL Cyg
UV example:

- B -
LRSM v
Mohapatra and Pati ‘75 R

Senjanovic and Mohapatra ‘75




Lepton Number Violating dimension-7 SMEFT operators

L=_Lsu+C505+ Y CiOh+» Ci04+....

dim-7: 12 Independent operator with AL = 2

First systematic analysis:

Lehman PRD‘14-> 20 independent operators
13 conserving B but AL =2
7 violating both AB = -AL = -1

Further reduced in Liao, Ma JHEP‘17
18 = 12+6 (indept. structures)

Sterile neutrino extensions:
Bhattacharya-Wudka ‘15
Liao-Ma, ‘17

Why dim-7 SMEFT operators interesting?

Type O Operator
U2H4 Oy €ij€mn (LS'LM)HIH™ (HTH)
U2H3D o €ii€mn (ch”yue,«)Hj (Hsz“H”)
U2 F2 2 OLun1 €ijEmn (LﬁzDuLi) (H™D'H")
OLuD2 €im€jn (L_giDuLi) (H™D"H")
W22 Y OB g€ij€mn (L_,C,iU,LVLT) HIH™B"
o - g'€i; (e'rI ) - (L_g":aw,L:."’) HIH "W
viD O% LLD €ij (dpyuur) (L5'iD" L)
O?Z%LH €ij€mn (epLz ) (ng LG) H™
i OEZ{@H €ij (dpLr) (“Sef) H’
Otrqrm €ijémn (dpLy) (Q57 LY") H"
OZZ'ZLHQ €im€in (d L"') (ngL?")H”
o ey (@) (TG L)




Matching dimension-7 SMEFT operators with dim-6 LEFT operators

Bottom-up recipe:

Experimental observable

v

Constraints on LEFT
(Single operator dominance)

Constraints on SMEFT
(Using matching relations)

\4

UV theory

Highly simplified

Ignores correlations and cancellations

O Operator Matching
S,prst S — AGfp Sprst /v prst psrit
Oeu;LL (eRpeLr) (Vs Vt) 2 Cev;LL — T 78 (2CELLLH +Cerrrg +5¢ t)
S,prst — —C AGfp Siprst _ \/2v ( sy tp tr sp
Oeu;RL (eLPeRT)(VSVt) V2 Ceu;RL -2 ( LeHD5 + CLeHDd )
T,prst N —G WV AGp Tprst _ | \/2v (~psrt _ yptrs
Oeu;LL (€rpouverLr)(VsoH 1) 2 Cev;iLL = T35 ( eLLLH éLLLH)
S,prst > —= 4Gp Sprst _  \/2v ptxs psxt
Oa,LL (drpdrr)(V511) /2 CdvLL = — "8 Var (CJLQLHl T CJLQLHI)
T,prst o —G UV AGp Tprst /20 ptxs psxt
Odu;LL (dRpaquLr)(VsU Vt) V2 Cdv;LL = T 732 Var (CJLQL[ﬂ - CJLQLH1)
S,prst — — AGp S,prst | \/2u (prst prts
Ouu;RL (uLPuRT)(VSVt) V2 cuu;RL =+ 4 (CQuLLH + CQuLLH)
AGp Sprst
S,prst o — V2 “duve;LL —
Oduue; LL (dRpUL'r)(Vs eLt) + V2v (2 Cptrs + Cptrs . Cpsrt )
8 dLQLH1 ' YdLQLH2 ~ “~dLQLH?2
S,prst —C AGfp Siprst | /2uy/x arts
Oduue;RL (dLPuR"')(V S eLt) V2 cduue;RL o 2 V-’BPCQuLLH
4GF CT,p’f'St _
T,prst o —C UV V2 “duve;LL
Oduue;LL (dRPUMVuLT)(VSa eLt) V2v (2Cpt'rs Cptrs CpS’l"t )
32 dLQLH1 " YdLQLH2 " YdLQLH?2
V,prst 3 e M AGR Viprst | \2uysx st
Oduue;LR (dLP’YMuLT)(VS’Y eRt) NG Cdw/e;LR =+ 2 V;'PCLeHD
V,prst 7 —G L AGp Vprst \/2v ~psrt
Oduue;RR (dRP’YNuRT)(Vs’Y eRt) V2 cduue;RR =+ 4 dLueH
S,prst 5 )
Oduz;)RL (drpdrr)(VSr)
OSI’/’?Z‘% (wrpurr) (Vi) Not induced by d = 7 AL = 2 SMEFT operators
T ,prst E— —
Ouuz;)LL (WRpOwuLr)(VSTH 11t)

e




Neutrinoless double beta decay

(A, Z) - (A, Z+2)4+2e 4+ Qs

2
Half life 707 — (G IMI2 (mas)2) "t ~ 102728 (0-01 eV)
12 = (G M (mgp)?) ey ) Y

Cirigliano, Dekens, de Vries, Graesser, Mereghetti (2018)
Graf, Deppisch, Iachello, Kotila (2018)++

Effective mass  (mpg) = ‘U 622 M

Current best experimental limit:

Other NP possibilities from distributions:

Maioron emission Ovff3J Cepedello, Deppisch,Gonzalez, CH, Hirsch PRL’19
J _ 'B ’B Brune, Pas PRD’19
Exotic 21/,5,5 Deppisch, Graf, Simkovic PRL‘20;

Deppisch, Graf, Rodejohan, Xu PRD RC‘20 ++

Deppisch, Graf, Harz, Huang (2018)

Connection to baryogenesis: Deppisch, Harz, Huang, Hirsch, Pas (2015)++

Ovpp is usually the most sensitive probe of LNV

d U Majorana
0 mass
D |
d u v X— Vv

Grant NDM’22
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LNV dim-7 SMEFT @Neutrinoless double beta decay

LEFT Wilson Value SMEFT Wilson Vahie Anp
Coefficient Coefficient [TeV~?]  [TeV]
0 Operator Cuve:LL 1.86 - 10710 CiroLH1 7.06 -
O €ijemn (L' L") HY H" (H'H) Cuve:RL 1.86 - 10710 CourLu 3.62 -
O €ii€mn (LS yuer) HI (H™i D H™) Chave:LR 8.20-10~10 CLeHD 1.55 -
OLup €ij€mn (L_I%iDNLg) (HmD“Hn) C}l/uue;RR 9.93 - 10_8 CJLueH 1.12-
O D2 eimejn(Lg' Dy Lt) (H™D*H™) Cluve;LL 4.51-10710 CiroLH1 6.83 -
OLus g€ijémn (Lp'opw L") H) H" BH CiroLm? 3.41 -
o g'e;q(er! - Lo, L™)HIH"W 1w
ngl%v;) i ( eij)(d_pju;) ZL_gzzl))#L{) Cfi?z/:;LL 0.87 106 CrLuD1 1.36 -
oY Lm €ijemn (epLy) (LG’ L") H™ CLHD: 271
B s (L) e Caw 399
dLueH J (T)V —6
o cis6mn (4, L1) (QI L) H™ Cduve;RL 9.87- 10 CauLLD 1.32
Oy | €mein(GL7) QLY H" s 1.40 - 102 CLuD 9.91 -
OguLLi ij (Qpur) (LSL) HY | CLaw 2.48 -
R 2.66 - 108 Carrn 1.83 -

Sensitive to 1st gen:

What if LNV small in 1st gen but large for others?



Our main mode of interest:

pp — L

14

LNV dim-7 SMEFT at LHC and FCC

77 +X

p /=

Operator 0(p P K iu ij ]+ X) (pb) | Arny A%ﬁl{}‘e Egﬁi;ﬂg%gj;ggjf ?Pr:Sh) f[())I‘rOCGSS ATLAS JHEF D q

LHC FCC [TeV] | [TeV] | By ATLAS _ S
OgurLr | 4.2 x 1075 0.14 0.80 | 5.6 ! ( !
Ojrorms | 1.4 x 10-5 0.015 0.66 | 3.8 i ‘
Ogrora1 | 1.5 x 1072 0.041 4.6 ! ‘
Odruerr | 1.5x107° 0.058 |49 O 11 O w» O yp can not give this signal at tree level
OdurLp 0.010 1.5 x 103 C 2_‘ 0 26{>
Or o 11 % 10-8 11 % 10-5 0.90* 1.2 Similar philosophy to the analysis for dimension -5 LNV:
Or a1 43 % 10-7 34 % 10-3 0.37 30 gi\l/[kss”g lgeundorf, Peters, Ruiz, Saimpert '21
LD 6.8 1077 5.6 x 1077 0.13" 043 Major Caveats: resonant production; Validity of EFT
OLu 6.4 x 107° 1.8 x 1076 0.19* 0.86

Graesser, Li, Ramsey-Musolf, Shen, Quiroga, ’22



Validity of the EFT approach for LNV Collider searches

Expansion of heavy mediator propagator 2 2 Q2 Q4
i~ e (i 0 (i)
Q2 o MI%led Mr%led Mr%led Mr%led

For collider searches Q can be quite high

Q = /1728

Non-pertur ativeT

Avg. momentum exchange: 10

(Q?) = > gmue 2ogr—d,s J 41422 (fg, (21) fgo (22) + o, (%2) fz (1)) ©O(Q — Q0)Q? — Opuin
quzu,c Zqzzd,s f dx1dzo (fCh (xl)fqz (332) + féh (372)fc72 (371)) @(Q — QO) g : — Ogroum
- 0JLQLH|

OJL H

O, — Min final state invariant mass o,

OLI)H

AT (L ! Ouom

or dim- — |
3 3 — Openp
Mmed (ALNV) | — O

A < Qy = large A such that M oq > Oty Meq [TeV]



Neutral Current LNV
@CELUNS experiments

First observation: Akimov et al. Science‘1l?

Neutrino scatters elastically
from entire nucleus ®

he L= w
B = 00 NeV)

Ry % ,

Current Bound

LEFT Wilson

Coefficient  Value C[:%LVLQII [%25] Experiment
o e 0030 113 04 GOHERENT
Canit 0.178 5402 0.1 COHERENT
Future Sensitivity
S 1lao
dl/ LL(LR) 0008 30 07 Ge
;—';,};sg 0.062  186.9 0.2 Ge

Changed Current LNV NSI
@LBL Oscillation experiments

Production charge blind
Detection sensitive to outgoing lepton charge

T LT ~ de E qu PIEZE;)I/“ "0y,

de Z ’Sgg)’/u ‘o

T Fﬂa —g Yy

Bolton, Deppisch PRD‘19

LEFT Wilson

Value SMEFT Wilson Value Anp

Coeflicient Coeflicient [TeV 3] | TeV]
cyitee(et) 0.017 ool 0.7 _RamLAND
guilee%fz“) 0.017 C%Ziee( ;Ielu) 0.5 - KamLAND
cg‘;}ijg A 0.015 Cith <28 07 __RamLAND
EeT T
duﬁe RR 0.015 cxelr 5.7 0.6 KamLAND
Comdtn  0.22—3.47 che 41.7-658.1 0.1-0.3  MINOS
cllie - 0.22 - 3.47 cle 83.4-1316.2 0.1-0.2  MINOS
c}{ul,}e“gR 0.16 — 0.63 CH 30.3-119.5 0.2-0.3  MINOS
el 0,16 - 0.63 i 60.7-239.0  0.2-0.3  MINOS
;’uf,le“; . 0.16—0.71 cHr 30.3-134.7 0.2-0.3  MINOS
V,i1lur 1ulT
Chuve:RR 0.16 — 0.71 . 60.7-269.31 0.2-0.3  MINOS




LNV dim-7 SMEFT @ Rare meson and 7 decays

Very weak constraints from 7~ — )

Li, Ma, Schmidt PRD 20

M —- M'vu

Well discussed in literature
in the context of dim-7 SMEFT

Deppisch, Fridell, Harz JHEP '20
Felkl, Li, Schmidt JHEP ’21

Pi::Pj: KT — g ¢+¢

Current Bound
LEFT Wilson

Current Bound
LEFT Wilson

. C; A
. Coefficient Val dLQLH]1 NP Observable
Coefficient Value ([j,ilfe’g/f:%’ 1 [‘/,}g\l;] Observable e [TeV™°]  [TeV] -
Ssbyi 3651074 014 C 19 B - KMy >

S,dsyy —6 1n—4 ch;LL ’ ' e — I :
Cg’/&fl’ 1.3 x 10 4.8 x 10 // KL —> VvV Cgl’/s?g 27 10_4 0.21 1.7 B K(*)I/l/
Ty 2.5x 1077 9.6 x 107 T, sbyd 4 )

gV&LL Cio Tl 0.6 x 10 0.18 1.7 B — K*vv
c e 2.6 x 1077 99x1 ’ — —

v _ Future Sensitivity (50 ab™")

- Fut::re Sensmmg —— S 06x10% 002 <35 B Kw O
CdvLL 84x107° 32x107°C3L5 K* - mtuw> S 06x1074 005 28 Kvv
Cg;jfg}? 1.4 x 10_7 5.2 X 10_5 26.8 KO — 7TOI/I/ Cg;;?Lé 0.3 % 10—4 0.08 2.3 B — K*vu

Assumptions:

1. single LEFT operator dominance
2. Lepton flavour universality

Dipole type of contributions can be present but suppressed
Charged Kaon decays @NAG62 provide the best limits



0., and leptonic ;1™ decay

O; ;17 doesn’t contribute to Ovff decay at tree level

After the EW symmetry breaking [ — I cS,eueu

ev;LL (@,U'L) (V—gyﬂ)

at the LEFT level:
LH (@R L) (u‘ga“"vu)} +he.
Only ceSy(i)L’”ee” can mediate the experimentally searched y* — e 0,0,
CC process pv, — e n was used to identify 7, B. Armbruster et al RRL ‘03
Current Bound
LEFT Wilson
Coeflicient Value [,I‘Z’\j/-ffgi [ég\l;] Observable

S, — _ .
c%y’;f%” 0.06 15.2 04y pt — et v, p=0.75
Copt LI 0.04 ut — et oew,, p=0.25




LNV (4~ — e™) conversion

- I'(p +N - et +N)

By-er = '(pg=+N — vy, +N)

ur, dr,

.

i,
v| €L
OeLLLH . _@

14 6c

7,
v

ur, dr,

Neutrino magnetic moment

0 w2 p13 V1

1
LM D 5 (l/l 9 l/3) 0'”,, — 12 0 123 /9 F‘w + h.C.,
—p13 —p23 0 V3
1 Y LCY e L
97 — . 3 ij 3“YLHW LHW
Cup/€ = Hij = %) (” Crup — v 9

Solar: Borexino

Reactor: GEMMA, TEXONOQO, CONUS

Accelerator: LSND, DUNE

10—11
2

t] ] o
‘CLHB CLHW 17 ] 5

dmev

. A>10TeV |  Competitive with Ov3p




Correction to neutrino mass and “naturalness”

U

> (v*Crij)

Tree level contribution from O (0my )i =

RG running A — My,

Orup1 > Otupa s Orenp s Oaw ﬁ O 1

(5my)ij & e\ —5 C y: A>1200TeV

Crgpr - A>280T1eV  Crpyp, i A>350T1eV



O Operator
Oy eij€mn (LS L) HY H™ (HTH)
OLetip €ij€mn (L' yuer) H? (H™iDMH")
OLup: €ij€mn (L_chiDuLg') (H™D'H")
oy eim€jn (LS Dy L) (H™DHH™)
o s g€ijemn (LS 0y L) HI H™ BH
(@ — g'eij(er’) (LS'ou, L") HI H WK
OFuLLD €ij (dpyuur) (L§'iD* L)
OF L €ijemn (€pLy) (LS LY ) H™
e €ij (dpLy) (uger) H’
OtrgLu ijemn (dpLr) (Q57LT") H™
Ofrqui eimejn (dpLy) (Q5' L") H"
Ofur i i (@pur) (LSLE) H’

C)QHLLH
Od' LQLH?
od_ LQLH1

Od_ LueH

OcrriH

OfurLp

Oraw

Orup
Orup?
Orupi
OLenp

Orn

Bird’s eye view of the constraints on LNV dim-7 SMEFT operators

B OvBBdecay (ee) B K" — nvvfuture (FU) B K* — nmvwcurrent (FU)
B " decay(eu) B vmagnetic moment (FOD) M FCC future(up)

LHC Current(upu) B LBL Osc. (ee, eu, er) W LBL Osc. (pp, pr)
‘ CEvNS future (ee) CEvNS current (ee. pu) H |[0m,| <1leV

D iminary
S
T

= ﬂ

H

H

_ *

0.1 0.2 0.5 1 2 5 10 20 50

A [TeV]

100 200 500 1000 2000




Summary

Operator Collider OvBB LBL Osc. pu, wpt-decay CEvNS Meson decay

OF e LDV HH) | O ;v o : _ :
OLenp €ijemn (Ly'yuer) H? (H™iDFH™) OreHD v v v - - - -
OLnn €ij€mn (L_fviDuLg) (H™D'H") OrLpH1 v v - - - - -
OLuDs eimejn (L5 Dy Li) (H™D*H") OLDH? v v - - - - -
o geij€mn (LS'0,, L) HI H" B Orun - - - - _ _
OLnw g'€ij (e7') (L o L) HVH'WIH | O gy - v - Vv - - -
OfuLLD €ij (dpyuur) (L§'iDH L) OgurLLp v v - B N - -
OyiiLn €ijemn (ep L5 ) (LS L) H™ OeLLLH - - - - v - -
Z’EfeH ij (dpLy) (uger) HY Od_LueH v 4 v B B B B
ngng €ij€mn (d_pLi) (Q_gj Lin) H" OJQL LH1 v v v - - v v
O oL cimein(GL3) (@LP)H" | OdQLLm? oo v oo - : -
O wr L €ij (Qpur) (LEL;) HY OGuLLH v v v - _ i i

Outlook:

O by O simplified model analysis to compliment EFT results with resonant production@ collider
Comprehensive exploration of VSMEFT

i v @aff - vour alfention!



R 2 2 2 R A
O-D,J,p—wgn(Eq) — O-V“n—)fgp(Eq) — (gV T 3gA)EQ' O-D“p—)eg'n(EQ) =0 - EQ) —

Neutral Current LNV@CELNS experiments

e 4Gr | s — S — T —
Lo = == P (dRpdir) (Vi) + 3P i (Arpdre) 0Ev) + i1 (dRpowdry) (Vo™ vy)

v2 |

S, — S, — T, —
Cuyz?;;s]? (uRpuL'r) (Vth) wa;;]t; (uLpuRr) (ngt) Cuf;?}f (uRpququ) (V§0W )| -

Changed Current LNV @LBL Oscillation experiments

_ AGr[ v —— — % e —
LigrT D NGl [CdﬂesiR(dewqu)(VSC’Y” ert) + Cob nr(drRpYutirr) (VY eRt)]

_ AGF [ s —— — S —— —
LﬁEg‘T — NG [Cd&TeiEL (drpurr)(viert) + Cdz,LZ:/TeZEL(de“RT)(VgeLt)

e (rpouny) (o™ er)|

R G%"Vud‘Q

T



