A bottom-up approach to nucleon decay
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Baryon Number Violation:
From Nuclear Matrix Elements to BSM physics
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Individual Flavour Symmetries

l Yukawa couplings

U(1),, x UL, x U(1), x ULy

l v oscillations

[Super-K 1999,
KamLAND 2003...]
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B and L accidentally conserved

(B + L violated in 3 units
by sphaleron transitions)
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Proton stable
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Individual Flavour Symmetries

l Yukawa couplings

U(1),, x UL, x U(1), x ULy

l v oscillations

[Super-K 1999,
KamLAND 2003...]
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B and L accidentally conserved

(B + L violated in 3 units
by sphaleron transitions)

l

Proton stable
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= See N. Fulvio’s talk Monday 13 |
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Other future v experiments such as

10" 10> 10°|  JUNO THEIA

Sensitivity of p — 7™ increased by 10 in HK /B (yea1 A

“ e e + 1
SGHSI.tl.Vl.ty of p > K +1/_1ncreased by 10 in HK/DUNE [ See C. Jiang’s talk Monday 13 J
Sensitivity of n — K™e™ increased by 10 in HK

BNV nucleon decay could be the next big discovery



- There is no fundamental reason to have B and L conserved (Leptoquarks, Seesaw particles,
SUSY, GUTs...) = B and L conservation arise accidentally in the SM

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

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

Baryon Number violation (BNYV)

. / E.g. proton decay (PD), neutron-antineutron oscillations
Baryogenesis

[Sakharov 1967]

Large number of UV theories predicting PD

|

Systematic study of PD in a
model-independent way (bottom-up)




Parametrization of new physics through Effective operators (d > 4)
SM Eftective Field Theory (SMEFT)

Bounds on SMEFT WCs serve as a bridge to specific UV models

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

W. Buchmuller et al. 1986, _ . _ _ —
Brivio et al. 2019, AL =2 AB-L1)=0 AB-L)=2
B. Henning et al. 2016, i' i'
De Gouvea et al. 2014]
c4=3 c4=0 ct='

g=gSM :




Parametrization of new physics through Effective operators (d > 4)
SM Eftective Field Theory (SMEFT)

Bounds on SMEFT WCs serve as a bridge 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 AB-L)=2
B. Henning et al. 2016, i' i'
De Gouvea et al. 2014]
— g ) g D
c =5 c =6 Cd—7

L =L A Ow O9=° +

A2 A

| |

A = 10 GeV A 2 109 GeV
p — nlet, (p — K+17J n—nate”, (p — K+1/)

Different phenomenology —>

Indistinguishable final states in detectors



App 4+ UV Theory (X))
RGEs &
/ l X, matching
Y, 2 %
/
SMEFT
RGEs &
My l H o1 wE 70 matching
LEFT/WET
RGEs &
matching
yPT

. i [S. Antusch et al. 2021,
- Assumptions: Energy Desert and no SUSY in the TeV scale/RpV H. Dreiner et al. 2020]



d = 6 — 4 operators — 273 independent components [ L. F. Abbott et al. 1980,
B. Grzadkowski et al. 2010]

Oqqql,pgrs = (Q;; Z)(QiL’S Jeik€its  Ogque,pgrs = (Q; g)(ﬂlél)fz‘j :

Oduue,pqrs = (d_;r)ﬂ;)(ﬁlél) ) Oduql,pqrs - (J;ﬂg)(Q;L‘;)em )
d = 7 — 6 operators — 297 independent components SEiLLiZhQZ?.Zz%II%]

Oéqddfl,pqrs = (EPQ;)(dIdDHJCZJ ’ Ol-dudﬁ,pqrs o (LLdD(ﬂldDH )
= = 2 2 ‘. ., 7 & =
Ol—qud,pqrs = (L;)O'NQQ)(dIZD#dD ) OédddD,pqrs = (6p0'“d2)(d:r.’&D“dD )




d = 6 — 4 operators — 273 independent components [ L. F. Abbott et al. 1980,
B. Grzadkowski et al. 2010]

Oqqql,pgrs = (Q;:) Z})(QiLﬁ"’ Jeik€its  Ogque,pgrs = (Q; g)(alél)fz‘j :

Oduue,pq'rs o (d—;ﬂg)(ﬂlél-) ) Oduql,pqrs = (JL'&(E)(Q:L‘;)QJ )

[L. Lehman 2014,

d = 7 — 6 operators — 297 independent components Yi Liao et al. 2016]
Oéqddﬁ,pqrs = (észq)(dldl)Hje’U ’ Ol—dudﬁ,pqrs o (L;dg)(ﬂldl)ﬂ )
. o L
"' o ‘-'-'s-'aw'; S AR AP A YA y T eddaly,pg = e T vi FOLOTIOST

(

\_

Not Higgs-vev enhanced / Cd=6(mW) ~ (2 — 4) C d=6(1015 G@V) 1

Match onto d-7 LEFT ops.

Bounds in some
components in
[J. Gargalionis et al. 2024 ]

From gauge interactions and y,

cd=7(mW) o~ (1 o 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]



6 A(B — L) = 0 operators — 288 independent components — 14 components
v, =v L, = e

5 |A(B — L)| = 2 operators — 228 independent operators — 9 components
V,=EVv L,= ¢

1 LEFT components
involved in nucleon
decay at tree level

Name [52] SMEFT matching
S,LL
[Oudd pqrs V;J’qu’r(cqqql,r'q’ps — Cogqlg'r'ps + quql,q’pr's)
[Od{m ]pqrs V;?’p(cqqql,rqp’s — Cyqqlgrp's + quql,qp’m)
[Od':z,u ]pqrs _Vp’p(quue,p'qrs + quue,qp’rs)
(O Ipgrs Cuglpgrs
[Od&d ]pqrs —VirrCaugl,par's
[Odt’m ]PQ"‘S Cduue,pqrs
S,LR e v
[0 ]PQT‘S _V:I"Icldqu rspq’ \/2A
S LR v
[Oddd pqrs ‘/P PVZI q (Cl_dqqfl rsq'p’ Cl_dqqﬁ rsp'q ) 2v2A
(g Vas(C = Caqadit rrpe) 755
ddd 1PqTs s's\“eqddH rs'qp eqddH ,rs'pq/ \/2A
[OS RR] C- v
pqrs IdudH TSPq \/2A
[Ogad | Ci o
pqrs ldddH,rspq /o

Name [52] ([12]) Operator  Flavour Name Operator  Flavour
{Ogdgqlm (01 (ud)(dv) ES’ 1; Oz (ds)(&d)  (8,1)
o » (0%  (us)(dvy) 8,1 S,L ud (id a
O O () @D {85;.5;3}1;;1 e oy
[Oduu e (Of)  (du)(ue,) (8,1 Oid hre (wd)(wls?)  (3,3)
A R R TS T
G G (@ED B9 03 @) @)
DS or ) e (ag  [Cadlian @Ed  (33)
Oy, ]lllr (Oke) ( )(uer) (3,3) - -

7 R G 5 O @d)eid) 09
[Oduu ]2117' (O?ZL) (st’u’t)(ueT) (3’3) udd rl Tf_ V?_ ’
Oy ) @) @3 Sl @G L)
[Od'u.d ];iir (ORL ) (ETﬁT)(dVT) (3’3) [0 udd ]111‘2 (ﬂfdf)(ylg'l') (1’8)
058 1 (Oy) (@ a)(owe)  (8,3) (Odia Iz (d's)(eld')  (1,8)
(O Jazr (dsh) () (3,3)

[Od'u,u ]1111’ (OgiR) (Jfﬁt)(ﬁtél) (1a8)
[Oduu ]2111‘ (O%R) (§Tﬂ,f)(ﬂf§l) (1a8)




6 A(B — L) = 0 operators — 288 independent components — 14 components
v, =v L, = e

5 |A(B — L)| = 2 operators — 228 independent operators — 9 components

Name [52 SMEFT matchin
g
S,LL
[O‘g‘iﬁL pqrs Vq’qu’r(quql,r'q’ps B quql,q’f’ps + quql,q’pr’s)
[O%JLER]MTS V;J’p(cqqql,rqp’s e quql,qrp’s T quql,qp’w)
[Oiis&ﬁ L]pq” _Vp’p(quue,p'qrs + Cyque, p’rs)
[OdS&ﬁL]mw Caugl,pgrs
[OdS&I%R] pqrs -‘[r’ eruql,pqr’ s
[Odt’m ]PQTS Cduue,pqrs
S,.LR _ - v
[Oudd ]pqrs _V:I' qudqu r3pq’ /oA
S,.LR - _ . SRR A
[Og'd;i2 - pqrs ‘/P'P‘/Q'q (Cl_dqu rsq'p Cldqu ,rsp'q ) 2v2A
y . S . v
[Ode}iZ . pgqrs Vs's (CéqddH ,rs'qp CéqddH ,;rs’ pq) V2A
B - v
[Oudd ]PQ"'S Cl_dudH TSP \/2A
[ OS,RR Cr v
ddd 1pgqrs ldddH ,rspq V2A

- RG effects universal in the LEFT

c(2 GeV) ~ 1.26 c(myy) < See L. Naterop’s talk on 2-loops effects Tuesday 14

V,=EVv L,= ¢

] LEFT components
involved in nucleon
decay at tree level

Name [52] ([12])

Operator  Flavour

Name Operator  Flavour

(Ol (071)
Oy izir (Of11)
[Ouad J112r (OL5)

(ud)(dvy) (8,1)

(us)(dv,) (8,1)
(ud)(sv,) (8,1)

(Ogar T (051)
(O l211r (O%)

(du)(ue,)  (8,1)

(ud)(v}d")  (3,3)
(Opig o (us)ld")  (3,8)
(ud)(/f5T)  (3,3)

(su)(uey) (8,1)

[O%’Lg:hnr (QER)
05 211 (O%R)
[Ogigi]mr (O%1)
[Od':m ]2111' (O?ZL)
(g ii1r (Ofr)
[O%Lngzur (Q}'zm)
(0504 T12r (O%ps)

(du)(@el)  (3,3)
(su)(alel)  (3,3)

(ds)(eld")

(d'a)(uer)  (3,3)

(s'a")(ue,)  (3,3)

(d'a’)(dv,)  (3,3)
(s'a")(dv)  (8,3)

(055 2 (3,3)
058  ygm (5N (Ed)  (3,3)
[OfﬁR]nn (ﬂffﬁ)(lflfﬁ) (1,8)
(058 0 @lsh(Widh)  (1,8)
(0218, @d)ish)  (1,8)
(055 g (@181 (eldT)  (1,8)

@Rl
dau T

(d'ah)(svr)  (8,3)

[OiﬁR] 11r (Qﬁm)
(055811, (O%g)

(d'at)(atel) (1,8)
(stat)(atel) (1,8)

== NOt generated at tree level by d = 6, 7 SMEFT ops.
* RGEs for d = 6 LEFT [A. Manohar et al. 2018]




7"_0 . + e 0 A0
- Aa ﬁ_l—_\/g 1r°7r e KO i A R 2§+ A g
a=1 K- R0 \/gn a—1 = =0 20
= M/fr _ [eUT = T B BU'
§=em o LU = UCR Flavour group U(3), x UQ3), - UBU
BNC interactions BNV interactions
N = ey N [M. Claudson et al. 1981,
L = gypByvsNOM + mpa x€aPx B + 1Yy, xlaPx NM P. Nath et al. 2007]
.M .M
N Il N e
YMma .-~ 9mB. -~ F(N—> Mfa)
N N N o
4»_\ B 2 inputs from lattice o,
ga MPBa ea

[JLQCD 2000,
[ See Y. Aoki’s & Jun-Sik Yoo talks Wednesday 15 }> Y. Aoki et al. 2017,]

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



10"} R et
+
p—me m with RGEs
8. 10" B without RGEs
. — 7ot
% r P p—= et p— K'w
O 6-10"7)
Q
S += — 7ot
2 p— K'v . p— e
p— K'v
4-107
_ — K"
p— K'v p
210"
0
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v
S
S
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100+

=

6- 10"

4-10%

0
p—me B il DO

Bounds on other d=6 BNV SMEFT components X

Involving 7: [A. Crivellin & M. Hofericther 2023, J. Heeck et al. 2024,
Wei-Shu Hou et al. 2005]

Involving b: [A. Petrov et al.2024] ﬁSee A. Petrov’s talk Tuesday 14 ]

Involving 7: [H. Gisbert et al. 2024] All of them are less stringent:

Others: [J. Gargalionis et al. 2024] Loop-induced proton decay,
CKM angles or space phase suppressed
(Uncertainty from unknown lattice results)
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N p— K'v
p— K'v m with RGEs

1.2 101

n— v
n — 7u

1011 B without RGEs

+
p— Kv po Kov

A/Ve [GeV]

n— Kt~ " o S8y

n— Kte”

AIc~ 2 ~ 12) x 1019 GeV



1.2-10M""

n— v
n — 7u

10M+

A/Ve [GeV]

~
~
~
) -
N

Y
S

p— KTv

3
~
y
S

Q’\

!/

p— Kty

/

O
Ale~@2 ~ 12) x 10" GeV

p— K'v

Bounds on other components: [J. Gargalionis et al. 20%

CKM angles suppressed or worse bounds on lifetimey

® with RGEs

B without RGEs

p— KTv

n— Kte~ " o K

n— Kte”

All of them are less stringent:




107! 107!
S 1072 102
S S
Q Q

10_3 .- ?10—3

10~ %@0-4

1073 NN L k 1075

-1 -107' =102 =103 —-10* 104 1072 1072 100" 1
Cduue, 1111 Cduue,1111

- Different search channels provide complementary constraints

- No flat directions



L

\\\\\\\\\\

S R <_J

OOOOO

— — — — —




1-104 0.66 0.04 7-1073 0.03 1.00

[ /T

max,th

Bound Saturation =

0.02 0.02 ) - /F
N 1,ex max,ex
0.02 1.00 0.10 0.39 p p
101 T > 24 . 103 years
-
33
1-10—4 0.04 7-10-3 Tp—)K"‘v > 661 ) 10 years

0.02 . 0.02 1.00 33
. T, k+o- > 0.032 - 1077 years

0.08 1.00 10

S 10°

-.c__U'

=

(98]

n

©

[

>

103 C% 0.06

1.00 0.17

0.02 1.00

Bound Saturation



Lnﬂ - 1-10°*|2-10 2| 0.66 0.04 |7-1073|7-10"%*| 0.16 0.03 1.00
O gqar>

O qad M2 - 0.02 |9-10~* 0.02 0.01

O q qal ’X‘Zﬂ - 0.02 1.00 0.10 0.06 0.39
O dual A 0.66 0.04 1-10=2| 0.03 1.00

610 0.02 001

[ /T

max,th

Bound Saturation =

S~

I

1,exp

T, 00 > 24 - 1077 years

T, K+ > 0.61 - 10°? years

To wen > 0.032 - 10 years

Tree-level UV completions in
[J. De Blas et al. 2018, Xu-Xiang Li et al. 2023]

1.00

10~4
10—°
N +~
[
Iy
< Q,

See J. Heeck’s talk Thursday 16
C(B (’)qqqlv“%'

O qud At 0.20 0.26
O qque’nﬂ 0.77 1.00
1.00

O gquer?™
O quat and 0.77
O dﬂqu vXXZX -

O quat mﬂ -

O duue A:\—XX
+ N + +
/ v &, QO.) QQ')
& & IS
7 A A A
Q & S\ N}

100

1071

1072

max,exp

Bound Saturation




5

m , ,
FA(B L)=0 — 10—4 c¥ K]k c p for i=p—alet,p>Kv... (9 matrices)
(0) j G Tk A4
7
A(B=L)|=2 . M = + 4o '
[IAB-DI=2 = % | ¢, — for i=p—>Kvn—->Ke ... (6 matrices)
(@) i TGk A6
Coque, 1111 ~ — 0.44 Chpe 1111 Coque, 1111 ™~ 4.1 Chupe 1111
p— et / p — nle’ /
quql,llll i 6.1 quql,llll | 36.1 2.01 /-Gﬁ‘{
A
quue,llll B -229 quue,llll - 0.48 -0.11
Oduql,llll r 8.31 Oduql,llll - 2.01 0.11 -0.38
Oduue 1111+ 435 19.1 -10.0 vo Odune11 -1.97 8.02 0.45 s
quql,lel i quql,2111 i
quql,1211 | =16.1 8.31 3.02 o quql,1211 | -6.76 -0.38 1.27 "
0duql,2111 i Oduql,2111 i
0 0
Oduql,1121 i Oduql,1121 i
0duue,2111 i -100 Od’uue,2111 i -100
Oyque2111 -22.9 -10.0 5.28 Ogque2111 | -0.11 0.45
9 % = =85 % & =% & 3 =# = = I = 5 § = 8§ % =
= = =% = & = § = a a = = = = & = & = & a
T 0§ 0¥ § 0% % ¥ ¥ ¥ o T 0§ ¥ § T FTF 3 ¥ 0§
S = S 3 = ) S S 3 = = = S S = s S S 3 =
S S = ~ N N = = Sl N S = = S N = i = S
O 9 © ¢ © 9 ¢ © ¢ © O © © g © © © © g ©

N
W



AB-L=0 = 109—4 C* K]k for i=p—-nlet,p > Kv... (9 matrices)
() ()
m : _ :
FlA(B D=2 — C* K]k ¢ for i=p—>Kv,n— K'e (6 matrices)
(@) kA6
Cqque, 1111 ~ ~ 0.44 Chpe 1111 Coque, 1111 ™~ 4.1 Chupe 1111
/ O
Ol 111 | [0 A— — 10 \
quue,llll B 1 j \\\\\ \\\\\ ’\”8 \ -0.11
Oduql,llll' : """"""""“"f _________________________________ \
Oduue, 1111 _ 107! A =10" GeV \§ 107! ~ 0.45 oo
Oygqr,2111 | gﬂ 102 .o e 11072 gﬁ
quql,lzll | -16.1 Qg mp— et \ Qg 100
1073 -- RGEs N 1073
Odugi2111 | - RGEs \
Odugii21 10~ \ § 104
0duue,2111 i 10_5 . . . N '\ 10_5 -100
O il -1 -10"' =102 -1073 -107* 107 1073 1072 10" 1 -
qque,
1 Cduue,1111 Cduue,1111 [
E % i 3 s § I § [ = S £ 5 : § §F 3 s § .
g o & & 9 9 S o 9 S o © & 9 © g 9 & o




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

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

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




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

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

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

|

Z eff D Cl_dddH,pqr.@ l_dddH,pqig_l_ Cl_dudI:I,pqrs[@ l_dudI:I,pqig-l_ h.c.




Oidudﬁ,uu i Oidudf{,llll '

Oidqq17,1111 i Oz‘dqqf{,un I

Ol_dudﬁ,1211 B 0.21 076 . 080 15 Ol_dudff.l2ll B -048 2.33 -1 .80 15
Oltuafr 12 005 | 076 | 019 | 0.80 0.20 Scalar LQ Oluaii 1112 -0.36 176 136
10 10

Ol’dqqﬂ,nzl‘ s ) ) Ql + Q Oidqqﬁ,llzl' s

Oligerr.i112 0.06 | 080 | 020 | 0.84 0.21 Ot 11121 028 | -1.80 | -1.36 | -1.90 1.06

Ol‘dddu,ml i OidddH,uzl i

Qlczk T V34

Oéqddﬁ,lm I

Oéqddi{,lml i

21 |

1112 7
21

— - _— o — — 1 1 1 1 1 1 1
= 0= o5 =5 % o3 = £ & & &£ = &£
E S g E S S n—>K+€._ ~ ~ = = ™ = =
= = = = = = B 3 oa Sy > =z =
S © ¢ & © © s £ = = = = ¥
o © © © O ©
Ol‘dudﬁl,uu I
Z Otagait, |
ldgqH 1111 i . ]
eff 9% h.c
Ol’dudi{,lzn i 15
Ol’dudﬁ,mz i
10 + _
Oidqqﬁ,lzll' 1< e
t Ol‘dqqﬁ,1121 i 023 | -0.23 .
Ol'dqqf{,luz I -0.23 | 0.23
O 0
ldddH 1121 | 1.96
Oéqddﬁ,lm i 277
1 1 1 1 1 1 1 1
L A — o™ y— — o™l — R
— — — — — ™ — (] (]
Ll — [} — ™ — — — —
1—1'\ i '_1- H” — — — '_j ‘_‘h
lleu} xm zm flea} o fleal az: e 'I_
3 = 3 3 g S = 3 3
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SM enhanced by a scalar LQ w, and a VLF Q)

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

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

|

Z eff D Cl_dddH,pqr.@ l_dddH,pqg_l_ Cl_dudI:I,pqrs[@ l_dudI:I,pqig-l_ h.c.

([ p—>K'v n->K% n-K'te

y; antisymmetric

Cl‘dudﬁ,lzn - - Cl‘dudﬁ,mz

k-matrices for the 3 processes above, compute I
and compare with ["“*P

—_— [ p - K*v the most constraining ]




+ Model-independent analysis on nucleon decay

- RG effects important: limits enhanced by 30% - 130% (d=6) , and 20 - 30%
(d=7)

- Complementary analysis = Correlations and flat directions

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

- Positive signals 1n 2-3 channels = SMEFT operators — GUT/ UV models




+ Model-independent analysis on nucleon decay

- RG effects important: limits enhanced by 30% - 130% (d=6) , and 20 - 30%
(d=7)

- Complementary analysis = Correlations and flat directions

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

C Positive signals 1n 2-3 channels — SMEFT operators — GUT/ UV models) !

Exotic SM channels, Proton decay into BSM particles, BNV through third generation, inclusive
searches... — The experiments will have the last word
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