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Lepton number violation (LNV)

e Lepton number L = n; — nj is conserved in the SM

e an observation of LNV processes would be evidence for BSM physics

e processes with AL = 2 could e.g. be observed in Ovff, cLFV
processes, neutrino masses

* how can we describe them in the SMEFT picture? At which operator
dimension and loop order?
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Lepton number violation in the SMEFT

LsverT = Lsy +¢505 + Z c6: Ogi + Z c7:O7; + Z cg; Ogi + Z c9iOgi + . ..
AN l —

lepton number violation, neutrino masses, Ovff decay; ...

e AL = 2 operators appear at odd dimensions in the SMEFT.

* What is the relative importance and the interplay of these operators in
neutrino masses, Ovff and cLFV?

e Can we make general statements or does this depend on the UV model?

LNV could explain tiny neutrino masses trough the Weinberg operator @(LSI;

which could be realised at tree level via seesaw models
l L H l L H
. — ll).l.(\
l “H ]
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Neutrinoless double beta decay (Ovfp)

2Upp: OvppB:

nn — ppeevv nn — ppee

In SMEFT, contact operators with AL =2
can generate Ovfp at tree-level, e.g. o)

ddueue

standard mechanism

for Ovfp

Exchange of a light
Majorana neutrino,
proportional to the
(dim-5) mass term

@(9)

d (7

(&

ddueue e
d (7
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Operator basis for Ovff

[O. Scholer, I. de Vries, L. Graf, '23]

Weinberg operator

Dim 5
VH? | Oy LH(5) €ijent (L L] [H;Hn]
Dim 7
vzt | o) LH(7) eijer [LC Ly [H;H,) [HTH]
v2H3D | of) . LHDe(7) eijert[LEY ][H]H ][D.H],
V222 0(L71){D1 LHD1(7) €ij €kl [_z( ) | [Hi(Dy ) ]
01 ips LHD2(7) ezkejz[LC(D L),] [Hy(DuH),]
v2H2W | O LHW(7) €ijekmTL g2 [LE o Lk] [H;H )W,
VD | O} | LLAWDL(Y) e [dyu] 1€ (D,L)
O(L7L)QdH1 LLQdH1(7) eik€ji[dL;| [QC; Ly Hy
- O oars | LLQAH2(7) esjent[dLs] [QC; L] Hy
O ourr LLQuH(7) ei; [Qu] [LCxL;) H,
O(L?udH LeudH(7) €ij [L i'y“e] w’y”u] H;

)
@ddueue
Dim 9

o ddueue(9) [@%dC8] [uCoe] [uCPe] [
OggdueLl dQdueL1(9) €ij [_Q'L] [E'Y'uu] [ec’YuLj]
Ofauers | 4QdueL2(9) i [QF) [Py u®] [eCruL;]
Oguiuers | QudueL1(9) [Qu] [dy*u] [T ;]

wo qu)tduem QudueL.2(9) [Q%uP] [Py u®] [Cry,Ly]
OgngLm dQdQLL1(9) €k [dQ;] [dv*Q;] [L kle]
Oc(lg%)dQLL2 dQdAQLL2(9) €ik€jl [d_an] [Py Qa][ Oy
Od(,%QuLLl dQQuLL1(9) ei; [dQi] [Qu] [LCL;]
OdchuLLz dQQuLL2(9) € [°Q]] [QPu] [LOL,]
OQuQuLLl QuQuLL1(9) @“]E_J ][ch LJ]
Ogugurzs | QuQULL2(9) Q7] [QFu"] [LE Ly]

vEtw | 0F) ... | LLHAWLO) | eijermtlig2[LC0" Ly [H;H|W], [H1H]
O | ecHID2(9) 6 [€Oe] (.(D, ), [ (D" )

DREH | OF) s | LLH4D23(9) eireji[(DuLC), (D L),| [HrHi] [H'H]
O e | LLHAD24(9) eire;1 [LO:(DML) (D H) , H)] [H!H]
OSZLeH2 D deueH2D(9) €ij [dy"e] [u_ce] [H;(iD,H )3]
0¥ aps | dQLeH2D2(9 eireji [dQi] [LS~"e] [H(iDuH),]
Ofpgerrepy | ALQeH2D1(9 ikeji [dLi] [QCV“ J[(iDuH), H)]

DUAR? (’)%uw2 by | dLuLH2D2(9 eireji[dLi) [u® '][ k(zD’jH) ]
Ogurrmzp | duLLH2D(9) eiweji[dyuu] [LC C i(iD*L), | [HyHi]
Oz | deQLH2D(9) eineji[dyre] [QF (iD,L) | [HiH]
O Li2ps | QueLH2D2(9) ¢ [Qru] [uCy L] [H: (iD,H),
OgguLsz Qeul.H2D2(9) Sirejt[Qie] [uCA* L] [Hy (iD,H) |
ngQLsz QLQLH2D2( €ik€ji |Q r’Y“L] [QC'YHL ] [H (’DMH )l]
O quieps | QUQLH2DS( eivei [Q1Li] [QF1*L] (D, H) H]
O 2ps | QQLLH2D2(9 eirejt [Q'Qi] [LC(iD, L) ] [Hy H))

Ovpp singles out the couplings to first generation leptons and quarks!
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https://arxiv.org/pdf/2304.05415

Radiative neutrino masses

¢O
l
Weinberg operator and neutrino masses do not have to be t [A. Zee. 1980]
. . 1
realised at tree-level, could be via loop effects X ¥ 7
/ \
Blackbox theorem: A model that generates Ovf3f3 at tree 1
1 w J

level will give a Majorana neutrino mass for at least one SM ‘

neutrino at maximally 4-loop [Schechter. Valle 1981] e

Models for 6-fermion operators with two lepton doublets
will give neutrino masses at maximally 2-loop

dr dr

L L
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https://inspirehep.net/literature/152341
https://inspirehep.net/literature/171180

Tree-level dim-9 vs. higher loop Weinberg?

e The loop suppression of dim-5 Weinberg operator will compete with the
scale suppression of the higher orders.

Which contribution will dominate Ov3/??

O R (0 I )
ESMEFT 167T2AOLH+A30 —I—A5O + ...

e For a specific model, this estimate will depend on the couplings, mass
ratios, flavour assumptions ...

e We are interested in models that can simultaneously give (dim-9 induced)

observable Ovf3f3, correct neutrino masses and evades constraints from
charged lepton flavour violating (cLFV) probes

e Scan over all models that open AL = 2 dim-9 operators at tree level,
using a diagrammatic approach, exclude models that generate dim-7
and dim-5 at tree-level

e Focus on minimal models with 2 BSM particles and no vectors
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Diagrammatic approach - From operators to models

z L H
"'
) : (1) Tree level:
\Y.\
l “~H

Weinberg
operators

(i)  1-loop:

[Cepedello, Fonseca, Hirsch "19]
[Cepedello, FE, Hirsch, Sanz '22]
[Cepedello, FE, Hirsch, Sanz '23]
[Cepedello, FE, Hirsch, Sanz '24]

Topologies

Diagrams

1.) For any given operator,
one can first find all
topologies with n
external legs and k loops

Topologies

Diagrams

— Topologies

2.) Insert fermions,
scalars and vectors
in all possible ways
allowed by Lorentz
invariance. Keep only
renormalisable
interactions

— Diagrams
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https://arxiv.org/abs/1911.01125
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https://arxiv.org/abs/2302.03485
https://arxiv.org/abs/2402.04306

Diagrammatic approach - From operators to models

3.) Insert all Poss:ble | Notation:

representations for fermions,

scalars and vectors (i.e. - Sl 1

specific particles) Fermion, .~ # i 2\
scalar, vector / sy(2) u(),

— Model diagrams su@3).

z ;.
. : S13,-1 /‘,
Model diagrams: (i) Tree level: e >und +
z Y-
H H
. I'no

(i) 1-loop level:  Fiyy
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1L Weinberg: dim-5 P
contributions to Ovfpf

will dominate

Minimal
models

N

# Model dim-9 tree level dim-7 1L dim-5 type
9 9 7 7 7
M1 (Ss,z,é’FS,l,O) Ofi(.ngLL’ OSiQ)QuLL’ 021)1’ Oil){D’ Ofr,gduu’ 1L T3
9 7 7
ng)zQuLL OE,IZQde Oil)lQuH
9 9 7 7 7
(Ss,2,1, F5,3,0) O aorr OSogur:  OSt OSips O yups 1L T3
9 7 7
O(Q’l)l.QuLL OiI)JQdH’ Ogl),QuH
M3 (S1,1,1,51,30) O 114 (pywy? o 2L, anti CLBZ-10
9 9 7 7 :
M4 (51,1,1,53,2’%) Of(icngLL’ Oc(iQ)QuLL’ Ogl)lduD’ Oil),QdH’ 2L, anti NG
0(9) 0(7)
QuQuLlL LLQuH
9 9 7 7 .
M5 (53,1,_%, 53,1,§) O((id)ueue’ Oc(i(.gdueL’ OgdeH’ Ofne)udH 2L, anti  CLBZ-1
9
Ot(icngLL
9 9 7 7
M6 (53,1,—§’Se,1,-§) Oc(zd)ueue’ Ot(iQ)dueL’ OE,I),QdH7 Oge)udH 2L, sym  CLBZ-1
9
Oc(icngLL
9 7 7 .
M7 (33,3,—31;,53,1,%) Ot(lQ)dQLL OE,I),QdH’ Oée)udH 2L, anti CLBZ-1
9 7 7
M8 (53,3,—§’Ss,1,-§) OSQ)dQLL OgdeH’ Oge)udH 2L, sym CLBZ-1
9 7 7 .
M9 (S3,2,%’SG,1,%) OgcngLL Ogl),duD’ Oél),QdH’ 2L, anti CLBZ-1
7
Oge)udH
9 7 7 .
M10  (S35,1,563,1) OlaaorL OF2qans Of ouan 2L, anti  CLBZ-1
9 9 7 7
M11 (S3,1,—%’ F8,1,0) Ot(id)ueue’ Ot(iQ)dueL’ Oil),QdH’ Oge)udH 2L, sym PTBM-1

9
Oc(iQ)dQLL

M12 (‘5’3,3,—%’F8,3,0) Oc(isngLL Ogl),QdH 2L, sym  PTBM-1
MI3  (Sy,1,Fs10) O aorL O oan 2L, sym PTBM-1
M14 (53,2’% ) F8,3,0) OggQ)dQLL 0271)4QdH 2L, Sym PTBM'].




2L Weinberg example model: (S3,1’_%, F8,1,O)

The model: a scalar leptoquark 53 = 53 ; _1 and a fermionic colour octet Fg = Fy |

20y =S5 (vl e ) €y 58 (a7 + vharTie S8 (& P - FY) +hie,

€R €R l €R [
S3 F8 SS Sg Fg S3 53 Fg 53
")-"m"(-" II)IIImII(III II)IIImII(III
UR q q

UR
dR dR dR dR dR dR
C(9),uvspt'r — Liyu y’v Ys spys b (9),uvsptr 1 1 u v ST tp (9)usvtpr _ ]‘ 1 U v Sp tr
ddueue 9y/2 A5 7SdFISdEISue - Joue CdQdueL1l = ﬁﬁySdFySdFySLQ YSue €dQdQLL1 ~ mﬁyswyswysm YsLQ
9), t 1 1 (9),usvtpr _ 1 i U v sp tr
szcgc;f:fzw = ﬁﬁyg’dFyg’dFySLerySuetp €aQuQLL2 = 7 75 N5 YSaFYsarYSLQ TYSLQ
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(53,1’_%, F8,1,O) - 2-|00p Weinberg

Neutrino mass matrix:
. pt L - * pr * ts r S
WMy, = _6\/§sz8 (ySLQ) (?JSLQ) YsarYsarLdrds SsSs, Fs

Master integral: T / d / d'q 1
. ab,af,X —
ﬁ (@m)" ) (2m)" (k2 —m) (¢* = my) (k? — mg) (q2 - m%) ((k+ q)* — mx)®

Two d-type SM quarks in the loops, dominated by b-quarks, unless there are
additional flavour assumption on yg;
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Fit to neutrino masses

« 2 generations of the leptoquark S5 | _ 1 needed to reproduce the observed mass differences

and mixing angles in the neutrino sector and to keep all Yukawa couplings perturbative
[Angel, Cai, Rodd, Schmidt, Volkas '13]

. 3rd generation SM quarks dominate in the loop = Yukawa couplings y7°¢ are 3x2 matrices

SLQ
o Sample Yukawa couplings yS3“ from a modified Casas-Ibarra parametrisation

diagonal loop factor [V

diagonal neutrino mass matrix l
—1)\ * t
YSLQ = UV R2x3\/(ID ) S \
PMNS matr/x eigenvectors of loop factor

orthogonal rotation matrix

lla

Only y* 3% i constrained, need a flavour assumption for Ysro» the coupling that enters Ovpp

SLQO

Fabian Esser Cartography of LNV in SMEFT: Ovff and radiative neutrino masses
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https://arxiv.org/abs/1308.0463

Ovpp half-life for quark flavour universal yg;

mass splitting of S5 and Fyg

2
Jgto] ° BLt=049,5=051  m
. B2:t;=089,5,=091 777
o B3:t;=0.5t=0.9
1037 A Sh g ) 2512 - — 0.0 Smaller half-life =
Prl T MeeS s 2 larger impact!
LD o34 B5: t; = 0.251, £, = 0.5
E Dim-5 dominates
6 { over dim-9
1031 - Dim-9 prediction
M above future
Z? 1028 - sensitivity
a
—
+J 1025_
1022 i
1019

10'27 1629 1631 10'33 10'35 1637 1639 1041
t1/2 [y] dim-9
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Charged Lepton Flavour Violation

1 e
Ss
Most stringent constraints from y — ey
and u — e conversion in nuclei u U
(b) Tree-level diagram for u to e conversion
S3 t 53 t
/’L_ EEEEEEER e 'u,_ > : < : > e~ /1‘_ - .‘ < : > e~
S3"~. ."053 S;"n. ."{93
;’Y gfy/Z
q > > q

(a) Diagrams for yu — ey L
(c) Penguin diagrams for u to e conversion

7
\ Sa

t 4

N
/
N

>
-

(1

d//W+/G+\\d u/ Z

(d) Box diagrams for p to e conversion.

L
L

/
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In gold nuclei

l

u— e conversion

cLFV constraints

quark flavour universal couplings

10—4_

Bl:t; =0.49, t, =0.51
B2: t; =0.89, t, =0.91
B3:t;=0.5,t,=0.9

B4: t; =0.251, t, =0.9
B5:t; =0.251, t, =0.5

[mF =5 Tev]

o

%
® @ooo °

T

l . —-—
%o
00°,

°

®

°

°
LAY

10—22

10~
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23 10'—21 10'—19 10'—17 10'—15 10'—13 10'—11 10'—9
U- ey

Most benchmark
points are excluded

by u — e
conversion and/or

H =€y
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Quark-flavour universal yg; ,?

For quark flavour universal couplings Ysro In this model, it is impossible to
simultaneously
e have visible dim-9 contribution to Ovff

— requires large first generation couplings ySLQ

e explain neutrino masses
— mass differences and mixing angles force ySLQ ~ ysziQ ~ ygiQ

e satisfy cLFV constraints
> 4 — ey and u — e put stringent bounds on the product (ySLQ)*ySSQ

Model-independent statement: All 12
minimal models with 2L Weinberg
operators generate neutrino masses via
double-box diagrams, they differ only
by prefactors of order 1-10.

Fabian Esser Cartography of LNV in SMEFT: Ovff and radiative neutrino masses
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Flavour non-universal Yukawa couplings

Fix ygjg

— satisfies cLFV bounds

lla

Choose yg;  such that ng; = 1073 ev:

e Dim-5 contribution to Ovff as

function of A is constant
e Dim-9 can dominate and be
detectable at nEXO for

A~25—-4TeV

to explain the neutrino masses

N \
0.25 1

— -3
0.20 1 mﬂﬁ = 10 eV

Fabian Esser

ti [V

1024 i

dm-9 @ T
dim-7 @ 1L
dim-5 @ 2L
all dimensions

5 6
N [TeV]

7

8 9
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Conclusions and Outlook

e (Odd-dimensional SMEFT operators can mediate LNV and be tested e.g. by Ovff

e We identified classes of models that generate dim-9 operators at tree-level with
loop-suppressed dim-5 and dim-7 operators; 14 2-particle models without
vectors found.

e | presented the matching and the neutrino mass fit for a 2L-Weinberg model with
a scalar leptoquark 55 4 - and a vector-like fermion Fg | .

e The flavour assumptions of the model are crucial:

e for quark-flavour universal couplings we can not simultaneously have a

dominant tree-level dim-9 operators contribution to Ovf3f3, reproduce the
neutrino masses and obey cLFV bounds

e For different flavour assumptions, dim-9 operators could dominate.

e Models with 3L-Weinberg operator could be a sweet spot and give a large
parameter space in which dim-9 operators dominate OvfSf [WIP]!
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Standard Model Effective Field Theory

o Effective field theories provide an accurate description if the scales are separated E < A

* parametrise the effects of heavy new physics in terms of interactions among the light
particles

e “Integrate out” heavy particles with mass M ~ A, keep light modes m < A

* replace non-local heavy particle exchanges by a series of local interactions among the
light particles

* higher-dimensional (“irrelevant”) operators are Lorr = ¢0; with ¢ x Ad}_él
suppressed by powers of A i

T

Starting with the SM particles and symmetries at the EW scale: SMEFT

LsverT = Lsyv +¢505 + Z c6i Opi + Z c7:O7; + Z cg; Ogi + Z c9iOg; + . ..
N i i | i i
N - <

lepton number violation, neutrino masses, Ovff decay, ...

AL = 2 operators appear only at odd dimension!

Model-independent approach to search for new physics!
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Effect of SMEFT operators on Ovf3/

Ovpf can be observed in many isotopes, we focus on the half-life
136
n ~"Xe

* the subamplitudes as function of the Wilson coefficients have been
calculated

[V. Cirigliano, W. Dekens, J. de Vries, M.L. Graessera and E. Mereghettia '18]
and imp|emented in vDoBe [O-Scholer, J. de Vries, L. Graf: JHEP 08 (2023) 043]

coupling ~1.27 / atomic phase space factors

\ 2
1/2 QAZGOk‘Ak {CZ})‘

/

subamplitudes, depend on
 nuclear matrix elements (NME)
- phase space factors
* low-energy constants
* Wilson coefficients

Fabian Esser Cartography of LNV in SMEFT: Ovff and radiative neutrino masses 23


https://link.springer.com/article/10.1007/JHEP12(2018)097
https://arxiv.org/abs/2304.05415

vDoBe: A Python Tool for Ovpp

O. Scholer, J. de Vries, L. Graf: JHEP 08 (2023) 043

e user inputs:

. scale + selection of operators § Userprovided Matching
. isotope(s), type of NMEs A l l
|_
. L dim -5 dim — 7 dim — 9 ™
 data inputs: > l , ,
* nuclear matrix elements My =BGV | VY 23 v RE
° phase_space factors W fms: u—>luc d—)lueu¢_£ (d = uev) ® 8, dd —)luuee §
 |low-energy constants Ay =2 GeV v ? 2 v ¥ 4
E v — Ve n — pev ™ — ev nn — ppee n — prmee T — ee §
° Outputs: ~ 100 MeV —_— I v I | 1 I - :
* half-life formula for the given £ Ry ey 5
case P’ v v E
. . . > > AA,AP,PP,MM AA AP,PP AP,PP O
+ limits on selected couplings 5 8 £ Lo orr Mrsd Marsa o Mrad
« Mgy vs. M, plots, etc. ~ 1MeV > T
* chosen contour plots showing v T o P \
correlations of different
parameters, ...
download: https://github.com/OScholer/nudobe
online tool: hitps://nudobe.streamlit.app
Fabian Esser Cartography of LNV in SMEFT: Ovff and radiative neutrino masses 24
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https://github.com/OScholer/nudobe
https://nudobe.streamlit.app/

Dependence of the amplitudes for Ovfff on the WCs C;

[V. Cirigliano, W. Dekens, J. de Vries, M.L. Graessera and E. Mereghettia ’18]

. - . 4G,

Ovff potential from dim-9 operators: Vo(q?) = —(rMW+r@+) g2 : E 4(ky) PrCa (ky)

V(a®) = V3(a®) + Vs(a®) + Va(d®) + Vo(a?) _ ( 1) . 5@ _ <12)) e RS T &

X o\ o S
6 (a*+mz)? 3 q*+mi
Amplitude for Ovff: 2 4G2,
pp +-5CiNL| — (DT g4 4 — 5 u(k)0Ca’ (k)
A
'l r T 9) ~mN ~(9)
0+|Z/( Ty (g?)|0T) o g Cy’ + g Cy (0.(1).0() 5(12))
3 q? +m2
. _ , +3( NNO) | NN@(9)> + (L R)
Decompose amplitude into sub-amplitudes 94 g6 v I by '
Gome
A = % [Aya(kl)PRCﬂT (k2) + Ag a(k1) PLCaT (kp) <
A
_ 1\ E1— B2 _ T _ T
+Ag u(k1)yCu” (k2) + Am, u(k1)Cu” (k2) + Ap u(k1)v07:C0" (k2)
1 m2 NN
with e.qg. MP) = 2 (__MF + Mer + Mr + Zg—MF, sd> ,
A
m2
MO = Via (208 - )+ = () - OR) ) Mes + ViaC Mrs.
1 1 1
M) = — ) ( MET sq+ Mt sa+ = Miiy + M:ﬁfd)
sz L\2 2 ’
2
mi ) 2 ma (9)
T s _I_M s ——C MF sd »
sz NL( GT d T, d) 9124 m%\f NNL
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Bottom-up EFT:
Classifying UV completions to SMEFT operators



Generalised adjacency matrices

All the process can be automated
via “generalised” adjacency
matrices:

the entries are the quantum
numbers of the particles in the
diagram with every column and row | .
invariant under the symmetries e VT

vertex 7 vertex 2

0 0 0 0 0 0 0 13,2 1 FL, 1

) ) 0 0 0 0 32,;,FL,1} 0

0 0 0 0 -3,2,-,FR, 1 0 0

) ) 0 0 3,2 2,FR,1} 0 0 0

) ) 0 3,2, 3, FL, 1 0 31,-350 6} 1,2, 2, FL, ©

0 0 3, 2 ‘ FL, 1 0 }3 1,3,5,0. ) 3,2,-%,FL,0» 0

0 3,2 éFRl 0 0 0 32,%,FRO 0 }31-3,50
3,2, -, FR, 1 ) 0 0 1,2, -°, FR, 0 0 3,1, %,S,0 5]

27



6-fermion dim-9 operators j
d U

(’)C(lz e ddueue(9) dodCP] [uﬁe] [uTﬂe:
(’)ggdue 1 dQdueL1(9) €ij :EQZ'] [E’y“u: :e_cfyMLj:
Oc(;gdueLz dQdueL2(9) €ij [CTa Qzﬂ] [d—57uua: :e_CWLJ’:
OS’L)Ld’u,eL]. QudueL1(9) [Qu] [d'w“: :G_C”Y/LLJ':
e Ofnduers | QudueL2(9) [Qu’] [dPy#u] [eCuLy
Oc(z%dQLLl dQdQLL1(9) €ik€jl [EQ'&'] [E’Y“Qj: :@%Ll:
Ovoagrrz | 4QAQLL2(9) et [4°Q; ] [Py Q3 [LEvuLu,
O ourr | dQQULL1(9) ei;[dQ;] [Qu] [LCL;
O s | 4QQULL2() e [#Q]) @] [0,
O(quQuLLl QuQuLL1(9) [@“]LQ—J“ ELJ
ng)LQuLLQ QuQuLL2(9) [Q_?uﬂ] [qua ELJ

Fabian Esser
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Minimal
models

# Model dim-9 tree level dim-7 1L dim-5 type
9 9 7 7 7
M1 (58,2,%,Fs,1,o) Oc(iQ)dQLL’ O&Q)QuLL’ 021){’ Oing’ OgI),duD’ 1L T3
09 o' o7
QuQuLL LLQdH» YLLQuH
9 9 7 7 7
M2 (Ss,z,%st,s,o) Oc(iQ)dQLL’ Oc(iQ)QuLL’ O Ol Ogl),duD’ 1L T3
9 7 7
OguqutL OLiquns Otiqun
M3 (Si1,1,5130) OF) 11aoywh? o\ 2L, anti CLBZ-10
9 9 7 7 :
M4  (Si11,1, 58,2,%) Oc(i(ngLL’ Oc(iQ)QuLL’ Oigduoa OEI),QdH’ 2L, anti NG
09 o'
QuQuLL LLQuH
9 9 7 7 .
M5 (53,1,—§’53,1,§) O((id?ueue’ O:(zcgdueu OgdeH’ Oée)udH 2L, anti  CLBZ-1
9
Ot(icngLL
9 9 7 7
M6 (53,1,—§’Se,1,—§) Ot(ld)u.eue’ Oc(icgdueL’ OE,I),QdH’ Oge)udH 2L, sym  CLBZ-1
9
Ogl(.ngLL
9 7 7 .
M7 (33,3,—§’S3,1,§) Oc(iQ)dQLL Ogl),QdH’ Oge)udH 2L, anti  CLBZ-1
9 7 7
M8 (53,3,—§’Ss,1,—§) OgQ)dQLL OgdeH’ Oge)udH 2L, sym CLBZ-1
9 7 7 .
M9 (33,2,%;a56,1,%) Ot(icngLL Ogl),duD’ Oél),QdH’ 2L, anti  CLBZ-1
027e)udH
9 7 7 .
M10 (S3,2,%’SG,3,%) Ot(iC;dQLL Oil)JQdH7 Oge)udH 2L, anti  CLBZ-1
9 9 7 7
MI11 (53,1,—§,F8,1,0) O((id)ueue’ szquueu oil),QdH’ Oge)udH 2L, sym  PTBM-1
9
Oc(iQ)dQLL
M12 (S3,3,—%aF8,3,0) Ot(ng)dQLL Ogl),QdH 2L, sym  PTBM-1
MI3  (Sy,1,Fs10) O aorL O oan 2L, sym PTBM-1
M14 (53,2’é ) F8,3’0) O((ng)dQLL 0271)4QdH 2L, Sym PTBM'].




1L Weinberg - (58,2,1/2, F 8,1,0)

scalar diquark: S =S |
8,2,5

vector-like fermion: Iy = F5 qor Fg 5

dr dr
. 88 Fs Sg
tree-level dim-9: >m<
q q

[ UR
S
... 58 /1 H Ill)l
1-loop dim-7: Fy s q
** S \\ [
8 }{ zg
l dr
[
v, Sg R4 H
1-loop dim-5 S RN
(Weinberg): 5 “H
[

LYY =yS0aTs *S5" (Th; - Pr - d™") + y%o, T5 %€ S5 (T - Pr - u"")

dR>
q

+ Y8 pr&i Sy (F§4’T -CPp - lip) + AsH'H7 S, S8 + h.c.

q q q
Sg Fg Sg 58 F8 SS
Il)nnlmin(nnl Il)lllmll(lll
UR UR UR
l l l l

H H

dR q q UR
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Ovpp in (Sg 5 172> Fg.1.0)

| 1049 ;
1053 l : | 12
: 103 : (b) B2: ygpr =1, As =10
104° I |
1045 i 107 i
—_ | — dim-9 @T —_ I
> 104 | — dim-7 @1L > 1028 - :
S : — dim-5 @1L N :
' 1037 : — -+ all dimension 45! 1024 - |
o] o — amser
1029 | ; future projected nEXO sensitivity 6 i — d:m_s glL
] 1072 | — -+ all dimension
1025 S , I — e , _—
103 10* 10° 103 104 10°
direct searches N\ [GeV] |current KamLAND-Zen limit N\ [GeV]

2 —12
o (sFL)"As ~10 to get the correct order of magnitude for the neutrino masses (mﬂﬂ ~ 0.1 eV)

e calculate the half-life in Xe-136 in vDoBe triggered by only one dimension at a time for two
benchmarks

e (a) for all possible NP scales A the dim-5 contribution will dominate (smaller half-life = larger impact)
(b) for symmetry-protected A, dim-9 could dominate and be probed for A ~ 6 — 9 TeV
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2L Weinberg

names according to [Aristizabal Sierra, Degee, Dorame, Hirsch '14]

LBZ-1 PTBM-1
L © L H - L
YSLQ IIIIIIII!IIIIIIII YSLQ yd EEEEEEERN YSLQ

qrL 4 = 59 4 dL qL y F AdL
yd < : > yd YSLQ EEEEEEER > yd
,'/ dr YSQQ dqr \\\ / S YSQF dr \\\

H - “H L “H

5 =
MY, o< ) YEoYsioYsdeltipz(ms, mp). MP Z Y2 Y oYeorYior Fram(ms, mr).

r.s=1 r,s=1

d4k' d4q @’nd md,
[cLpz = / (2m)* / (2m)* (k% —mj )(k? —m3 )(¢* —mj )(¢> —mg )((k+q)* —m3,)
dk d*q @ndrmds

IprMm = 2m)t ) (2m)* (k2 — m?ir)(kZ _ m%)(qQ md )(g? — mS)((k +q)? — m%»)

= Same loop factor for both classes
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https://arxiv.org/abs/1411.7038

(S3’1’_%, FS,I,O) - 1'|00p dim-7

€Rr

7 1 V2 - 1 2v2
il = 5 A3 YSdF ySdFsyféZeySL Crroni 1 = 3 A3 USIF Ysar’ 4 ovard
1672 A 167
(7) tvus 1 2\/_
CLLQdH2 = 1672 A3 YSdF YSdF ySLQySL

Dim-7 1-loop from closing two SM legs. Tree-level and 1-loop matching with

Which quark generation d’ contributes depends on W““ [2212.04510]

the flavour assumption on YsLo
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https://arxiv.org/abs/2212.04510

Symmetric vs. antisymmetric 2L Weinberg?

L L
\ 531 3 3,1,—3 / \ 31-% /
IIIIIIII'IIIIIII IIIIIIII'IIIIIIII

Q4 P95, 4Q Q4 %12 4Q
N N
o dp U/ dp . o dp U/ dp .
H 2 abc ja b oc " H H 2 " H
X € deRS3

antisymmetric colour contraction, symmetric colour contraction

must be antisymmetric in flavour

can not give diagonal entries for the can give diagonal entries for the
neutrino masses neutrino mass
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Operator-to-model table

# Ml M2 M3 M4 M5 M6 M7 M8 M9 MI10 M1l MI12 M13 Mil4
T 22T T T T e
- ™ y - it - - - - y - - — ™
&/&3\‘2/\@@3@\@&& w w2 &

Oltucue T T

O duer T T T

O naors T T T T T T T T T T T T T

O oLt T T T

O ourL T T T

0291),H4(D/W)2 T

o\") 1L 1L

o\, 1L 1L 1L

o\ . 1L 1L 1L 1L

O oan 1L 1L 1L 1L 1L 1L 1L 1L 1L 1L 1L 1L 1L

O gun 1L 1L 1L

O it IL 1L 1L 1L 1L 1L 1L

o) L g 2L 2L 2L 2L 2L 2L 2L 2L 2L 2L 2L 2L

anti anti anti sym anti sym anti sym sym sym sym sym




Charged Lepton

S3

EEEEEEEDN > - >

W e KW ——e
L]
*

*
S:s‘.. o0t O3

g

(a) Diagrams for p — ey

H e
S3

u u

(b) Tree-level diagram for p to e conversion

Ss t

/_t EEEEEEEDN

Y
)

o
=

{
o

S3

&
£

ISH

IS
}

I

(d) Box diagrams for u to e conversion.

Fabian Esser
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Flavour violation

3563y 2 - 23a 13a m%&
BR(p — ev) ~ 373 Vis| Z (ySLQ) ysLQ F (t3a)
™ o1 S;
2
144t — 5t% 4 2t(2 + t) In(t) to. — 4
F(t) = 4t — 1) ' S T mZ
2
Weony = 4( SAD + GV + AROII 4] 8AL*D(
23« 13
YsLg ySLQ
= ey ) Wi

2 (yzzaQ) ine

«

Ve[ Vil
6472

box

23 13 2 2
ILvd) = Z a ySLOé){mtyt Dy (mWamS amtamt)

+g (C’o (mW,O,mSa) +m?2Dy (m%V,O, m%a,mtz)

— 2 (Dgo (miy,0,m%_ ,m?) + Doo (miy, m&,,mi,mf))) }’

L oVl 3 (yﬁ%) YSTQ t3, — 182, + 27taa + 2 (3, + 6tse — 4) In (f34) — 10
QLV(d) - 1447 mSa (t3a _ 1)4 )
z _9 (45 -3 |Wb| 23a * yl3e t3a (t3a — In (t34) — 1)
ILv(a) = 12872m, Z YSLQ) YsIQ (t30 — 1)?
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cLFV for only third generation quark couplings

third quark generation couplings only

1076
] Bl: t1=0.49, tz =0.51
10—8 |l o B2:t;=0.89,t,=0.91 o ©
» B3:;=05t=09 3
S 10-10 - B4: t; =0.251, t, = 0.9 ~ ®ees®
= o B5:t;=0251,t,=05 ° ‘°_° »
o —12 e : °
q>) 10 : ?.
o °& *
C 10724 - | > L
S |
-16
QL 10 i_.-___--____:____
IL 10718 - |
:
10729 - C |
(mg=5TeV |
10-22 , , | | L | |
10723 1072 107 10°' 107 % 10713 107! 10°°
l-—l — eV leading contributions to y to e conversion are

CKM suppressed!
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