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Standard story

gSM

SUQB)-xSU2); x U(l)y
_|_

H, Q, ub, di Li el i=1,2,3

Individual Flavour Symmetries
l Yukawa couplings

U1y, X U(1), x U(1), x U(L),

l v oscillations

[Super-K 1999,
KamLAND 2003...]

B and L accidentally conserved
(B + L violated in 3 units
by sphaleron transitions)
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Experimental perspectives
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BNV nucleon decay could be the next big discovery




Then... why nucleon decay?

- There is to have B and L conserved (Leptoquarks, Seesaw
particles, SUSY, GUTs...)

- Experimental probes of BNV and LNV would constitute one of the for
physics beyond SM (BSM) —PD will be looked for in future experiments (HK, DUNE...)

Grand Unified Theories (GUTs)
|Georgi et. al. 1973, H. Fritzsch et al. 1975]

Baryon Number violation (BNV)
/ E.g. proton decay (PD), neutron-antineutron oscillations

Baryogenesis
[Sakharov 1967]

number of UV theories predicting PD

|

study of PD in a




BNV within the SMEFT

Parametrization of new physics through Effective operators (d > 4)

Bounds on SMEFT WCs serve as a to specific UV models

[S. Weinberg 1979,
B. Grzadkowski et al. 2010,

W. Buchmuller et al. 1986, _ . _ _ —
Brivio et al. 2019, AL =2 AB—-L)=0 A(B—-L)=2
B. Henning et al. 2016, i ¢
De Gouvea et al. 2014]
c =5 Cd=6 Cd=7

S =Lg, A Ow 0= 4 O="+ ...

A? A3
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BNV within the SMEFT

F-3
A e UV Theory (X))
PD
RGEs &
matching
/ X
y 22 ,
/]
SMEFT
RGEs &
My —— l H 1 Wt 70 matching
LEFT/WET
RGEs &
matching
yPT ——
m, - —p  ['(N = MC )
S. Antusch et al. 2021,
- Assumptions: Energy Desert and no SUSY in the TeV scale/RpV [I-I D?e}l,fzr eet :1. 2020]




SMEFT

d = 6 -4 (273) operators | L. F. Abbott et al. 1980, B. Grzadkowski et al. 2010]

quql,pq'rs = (Q;QZJ)(QflrLI;)Ezkfgl ) quue,pqrs — (Q;Qé)(ﬂlél)em )

Oduue,pqrs — (J;ﬂg)(ﬂiél) ) Oduql,pqrs — J;foﬂg)( :-L’;)ezj )
d =7 — 6 (297) operators [L. Lehman 2014, Yi Liao et al. 2016]
Oy = (LId)(dldl)H O;, = = (LId)(Q-Q")He;;
ldddH ,pqrs p“q r“s ) ldqqH ,pgrs p%q r'Y<s 1] 3

Oéqddﬁ,pq'rs = (ész)(d_lJl)E[je’&J ) Ofdudﬁ,pqrs — (LLCZII)(’L_L;[JDI?,
. oA s e e
Ol—qud,pq'rs = (LLO-MQQ)(dlZDMdDa OédddD,quS = (epaﬂdg)(dlZDMdl) )




SMEFT

d = 6 -4 (273) operators | L. F. Abbott et al. 1980, B. Grzadkowski et al. 2010]

= (Q;Qg)(QiLlsﬂ)eikeﬂa quue,pqrs = (Qz )( eT)ezg 3
= (d};ﬂg)(ﬂiéb, Oduql,pqrs (d ﬂ'T)( ;Lg)eij )

quql ,pqrs

Oduue, pqrs

d =7 — 6 (297) operators [L. Lehman 2014, Yi Liao et al. 2016]

= (L;dT)(deT) Ol—dqu pqgrs ~ (LLJT)(QTQZ)gJCzJ 9

Ol_dddH ,pqrs —
Oeqddﬁ,pqrs = (ész)(deT)Hjeij ’ Ol_dudfl,pqrs = (L;dT)(quT)H

Olnﬂndﬂn—MD dll BédddD,‘ : iD,d, )

Cd=6(mW) ~ (2 o 4) C d:6(1015 GGV) l From gauge interactions and y,

Cd=7(mW) - (1 . 2) Cd=7(1011 GGV) J (Operator mixing subdominant)

* RGEs for d = 6 SMEFT [A. Manohar et al. 2014]
* RGEs for d =7 SMEFT [Yi Liao et al. 2016]




LEFT

288 A(B — L) = 0 operators — 14 operators 1

228 A(B + L) = 0 operators — 9 operators

LEFT operators involved in
J nucleon decay at tree-level

Name [52] SMEFT matching

S,LL
[Og‘dg L pars Vq’qVT’r(quql,r’q’ps Be quql,q’r’ps + quql,q’pr’s)
[O%&BR]WS V;J’p(cqqql,rqp’s — Cyqqlugrp's + quql,qp’m)
[Od&u ]qus _V;?’p(cqque,p’qrs + quue,qp’m)
OS,RL C
[ %u}éL]pqrs dugl,pgrs
[Odz,z,d ] pqrs B V:r’ eruql,pqr’ s

S,RR
[Oduu ]PQTS Cduue,pqrs

S,LR e fonass v
[Oudd ]PQ"'S _V;I’q ldgqH ,rspq’ \/2\

S,LR - SR AR 'S
[Oddd ]PCI"'S VPIPVZI'Q(Cl_dqu,rsq’p’ e Cldqu,'rsp’q’) 2v/2A
S,RL g - v
[Oddd ]pq'rs VS'S(CéqddH,rs’qp s CéqddH,rs’pq) V2A

[OS,RR C_ o __’U__
udd 1Pqrs ldudH ,rspq \/2\

[OS,RR] C- v
ddd 1pPqrs ldddH,rspq V2A

- RG effects universal in the LEFT

c(2 GeV) ~ 1.26 c(my)

Name [52] ([12]) Operator  Flavour Name Operator  Flavour
[Oglzgi]mr O1r)  (ud)(dv;) (8,1 ppmesenich 8
[Oyag ho2wr (Ofpy)  (us)(dvr)  (8,1) OSERLL (wd)(id)  (3,3)
[ngilfiL]lwr (O7r)  (ud)(svy) (8,1) [ijéRthl (us)(vid) (?,,3)
O iy (05)  (du)(ue,)  (8,1) (vrs
O o (05,)  (su)(ue,)  (8,1) QS NN
S,LR e it 5 E -
K L R U
e . - — 0SBl L (dTsh)(e,d 3,3
[Oi’ﬁLhur (0%,)  (d'a")(uer) (3,3) [ c;d;zm][u] 1 (_T _T)( T_: (3,3)
Oz lonr (0fy)  (tal)(ue,)  (3,3) {Ogég}z}“” E“Td,r%";ﬂ; El’f‘;
: ” - _ Ou;id 1271 u's") (vrd 1,8
i o Gy 00 OIS G2
0588 1 (Oy) (@) (3,3) (Oid Jna_ (ds))(eld))  (1,8)
(O (O%g)  (@ah)(@tel)  (1,8)
(O 11 (Ofp)  (stah)(alel)  (1,8)

=== Not generated by D =6, 7 SMEFT ops.
- RGEs for d = 6 LEFT [A. Manohar et al. 2018]




ByPT

w4 - + 20 | A0
- VAR . KO s Btw =T p
i ih3 i P Lo - X 4 A
M_ZMaﬁ_ ™ \/,Z_Jr\/t_3 K Bzzgaﬁz p) St "
a=1 K- 0 \/gﬂ a=1 = =0 270

Flavour group  U(3), x U(3),

BNC interactions BNYV interactions

v ./ ™

ke i , — [M. Claudson et al. 1981,
L = gy gBYvsNO,M +mpy xlaPg B + zyf\\;a, wlaPgxNM

P. Nath et al. 2007]

.M M
U gmMB.-~" ['(N = M?¢ )
N N N
‘F\ B 2 inputs from lattice «,
¢ eams
o a [JLQCD 2000,

Y. Aoki et al. 2017,]

(First-time computation of | A(B — L)| = 2 two-body decays in the ByPT formalism)




— t it Bounds on other flavor components can
D 6 llmlts be found in [J. Gargalionis et al. 2024]
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A/Ve [GeV]

— . » Bounds on other flavor components can
D 7 llmlts be found in [J. Gargalionis et al. 2024]
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Cqque,1111

D = 6 pairs of WCs
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- Different search channels provide complementary constraints

- No flat directions
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Tree-level UV completions in
[J. De Blas et al. 2018, Xu-Xiang Li et al. 2023] .
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Numerical k-matrices

Phenomenological matrices i ontine

[AB-L=0 = 104 % for i=p—nlet,p—>Kv... (9 matrices)

(@) J
1AB-D[=2 = for i=p—>Kvn—Ke ... (6 matrices)
(i) -

P
0 O é
qqql,1111 [ qqql,1111 [ 36.1 2.01 ,eﬂ
A7
quue:llll i -22.9 quue,uu - 0.48 -0.11
Odugi111 | 444 22.9 8.31 Odugiaii | 201 0.11 -0.38
Odune1111 435 19.1 -10.0 o Odune 11117 -1.97 8.02 0.45 -
quql,?lll i quql,Qlll i
100 100
O yqqi1211 | -16.1 8.31 3.02 Oyqqi1211 | -6.76 -0.38 1.27
Odugi 2111 Odugi2111
0 0
Odugl.1121 Odugi 1121
Oduue,Qlll i -100 Oduue,Ql]] i ~100
qu'lLe,Ql].]. [~ _229 —10.0 528 quu]e}2111 B _011 045 .
— i — — — — — — — — i — — — — — — — — —
L] — — — — — — o — — Lo — — — — — — oy — —
™ — — — i [ — — — — i — — Lo ™ (o] — — — —
i i — '—i C\]h — C\l" — C\]p C\]r '—‘_‘ A — i C\l — C\l — N.- C\lh
~ [\} .T}w [\3) ~ ~ ~ ~ g [\}) ~ 2 NS" [\8] ~ ~ ~ ~ Q_; [\§)
O © © g © 9 © 9 g 9 © © © g © © © © g ©




Phenomenological matrices

Numerical k-matrices
available online

[AB-L=0 = 104 % for i=p-nlet,p—> K. .. (9 matrices)
(1) o J
1AB-D)|=2 — i=p—>K'v,n—Ke ... (6 matrices)
(1) o
Caque,1111 ™ 4.1 Chuue1111
/ \\
Oqqqi1111 | 10
quue,llll i -0.11
Oduql,llll Il N\
Oduue,llll i 10_1 3 A =10% GeV ; 10_1 — 0.45 200
E \ -
quql,lel I g—’h 10_2 3 mp —> 7let 10_2 gf
@ -] -16.1 S [ mop— et \ S 100
qqql,1211 ®) Q
10731
Oduql,2111 i [ 0
4|
Oduql,1121 i 107}
Oduue,lel i 10—5 . e . J Bhad
o -1 -10"' =102 =103 =107 104 1072 102 107! o
qque,2111 [ i :
\ Cduue,1111 Cduue,1111 -
T L F § § § § § T S & f :
O © © & 9 9 ¢ o & o © O © 9o 9




Example UV model

SM enhanced by a scalar LQ w, and a VLF Q)

Wy~ (3,1,2/3), 0;+ 0 ~ (3, 2, 1/6)

Lt = Y1,j02d"'dV + y, H'Q1d" + 34 Q1eHit* +y,; 0,0,L' +h.c.




Example UV model

SM enhanced by a scalar LQ w, and a VLF Q)

Wy~ (3,1,2/3), 0;+ 0 ~ (3, 2, 1/6)

Lt = Y1,j02d"'dV + y, H'Q1d" + 34 Q1eHit* +y,; 0,0,L' +h.c.

Zz eff D Cl_dddH,pqr(@ l_dddH,pqa_l_ Cl_dudﬁ,pqr;@l_dudﬁ,pqa_l_ h.c.

([ p>K'v n->K% n-Kte

y; antisymmetric /

\

Cl‘dudﬁ,lzn - = Cz'dudﬁ,mz




p— Ktv n— K%

Oz‘dudﬁ,nu‘ )le l l \/ Oz‘dudﬁ,lm’

Olagei 1111 " 001 | 021 | 005 | 022 0.06 Olageir 1111 0.08 | -0.48 | -0.36 | -0.51 0.28
Olgudiine 0.05 | 076 | 019 | 0.80 0.20 Scalar LQ Olguai 1112 -0.36 | 233 | 176 | 245 -1.36

10 10
Olagqit o - 022 | 325 | 080 | 342 0.84 Olgaiii211 [ 051 | 325 | 245 | 342 -1.90

Oidqqﬁ,llzl’ 5 ) 9 Ql + Q OquqH,llm’ 5

Oaggit iz 0.06 et 020 (S 0.21 Olagafiania 028 | -1.80 | -1.36 | -1.90 1.06

OdedH,nzl i Ol‘dddH,um i

. Qlcfk T V34

Oéqddﬁl,nm i Oéqddﬁ,nm i

= = = = I~ N B S & = o - o 3 I « N N
e — . N = = - 9 - a 4 p - -
t ] ] - - - - - - -
T Y Y O3 % OB n— K*e T 0§ % % % ¥ %
= = = = = = S 3 Sy Sy Sy = <
I~ = = QIN = QN = = 13 S 13 1= g
O © © © © 9
Ol_dudff,llll I
Lop| O h
ldgqH 1111 I . .
eff qq C
Ol_dudf{,lml i 15
Ol_dude,HlQ i
10 + —
Ol_dqqﬁr,nu‘ 1< e
t O; dgqfl 1121 023 | -0.23 .
OZ dgqfia112 -023 | 023
0
Olddam 121 - (et
Ocyaair iz - =i
— i i (o] L] i o — —
— — — — — [aN} — [a] [N}
i i o i [a\] A Lo} i —
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Example UV model

SM enhanced by a scalar LQ w, and a VLF Q)

Wy~ (3,1,2/3), 0;+ 0 ~ (3, 2, 1/6)

Lt = Y1,j02d"'dV + y, H'Q1d" + 34 Q1eHit* +y,; 0,0,L' +h.c.

|

Zz eff D Cl_dddH,pqr(@ l_dddH,quB_l_ Cl_dudﬁ,pqr@l_dudﬁ,pqig_l_ h.c.

([ p>K'v n->K% n-Kte

y; antisymmetric /

\

Cl‘dudﬁ,lzn - = Cz'dudﬁ,mz

.

k-matrices for the 3 processes above, compute [

and compare with [ — Ep — K*v the most constraining
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Example UV model
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Meff (GeV)




Main results of this work

analysis on nucleon decay

- RG effects important: limits enhanced by , and

— Correlations and flat directions

- k-matrices: SMEFT WC at A < observables at m,

- Positive signals in 2-3 channels — SMEFT operators — GUT/Models

Main source of uncertainty: nuclear matrix elements a, f
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RGEs o3

. 20

Cduue,prst — (_4832 - 2812> Cduue,prst - ?g% Cduue,psrt
. 9 11
Cduqz,”,prst — 483 - 582 — ?g 1 Cduqf prst

: 9 23
quueprst 4g3 — Eg2 — ?gl C gque,prst

. 1
quqf,prst — <_4g32 _ 3822 _ gg 12> quqi ,prst[_ 4822 <quqf,rpst + quqf,srpt + quqf,psrt)}

: 9 17 j 10
e 2 2 2 2 i 2 -
Cl_dudI:I,prst g 493 B Zgz e Egl + Yt Cl-dudH,prst e ?gl CldudH,ptsr’
2 13 2

: 2 2
CldddH prst :( — 493 — 192 ~ 591 1.3 yt)cl_dddH,prst’

—

9
9 11 2f—2\)C
1

M~

4 = 2 2 :
CéqddH,prst e g3 — 492 + 12 91|t Y eqddH ,prst ’

5) 19 ,
2 2 2
quqﬁ,prst = 493 e ZQZ 1291 Cldqu,prst 392 l_dqqfl,prts .




Direct VS Indirect method
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Direct VS Indirect webthod

: WiN — M) computed in the lattice
(Several parameters)

2 2
‘ . my m5
DN = M+0) = (1 - mgf )
N

Y CiW§ (N — M)
1

2
L(p—onty) = (327rf7%mg)_1(mf, —m?2)? ‘a [LS&ZR] . + B [LfﬁR] .. (14+ D + F)*
I'(n— Ktey) = (32nf2m3) "t (m2 — m¥%)*x
2
{lolesi,, - ofosmr],, + 2= (a[e5mt], + 8 [2581],,.) - P
12r1 12r1 My 12r1 12r1
S,RR S,LR m S,LR S,RR : b f”
- |ﬂ [ded ]127‘1 S [ded ]127‘1 5 my, (a [ded :|127'1 52 [ded ]12r1> Yis } LON-‘QV\QT‘Sj ByPT constants

a, p

campu&e_d in the lattice

I'(n— K%,) = 32nf2m2) " (m2 — m%)*x

S,RR
+5 [Ludd

Mp ( [+ S,LR] S,RR] )
— L L D-F
Iy \© [ udd |19, +5 | Tudd [19p9 ( )

S,LR S,RR S,LR
= [Ludd +6 [Ludd ot [Ludd ]
J12r1 1172

] 1271 ] 1172

2

mp [+ S,LR] [+ S,RR| S,.LR S,RR
g P (O‘ _Ludd o B _Ludd . 20/ [Ludd + 20 [Ludd ) (D + 3F)

] 1172 ] 1172




I'(p —

7tv) =2 T(n - %)

quql,llll

quue,llll i

Oduql,llll

Oduue,llll i
quql,2111 i
quql,l?ll i

Oduql,?lll i

Oduql,llQl

Oduue,21 117

quue,?lll i

quql,llll [
quue,llll [
Oduql,llll [
Oduue,llll [
quql,?lll [
Oyggqi211
Oduql,Qlll [
Oduql,llQl [
Oduue,?lll [

quue,lel [

n—1m 01/
r -42.2 -23.5 9.74
-42.2 21.7 12.1 -5.02
200
-235 121 6.76 -2.80
100
0
9.74 -5.02 -2.80 1.16
-100
— — — — — — — — — —
— — — — — — — o~ — —
i i — — — o™ — — i —
'_L '_1 v—L v—i Nh ‘_L C\l ,—(n N., C\lr
3 < ~ ) ~ = ~ = 9 )
I S = 3 = = S S = S
S d oo dS S
p—aty
. -84.4 -47.0 19.5
-84.4 43.5 24.2 -10.0
200
-47.0 24.2 13.5 -5.60
100
0
19.5 -10.0 -5.60 2.32
-100
— — — —~ — — - — i —
— — — — — — — o~ — —
— i — i — [a\] — — i —
‘_:. v—L |—1r v—:‘ C\l' —L C\Ir '_1 N» N"
~ L ~ () ~ ~ ~ ~ 5 N
T £ F ! 0T T YT OTO:o:
O 9 ¢ d 99 9d S Jd 9o

K-mwakrices

quql,llll [
quue,llll [
Oduql,llll [
Oduue,llll [
quql,?lll [
quql,l?ll [

Oduql,Qlll I

Oduql,ll?l

Oduue,2111 [

quue,?lll [

quql,llll [
quue,llll [
Odugi,i111 1
Oduue,llll [
quql,?lll [

quql,1211 i

Oduql,2111

Oduql,ll?l

Oduue,Qlll [

quue,?lll [

n—n'y
343 1.91 -9.86 -0.44
1.91 0.11 -0.55 -0.02
-9.86 -0.55 2.83 0.13
-| -0.44 -0.02 0.13 0.006
— — - — — - — — i —
— — — — — — — ~ — —
— i — — — [a\] — — i —
v—‘h V—:\ v—L V—i Nh _L N'\ v—L C\]h Nr
~ o) ~ Q ~ ~ ~ ~ (5] m
IS S = 3 IS S ISy Sy 3 S
S sdoocd S S o
p— K%*
1.59 5.59 2.26
0.74 -2.21| 3.20
5.59 19.6 7.93
-l 2.26 7.93 3.20
-2.21 6.63 | -9.58
3.20 -9.58 | 13.9
— — - — — - Ll — — —
— — — — — — — o~ — —
— — — — — [a] — — i —
— — - — Nh — [} — N N
~ o ~ () ~ ~ ~ ~ () QJ
= 3 S N S = El S g g
SodSdoodd S

200

100

-100

200

100

-100

I'(n - z7et) =3 T(p - nleh)

n—m et
Oyggqii11 -133.2 484
quue,llll [ . -68.6
Odugian11 [ |-1332 68.7 249
Oduue,1111 . 57.4 -30.1
quql,Qlll [
Oyggqia211 | -484 249 9.06
Oduql,?lll [
Oduql,llQl [
Oduue,2111 [
Ogque2111 1 -68.6 -30.1 15.8
— — ~— ~— i — ) — i —
— — — — — — — ~N — —
— i — — i [a\] — i i —
v—ih v—i |—4'\ '—i C“h —L C\l v—L N., C\]r
~ Q ~ Q ~ ~ ~ ~ 5 Q
$ ¢ § : § § § § & &
©O © © g © © © © g 9
p— 70t
Ogqql1111 -44.4 -16.1
Ogque 1111 | 435 229
Ougi,i111 | -444 229 8.31
Odune111 " 435 19.1 -10.0
oqqql,Qlll [
Oygqia211 | 164 8.31 3.02
Oduql,lel [
Oduql,ll?l [
Oduue,2111 [
quue,Qlll r -22.9 -10.0 5.28
— — — —~ — — — — — —
i i - — — — — o — i
~ — — - i [a} bl i i —
v—:‘ V—L |—L \—:‘ Nﬂ —0’\ C\lr ‘_1 C\l C\l
~ L5 ~ (5] ~ ~ ~ ~ (5] )
$ ¢ § : § § § § : &
© © © ¢g © © © 9O g ©

200

100

-100

200

100

-100




BNC Lagrangian

D FE_ D3l D-F .
SFytysp — ——— A0y ysn — 207“75n> 8. K°
f”T \/éf'rr \/éfﬂ' .
D Di3F b
¥0yHysp — AO~Hrysp + E‘v“vsn) oK~
( V2fr V6 fr [ 8
3 D
+ (DY ysp + MyFysn) Oun

26 fx 5

D4 E

D+ F

+ (PY*¥sp — Ay*ysn) um° + hec. .
2V2 fr

BNV Lagrangian

EBE ~(3,3), &'BET ~

§TB§J' iy RfTBETLT
¢'B¢ — RETBER!

¢B¢ — LEBER!
EBEY — LEBETLT

a-U tr(chfTP32) = — (du)(dv) = [@udd]S,LL

1111

(0]e™ (@} d})uclp®) = aPru)

(01e® (uady)uclp®)) = BPLuS)

3, 3), ¢BE ~(@8,1), £'BE~(1,8)

Name LEFT Flavour/BxPT

(05 st (urds)(diva) (8,1)

@ 5&‘:‘114]111, (ud)(dv,) —5VTLT1}I‘(§B§TP32) D —BVLTn - }—ﬁqu (\fm) - —mr + prm D
(O hizir (us)(dvy) — g, r(EBE Pr) > B, (— 05 + 5 - rernKO
[Oudd J1127 (ud)(svy) —BrS tr(BETPy3) O ﬁ\/iz/LTAO e “Vf, (nKO +pK~)
(O st (drs) (weea) (8, 1)

[(’)duu |111r (du)(ue;) —Pes, tr({B{TP;;l) D ﬂeLrp + ?—eLT <\/§pn + \}-pwo + mr"‘)
[Ogil“]znr (su)(uer) —pBe§, tr({B{TPm) D —Be5,ET + ’ﬁeiero

[OS LR] [rs]tu (urus) (JIEL) _

O5E st (drus) (e 3.3)

OFER), (du)(@@lel) el tr(¢ BEPy) > —aeG, p+ R ( %P") + %pwo + n7r+)
(05 onr (su)(afel) o, tr(§ BE! Py) D aef, T — i2eg, pK°

O3 e (whl) (dew) =

05 st (dhal)(wew) (3,3)

[Oduu e (d'at)(ue,)  —ceS tr(€BEPy) D el p + TeLr ( %pn + %pﬁo + mr+)
[OZﬁL]gur (5%ul) (ue,) —aeirtr(gBﬁPgl) D aeirﬁJr - }—‘j%pl_{o

05 Vet (dal) (dy) (3,3)

Ot (dal)(dv)  avftr(€BEPy) D —abfn+ 20, (Jonn + Znn® - pr)
[OfuZL]ﬂlr (sTal)(dvy) av§ tr(EBEPy) D av§, (\/_ \/_) + TVL'I‘nKO
[Odud J112r (JTET)(SV,«) aVLrtr(£B§P33) D aVLT\/;AO o 1/21, (nKO + pK_)
[Oi’ﬁL]Qnr (ETTN)(SVT) az/Lrtr(foPzg) D aVLTHO

[05,&1311] [rs]tu (dj’(zr‘l) (utVu) (3’ 3)

O o (d15) () — o r(€BEP) D o, (4 + Z) — i pK-
(O3 (d}ul)(afel) (1,8)

O (dat)(atel)  Beg, tr(¢!BEPy) D —Beg,p+ P, <\/§pn + J5pm’ + n7r+)
(038R, (stal)(atel) Beg tr(§'BEPy) O Bef, St + £, pK°




Name LEFT Flavour/BxPT

OSE s (ud)(swy)  —BVEtr(€BE Pyg) > By/2UE A — £E (nK® + pK-)
[OFE 4, (du)(ue,) —BeS tr(¢BETPy) D BeS p+ ;‘Q@ ( Spn + %pﬂo -+ n1r+)
(O o1ty (su)(uer) —Beq tr(EBE Pa1) D —Bef, BT + ‘ge K"
(O5ER du) (a! B¢t

don e (du)(u éh) el tr(§TBETPs1) D —aef,p+ ° fﬂ 2es \/gpn+ ﬂpﬂ' + nwt
055 0, (su)(afel) aes, tr(§TBETPyy) D e, BT — Leq pKY

[Odw i (d'at)(ue,)  —ae tr(EBEPs;) D el p+ 7;3Lr (—Tpn + Tp’lr + n7r+)
[Odwu loitr  (5T4")(ue,) —ae§ tr(EBEPy) D —ae§ BT — 7 et pKO




Nudean d@.&&j channels

n— nv
n— 1'u
p—oaty n =y
Ty n— v
n—nme |
: 0,+ p— 'y
(N = MZ.) - p e (N —> M?,)
Cinand 7
AB=L)=0 IA(B—L)| =2 n—)KU
p— KY%* |
n— K%

- ALl Zﬂbodj () d&fl&jﬁ except for p—> K" 1> K% n—Ket n-ate

(No ByPT formalism devetape_d for PD into vector mesons, e.q. p —> pVe™

36



A emEET

. RGEs dominaked bv the SM gauge éauptiv\gs — enhancement

o QUD. cenbribubions universal and dominant, BUT electrowealk
ﬁOMf&bM&E&J’V\S are TQLQVO\V\E {QT’ @qqql,llll

*top=toop conkributions wr\i;’\{;(fa;r'{sall and suppressive for 4 = 7 WCs
* Operator Mixing subdominant for pra&g@\ decay

cOm) ~ (2 = 4) (10" GeV)-

« RGEs for 4 = & SMEFT Mawnochar et, al, [2014]
¢+ RGEs for d =2 7 SMEFT Yi Liao et al. [2016]
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Phenomenological matrices

m5
; : 0,+ + .
FA(B—L)=O _ 10_4 o Kjk c p for i=p-o>net,p—>Kv... (9 makrices)
(&) AN
7
A(B-L)|=2 k mp = K* Kte™ ]
AB-DI=2 = 104 c* 1k ¢ for i=p—>Kv,n—>K'e ... (& wakrices)
(@) j 1G]k A6
n — K p— Ktv
Ol_dudfl,llll i OZdudﬁ[,un i
Olagqit 1111 0.08 | -048 | -0.36 | -0.51 0.28 Olagqir 1111 1 0.01 | 021 | 005 | 0.22 0.06
Olaudrrio11 -048 | 309 | 233 | 325 ~1.80 5 Olguafraoi 021 | 309 | 076 | 325 0.80 15
Olguaii iz - -0.36 | 233 | 176 | 245 -1.36 Olguair iz 005 | 076 | 0.19 | 0.80 0.20
10 10
Olagait 1211 1 -051 | 325 | 245 | 342 -1.90 Olggqiiioi1 | 022 | 325 | 080 | 342 0.84
Ol_dqqﬁ,lml i 5 Oquqﬁ,llQl i 5
Oligair 11121 0.28 | -1.80 | -1.36 | -1.90 1.06 Olggqii 1112 006 | 080 | 020 | 0.4 0.21
O ’ ’
ldddH 1121 [ Ol_dddH,HQl i

Oéqddil,l_lzl i Oéqddﬁ,um i -

| | | | | | | | | 1 | 1 | | 1 1 I
— — — [a\] — — o™ — ™ — i — — L
— — ™ — — [a] — [aN] o™ : — : C—j — [a] ﬁ [a] [a]
— — (] — o™ i — Lo ™ — — o — o i i Lo L
Lo — — — ™ — Lo ™ i — — — — ™ i Lo Lo —
oy ey Jaw oy oy g lay oy oy ! ! @ 2 ! 0 i T !
= = = = = o o = ] E E* E E E' E* E- = %
3 = 3 3 Sy o o = = 3 S 3 3 S o o = S
= = = = QSE = § ESS 5 3 & 3 3 S S & S 558




