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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
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Low energy probes of BNV signals
AB=1 Vv

p—etno

+ The most sensitive probe of BNV is e
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through nucleon decay .
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Nucleon decay searches as experimental frontiers
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Expanding the scope of experimental searches

» Improving sensitivity to conventional modes
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Classification of nucleon decay channels

SM particles SM+

2-body N — [+

N—>V+I N — M+

3-body N—>ll+lz+13 N — [+ M+

N—>[l+M +M,

le & — ALP {
« () — a general scalar|

-

8
L
B /s )
b s,

'+ N — nucleon (p, n)

- M — octet pseudoscalar meson (7, 17, K)

« V — octet vector meson (p, ®, K*) |+ /V — sterile neutrino |




New physics scenarios

Snowmass 2021: 2203.08771

Model

Decay modes

| 7~ (N = p,n) [years| |

Ref.

Various GUT models

Leptoquark models

Models involving DM

L#,’"

Nucleon decays

Nucleon decays involving a light

into three Ieptons

Non-SUSY minimal SU(5) p— etnd 1030 — 1032 Georgi, Glashow [16]

Non-SUSY minimally extended p— etn0 < 2.3 x 1036 Dorsner, Saad [82]

SU(5) (neutrino mass: 1-loop)

Non-SUSY minimally extended p— etnd 1032 — 1036 Perez, Murgui [74]

SU(5) (neutrino mass: 1-loop) p—> VKt 1034 — 1037

Non-SUSY Minimal SU(5) [NR] p—ov+ (K+,nt,pt) 1031 — 1038 Dorgner, Perez [64]

(neutrino mass: type-II seesaw) n— v+ (70, p% 1% w’ K%

Non-SUSY Minimal SU(5) [NR] p— etn0 <1036 Bajc, Senjanovié [65]

(neutrino mass: type-III+I seesaw)

Non-SUSY Extended SU(5) p— etnd 1034 — 1049 Saad [80]

(neutrino mass: 2-loop)

Minimal flipped non-SUSY SU(5) p— e/utnO 1038 — 1042 Arbelaez, KoleSova, Malinsky [175]

Non-SUSY Minimal SO(10) p— etnO <5 x 10%° Babu, Khan [165]

Minimal SO(10) with 45 Higgs p— etnd <1036 Bertolini, Di Luzio, Malinsky [176]

Minimal non-Renormalizable SO(10) p—etnd = Preda, Senjanovié¢, Zantedeschi [173]

Non-SUSY Generic SO(10) p— etnd Chakrabortty, King, Maji [164]

Mint : Ga22 1034 — 1016

Mint : Ga22D 1031 — 1034

M;nt : G321 1036 — 1046

Mint : G3221D 1033 — 1043

Non-SUSY Generic Eg p— etn0 Chakrabortty, King, Maji [164]

Mint : G221 1027 — 1036

Mint © Ga221D 1027 — 1036

Mt © G333 = G3221 1032 — 1036

Mint : Ga221p — Ga21 10%6 — 1048

Mint : Ga221 = Ga21 1025 — 1048

Minimal SUSY SU(5) p— KT Dimopoulos, Georgi [42], Sakai [100]
n — vKO° 1028 — 1032 Hisano, Murayama, Yanagida [99]

Minimal SUSY SU(5) p— vKT <(2-6) x 1034 Ellis et. al. [107]

(cMSSM) p—etnd 10°° — 1040

Minimal SUSY SU(5) p— VKt <4 x 1033 Babu, Bajc, Tavartkiladze [177]

(5 + 5 matter fields) p— putn%/K° n—or®/K° | 103 — 1034

SUGRA SU(5) p— Kt 1032 — 1034 Nath, Arnowitt [103, 178]

mSUGRA SU(5) (Higgs mass constraint) p— Kt 3 x 1034 — 2 x 1035 Liu, Nath [111]

NUSUGRA SU(5) (Higgs mass constraint) | p — vK+ 3 x 1034 — 1036

SUSY SU(5) or SO(10) p—etnd ~ 1034-9%1 Pati [179]

MSSM (d = 6)

Flipped SUSY SU(5) (cMSSM) p—e/utn° 1035 — 1037 Ellis et. al. [180-182]

Split SUSY SU(5) p— etnd 10%°> =107 Arkani-Hamed, et. al. [183]

SUSY SU(5) in 5D p— put KO 10%4 — 10%° Hebecker, March-Russell[184]
p— etn0

SUSY SU(5) in 5D variant II p— KTt 10°% — 10°° Alciati et.al.[185]

Mini-split SUSY SO(10) p— vKTt <6 x 1034 Babu, Bajc, Saad [146]

SUSY SO(10) x U(1)pq p— VKT 1033 — 103° Babu, Bajc, Saad [147]

Extended SUSY SO(10) p— Kt

Type-1 seesaw 1030 — 1037 Mohapatra, Severson [186]

Type-1I seesaw <6.6 x 1033 Mohapatra, Severson [186]

Inverse seesaw <1034 Dev, Mohapatra [187]

SUSY SO(10) p— Kt Shafi, Tavartkiladze [188]

with anomalous n — vK° 1032 — 1038

flavor U(1) p— ut KO

SUSY SO(10) p— VKt 1033 — 1034 Lucas, Raby [189], Pati [179]

MSSM n — vK° 1032 — 1033

SUSY SO(10) p— DK™ 1033 — 1034 Pati [179]

ESSM <103%5

SUSY SO(10)/G(224) p— Kt <2-10% Babu, Pati, Wilczek [190-192],

MSSM or ESSM p— ut KO Pati [179]

(new d = 5) B~ (1-50)%

SUSY SO(10) x Sy p— VKT <7x10% Dev, Mohapatra, Dutta, Severson [193]

SUSY SO(10) in 6D p— etn? 1034 — 10%° Buchmuller, Covi, Wiesenfeldt [194]

GUT-like models from p— etnd ~ 1036 Klebanov, Witten [195]

Type IIA string with D6-branes
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EFT as a powerful tool to study all kinds of decay modes
in a model-independent and systematic way.



Nucleon decay in the effective field theory (EFT) landscape
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LEFT Extension SMEFT Extension
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Working framework: low energy effective field theory (LEFT)

® Fle|dS l/l, d, S,M; e, ,l/ta T; I/ea U o I/T
e Symmetry: SU3), X U(1).,,
e Power counting: canonical dimension d

e Range: < Apw

g - g ; CS,i @i 1
LEFT — =“ dim<4 + 2 A dim—5 T 2 A2 din—6§ '}

A(B—L)=0 A(B+L)=0

La | ORdR) WA )eapy | Oy | (Gd2)(dP°d] Veasy
Ok | (Bul)(dfu)eapy | O%ua | (72dS)(wld])eapy
O | (Bd) (w0 Veapy | O%gy | (L) (dEd])eapn
O | (Gug)(diu))eapy | O%py | (Gd)(dd))eapy
OB | (Bd2) WG u)eapy | ORuy | (Gd2)(dRCdY)easy
O | (Bul)(diu)eapy | O%a | (72dS)(uEdR)eapy
O | () (dEou)eapy | OBy | (0dS)(didR)eass
OI&de (V_fuf ) (@d;{ )Gaﬁv
O%ﬁdu (@uﬁ‘)(@uz)eam Jenkins| Manohar, Stoffer, 2018

Yi Liao, XDM, Quan-Yu Wang, 2020

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)

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

Li, Ren, Xiao, Yu, Zheng, 2020

Yi Liao, XDM, Hao-Lin Wang, 2019

Easily to bridge with the SMEFT framework
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SMEFT examples

operators AB-L)=0 \

OguoL = €q 4y €i daCuﬂ )QTiCLY), O00ue = apy€if QiCQPIY(urCe),
OQQQL - eaﬂy il€ k(QalCQﬂJ )(Q}’kCL ) Oduue - aﬂy(dacuﬂ)(uyce) ’

L. F. Abbott, M. B. Wise, PRD, 1980

im-7 operators AB+L)=0 |

Ofd dH — Capy (Ld*)wfCd")H , OfdddH aﬂr(Ld “Nd’Cd")H ,
O'QddH = €44, eQ% )(dﬂC d"H OfdQQH €apy€ij( Ld*)(OFCO"™H

OLoipd = aﬁr(L}'uQ )(dﬂCiDudy)’ Ozadap —eaﬂy(eY”da)(dﬂClD d’).

L. Lehman, 1410.4193
Yi Liao, XDM, 1607.07309



Exotic nucleon decay involving new light particles
LEFT + new light particles = LEFT-like framework = SMEFT-like framework

ULEFT = LEFT + sterile neutrino (N): p = Nz*, n - Nz, -+

(Nd) (Wl d)e

afy

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

(0,0)(eCuf) Uy dn)e g, -

Sandbox Studio, Chicago

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

AXIONS

PwEdDW d ey, -

XLEFT = LEFT + dark photon X): p > e X, n —» e X, ---

X, (Crdi)dPCod))e

aﬁa, o 00
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General AB = | nucleon decay operator structures

» Must involve an odd number of light quarks: gqq, gqqG, gqqqq, -

« Leading-order interactions: involve only three light quarks

« Only four general triple-quark (without a derivative) structures

YZW — (‘PaQL }7)( qL W)Ga }/

@yZW — (‘quR y)( qL W)Ga }/
yzw (‘Pc qu {y)(qL z}yﬂqR W)Ga y )+ VLYY wo ¥y cOMbINations of non-QCD fields

+ their chiral partners with L << R

Y, LW = 1,2,3: quark flavor indices with ¢, , 3 = u,d, s

@yzw — (\Pd ﬂqu {y)( 'BCUQL W})E(Xﬁ}’ | ' *{v,z} and {y, z, w}: total symmetrization of flavor indices
Newly |dent|f|ed structures

- Form a basis for any triple-quark operators Yi Liao, XDM, Hao-Lin Wang, 2504.14855, PRL
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Chiral structures

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

. . in the mass| limi
» Restrict to triple-quark sector the massless t

‘/ngw = QL y(q qL W)Gaﬂ}/ S 8L ® 1

'/V;P;;W = QR Y(qL qu W)Gaﬂ}/ S 3L ® 3R +L < R

| '/V;EWﬂ = QL {y(qL Z}yﬂqR W)eaﬂ}/ E 6L ® 3R )
| New chiral structures

'/V o = qL {y(qﬁc Mqu w})eaﬁy = IOL ® 1 i

yaw

. Different iIsospin property

WNEE and /RE =S AT=0, 1/2, 1

Yiw YW

NEHand NEEH S AT=0,1/2,1,3/2=>n—¢e . n— Ty Al

Yiw YW

15



Non-trivial Lorentz structures

» Usual structures—spin-1/2 objects:
A/SL®1R’ ./V3L®3R = (1/2, O), J/IL®8R’ ./’/3L®3R = (O, 1/2)

» New structures—spin-3/2 objects:

Vector-spinor object: Y = (1, 1/2), Y = (1/2, 1) Vﬂ«/’/nyv’vﬂ = }’ﬂ/’/;%{v” =0

Yiw YW

Tensor-spinor object: W/ “HHY € (3/2,0), W ERHY = (0, 3/2) yMA/Iy‘;‘V’V”” = yﬂ/@fv’vﬂ” =0

VyIW VIW

v

Complicating the chiral matching = Needing proper Lorentz projectors

16



The general LEFT Lagrangian involving triple quarks

Non-quark factor as spurion tields

353 — Z Ciyzwqyzw = 2 Ciyzwl/—/ qu(ﬁrzq) Quark factor

— i Iy
=P =V

' B _ »
: °CZC]3 =Tr [@8L®1RW8L®1R + tq)IL(X)SR'/V1L®8R] ;

+ @{yz}WMﬂ/{yz}w ga{yz}W/t/V{yz}w ]

Matrix form for easy chiral realization

WL yLL pLL

usu®’ uud

RL
‘ N N R
' N 8, ®1; — N dds‘/V a’su‘/’/ dud ‘/’/3L®3R =\ ddS/V a’su‘/’/ dud

usu®’ uud

6,33 6.@3:s 3,86,  3.Q0y.u
(yzwhu g7 {yzw) ol grlyow} 11} LL RL
T _9310L®1R /V10L®IR U T @1L®10R A/IL®IOR ,uy] :f N Sa’s‘/’/ Ssu‘/’/ sud N sds‘/V ssu'/V sud

I h C |
° ° 4
k &

0 ‘@dds g)sds g)uds‘@dds <935019

. .. | 2, y
Chiral building blocks |  Pse1.= | Zuus| Paey, = | PuZiaPi| i Pyt
tq)uud‘qjchta"qssud quuua"q)a’ud‘qjsua’

Wei-Qi Fan, Yi Liao, XDM, Hao-Lin Wang, 2412.20774, PLB



Chiral matching procedures
e Building blocks in ChPT: Octet baryons, pseudoscalars, vector mesons +

(0 ) (50 AD ) (0

o L e PN s L
¥ (x) = 52()6) _ exp< ! (x) ) M(x) = n‘—% +% K°|. B = Z‘—j; +\//\; v =l o W K0
Fy ) A B S VR
.t : —\/;n) . =TVIh, \ K, K, S0 )
0 ‘@dds ‘@sds quI/ta’s‘q)da’s g)sds
@8L®13 — ‘@bgu‘@dsu ‘qﬂsfu @3L®3R — ‘@zfgdu‘@dsu ‘@g‘u ‘@;gwﬂ P iy
‘@uudgjdudgjsud ‘@uud‘@dud‘@sud

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

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



Leading-order chiral Lagrangian for nucleon decay

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

+0,Tr | Py 01.EBLET — Py g8 & B 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 S (DPE) e — PokiTs  (ETDBRE” )y ZE(DIE)E €;it]
+h.c..
LR = (g, - %my)PL,R PR = (200, 00) = [0 0] ) P
LECs can be determined by data, , or estimated by NDA.

Yi Liao, XDM, Hao-Lin Wang, 2504.14855, PRL
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Chiral Lagrangian involving octet vector mesons

LE, = diTr[Ps g3.67, V" Bré — P3 93,6 7, V¥ Bie] Complementarity between
+ d\Tr [Ps, 03.E7uBaV" € — P3, 03,8 yu BV €T pseudoscalar and vector meson
+ doTr [Pa, 01,67, V" Bré' — Proosal 7V Bié
+ AT [PoenruBaV e — Prgs BV e] P —> Ug KT n— vy K°

+ d3 [P;ZZMFMV('SBLg)yJ (EV7E) zr€ijn
- PyRI;zuFuv(gTB fT)w (€TV ft)szzak]
t d3 [Pyt T3 (§V Bré)y; Dekeijn

— PyRI;zMPW(gTV BRﬁT)yJEszwk]
+d3 [Py 2 T (EBLV )y Dakeisi

— P,z “FW(gTB |4 'ST)yJZszZJk]

Yz

d | 74 (8%
| A4 Pt 0 (€D BLE) yi X5 (EVPE) wreijk
X

— PR R s (61D Bre )i, (€VPE) fueisi]
+ h.c.,

OLR,ZB OLR,ZZ’) OLR,ZZ’)

ruds? vdsu?’

O OLLT

vdsu’ rvsud

p— U K*T n — v, K*°

Yi Liao, XDM, Hao-Lin Wang, 2506.05052, PRDL
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https://arxiv.org/abs/2506.05052

Applications to various decay modes

(/- SZB + standard ChPT interactions + 331\/{ EW

4
§

D

F

‘CChPT ) TI(B’YM’YS{umB}) |

2

+ GpTr(By,{V*, B}) + G¢Tr

2

Tr(Bvy"~s[uy, B))

(B’YM[VuaB])a (11)

o

]
%
F

]
i‘
F

’ I'B
N ———p— | N —r——r——r— |
N—>I[+M

o a0 =




Status of nucleon decays in the EFT

SM particles SM+
N> M+ N—[+a,N—- [+ M+
. T. Li, M. A. Schmidt, C.-Y. Yao, 2406.11382
A. B. Beneito et al, 2312.13361 Wei-Qi Fan, Yi Liao, XDM, Hao-Lin Wang, 250711844
N—> V+1 N— [+, N—> [+ M+
Yi Liao, XDM, Hao-Lin Wang, 2506.05052 XDM, Michael Schmidt, Wei-Hang Zhang, 2511.02169
N— 1l +5+14 N — M+
Jing Chen, Yi Liao, XDM, Hao-Lin Wang, 2512.02692 | |
Yi Liao, XDM, Xiang Zhao, 2512.09287 T. Li, M. A. Schmidt, C.-Y. Yao, 250214303
N — [+ M, + M, N — [4+X,N - [+ M+
Wel-QI Fan, Yi Liao, XDM, in preparation Jin-Han Liang, Yi Liao, XDM, Xiang Zhao, in preparation

NP? = SMEFT? = LEFT = ChPT = I !(N - ) = ) a,C,C*
To be done Done /
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Nucleon decay with a light scalar: N — [+¢,N — [+ M+

- C . _C : C . = l
£ D _Rl* @y €l + Yrptye,) + Sf‘(szrQ];ﬁ €; Q) + szru]f “d! )€y, — KRf Sip+h.c.|, Leptoguark model

Dim-7 in gSMEFT Q(u) N Q(d)

/-, symmetry

Sl v
|
prst  __ K* [yL]"‘P [ZR]tS prst . K™ [?/R]rp [ZL]st g----9
CLdep T m?g m%{ ’ CeuQQcp - m% m%{ ) Rl r
26" [yl ) < [yrlrplzal N |
cerst = iy CPrst Rirploilts Q(u) L(e) No dim-6 SMEFT
LQQQy m% m%{ euduy m%' m%{
Dim-7 in QDLEFT —n — Vp(SNO+) [—m, =0
20H{—mn — vp(JUNO) [---m, = 0.5GeV
“[yelisleal 20" lynl1s[2] o
LRz K™ |YL|1z|?R]11 LRz IRz RLx K*|YR|1z|2L]11 — +
C<,0Vdud = 1.32 mzsm% ) Cap@uud o _Ccpl/dud? Ccpﬁuxud = —1.32 m%niz ) % 101 p— @
R :
LLx 2K" [yL] 1z [ZL]ll LL,x LL,x RR,x K [yR] lz [ZR]11 Oé '
C(,ol/dud = 1.52 m%m2R ’ Ccpfuud — _Ccpz/dud’ Cgoéuud = —1.32 m% m% ) ? 5: ______________________
-
Spurion fields
. S -
A/LLwand A/RL .|.L PAEN R 001 o010 1 T oo
w
yZ yZ [yR]l;r./[yL]lJ:

XDM, Michael Schmidt, Wei-Hang Zhang, 2511.02169, JHEP A, = mema/ | ¥y 1, (zr)y; = 2[z 1) DY 23



Nucleon decay into triple leptons

Generalized lepton flavor number:AF; = |AF, |+ [AF, | + [AF, |

Class

AL = +1 AL = -1

AL =43 AL = -3

gl n— 0 v, (o)

p — Ul (1) [n = vevyv, (%)

1 K;E;'Dx () | p = vavy ] (1)

n — Uy, (%)

p = VUl N — VgplyU, (%)

Process

n — Upiiyv, (%)

« LO contribution:

« Mechanism:

z=xory => AF;, =1

dim-6 operators

Noncontact diagrams

Remaining ones: AF; =3

dim-9 operators

Contact diagrams

Lepton number

24



Nucleon decay into triple leptons: Noncontact contributions

Dim-6 LEFT operators + SM vertices

Mode

Feynman diagrams

p— G050

(zy = ee, pp, eu, pe)

E-i-
y é ly m,n K°
P E; P ——a—or— U

Process |Exp. bound I'"![yr]
p—etete™ | 3.4 x10% [29
p—etetu” 1.9 x 103 [29
p—etute | 2.3 x10% [29
p—etutu~| 9.2x10% [29
p—ptute | 1.1 x10°* [29
p—pututu~| 1.0 x 1034 [29]

n — L i,
(zy = ep, e,
N3 pe, )
T S
=
Tel n-tw,
(zy = ep, pe)

T+ 8

Vg
n < f; n >|:

Electromagnetic

Weak interactions

Hadron-lepton vetices,...

. Resonance enhancement for final states involving //t+1/ﬂ/,u_17ﬂ pair

- Generally, the noncontact contributions yield bounds on [~ that suprpass

experimental constraints by a factor @(104“17)

Jing Chen, Yi Liao, XDM and Hao-Lin Wang, 2512.02692, PLB

Making contact dim-9 contributions relevant




Nucleon decay into triple leptons: Contact contributions

Yi Liao, XDM, Xiang Zhao, 2512.09287, JHEP
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RG-improved constraints on dim-7 SMEFT BNV operators

Yi Liao, XDM, Xiang Zhao, 2604.00952 111
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Summary

General nucleon decay triple-quark interactions without a 0 are identified:
31 @ 3ray Bum ® rw) Oup) @ Jr) and 10, g) & 1) (new);
Their LO chiral matching are realized, and new LECs are estimated by the NDA;

A consistent chiral framework is established for nucleon decays involving
vector mesons;

Within the LEFT+ChPT, the most important 2- and 3-body nucleon decay
modes are formulated:;

The theoretical framework can facilitate both theoretical and experimental
studies for various nucleon decays.
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