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Baryon-number-violating nucleon decays into dark
particles
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Baryon number violation (BNV) is related to many BIG questions

» Baryogenesis

.
Sakharov's conditions: BNV; C, CP violation; Out of thermal equilibrium = =~ 6x1071

Sakharov, 1967
« Dark matter

Nucleon consumption induced by DM  DM-catalyzed baryon destruction inside a NS

X

A 4
https://en.wikieda.org/wiki/Baryogenesis
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- Neutron lifetime anomaly:  Neutron dark decay
B. Fornal and B. Grinstein: 1801.01124; 1810.00862
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Low energy probes of BNV signals

p—e*no

AB=1 Vv
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The most sensitive probe of BNV is P s e s
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- Experimental efforts in the past: [MB, t——

p—>e*pol

SNO+, KamLAND, Super-Kamiokande, ire |» ——

n—ptpr nasBiiti
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n—etK-
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n—u*K-
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« n — noscillation o c hilips et al, 14101100 ke t——
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e | % T4 Snowmass 2013, aniv. 13115285
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. Dinucleon decays: NN — MM', €', V', vV xicocang e, xom, 210202562, siep



https://arxiv.org/abs/1410.1100

Nucleon decay searches as experimental frontiers
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Expandlng the 'scope of experlmental searches

SM particles |

SM+ a new particle

N—> M+ ‘

2-body . . N = l+alp/X
Widely studied |
N—->V+I é N—> M+N
3-body | Noli+hL+h | Nol+Mt+o/ o/

i N — nucleon (p n)

» V — octet vector meson (p, @, K*)
- [ —lepton (e, u, )

N — l+Ml+M2 j“

o X — dark photon ‘

 Light new particles are motlvated by DM, neutrino mass, etc

- Nucleon decays with invisible particles provide a unique == description for these decays
opportunity to explore BNV and light new physics.

. (» — a general scalar]
« /N — sterile neutrino

* Nucleon decays into a light scalar
p—oeTp,n—en g,

* Nucleon decays into an ALP
ﬂ_(p, oo

* Nucleon decays into

p—ep,n—e

p—oetp,n—-etng,- -

l. & —ALP
e M — octet pseudoscalar meson (7, 1, K)§

Construct a complete theoretical



Effective field theory approach

. BNV interactions mediated by heavy new particles with M > Ay,

- Energy scale for nucleon decays is below

« Focus on only the relevant degrees of freedom at low energy = EFT

| EFT is a powerful tool to study all kinds of decay |



Nucleon decays in the effective field theory (EFT) landscape

4 )
LEFT Extension SMEFT Extension
ULEFT VSMEFT
@LEFT > < ¢©SMEFT >«
aLEFT o aSMEFT o
XLEFT = XSMEFT =
T I T 1
v |
4 N\ : ) | 4 N\
ByPT >« LEFT > SMEFT > NP
& J : : J I . J
s l ™\ : i E 4 i \ : 4 l )
SU3)! x SU(3){ x U(1)em ! SU(3)c X U(1)em SU(3)c x SU(2)y, x U(1)y o
\_ J
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(_
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%BXPT = £pm,m Ly, - )]< Liprr = L(g,¢4,v) <€ . {LSMEFT = L(Q, L,u,d,e) }(—'—i : Lnp =7 ]
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Working framework: low energy effective field theory (LEFT)

A(B—L)=0 AB+L)=0
e Fields: u, d, s, /,VE; €, Y, Ty Vo Uy, Uy Obia | (Fd2)(w"®)easy | Offiaa | (Bd2)(d"d)casy
Ofiau | (Buf)(du))easy | OFiua | (7Edg)(uf"d))eas,
, Ofiuu | (BdR)(u ul)eapy | Ofuaa | (ug)(d d))eap,
¢ Symmetry. SU(3)C X U(l)em (9211du (@uf{‘)(@ul)eam O%cchzd (ng)(fdz)faﬂw
o o | o o d O%?luu (Edf) (’u’iﬂcu; ) ea,B'y O%chdd (Edl-a) (gdlz ) 604,3’7
e Power counting: canonical dimension Ofhan | () )ty | Ol | (558 (R e
O%da (V_fdl?)(dafug)ﬁaﬁv O%de (Edg)(dlfcdg)eaﬂv
e Range: <K Apw 0%y | (Bl ) (&R )eass

O%ﬁdu (@uﬁ‘)(dﬁcuz)eam Jenkins| Manohar, Stoffer, 2018

Li, Ren, Xiao, Yu, Zheng, 2020

P =P | Csi
LEFT = -2 dim<4 2 A

Yi Liao, XDM, Quan-Yu Wang, 2020 Yi Liao, XDM, Hao-Lin Wang, 2019
F. Wilczek, A. Zee, PRL 43 (1979)
J. R. Ellis, M. k. Gaillard, D. V. Nanopoulos, PLB 88 (1979)

S. Weinberg, PRL 43 (1979) & PRD 22 (1980) Easily to bridge with the SMEFT(-like) framework

L. F. Abbott and M. B. Wise, PRD 22 (1980)



Exotic nhucleon decays involving new light particles
LEFT + new light particles = LEFT-like framework = SMEFT-like framework

ULEFT = LEFT + sterile neutrino (N): p — Nz*, n — Nn",

(]deg)(uLﬂ Cd}:)e b T. Li, M. A. Schmidt and C.-Y. Yao, 2502.14303, JHEP

GLEFT =LEFT+ALP(a):p > eTa, n - e"n a, -

LCa(,,BC. 7 T.Li, M. A. Schmidt and C.-Y. Yao, 240611382, JHEP
(aﬂa)(eL ML)(ML % dR)GOlﬁ}/’ . Li, M. A. C.ml and C.-Y. Yao, . , |
W.-Q. Fan, Y. Liao, XDM, H.-L. Wang, 250711844, CPC, editor sugg.

@LEFT = LEFT +scalar (p): p = €T, n = e n @, -+

Sandbox Studio, Chicago

AXIONS
% d“)(uﬂcdy)eaﬁy, XDM, M. A. Schmidt, W.-H. Zhang, 2511.02169, JHEP
XLEFT = LEFT + dark photon (X): p —» e™X, n —» e*n7X, --- \
\d

Xﬂ U(FRdg)(dLﬂ CoHv d}:)e J.-H. Liang, Y. Liao, XDM, X. Zhao, 2607.22452, JHEP (accepted)

aﬁd, o 00



BNV @LEFT basis—nucleon decay into a light scalar

A(B—L)=0 AB+L)=0 . ,
Operators Matching (up vs down basis) Operators Matching (up vs down basis) ,. | eq d in g-or d er g08 MEFT o per ators
CLL,a:yzw — V.. Vi (Cmabz CRL_,xyzw — 2 (V..Vi : d
ovdud ay Vow\“LOQQy plddd 2v/2 b“z bw "
o +C1860, — Cih60y) _ = —VawVb:)CLagqrr, ‘ |
prdud p(vrdp )(ufcd'ﬁ )€apy Ol Ve (CTL: Of?ddd p(LLdy )(dff"dl )€apny
prdud 2za\~LQQQy CRIL,:z:yzw — v (C:ryzw _ OTYw= ) .
FoTavw _ cmawy pfddd 272\ “LdQQHp ~ “LdQQHy/ | | Dim7: A(B—L)=0
ST R , —————
Cq)é'lduy ) azc('CL%QQ)‘p C(";L_’(‘fij = \/%VawC}c,%aQHcp OLQdug  |€apry€ij(LCQY)(dPCu)p
B L + za w o . zglléng L rvau ,"' L . .
« QG — Jo ..(C C
wludu @ (ffuf )(dECuZ)eaﬂv C;%’:dij — %*aVJb(Cf%béng Og;?dud SO(VLdR)(UECdZ)EaB'y CRLayzw _ v ye payau : OeuQQcp €apvy€ij (6 'U'CM)(CQﬁ2 Q’YJ)(P
+szab _ C:czba ) perdud /2 "2a T LdQQHyp ] 0 ) _ (LzCQa])(QIBkCQ’yl)
. QRQe ~— YLQQQy - ‘, LQQQy |€apyEik€;l Y
R | PSS (uul )eapy — O aa | (PLug) (dp d7 )eapy — | Ocuduo | €asy (€5u®)(@Pu)p
- - CRIé,xdyzw — 9V Cmyaw . CLR_,:cyzw — VYV Tazw :
o udu az~euQQ - 1o Zddd ay“~eQddH
‘P(ggua)(dfcug)eaﬂv C:L’myzw _ oy (ovza : O;%ddd p(Lrdy )(dgcdg)faﬂv (pCLR,;z;yzw _ﬁv OFYzw : t
——— phuls we e ——— efddd Ny Tedill; | Dim 8: A(B+ L) =0
ptduu | PULAT ) (ug 4R ) €apy — Olc:o%ddd P (Ldg) (df &) )€apy — | T 30 T\ (21 BC A
LR,zyzw TYzw o ~Bc RR,zyzw TYyzw OLd'u’dH‘P ea:B'Y(Ld H) (U d )SO
— CLLova = —COFY O™ (7dg) (ug dy )e CRLIvIw — v C7Y
w(FUQ)(dBCu7)€ wludu LQduyp wrdud P L R “R/CaBy wrdud v2 ~LdudHy O (Ida H) (ﬁd’}’)
pfudu L®L R YR )Cafy TYZW . 7Irarw -~ 100\ ¢ 18C ,TYZW v ITYZW ? LdddH €
Cféudyu = _VyaCLde (’)gl}ddd ‘P(eLdR)(dgcdg )€apy Cﬁ‘}ddyd — ﬁCLdeHcp | 7 P B ’
| cma - vaom, | Ocquane |cup (BTG @
prddu SO(VLdg)(dR UR)605’7 T —— ¢ Ti NBIC
Corita = Cltoing | | OLagaue |0ijeapy(L4d™)(HTQPICQY)p
prudd (p(VEUf)(dECdg)Eagfy T |
wludu <p(€gu§’)(dfcug)eag7 O?o%fc?l/:w = C:'g;;vgo

The leading-order operators appear at dimension 7 and there exist various UV—
models that generate them.
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BNV aLEFT basis—nucleon decay into an ALP

Notation Operator Chiral Irrep. # of operators
Ot | Ouale§r ut) (wl’d))easy | 8.1 nenina [2n.
O??I:z,zzud a(gu )(UL VHdg )€apy 6. ® 3r Nengng [2n.] _—— S— —
O3 1 | Oua(efu) (A7) eapy |6, @3 ® 3L @3n | menlng [2ne Ogg’:,fd“ Qe ENE )eapy)  BiBLa | menuniling
OB ORI i b, 0% 0% 0| martnaind || e o s os| i,
i Oé}j‘z"d a(it Dl Rea | 108 neni‘nd :2ne: ’l‘ Ot 1 | 0ua(TLug) (dg°y#d) Jeapy |31 @ 62 ®3L @ 3x|  mynynd [4n,,
S| O | Dol R R sy 3060 | menimalnd X o o ot o )ears | 58| inona(r— 1) e
& | Y9acudu |9 a(ef{uf{“)(f VUL )€apy (3L @6 ®3L®3p|  memyna[2ne] | O | 0,a(e0d2) (AN ] Yeapy |31 @ 62 @3 @3n|  nend [8n]
| OFttun |0ua(e§dR) (ug ¥ ul)eapy (3L © 6, @3L @ 3|  nening[2ne Op 0 | Oualery ) (d2°dy ) easn 8L ®1g snend(ng — 1) [2n]
ORSR | 8ua(VErdg) (d5°u)eapy | 1. ®8a nynun3 [4n,] Ot i | Oua(ERde) (AP d])eapy |6 © 32 ©3. @3z | nen [8nc]
o5 |0 (V_fdf‘)(df YHug )€apy |61 @ 3z @ 3L @ 3y nynyns [4n,|
Ot 1 8,0 (8dE) (uf®y#dY Veapy |61 @ 33 ®3L @ 3x | mynynd [4n,,
O30 |0 (V_fuf‘)(dﬂ Cvd) ) eapy 6L @ 3 ® 3L @ 3y nyNy,n3 [4n,)]

Assuming that the interactions preserve the shift symmetry in the axion field: da

The SMEFT extension: C. Grojean, J. Kley and C.-Y. Yao, 2307.08563, JHEP



BNV XLEFT basis—nucleon decay into a dark photon

Parametrized by a four-potential Xﬂ Parametrized by a field strength X/w

Case A Case B
; ; Notation Operator Chiral Irrep. of operators
Notation Operator Chiral Irrep. # of operators AL P Wp Y P P # 5 P ;
OVL’SL e—c ", o ‘Bcd7 8 1 9 o, ;(;'&;It-‘xd #V( Lo )(uL L)Eaﬁ')’ L& Lg NNy, Nd [ ’ng]
Xfuud X (GgyHup) (uy " dy)Jeapy L ®1g nenynd [2ng LI | X (B d2) (o u) Peas, 10, ® 1g Lingng (ny + 1)ng [2ng]
OXiumd X (g ) (ug Sy dy )€apy 6. @ 3r ngngng [2ng OXidun X (E7H da)(up. Y uf )€apy 3L®6r D33y ngngng [2n]
N _ _ AVR,VL 7c 2 2
Oﬁéﬁu #(eLuL )( ﬂC’Y“ UR )€a By 6. ®3r ©3L ®3r ngning [2ny Of,f{,‘f“ Xy () Oy Yoy BRSO B % nenuna [2nd
OSL ™ (ecd")(u ﬂ«u”)e 6,23, ©3, 03 nen2ng [2ng | Oxma | Xy e, 50 nenuna (2]
> Xtduy s L T RICady Pe TR Fuld || OFima | Ko iR)0s R s, 1 @ 8 nenZng [2n]
I (@) 4ira (£EyHug) (ubCdy e 1, ®8 nen2ng [2n) 3| GRmR® 751 4o vy, 1
< Xfuud X (L™ R afy L R el Td | 4708 *ql OXdun X, (65{d2) (ubo Ug })€apny 1. ® 10g 3Ny (N + 1)ng [2ny)]
| OXiwsa X, (65ug )(ua V] )eapy 3. ® 6y ngnZng [2ng o | OER | X ) )esy | 60303085k nen2ng [2n]
_ i ] = AVL,VR e ¥ 5 9
- Oa X, (£Sug )(dﬁ YHul )€y 3L ®6r D 3L ®3r nenzng [2ng < 05?:;;;‘“ X (G uf) (A7 0 )€y 6. ©3r 3L ® 3 nen;nd [2n]
< SR,VL 7C ia ~ - 2 re Oxtuud X;w(ec’)’ UL)(UL “ydy )€asy 6. ® 3g nenyng [2n)
OXeduu (2 d )(u Yu )60‘ By 3L ® 6r D3 X 3n nenyNd |21 O i X,w(uLaf“’d‘?")(dﬂcuL)tso,ﬁ7 8L ® 1y nynyn3 [4n,)]
OXradu X (Vo dg) (dg“ug)eapy 1. ®8 nunung [4n, Oitaa | XG0 @Yoty 10, ® 1y innuna(ng + 1) [Bn,)
Oiﬂ‘él:iu X (VE da)(dL Vg )€apy 6. @3z ®3L ® 3y MMy [4ny ngnv‘crilild X (V7)) Yooy L6 D3 @3 ny g [4ny
_ o OF X A2y &) )en 3L®6RD3L®3 yung [4n,
O?é‘l,/‘gtld Xu(l/fda)(uL Y dy)éaﬁ7 6L X 3R €B3L & 3R nutnun?t 4nu qudd Iz (V_L’Y uR (%7 dZ)E By L®ORDILX® _R nyn nd[ n ]
SL.VR by — 9 Oxvddu Xy (vt dy) (dg 'YVUZ)faﬁ'y 3L ®6r 3L ® 3 nununﬁ [4ny]
O iiu;tid Xp(VL up )(d Y dg )€asy 6. R3r ®3L ®3R Ny Ny Ny :4n,,: OTSR X (Lo dg_)(dﬁ’cu;{) ot 1, @ 8 o [dm)
O radu X,L(VL'y”da)(dﬁ U )€apy 8L ®1x nynyn? [4n,] OX o X (E{ug) (dg 0" A3 })€apy 1. ® 108 Inunung(ng + 1) [3n,)]
_ i ; AVL,VR ot AN (2,3C AV 2
OXpdiu X, (vd )(dg YHup )€ap 3L ®6r B 3L R3r Ny NG [4n,)] Oxvaua X (Fir*d) (ur " dg ) eapy 6. @3O3 B3 nynung [4n,
o O X, (dg) (ug’ ﬂd")e 3,26 D33 nynyn [4n,) Oiuda | Xuw(APug)(de V' R)eapy | 6039303 nynung [4ny
| ;;D\?;d g = " ] ’ ) —R BT ? 0‘)’? V\g:iu Xy (yHdf )(dfc'YVug)faﬁ'y 6. ®3r D3 ® 3R nynuny [4ny]
) a . - —
3 Of’(RD;:d Xu(_ &) (dp " d} ) €aps 3L ®6r 3. ®3x g [4n,, 5 | oms X, (Gaod2)(dE°d Yo, 8, ® Iy Lngng(n2 — 1) [2n,]
+ O x7ddd X, (tr 7“d"‘)(d€ dg )€apy 1. @8 3n£nd('nd — 1) [2n] I O%iaaa | XwlGl{dt)(d o d})eas, 10, ® 1¢ Lngna(n2 + 3nq + 2) [4ny]
- — ~— ~VR,VL e o BC v 9 3
S Oj? Z%I(;d X (f )( )eaﬁ’y 3L ®6r D3L ®3r nt’nd [Sng] < (?%;ecsigd X#V(ef”dli)(dn% d})€apy 3L ®6r @ 3L ® 3 1 neng [8ny]
<] OVL SL (_ “da)(dﬂccﬂ)e 8 ®1 n n (n 1) [27'1, ] OXé—ddd Xuv(eLo'“Vdg_)(dR dg)faﬁ’)' 1. ® 8z §’n£nd('n§ - 1) [2ng]
Xtddd Aulay o . LR i Td ‘ Oy | Xu(O{d) (o™ df})eas, 1.® 10, ingna(nd + 3ny + 2) [4n]
O idad X, (frdft) (di 7" dg)€ap, 6. ®3r 3L @3 neny [8n] Otaad Xy (By"dg) (Y &R apy 6. ®3 D3 ® 3 neng [8ny]
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Chiral Perturbation Theory

SU3); ® SUB);

u, d, s

Nucleon level operators Quark level operators

Christopher Korber
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General AB = | nucleon decay operator structures

« Nucleon decays: focus on

Y. Liao, XDM, H.-L. Wang, 2504.14855, PRL

» Operators in the exotic decays can be described by four general triple-quark structures

@)’ZW o (\PaQL y)(qL qu W)Ga y

Oy = (V45 y)( 4l eapy

+ their chirality partners with L < R

» YW, Y, Y, ¥, combinations of non-QCD fields

yw __ H
@ (\P ,qu {y)(qL Z}}/ qR W)Ga (4 *v,z,w = 1,2,3: quark flavor indices with 123 = U, d,s

yZW — (‘Pd N {y)(q 'BCG'MUQL W})Ga Py

<+ {y,z} and {y, z, w}: total symmetrization of flavor indices

« Form a basis for any triple-quark operators without being acted upon by a derivative

» For operators involving derivatives on quark fields, see

XDM, 2609.08785
C.-Q. Song, J.-H. Yu, 2603.11158
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Chiral structures

. 3-flavor (u, d, s) QCD has a global chiral symmetry: SU(3); ® SU(3)x

in the massless limit
» Restrict to triple-quark sector

'/’/Iyidw = QL Y(qL qu W)Gaﬁ;f c 8L ® 1

RL —
‘/Vyzw = {R Y(qL qu W)eaﬁy = 3L X 3R +I, <o R

LRy —
N yzwﬂ = 4L {Y(qL z}yﬂqR,w)Gaﬂy €6, ® 3y

Nyt = af ((al 0" a] s, € 10L @ 1

VyIW

15



The general LEFT Lagrangian involving triple quarks

Non-quark factor as spurion tields

353 _ Z Ciyzw @lyzw _ 2

l
| B _
gq3 = 1Ir [@SL‘X’IR/VSL@IR T gle®8R'/V1L®8R]

+1r [@3 ®3 e/V?, [ ®35 T @3L®3R/V3L®3R]

Wzt {yz}w WZjw.p {yz}w
gplyawhw gr{yzw) Gowdaw grlyowy 11 L T
_ T [ 10, ®1; /V10L®IR % T ‘@1@1‘03 ‘/’/1L®103,uv] _'j
0 <gjda’s g)sds
: - _ LL LL
Chiral building blocks | Zse = | PusPdsuZsw

tq)uud‘qjchta"qssud

W.-Q. Fan, Yi Liao, XDM, H.-L. Wang, 2412.20774, PLB

C*"yr qu(ﬁlﬂzq) Quark factor

l
— i Iy
=P =V

Matrix form for easy chiral realization

LL RL
N uds'/’/ usu'/V uud N uds'/’/ usu'/V uud
N dds/V a’su‘/’/ dud N 3,03; — N dds/V dsu/V dud
LL RL
N sds‘/V Ssu‘/’/ sud N sds‘/V SSM'/V sud
g)uds‘@dds <935019
o RL RL LR,u LL,uv
@3L®3R - g)usug)dsu g)ssu @)’ZW ngwa

quuua"q)a’ud‘qjsua’
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Chiral matching procedures
e Building blocks in ChPT: Octet baryons, pseudoscalars +

(o ) (50 AD ) (o

V20 e K AR R R
¥ (x) = 52()6) _ exp< ! (x) ) M(x) = n‘—% +% K°|. B = Z‘—j; +\//\; v =l o W K0
Fy ) A B S VR
\ K K _\/;}7) \ = 2T/ A ) | K- R0 %@8))
0 ‘@dds ‘@sds @udS@ddS g)sds
‘@SL@)IR = ‘@bgu‘@dsu ‘qﬂs%u @3L®3R — ‘@zfgdu‘@dsu P ?gdu @;?W’u gphLopuy
‘@uudgjdudgjsud ‘@uud‘@dud‘@sud

e Chiral symmetry: SU(3); & SUQ3)x
o Chiral power counting: momentum p: {X,&,B,D,B} ~ O6(p”) D ~ 6(p')

e Low energy constant (LEC): associate an unknown LEC for each indep. operator



Leading-order chiral Lagrangian for nucleon decay

Y. Liao, XDM, H.-L. Wang, 2504.14855, PRL

gg,o — ClTl‘ [@3L®3R§BL§ — @3L®3R§TBR§T] M. Claudson, M. B. Wise, PRD, 1981

+0)Tr| Py 1.EBLE" — Py 98,E Br] Related to new structures
+i—x [‘@ ;?: ﬂFL (&D B Lg)yjzzkeijk N ‘@;{;’MFEV(‘?HD UBR&T)WZZZEZJ ]
+h C.,
LI = A2 [@I;;Wﬂ”FLmﬁ(gD“BLg)yl 5 ADPE), € — @ﬁﬁwﬂ”ﬁ{mﬂ(g*ng ET )lyZ*(DﬁZ) €;it]
+h.c..
LR = (g, - %my)PL,R PR = (200, 00) = [0 0] ) P

LECs can be determined by data, , or estimated by NDA.
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P3.03, = ¥
P33, = ¥
Ps.o1x = ¢
Pr.eg = ¢

@LEFT

LR,z LR,z
/Cwuds Via CcpfddseRw
LR,z LR,z
CcpEusue Ccpudsu Lx
LR T
cpéuudELiL' Cgovdud Lz
RL r — RL,x
RL,z ——
C Eusue Ccpl"/dsuVLx
RL T pC RL.r ——
cpéuude Ccpﬂdud Lz
Ll
LL,xz LL,x C
Ccpéusug C(,oz/dsu Lx
LL T pC CLL,:B T
Euud prdud Via
0 C st
CRr 1S ON% Tiw
cpéus'u, pdsu” LT
RR,z ,C RR,x ——
chpEuudE Ccpvdud X

LR,z
Ccp@sds

Ccpussu

@

VL:L'

Spurion fields —examples

aLEFT

XLEFT

CLR ) dVLx /
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Taking these spurion fields into the BNV chiral Lagrangian and expanding to
proper order in meson fields to obtain various desired interaction vertices.
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Applications to various decay modes
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General decay width expressions

Based on the LEFT plus ChPT formalism, we formulate general decay width
expressions for N = [+@/a/X and N — [+ M+@/a/X in terms of EFT WCs
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Nucleon decay with a light scalar: N — [+¢,N — [+ M+
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J.-H. Liang, Y.

Nucleon decays with a dark photon: N — [+ XN —» [+ M+ X
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Reinterpretation of existing Super-K data

Except forp —» e™ 4+ X and p — u™ + X, all other modes have not yet been searched
for expe”menta”y (Dated: September 1, 2026)

A search for proton decay via p — [T + X, where [T is a positively charged lepton and X is
: an invisible, massless, neutral particle, was performed using a 401 kton-years exposure representing
The Super-Kamlokande, the entire pure water phase of Super-Kamiokande. No significant indication of a proton decay
arXiv:2608.30361v1 was observed beyond the expected atmospheric neutrino background. Lower limits on the partial
lifetime of the proton were set to at 1.72 x 10°® years for p — e™ + X and 0.61 x 10°° years for
p — ut + X at the 90% confidence level. These results improve on previous limits by factors of 2

and 1.5, respectively.

Similarity in the experimental signatures between conventional modes N — [+ M and

N—[+M+X

The existing experimental data from two-body searches can be reinterpreted to
constrain the exotic three-body modes

Use existing Super-K data to set bounds on

p o> I0TKX n—ol 7t X n—o 0" KX, n—>vr’X,and p > vK+tX
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Recasting bounds on their partial lifetimes
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Constraints on the WCs associated with various XLEFT operators
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The energy scales are constrained to be above 1000 TeV, reflecting the high
sensitivity of nucleon decays in probing new physics.



Summary

A systematic EFT framework is established for three types of nucleon decay
scenarios: a light scalar, an ALP, and a dark photon;

General triple-quark chiral structures are identified: 3L(R) ® 3r1) S @ 1y,
6L(R) X 3R(L) and IOL(R) X IR(L);

Within the LEFT+ChPT, the decay wdiths for the 2- and 3-body nucleon decay
modes into an invisible particle are formulated;

Existing experimental data are used to set stringent limits on those exotic modes;

The developed theoretical framework can facilitate both theoretical and
experimental studies for the BNV nucleon decays.

Thank you for your time!
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