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Introduction

e The stability of matter requires baryon number to be highly conservead

e Baryon number violation (BNV) as one of the three Sahkarov conditions to
explain matter-antimatter asymmetry in the Universe

e Understanding the fate of baryon number is a fundamental question at the
intertace of particle physics and cosmology



Introduction

* The most sensitive probe of BNV is through nucleon decay:  Large samples
e Past: IMB, KamLAND, SNO+, Super-Kamiokande,... =¥  Null result but stringent bound

 Future: DUNE, Hyper-K, JUNO, THEIA, ...

e All possible decay channels should be attempted, exotic as well as conventional

e [f BNV exists — Origin at a very high energy scale

— EFT-based framework tfor low energy pheno.



General | AB| = 1 triple-quark interactions

e |[n EFT framework, the lowest-dim operators are generally dominant

e Nucleon has B = 1— at least 3 light quarks g involved

e \We find only four triple-quark operators without derivative in LEFT or xLEFT

Completeness and independence of them can be
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Combination of non-QCD fields
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General | AB| = 1 triple-quark interactions

e \We find only four triple-quark operators without derivative in LEFT or xLEFT

OV = — (¥ g° )( q )e +L <R * The first two were well-known in 1980s in the form of
Ly AL ey dim-6 LEFT operators:
W __ _
@y (\PbQR y)( L,ZqL W)Ga ;/ F. Wilczek and A. Zee, PRL 43 (1979) \Pa.b — f, D
yZw J. R. Ellis, M. k. Gaillard, and D. V. Nanopoulos, PLB 88 (1979)
@ — (\Pc qu { y)( ,Z}V”QR W)Gaﬂy S. Weinberg, PRL 43 (1979) & PRD 22 (1980)
ﬂC L. F. Abbott and M. B. Wise, PRD 22 (1980)
W ___ U
@i} — (‘{’d,ﬂqu {y)(q G’u ,W})Gaﬁ}’ O. Kaymakcalan, C.-H. Lo, and K. C. Wali, PRD 29 (1984)

M. Claudson, M. B. Wise, and L. J. Hall, NPB 195 (19582)
Combination of non-QCD fields

e The operators corresponding to @izy vanish for dim-6 LEFT operators
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When 0. and O ; enter?

Y. Liao, X.-D. Ma, and HLW, PRL 135 (2025)

07 = (¥, 4t {y)(qL Z}},uqR Ve, * |dentified for the first time

tLeR e When will they become relevant or even

important?

yzw — (\Pd,uqu {y)( G'WQL W})ea By

* Important for exotic nucleon decays:

e Forbidden processes at dim-6: e.g. AI = 3/2 BNV nucleon decays,n — £~z
e BNV nucleon decays through higher dimensional operators
e BNV nucleon decays involving new light particles, e.qg. aLEFT, DSEFT et al.

e \\We will show the new structures have nontrivial chiral realizations in ChPT



Chiral realization

e Explore the chiral realization within ChPT: symmetries (chiral, C/P/T, Lorentz)

e Decompose each interaction into non-quark and quark factors

Non-quark
O = (¥, €, Quark fact
(Y qr y)(qL 4 w) By ‘L oR factor uark factor
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Chiral properties

Triple-quark sector: Chiral group: SU(3), ® SUQ)g

e Under the chiral group, each structure belongs an irreducible representation

Niow = 4 (a2 al Ve, € 8. ® 1y
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Chiral properties

Non-quark sector: Chiral group: SU(3), ® SUQ)y
e Treat non-quark factors as a spurion field

e Assign transformation rules to the spurion fields so that the interactions are invariant

* Organize &g o1 and P53 3 in matrix form similarly

@ ‘@dds S dS quLwls‘qjdds ‘@Sds I IR
_ LL LL Y224 M
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6,®3;  6.®3p.u 3,06,  3.®6.pu 10,1, = 10.®1gu 1,010, ° 1,010,




Lorentz properties

Triple-quark sector: Lorentz algebra $1,(2) @ 3u,(2)

* [t important to incorporate the correct Lorentz properties tor chiral matching

N %w = 4L y(qL i w)eaﬂy €8, ® Iy
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These complicates the
chiral matching

10



Chiral matching

e To build the interactions for baryons and pseudosaclars —

Building blocks in ChPT: ChPT is a systematic and consistent approach
0 0 0
LTI B — K+ (2 A p
7 iﬁH(x) v2 V6 0 n V2 _\/6 30 A0 . .
S(x) = E2(x) = exp( 3 ) n@=| = -T+l k| B@w=| 3 -+ g + Spurion fields
\ K- K° — gn G =0 - gAO/

Chiral group: SU3); ® SU(3); > zZﬁT, E— if]/;ﬁ = ]/;tflléT, B — ilBif\ﬂL

e Chiral Lagrangian is ordered by the typical momentum transfer p

The higher the chiral order, more suppressed the term

| 1 | |
DE=0S—ilZ+iLr, DB=0B+[,Bl T,=5|&0,~ir)E +&0,~ i)l
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Chiral matching

* Projectthe approciate irreducible Lorentz rep. from vector-spinor and tensor-spinor:
1 1 SR i 3
(1’_> <_’1> bivap =35 (2[ Oy Oapl = 10 "aﬂ}> "L <2’O> <O’2>

LRrLRp _ 7LR LR _ —L.R LR po _ 7TLR ur LR
I Up I v =T Uv yﬂr/w =0 FMVPUF af F,uvaﬁ v F,uvaﬂ 0

E. Delgado et al., EPJA 51 (2015)

e Construct the LO chiral-invariant Lagrangian:

L0 = o\ Tt| P53 g3.6B1E — Py,03,8 Bad'| + Tt | Py 01, EBLET — Py g8,E Bed]

C3 1 LRUTL [ £ RLuTR (g7
+r)( [‘@yzzﬂr (&D VBLé)yjzzkgljk - @yziﬂr (f DVBRf )YJZkZ ljk] T h'C"

C4 v v o
QCZ?I = F [‘@;;dwﬂ FLyaﬁ(gD aBLé:)yz Z (D ﬂz)wk ijk ‘@;{?wﬂ FRyaﬁ(gTD b fT)ly ]z(D ﬂz)kw qk] + h.c.
4

Involve at least one pesudoscalar Y. Liao, X.-D. Ma, and HLW, PRL 135 (2025)
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Determination of the LECs

Y. Liao, X.-D. Ma, and HLW, PRL 135 (2025)
L0 = 0\ Tr[P5,93.EB1E — Pa,05,8 Bas'| + 2Tt | Py 1,EB1E" — Py g8, Bré

C i : %
+r [@;Z IMFL A&iD UBLf)yjzzkeijk B gjidi,ﬂriy(gTZDUBRfT)yjzkzeijk] +h.c,
4

C4 v a 7 a *
gg’l = F[@LL” I Lyaﬂ(éD BL‘f)yl Z](D 'Bz)wkel]k ‘@RR’M FRyaﬂ(gTD B fT)l)’ JZ(D'BZ) kw le] +h.c.
4

yaw yIw

e LQCD results for ¢; & ¢: ¢, =a=—0.01257(111) GeV?
¢, = =0.01269(107) GeV> J.-S. Yoo, et al., PRD 105 (2022)

e NDA for the unknown LECs:
S. Weinberg, PRL 63 (1989), A. Manohar and H. Georgi, NPB 234 (1984), B. M. Gavela et al. EPJC 76 (2016)

Cyhad = g(47r)2_m/\)l()_4 * Clos ™ A;/(472)2 ~ 0.011 GeV? The reliability of NDA can be
Reduced g: coupling constant  D: dim. of op. Cy ~ A)%FO/(4JZ'\/§) ~ 0.007 GeV? verified with €12

coupling  m: minimal # of physical fields

e We expect NDA really works, but still we encourage calculations on the two new LECs ¢, and ¢, by LOQCD
community
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Phenomenological applications

e Above central results offer a starting point to all BNV octet baryon decays into SM particles
and new light particles incorporated through spurions

* They enable systematic analyses of BNV decay channels within ChPT

e The framework allows correlations among different decay modes to be investigated,

including:

v 2-body versus 3-body decays;
v pseudoscalar- versus vector-meson final states;

< O M"'(SPB)
v nucleon versus hyperon decays
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Phenomenological applications

A.The Al = 3/2 processes: n — £ 7" with ¢ = ¢, u: |
From the dim-7 SMEFT operator:

leading contribution from n2c, LRy - st | N P
X
i ) 1 RLu _ Al 7 7 % 10° GeV
0y =T =0, =210 Porat = —091C), 010", [(n— £~ 7%) ~ ( - )6/(5 % 10! yr)
RGE effects ~ A? ’
. + 2% 2= nrt _ _ :
B. The process: p — £,7,7; with¢, = e, ¢; =y orvice versa
e Among the most experimentally constrained proton decay processes O ,p = (nyﬂfR)(%uf)(Ey”dg)eaﬂy 9«55% = A;?,(?fy”‘fph)b’#é
e Can be only mediated by dim-9 and higher LEFT operators
4 % 10°GeV

D(p — e*etu™) ~ T(p — ppte™) ~ (—————)""1(10% yn

e Associated with irreps 6L(R) X 3R(L)
ue

Nucleon decay into triple leptons have been systematically studied in:

J. Chen, Y. Liao, X.-D. Ma, and HLW, PLB 876 (2026)  Noncontact contributions
Y. Liao, X.-D. Ma, and X. Zhao, JHEP 05 (2026) Contact contributions

15



Phenomenological applications

Chiral Lagrangian involving vector mesons:

Lhy = diTr| P393 £, V' By — P3 03 ET7, V'BLET| + diTr| P35, 3,57, BRVFE — P3 03 £y, BLVHET]
+d,)Tr| Py 01, E7, V' Bré" — Py o8 77, V*BLE| + diTr| Py g1 £, BiVHE" — Py g8 £y, BLVHE]
+d; :@I;Z’”F i (EBLE) (EVYE) €5 — @ig’ﬂr,%,,@ "BpéN) (ETVEED) €]

/T LR AL, _—
+d3| P T W EVVBLE) T €y — P v Tr(ETVBRED) Zk €

+d3 | P T EBLV ), e — P T (E BV D) Ty

+T4 [@T;g;yvf;m AEDBLE),E (EVPE), i€ — @ﬁ‘v’v"”fim ﬂ(g’fDaBRgT)yiz;;(gvﬂg)zweljk] +H.c.
X

Y. Liao, X.-D. Ma, and HLW, PRD Letter 112 (2025)

p°  ¢® .
(—\/"5 + = o Kt \
_ _ o P £0 v Shvi
V,u(x)_ Py —%‘FW K“ u = nv,
* — - % 2 (8)
\ KN KMO —\/;qﬁ,,, /

C g0 A2 N 5
NDA: d), ~ A2/(4x) ~ 0.115GeV

p— U, KT n — Uy K°

LR,z LR,z LR,x
vuds’ Oudsu? Ousud

OLL,m OLL,:L'

vdsu’ vsud

O

% (101°GeV)?

LR.a
vdud

C

p— U K*T n — vy K*°

7‘12 — dl/d2

Complementarity

between pseudoscalar
and vector mesons




Phenomenological applications

e Establish new bounds on 3-body modes from experimental limits on 2-body ones

2-body decays

Well-measured/constrained

Process W-1

Process W-2 <

EFT operators < |

e

3-body decays
Less-measured/constrained

Process L-1

Process L-2

Establishing new stringent bounds

W.-Q. Fan, Y. Liao, and X.-D. Ma, 2604.24613, 2605.17525
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Phenomenological applications

: : »0 AV
e BNV hyperon decays are automatically formulated in the SU(3) ChPT: (\/f % p )
0 0
J. Chen, Y. Liao, X.-D. Ma, HLW, and X. Zhao, in preparation V2 V6 ;
—_— =0 [ 2 A0
\ = - 3%
p—eta’ Ty >24-10yr L p o pta, [ > 1.6+ 10% yr ' on®, Tod > 14-10%yr | | E 5 11.20
101-- T - O — - _ 10!t Global analysis : sus

LR(RL).¢ ' LR(RL) s " LR(RL).x | '
. Oluud : - Oluud : - Oudud : 022 0_22

0.09 0.10

1071 v Current constraints from

0l nucleon decay imply Br < 107",

| far below present experimental
107}

sensitivity ( ~ 107°)

107"+

Branching ratio [10™"]
Branching ratio [10~"]

v Hyperon decays probe NP

10771

2.80- 107 . .
) scenarios that are not accessible
107+
through nucleon decays
1071
029@\ 029&@
) N
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Phenomenological applications

e BNV nucleon decays involving new light particles

v Sterile neutrino N v Scalar ¢

1. Li, M. A. Schmidt, and C.-Y. Yao, JHEP 08 (2024) X.-D. Ma, M. A. Schmidt, and W. Zhang, JHEP 02 (2026)
W.-Q. Fan, Y. Liao, X.-D. Ma, and HLW, CPC 50 (2026)

v Axion-like paticle a v’ Dark photon X
1. Li, M. A. Schmidt, and C.-Y. Yao, JHEP 06 (202)5) J.-H. Liang, Y. Liao, X.-D. Ma, and X. Zhao, 2607.22452

e Connection to the neutron-lifetime anomoly

NEUTRON LIFETIME (Seconds) ® Results using beam method @ Bottle method
900

v The beam method: counting the producing p

895 |- “ ? Trll)eam =~ 8880 S

Average beam result:
888+2.1 seconds
890 l \ T v The bottle method: measuring the total neutron litetime
! ghottle - 879 6
885
* Average bottle result: } s . . .
550 M L l ¢ The ~9s discrepancy motivates searches for exotic
1E B[
g ¢ nucleon decay channels

New UNCtau result

875 1 1 1 1 l 1 1 1 1 l lllllllll l 1 1 1 1 l 1 1 1 1
1990 1995 2000 2005 2010 2015 2020

YEAR OF EXPERIMENT
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Phenomenological applications

ALP as an example
e Shift symmetry is assumed
e The LO operators appear at dim-8, lgqqda

e Operatorsinvolved 6; @ 3; (3; ® 6;) are (partially)
neglected in the literature, 14 out of 20
1. Li, M. A. Schmidt, and C.-Y. Yao, JHEP 08 (2024)

a

4
4

B—D—CLD—E/I/

a a

4 4

B o
N—D—ITD—C—D—E/I/ N—D—QTD—E/I/

\\M \\M

W.-Q. Fan, Y. Liao, X.-D. Ma, and HLW, CPC 50 (2026)
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OpSt i | 0ua(VEYHdS) (dp ud)eapy| 1L ®8g n,nyun3 [4n,, — Opeivau
Oevidu |Ouna(VEdX)(dp v ug)eapy |6 @3 ®3. ® 35|  nynun3[4n, ~[Oetua

SL,VR ) ~BC 5 P VL,SL VL,SR
Oﬁal/dud 6,JCL(VECZ€)(’U,€ ’Yﬂd;{)ea,@’)’ 6L & 3R D 3L ® 3R ’n’VnU’n% _4’]?,,,_ _ ( dadvud _|_[(98addl/u]Jr )
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O | 0ua(VLdg) (AR v ul)eapy (3 ® 6, ®3L @3z | nynyn?[4n,) O peudvd

o | O |5 a(md®) (ufCyrd 3. ®6, D3, ®3 2 (4p,,) OVRSR

I Oavdud lia(VL R )(uR 8 L)eaﬁ’Y L ® 0 @ 3L ® g NNy Mg [F Ny Oaduvd
<) Ogi’zzdd Opa(vLug )(dg C’Y“dz )€apy 3L ® 6r B 3L ® 3z n,,nunczl 4n,) ] Ogi’szyu
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Phenomenological applications

A 0, me=0— m,;=03GeV — m, =0.5GeV . L oty Ma=0 — my=03GeV — m,=0.5GeV | W.-O. Fan, Y. Liao, X.-D. Ma, and HLW, CPC 50 (2026)
8r VL,SL SRVL - VL,SL SRVL -
! — Oemaler2s OpiaJernr | — Oueunale2> [Opiaidernr |
-=- [0S Joria ==~ Ozl i
B == Ol _ - == Ol | o Consider the normalized distributions
> s - -
O O
2 2 dir 1 dr di 1 dr
s . S ] — =
% % / d|p/]| I"d|p,|’ dlpyl I d|pyl
_ B VL,SL SR,VL 71— 2
| ® [@aaeuud]xlm S 8L ® lR' [@()aeudu]xlﬂ S 3L ® 3R
| % \d SR,VL SR,VL 1+
0.5 . . 0.3 0.4 05 © [@aaeuud]xHZ’ [@aaeudu x121 S 3L ® 6R
p.l[GeV] p.I[GeV]
S — s ® Newly identitied chiral irreps 6; ® 3; (3; ® 6;)
i p—>€+7TOCZ — my=0 —m,=03GeV — m, =0.5GeV | L > et a — my=0—m, =03GeV — m, =0.5GeV | . o .
- (O s, [OS 1, ; oo, 1 exhibit markedly different behavior:
oL == [035;‘2‘;418112 _ oL ; --- [OZS;Y,td]enz _
— == (O o121 — 4: wnall (& P .
; | ; 5 * Tend to be concentrated at higher |p_|
CI R L | ] 8 s :
£ N i £ ’ * Different isospin components
= TING S L = : -
— - (AN : = o :
= Vo 3 : S '
2F “ . 2r o |
| § ALP as an example
(()).OI | IO.I. .l I0.2l I' '013' 'I 04 | IO.S (()).0. | lO.ll I. I0.2. ll 10.31 I| lO.l - IO.S
p,|[GeV] P, |[GeV]
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Phenomenological applications

e Existing experimental limits

Super-Kamiokande (2015) Ml(p = et +X)>7.9%102yr, TV (p = put+X) > 4.1 x 1032 yr my = 0 }

1 L 20
SNO+ (2022) [ (n = invisible) > 9.0 X 10 yr

YN = et + anything) > 0.6 X 10°° yr, T"Y{(N = u™ + anything) > 12 x 10*'yr

e Searches designed for conventional SM final states can be recast to constrain nucleon decays with an additional

light invisible particle

0 e S — —
b b 1 s e measting | — 107 e 102 1, |
_ — [ORVE- - [OYLSE : 20F ---p = e'a(Inclusive) = [Opudderiz: (O liian -
I [ Haeudu]/JIZI [ (')aeuud]ﬂl 12 . L . [OVL,SL Lot [OSR,VL 1 1
o [OSR.VL ]+ . [OSR.VL ] 5 L g;eglt.zd ellss ;);e‘z;;lu 1121 |
10+ daeuduiul21 daeuud 112 i L \- = [Oaa;uud]9112’ [Oaa;udu]eIZI |
i : —_ L Yy ey
5 T 1 15f ANV
P - 5+ | O L
(o) ~ i ] S
S Lo 1S |
— 0.10¢ = 1 = |
| | ] (5] -
— - | S
1t i e S
001¢ . o 1 [ =-----_---------------------__________-; .
AR SRR R Incusivelimic |_1_ 1 o5 I :
\‘el
................................................................. .
0.2 0.4 0.6 0.8 0.1 02 03 0.4 05 0.6 0.0 0.2 0.4 0.6 0.8 1.0
m,[GeV
m, [GeV] m, [GeV] o[GeV]

W.-Q. Fan, Y. Liao, X.-D. Ma, and HLW, CPC 50 (2026)
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v Bounds shown here use the
free-proton approximation

v The later detailed studies
include nuclear effects

X.-D. Ma, M. A. Schmidt, and W. Zhang, JHEP 02 (2026)
J.-H. Liang, Y. Liao, X.-D. Ma, and X. Zhao, 2607.22452



Summary

e The general triple-quark interactions are identified and the LO chiral matching has
been carried out.

* The identitied new chiral structures can induce exotic nucleon decays beyond the
conventional ones.

e The developed theoretical framework facilitates systematic studies on BNV
nucleon and hyperon decays

Thavnk You!
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Backup: The chiral lagrangian involving decuplet baryons

B0 _ ~ LR, u L x _ opRLuTR % g%
°<ZT — (3 [‘@)’ZW 1—‘,W/ ];'Ij{kéyiéz jékw ‘@yzw Fuvzikéiygjzéwk]

C A A
n r4 [ tqJLL,//lI/l'*L ] DaTﬁ éyi 52] éwk _ @RR,,MI/FR

yiw  — uvaf ijk iDaT'B 55;5]};5 ij] +h.c.
4

yaw = uvof ijk

NDA: & 4 ~ A, /(4r)* ~ 0.011 GeV?

A+
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Backup: n —» £ 77 X" as an example

e Al =3/2 processwith? = e, u

3
3><106G6V> 1

rn_)e—ﬂ.+X - (()88 | K4 ‘2 + 027 ‘ 7%4 ‘2 - 0829:{(7(‘47’52)) (

AXf 1030 yI

Ky = ¢4l cy Ky = C4lcy
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