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LNV EFTs

Linked to Majorana neufr® General approach to describe new
Distinctive signatures @ LHC physics effects at low energies

(non-renormalisable interactions)

Lepton Number
Violation

/ Heavy neutr
leptons

Neutrino Portal (renormalisable)

EW +

GeV 4

Minimal model: (my , Uiy )

mass, neutrino mixing



= What type of UV models give rise to LNV interactions
in NteSMEFT?

= What is the connection between LNV operators and
Majorana masses for active neutrinos?

=> Can we derive any constraints on the operators from
neutrino masses?
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Opening up NkRSMEFT




NrRSMEFT

SMEFT extended with invariant operators containing RH neutrinos:

E
_ (d) ;y(d) d 4—d A
Lerr = Lsvtng + Z C;70,; Ci( ) x A
d>4 1 A
Motivation: provide a “dictionary” of particle extensions CE=EEED
of the SM generating NkSMEFT operators in the UV. 1 EW

e Focusond=6 and d=7 operators (LNV and BLV*) Lt b

e Generated at tree-level (vs. loop-level « 1/(167%) )
e Following a diagrammatic procedure

L GeV

*Not in this talk



NrRSMEFT operators

d=6
W2H (+h.c.) (RR)(BR) (LL)(RR)
Ornms (LNp)H(H'H) Onn | (NRY*Nr)(NrYuNR) | Oy | (I¥*L)(NRy,Nr)
¢?H?D (+h.c.) Oen (ery*er)(NrYuNr) | Oon | (QY*Q)(NrY.NR)
Oniep | (Ney*N)(HVDLH) | Ouy | @pytun)NauNr) | (ER)(ER) (+he)
Onemzp | (Nry"er)(H'iD,H) Oan (dry"dRr)(NrRYuNR) | OLNLe (LNR)e(Ler)
(LR)(RL) (+h.c.) Oaune | (dry"ur)(Nryuer) | OLngd (LNR)e(QdR)
OQuNL (Qur)(NRL) ONNNN (NgNR)(NENR) OLaon (Ldr)e(QNRg)

Generated @ loop level:
neutrino magnetic moment operators
[2405.08877] RB, Bolton, Deppisch, Hati, Hirsch

Y2HX (+h.c.)
ONB 91(Louw N)HBH
Onw gg(fa#VN)TIFIWI‘“’




NrRSMEFT operators

d=7, AL=2 L(Ng) =1
T,D2H3D ¢4H 1/)4H
€j(Ngv, L) (iDFHI)(HTH) | Opner | €Ty L)(NSYLYH? | Opnen (LNR)(Nger)H
OnLu3D - g g — R o
€ij(Ngyu L)) H (H'iD*H) €ij(QuQ)(Ngy*L)H? | Ocrnm | HY(erL)(NiNr)
OgNLH
Y2H?D? € (QuQ ) (N L)H | Ognar | (QNR)(Ngdr)H
ONEHQDQ eij(Nf{D,leR)(HZD“H]) OeNLH €ij((3_R')'u€R)(N§?,')'uL1)H] OdQNH HT(dRQ)(NIC?,NR)
R s — - _ . . — - ~
(N§ 0, Ng)(H'D'H) Oancr | €i(drYudr)(NgYH L) H? | Ognun | (QNR)(Njugr)H
ONHZDZ
(N&GNg)(D,H)'DrH Ounct | €ij(URYuur)(NgY*LYHI | Ougne | H'(WRQ)(NGNR)
Y H2X Oaunih | €ij(dryuur) Ny L)H? | Opnnve | (LNR)(NGNg)H
Onemzw | (er!)ij(Ngo* er)(H'H))WS, | Oagnen €;(drQ")(Ngjer)H’ Oncyu | HY(NgL)(N§Ng)
Onmsp (Njo" Nr)(H'H) B, (Qur)(Njer)H Y2 HA
OQuNeH
Onmew (Ngo*”Ng)(H'T'H)W], (Qour)(Ngoteg)H | Onpga (NgNg)(H'H)?

Missing those generated @ loop level




Diagrammatic method

X o< o<

Faa,-1) 9,11

Np
EFT Operators Topologies Diagrams Model diagrams
- nlight fields as - only renormalisable - assign Lorentz nature - impose gauge invariance
external lines vertices - perform all possible in each vertex
- internal lines: BSM permutations of the
heavy fields external fields

[1204.5862] Bonnet, Hirsch, Ota, Winter [2009.13537] Gargalionis, Volkas [2207.13714] Cepedello, Esser, Hirsch, Sanz



Diagrammatic method

Faa,-1) 9,11

X o< o<

EFT Operators

Topologies Diagrams Model diagrams

Operator Lists of models

}
OLNLH (d — 7) D‘ﬁ\:o (F(l,l,—1)7 S(l,l,l)) = (E7 Sl)

Powerful tool to systematically decompose NeRSMEFT operators at any loop order!

[1204.5862] Bonnet, Hirsch, Ota, Winter [2009.13537] Gargalionis, Volkas [2207.13714] Cepedello, Esser, Hirsch, Sanz



Particle dictionary

Scalars
Name S S 7 = =1 w1 wWo I1; II, ¢
Irrep (1,1,0) (1,1,1) (1,2,3) (1,3,00 (1,3,1) (3,1,—-3) (3,1,3) (3,2,%) (3,2,1) (3,3,-1%)
Fermions
Name N E Ay Az by 2
Irrep  (1,1,0) (1,1,-1) (1,2,—3) (1,2,-3) (1,3,0) (1,3,-1)
Name L D Q1 Qs Q7 Ty 15
rep  (3,1,3) (3L-3) (323 (&2-§ (25 (3,-3 (333
Vectors
Name B B w Wi Ly L3 U Us 9 Qs X

Irrep (1,1,0) (1,1,1) (1,3,0) (1,3,1) (1,2,5) (1,2,-3) (8,1,—3) (3.1,23) (3,2,5) (3,2,-2) (3,3,2)

New!
[1711.10391] de Blas, Criado, Pérez-Victoria, Santiago /

“Granada Dictionary”



Dictionary for d=6

Operator classes I:> Diagrams

R

v2H?D

Y2H?3 | Two-particle models
58: (S,¢), B e), (E:9)
Ornvms | FF: (AL, N), (A1,L1), (A, X)
FS8: (N,8); (A1;,8); (A1,E1)s (B1,51), (A1,E), (B,E

Models
Models Operators
S OnN, ONNNN
S1 OLNLes Oen
© OqunL, OLNLe, OLngds OLn, Opnps
w1 OLnQds Oan, Odune
wa Oun
IT, Orngd, Ogn
Aq Onn2ps ONnen2p
B Onm2p, ONN, Oen, Oun, Ogn, OLn, Ogn
By OnNer2Ds Oens Odgune
L1 OLn
U Oan
Uy OqunL, Oun; Odune
Q1 Ogunr, Ogn ¢




Dictionary for d=7

Operator classes Diagrams Models
P >WW* ----- «:i:/ \—[ ----- < We found 112 models
g e 2 one-particle
¥ ' e 102 two-particle
e 8three-particle
Y2H?X :
All models listed in
VAH [2306.12578] RB, Cepedello, Hirsch
w2H4 o w_._._r _____ & \\ ,,1 \‘\ ,’I



https://arxiv.org/abs/2306.12578

Explicit example: O.ux

Orvea  €ij (L L) (Ngy* L) HY D_.Q.Eo 16 models (SS, FS, FV)

Vv*H Models
SS : (S1,9) (p,E1)
OLNLH FS : (E,Sl) (21,51) (Al,Sl) (Al,El) (N, QO) (E,cp)
FV : (N,B) (2,W) (N, L1) (%, L1) (A,B) (A, W) (E, L1) (31,£1)
v H > """""" < \j """ < \—r“*<

Models for the rest of the operators
+ Lagrangian terms listed in [2306.12578] RB, Cepedello, Hirsch



https://arxiv.org/abs/2306.12578

= What type of UV models give rise to LNV interactions
in N'SMEFT?

= What is the connection between LNV operators and
Majorana masses for active neutrinos?

=> Can we derive any constraints on the operators from
neutrino masses?

11



A black box for NeSMEFT




LNV in NteSMEFT

Extended black box:* Observation of LNV @ LHC guarantees the existence of
Majorana masses for the active neutrinos.

We want to prove it in NkSMEFT, where A(L) = 2 processes are generated by either:

A) two LNC operators and a B) oneLNC andone LNV operator, along
Majorana propagator with a LNC propagator (no mass flip).

K %

Black box theorem: Schechter & Valle, 1982 *hep-ph/0608207] Hirsch, Kovalenko, Schimdt




LNV from Majorana propagator

A Ogune (@fy“uR)(N—R%eR) (d=6 LNC) + Majoranamass My

Majorana neutrino mass: LNV process @LHC:
4-loop realisation of Weinberg operator op — et
H
TTT TN
2 et e
J
= = ,
L L p j

Both observables are present or none of them

jT—=—— is, as in the black box theorem for 0vgp decay
13



LNV from d=7 operator

B) Origny (Lidg)eij(Q"Ng) (d=6LNC) + Ounru €j(dry"dr)(Ngy,L')H’  (d=7 LNV)

2-loop realisation of Weinberg operator: LNV processes @LHC:
H H pp — e et jiW
1 dr ¥
Y o P et et
L i1, ]\;f > J
j
p
W

14



LNV from d=7 operator

B) Origny (Lidg)eij(Q"Ng) (d=6LNC) + Ounru €j(dry"dr)(Ngy,L')H’  (d=7 LNV)

2-loop realisation of Weinberg operator: LNV processes @LHC:

pp — eTet i W

~
- H
Zy
F?‘.'\
% Q. Q.

Note. Divergent loop integral, it should be cancelled with a lower order diagram.

For the leading contribution one needs to know the underlying UV model. ”



= What type of UV models give rise to LNV interactions
in N'SMEFT?

= What is the connection between LNV operators and
Majorana masses for active neutrinos?

=> Can we derive any constraints on the operators from
neutrino masses?

15



Neutrino masses in d=7 models




Example: O.«.x decompositions

Neutrino masses:

-  treelevel

- loop level

16



Example: O.«.x decompositions

Neutrino masses:

- treelevel
type | seesaw

- loop level

16



Example: O.«.x decompositions

Neutrino masses: #2(Z=1, @)
7 )
-  treelevel
type | seesaw
type |l seesaw N
By
i

- loop level

16



Example: O.«.x decompositions

Neutrino masses:

- treelevel
type | seesaw
type Il seesaw

- loop level
Zee model

t

Npg

16



Example: O.«.x decompositions

Neutrino masses:

L
- treelevel
type | seesaw
type Il seesaw N
iVR
L)
- loop level
Zee model
2-loop




Setting constraints

#1(N, p) Lagrangian of the model

L oc gt (N—RL> 0+ Yvr (NL) © + YNL (NL) H + %MN‘NEN-F}LC.

Leading neutrino mass contribution

’02

2
m, Xy

NE My

Matching to the operator WC

1 y]f]Lyf/LyNL
4 MNm%

CLNLH — —

My ~m, ~ A

17



Setting constraints

#1(N, p) Lagrangian of the model

L oc gt (N—RL) 0+ Yvr (NL) © + YNL (NL) H + %MN‘NEN-F}LC.

Leading neutrino mass contribution -

’U2

My X yJQ\fLM— We can derive an upper limit on the WC:
N
o @ AN /2 "
. < 10-6YNLINL (_) ( v )
Matching to the operator WC IR 3 A3 v 0.1eV

1 y]f]Lyf/’LyNL
4 MNm%

CLNLEH = — Negligible observable processes

My ~m, ~ A I/



Setting constraints

#3(S1,¢) Lagrangian of the model
L x yfl (FL) S1 + y}f}e (N_1?563> S1 +y% (BRL) o' + f«:gupSIHgo +h.oec +...

Si

Z -t - --=H
1
L Ao
1

H==% = - <% i
€Rr

Leading neutrino mass contribution

2
mzee ~ _ 1 Slm P \/57)&51([; 1 mh;

—m
e
h2

1

18



Setting constraints

A = mg, =my

#3(S1,¢) Lagrangian of the model
L oy (FL) Si 4y (N_f%eR> S1 +y% (BRL) o' + ks oSIHp +hec. + ...

Si

L -<-Q-<--1
1
L Ao
1
<« £

Leading neutrino mass contribution

—m m
ne T e it P .
6 €R
K
. CLNLH X yL Yo —— o1 Observability depends on which
Matching KJSA are the suppressed couplings:
to several J . e WoLp
eNLH X yNeUe’L S1 ©
operators /{/}S Yt~y ~ (ksp/A) ~e or
S 1¥
CLNeH X YNYNL™ ) A Yy 3 or gy 3
L ~ € el 7 €

-

18



Summary

*

We provide the first systematic decomposition of d=6 and d=7
operators in NeSSMEFT at tree level.

Models for LNV d=7 operators will always lead to Majorana active
neutrino masses at tree-, 1- or 2-loop level.

Neutrino masses put tight constraints on the Wilson coefficients*

*Except for decompositions leading to radiative neutrino masses, where some

operators might lead to observable effects.
19
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Backup: BNV models

Yt (d=6) Models
__ i S wr
Ogqan | ¢€ij (Q5Q;) (dzNRr
@)@ | O o
OuddN (uGdR) <d—§}NR) S wi, ws
YiH (d=7) Models
S8 : (LUQ,Hl)

Oqnaan | €ij (QiNg) (drdse) Hy | FS : (Uw) (Ar,w2) (Q1.Th)
FV : (Q1,21) (Q1,U1) (A1,Q1) (U, lh)
SS : (wi1,II) (I11,¢)
Oqnqn | €ij (aNR) (Q_ch) H | FS: (Dyw) (Ar,wr) (T, ) (Ar,0)
(P I0y) (115 10x)
SS : (w1,II)
FS : (D,w1) (A1,w1) (@s,II1) (Q1,1I1)
FV : (Q1,Q1) (Q1,U) (Qs5,Qs) (@s,Us)
(A1, Q1) (D,U) (A1, Qs5) (D,Us)

OQNudn (@N R) (urdy) H

Table 10. Baryon number violating operators of d = 6 and d = 7 in NgSMEFT and their tree-level
decompositions. Models are classified in terms of the Lorentz nature of the fields.



Backup: All d=7 operators

NyH3D Ny3D N2y2H
Onr1 | €j(NCyuLi)(iDHHI)HH) | Ocniip | €ij(@uN)LiCiDHELI) | Opnen (LN)(NCe)H
Once | €;(NOruLY)YHI(H'DEH) | Ogunven |  (@yuu)(NCiDPe) | Oernm H'(eL)(NCN)
NyH2D? OQuNLD (Qi?uu)(WW“L) OgNan (QN)(NCa)H
Onep |  €;(NCDre)(H DHHY) Ougnip | €5(di D Q) (NCy*LI) | Ougnu HY(dQ)(NCN)
NyH?2X N242D OQNuH (QN)(NCu)H
Onew | g2(er))i;(NCote)(H'H)W], | OLnp (ZwL)(Wi‘gﬂN) OuQNH H'(@Q)(NCN)
NyHDX O@gnND (@YuQ)(NCi g “N) N3yH
Onipr| 916;(NOy#L)(DYH) By | Oenp | (evue)(NCi@#N) | Opnnm ETN)(NCN)A
OnrLp2 | 91€j(NCA*LY)(DYHI)By, OunD (@yuuw)(NCi®BN) | Oninm HY(NL)(NCN)
Onrwi | g2(er!)ij(NCy#Li)(DY H)WL, | Oanp (dv,d)(NCi'9 " N) B: Ny®D & N¢*H
Onrwaz | g2(er!)ij(NCyHLi) (DY HI))W], ND OundD faﬂa(ﬁa’YnN)(aﬂi(B"df)
N2B* Onxp | (NwuN)(NCi 8 "N) | Oangp | €ijease (@arulN)(@isi D QS,)
Onm | (NCN)(H'H)? Ny3H Ognan | €ij€apo(QiaN)(dsdS ) HI
N2H?2D? Ornen | €;;(TvuL)(NCA+LYHI | Ogngr | €ij€apa(@ialN)(@Q,5Q5)H
OnuD1 (NC& ,N)(HT DV H) Ognrm | € (@uQ)(NCy#*Li)HI | OgNudr €apo(QuN)(updS)H
ONHD2 (NCN)(DuH)'D*H Oqnru2 | €5 (@YuQ))(NCyHLI)H NAX?2
N2H2X Ocnru | €ij(Evue)(NCAHL)HI | Onpy a1(NCN)B,,, B*
ONHB 91(N€o,, N)(H' H) B+ Oanrr | €ij(@yud)(NCAHLYHI | Onpa a1(NCN)B, B*
Onaw | 92(NCou N)YHITTHYWIH | Ounrw | €j@yuu)(NCAHLYHI | Onwa az(NCNYW[, winv
Ouunrh | €ij(@yw)(NCAHLYHI | Onwo aa(NCN)W1, Winv
OaQNeH €i;(dQ")(NCe)HI Ona1 ag(NCN)GA,GA#v
OQuNeH1 (Qu)(NCe)H OneG2 a3(NCN)GA,GAw
Oqunenz | (Qouu)(NCote)H




Backup: Black box theorem of 0vf38

0vBp decay guarantees a radiative contribution to the Majorana neutrino mass
of a SM neutrino

mass eigenstate basis: gauge basis: 4 I
Y
|

14 W HA

1%

€R ~ - o eR
Cutting at the thinner lines gives a
contribution to (')uje X uRdRr €h

Schechter & Valle, 1982



