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BNV is related to many BIG questions
» Baryogenesis

BNV; C, CP violation; Out of thermal equilibrium  sakharov, 1967
N = "B TB 6% 10710

« Dark matter

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

/— -,
A A1

o)
",/\/\/\/\ U

.‘x »®
) Recycling .~ v,

€+ i n.,
https://en.wikidi.org/wiki/Baryogenesis
S -F. Ge and XDM: 2406.00445 Y. Ema, R. McGehee, M. Pospelov, and A. Ray, 2405.18472 905¢
5 -
+ many many works along this direction S 900 - Present
S -
T, -
11 1 O 895
. Grand unified theories: SU(S5), SO(10), --- e F | Beammethod
= 890
s rIm :
= 885
[ ] [ ] e : +
» Neutron lifetime anomaly: $ 4o Botlemethod 1 .
2 ' :
875"‘ Lo ol I IR | PR |

1990 1995 2000 2005 2010 2015 2020

B. Fornal and B. Grinstein: 1801.01124; 1810.00862 L.
Publication year
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Low energy probes of BNV signals

AB=1 ¢

« The most sensitive probe of BNV is
through nucleon decay

« A lot of experimental efforts in the
past:

— Null result but stringent bound

AB =2
o OSCi”atiOn D.G. Phillips et al, 1410.1100

et H - HOSC|”at|On Feinberg, Goldhaber and Steigman, 1978
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Snowmass 2013, arXiv: 1311.5285

. Dinucleon decays: NN’ — MM’ , ', £V, UV’ xiao-cang He and xom, 210202562
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Nucleon decay search as experimental frontiers

DUNE

Sanford Underground

Research Facility THEIA25

Fermilab
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Access Tunnel—»
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Circular Tunnel.»

JUNO

https://www-sk.icrr.u-tokyo.ac.jp/en/news/detail /684
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Experiments meet theory

» Improving sensitivity to conventional modes

| p—> K"
RS A B SR R .
Ot LR S All possible decay channels should be attempted
= conventional and exotic
%1034 / 2 e —
- « 2-body vs 3-body modes
T Dwbw . Pseudoscalar vs vector meson modes

« SM particles vs new light particles

Needing a complete theoretical framework

THEIA, 2202.12839
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e General BNV nucleon decay interactions in the LEFT
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Nucleon decay In the EFT landscape

[ BxPT ] )E( LEFT >:( SMEFT } ):( { NP ]

| v v

{SU( « SU(2 J SU(3)¢ x U(1)em %U(3)C x SU(2)1, X U(l)% E [ > }

l l

Low Energy Observables

---Matching -

Xiao-Gang He and XDM, 2102.02562

Hadron level: ChPT — quarklevel 1: LEFT — quarklevel 2: SMEFT
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nn — 4v

BNV in the SMEFT framework

\
AB Y
O
4
d > 16 ‘d > 15 d > 18
I —s nn +— ni Instanton
d> 15 d > 12 d>9 d> 12 IRt
] nn T P elret nnl— 4v
d > 10 d>T7 d> 6 d>9
Nt e m pl— et
d > 10 d>5 d>D5 d > 10
VIZi%: 025 025 Ovd

AL

J. Heeck and V. Takhistov, arXiv:1910.07647

« Dim-6 case: A(B—L) =0
p—etn’, p— iK', ...
« Dim-7case: A(B+ L) =0
n—en,p—-uvK", ...

« Exotic nucleon decay modes
beyond dim 6 & 7

n—3v,p—=> 05, ..
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Working framework: low energy effective field theory (LEFT)

A(B—L):O A(B L):O
e Fields: u, d, s, /,VE; €, Y, Ty Vo, Uy, Uy Ot @ds‘)(ﬁ 0 )eapy | Oy (Edﬁ(d‘”cﬂ)
Olétdu ( 3)(dﬁCuL)€a57 Oglziud (V_LdR)( ) €aBy
ORLuu (KCdR)(uL uL)ea,B’Y Og&dd (V_Lul?)(dﬁcd )faﬂv
e Symmetry: SU(3). X U(1 Lo : C
y y ( )C ( )em Oludu ( g)(dﬁ Ur )€apy O%de (ELdR)(dB dy )€apy
: : : : Ofve | @A) (WU )ensy | OFyy | @d2)(dE°d )eas
e Power counting: canonical dimension d on | Fur)@al)ens | O | (nde)(a 5cdv)€aﬂ7
Ofiau | (Fd2)(du)eapy | Ofiaa | (6dd)(di°d)eass
e Range: < Apyw Ofia | (Fu) (d2°dq)casy
Oeudu (@ué")(dﬁcug)eam Jenkins| Manohar, Stoffer, 2018
Li, Ren, Xiao, Yu, Zheng 2020
'« Cs: j” o« GCei l] (1 — c7l ' cg, l cgl
gLEFT ~ gdim§4 T 2 T@dim—S T 2 F@dim—6 ’45 Z _@dlm 7 kS 2 _@dlm 8 T 2 _@dlm b+
dim5,; ~  dim6i lﬂmm7p_.,_ @,ﬂmmgr_, . mm9zgwﬂ v,

F. Wilczek and A. Zee, PRL 43 (1979)
J. R. Ellis, M. k. Gaillard, and D. V. Nanopoulos, PLB 88 (1979)
S.Weinberg, PRL 43 (1979) & PRD 22 (1980)

L. F. Abbott and M. B. Wise, PRD 22 (1980) EaS||y to brldge with the SMEFT framework

10
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Exotic nucleon decay involving new light particles

LEFT + new light particles = LEFT-like framework = SMEFT-like framework

. LEFT + sterile neutrino (N): p — Nzt, n - Nz, -

(]deg )(Mfcdz)é’aﬁy, a

.« LEFT+ALP(a):p = eTa, n - e*trna, -

(0,0)(eSuf) !y dl)e . -

Sandbox Studio, Chicago

. LEFT + dark photon X):p = e X, n - e"7n7X, ---

AXIONS

X, (Crdi)dPCod)e

aﬁa’ o 00

. LEFT +scalar (¢):p = etp, n — eTn ¢, -

.
a IR A
- > J - >
. < T - B § - \ ;
R 2 R o /
Ry e '
- i ]

pWEAD W de,p, -+

1
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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 derivative) structures
@)’ZW — (‘I’aq]_, y)( qL W)Ga y

o + their chiral partners with L <> R
@y — (\PbQR y)(qL qu W)ea By

o : . OCD fi
@YZW = (7, L4 {y)(qL Z}yﬂqf}{/w)eaﬁ}/ Yo, ¥y, Y, s Wy s combinations of non-QCD fields

PV, LW = 1,2,3: quark flavor indices with ¢, , 3 = 1, d, s
yiw __ ,BC U - . L. .
@ = (lPd,m/qL {y)( ot qL,W})EaﬁV *{v,z} and {y, z, w}: total symmetrization of flavor indices

« Form a basis for any triple-quark operators

Fierz and Dirac y identities can be used to prove the completeness and independence

Yi Liao, XDM, Hao-Lin Wang, arXiv: 2504.14855

12
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QCD running effect

» 1-loop RGE due to QCD correction

acyy " e dC
’ = — 2_Cyzw, - — T CYZW,
dlInyu 2 @b a’ln,u 32 ¢ dlInu

E. E. Jenkins, A. V. Manohar, and P. Stoffer, arXiv:1711.05270v3

« No mixing: QCD interactions preserve chiral symmetry

« Running effects

C(A,) #1320 (Agy),  CI™(A) A

Suppression

aS
= +2—C"
2 ¢

091" (Mg, CI(A) ~(0.76)

13
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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 ©

‘/V%dw = QL y(q qL W)Gaﬂ}/ S 8L ® 1

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

ﬂ/LRﬂ =q (q ]/'uq )6 E 6 ® 3
{7 yzw L{y ML,z Rw’ apy L R : e :
T i Newly identified chiral structures

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

yaw

. Different iIsospin property

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

Yyiw YW

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

YW Yyiw

14
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Non-trivial Lorentz structures

» Usual structures—spin-1/2 objects:
/VSL@IR, A/3L®3R = (1/2, O),

» New structures—spin-3/2 objects:

Vector-spinor object: ‘A/I;?@M e (1, 1/2),

Tensor-spinor object: N/ =H & (3/2,0),

* VyIW

W1L®8R’ A/3L®3R = (O, 1/2)

WEE = (172, 1) 1Ml =y, Nl =0

Yiw

Nyt € (0, 3/2) 7ozl

YW

/VRR,ﬂU — ()

yiw

Complicating the chiral matching == Needing proper Lorentz projectors

e = e

| 1 | i
| LR — R ! A~LR _ 1 |
= <gﬂ” 4 7”7”)P LR Lvap = 57 (2[%’ Oopl = 105 "aﬂ}> i |
LR LR LR “. ﬂ

H [LAphRp — LR R — | LR PLRpo _ {LR ALRE |
| Hp v HY / HY % FMVPUF afp F,m/aﬂ yﬂr,uvaﬂ =0 1'

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

15
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+h . C . /'i'/

The general LEFT Lagrangian involving triple quarks

Non-quark factor as spurion tields

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

— i Ry
o qu)7ZW T '/Vyzw

"B _
~'_ gq3 =1Ir [gJSL@lR/VSL@lR T gle‘X)SR'/VlL@SR]

n [gg{yz}w ,M/V{yz}w GPYZIWH A/ 1yTEW ] .
6,3 6, 35, 3, ®6 3. Q6 P _ _ _
s . o o !} W8L®1R o ’/Vdds‘/’/dsu‘/’/dud '/V3L®3R - /VddS/VdS“/Vdud

4 [plyawhuw gr{yzw) 4 GPUIWLHY 4r1yIW ] : I RL
[ 10L®13 10, ®15,uv 1; ®10; 1L®10Raﬂ”] N sds‘/V ssu'/’/ sud N sds‘/V SSM'/V sud

WL yLL pLL

usu®’ uud

WEL L AL

usu®’ uud

0 tq)da’s ngSols <gjuds‘gjolds ‘@sds

. e | A, y
Chiral building blocks |  Pset= | ZuuPs|  Paey, = | PuZiaPi|  Pd Pyt
g)uud‘@dud‘@sud gq‘)uual‘qja’ual‘q)sua’

Matrix form for easy chiral realization |

16
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Chiral realizations
Applications

Summary

17
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Chiral Perturbation Theory

SUB), ® SUB)g

u, d, s

Nucleon level operators Quark level operators

Christopher Korber

18
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Chiral matching procedures
e Building blocks in ChPT:

n U / *
2 o G = Kt A s+ LN + K+
. 2 Vo V2 e P Vi e g
2 l\/iH(X) H . 7[0 + n KO B Z— 20 + AO V /)0 ¢(8) 0
— — — T — — — n — — o 2. 2, *
2(2) = £(x) = exp( —— © AR B A B I AR
O 2 2
K~ KO—, /= = =20, /=A0 = 0 _ 1248
\ 31 \ 37 \ K, K, 39
0 P5iP Pt P P
Ps o1, gL T & P393 =| 2P P | P P
ProsiPinaPsna PreiP P i

o Chiral group: SU(3); ® SUB): = — iskt & — LEh" = hER"  B(V) — hB(V)h'
@8L®1R — i’@SL@leT’ @3L®3R — 2@3L®3RR\T
Pl — L% L% R GPublt - Qe s [ L% LGPt

o yy' Uz ww T yiZw? YW 'z ww yrw

e Chiral power counting: momentum p:

0 1
(,£,B,D,B,V,D,V} ~ O(p°) DT~ O(p")

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

19
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Leading-order chiral Lagrangian for nucleon decay

LB =/gl—’i‘r [@3L®3R§BL§ B @3L®3R§TBR§T] \

5
\t“z“’ PronBil’ ~ Piend Bat],

= [gﬂyf M (GID BLE) X ey — P H T (ETiD BpE ") 2k ey
X

+ h C.,
ggl A2 [‘@nywﬂervaﬁ(gD “B Lé:)yl Z](D ﬁz)wkeyk @ngﬂvr Ryaﬁ(gTD “B RgT) 2>x<(D ﬁZ) l]k]

V2N

LR — LLR — 1
F//tl/ — g//u/ - _yﬂ}/y PL,R F,twaﬂ 24 (2[6 O ﬁ] — {6/41/ Gaﬂ}> PLR

20
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Chiral Lagrangian involving octet vector mesons

Vector meson representation I1s not unique

. Matter field approach: Vﬂ
- Hidden local symmetry

. Tensor field approach: V/w

=9,V,—a,V,

» Massive Yang-Mills method:

D,=0d,+igV,+ -

They are equivalent to each

G. Ecker et al, Phys. Lett. B 223 (1989) 425-432
M. C. Birse, hep-ph/9603251

other

[P3, 03,670V " Bré — Pa 93, & 7,V BLe']
+ d\ Tr [P3, 3,67 BaV € — Py, 3,6 7 BLV €T
+ do'ITr :778L®1R€’YNV“BR€T — P1L®SR§T'YMV“BL€:
+ doTr [Pa, @187 BV €" — Proosn€ v BLV €
+ d3 [P;Z#FW (§BLE)y; (EV7E) zk€ijik

— PSEZMFW@TB fT)yy (gTV 'ST)szwk]

+ ds [P;I:zﬂruu (EV7 BLE)y X zk€ijk

— Pyt Ty €TV Brg")y5 Sk 2 €0

+ds [Py T (EBLVYE)y; Eekeijn

— Pyt Ty (€ BRV7E") 55k 2 €04

Yz

d v o
| A4 [77?1;2,5 ,u,va,B(gD BLg)yz z] (gvﬁg)’w’ﬂewk
X

— Pyt Thvaps (€ D*Bag") %}, (EVPE€)hweisk]
+ h.c.,
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Complementarity between pseudoscalar and vector meson

p— Uy KT n — Uy K°

LR,x LR,x LR,x
ruds? Ol/dsuﬂ Ousud

O
O

vdsu’ rsud

p— Uy K*T n — v, K*Y

22
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Comparison to known results: ~40 years ago

Octet pseudoscalar case Octet vector meson case

*
CHIRAL LAGRANGIAN FOR DEEP MINE PHYSICS PHYSICAL REVIEW D VOLUME 29, NUMBER 9 1 MAY 1984

Mark CLAUDSON and Mark B. WISE!

Lyman Laboratory of Physics,

Lawrence J. HALL

Chiral Lagrangian for proton decay
Harvard University, Cambridge, MA 02138, USA

Omer Kaymakcalan, Lo Chong-Huah, and Kameshwar C. Wali
Physics Department, Syracuse University, Syracuse, New York 13210

Lawrence Berkeley Laboratory, University of Cah’fomia, Berkeley, CA 94720, USA (Received 6 June 1983)
Received 25 August 1981 We extend the recent chiral model of Claudson, Wise, and Hall to include vector and axial-vector
mesons as gauge bosons of an SU(3), XSU(3)x chiral symmetry. The resulting baryon-number-
The chiral lagrangian for baryon number violating nucleon decay is derived and applied to violating interaction Lagrangian contains an additional free parameter and modifies significantly the
nucleon decays into strange and non-strange final states. The uncertainties in our predictions are two-body branching ratios of protons. Without some experimental input, it is not possible to predict
discussed.
298 M. Claudson et al. /| Chiral lagrangian - — — ,
: L= -Z—M S {edriv, TrlCYVE(DHB)E] —edr iy, Tl CPE (DB )EN —viriy, Tr[F$VE(D*B)E]} 4+ H.c.
with SU(3) xSU(2) x U(1) symmetry are [5, 6] » d
OEzlb)cd = (d aarUgsR NG iveL! jaL)EapyEii » (1a) + __A_S__ 2 { e—:}—;:-i}/uTr[Q,(,”_é:(D”Q )_é_'T]ed*ii‘y“Tr[ Q§4)§T(D“§ )5_] — VR iy,,Tr[Ef,”_é‘_(D“B, )51‘]} +H.c. (3.7)
P p
O Ezzb)cd =(qicaL] fﬁbL)(u-chldR)saBysii ’ (1b)
. , |
O?b)cd = (qiaaLqiﬁbL)(qkycLlIdL)eaB‘ysilefk ’ (].C) | d b | ° °
O = (e n)anlenlocar. 14 Not complete, double counting issues, ...

2
PUBI= = o ¥ {CP [ear, Tr OBLE — var Tr O'¢BL£]
d=1

+CPear Tr O Bre* + CP (e Tr OBLE ~ vy Tr O'¢BL£] Our reSU|tS prOVide a COmplete and COnSiStent

+CPearn Tr O "Br¢ '+ Cva Tr O"¢BLE}

18 3 1CPlea Tt OGBLE v Tr O'GBLE] framework for more precise calculations of a
¢ e Tr OF Bt + C [eas Tr OeBLE" — var Tr O'eBLE") variety of nucleon decay amplitudes.

+CPeur Tr Ot Bré+ C®vy Tr O"¢B £} +hec. (16)

Only for dim-6 A(B — L) = 0 case 23
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Determination of the new LECs

Lattice QCD: ¢ =a=-0.01257(111) GeV*

¢, = f = 0.01269(107) GeV>  J.-S. Yoo et al, PRD 105 (2022)

C3 4 @nd d':). related to the new terms are unknown

1,2,3,4

Naive dimensional analysis (NDA):

C, had = g(4n)2—mA§—4 —

m: minimal # of physical fields
g: coupling constant
D: dim. of op.

S. Weinberg, PRL 63 (1989)
A. Manohar and H. Georgi, NPB 234 (1984)

C1a3~ N)/(4rm)* ~ 0.011 GeV-
¢y ~ N2Fy/(4m\/2) ~ 0.007 GeV?
) L A2 o 2
d;) , ~ A/ (4n) ~ 0.115GeV

The reliability of NDA can be verified with ¢, ,

Worthy of calculation by LQCD community

24
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e Applications

e Summary

25
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SRS e e — , - — poe o - e

(/“ Standard ChPT interactions

D

_ P
E(?h’lgr D E’I‘r(ny”"yg,{uy,B}) | 2Tr(B’y“'y5[uu,B])

+ GpTr(By,{V*, B}) + G Tr(By,[V*, B]), (11) |

L s e i e R At e R R S T S A S R o /

Expanding the chiral Lagrangian —

{a

- Draw diagram and calculate

I
=

a , a a
B l' s
B ——— (/v N ——s——s— (/v N ——s— /v
\\ M . M

(2) (b)

26
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Triple-lepton example: p — e ety ", u ute”

e Among the experimentally most constrained proton decay processes

* They can only be mediated by dim-9 and higher LEFT operators

—

* Associated with irreps 6, ) ® 3g dim-10 or higher in SMEF]

Oppr = (757/// )(Chu f)(ufcy”dg) s,
U e.
l \\/ .

GpLRyu A;;(nyﬂgR)Zf{ —

uud
Dy
l /\ Le
d L,u,,'r

Leptoquark model
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VL,SL
Oﬁaeuud

SL,VR
Oc’?aeuud

SL,VR
Oaaeudu

SL,VR
Oaaeduu

VR,SR
Oaaeuud

SR, VL
Oaaeuud

SR,VL
Oaaeudu

SR,VL
Oaaeduu
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O
8#
9
0
8#

a
a
WQ
a

ual
(

(
ual
(

(
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Nucleon decay involving an ALP

e§r ) (Ul d)eap
efup)(
(_

= C
Edf (Uf ’Y’LUK)eaﬁ'y

C
f VMdK)faﬁv
BC
L

®

C
C,.«
LUy )\U
" C..«x Y

rur)(d ’7““&)6067

O

o

&’Y“ug) (uncdg)eaﬁv

eSug) (up
guf{‘) R ’7 UL)eaﬁ’Y

a(eGug) (dE°
exdy )(UR Y UL)eaﬁfy

7ud7)6a67

8. ® 1y
6. ® 3z
6. Q3 D 3L Q3r
6L ®3: P 3L ®3n
1) ® 8y
3. 6y
3L ®6r D 3L ®R3x
3L R6r P 3. 3y

Tong Li, Michael A. Schmidt, Chang-Yuan Yao, 2406.11382
Wei-Qi Fan, Yi Liao, XDM, Hao-Lin Wang,2507/.11844

Ao [10°GeV]

14—

12

10

-A\VL,SL -
oavddu-
8avddu: x321> [O
SR,VL -

()Bavddu-

VL.SL
O

SR,VL

SR,VL
O

SR VL

x231» [ 8avudd])€132

x231

1+
- davudd-
- ASR,VL

Oavudd-
1+
oavddu-

x123

1+

x132

x231

SR,VL

davudd ]X 123

0.1

0.2

m,[GeV]
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https://arxiv.org/search/hep-ph?searchtype=author&query=Li,+T
https://arxiv.org/search/hep-ph?searchtype=author&query=Schmidt,+M+A
https://arxiv.org/search/hep-ph?searchtype=author&query=Yao,+C
https://arxiv.org/abs/2406.11382
https://arxiv.org/abs/2507.11844

Nucleon decay involving a dark photon
Al = 3/2 process:n —» £ " X' with? = e, u

Oxy =
LLuv _ A — 1w
P = N XMy
—in\/2c
o V2¢

!

XM 2L

j22%

X (Zod®(d 6" d e, €10, ® 15

rvap0 MO

OX tuud
OXiuna
O‘)’?E‘g:zu
OX budu
OXtund
OXtuna
OXiud
O% E\c;l;u

~VL,VR
OXEudu

~VL,VR
OXﬁuud

o EEW d“)(ug WVUZ)eam
ur )€apy

(KE’Y ug ) (u :i_’YVdW)GaB’Y
W(Ega US)(UQCJK)%M
;w(gnun)( ug® o dg )€apy
X (B dg) (up " ud )€y
X (B ug) (df " ud )€y
Xy (@W’“ ur, )(ufcﬁ’udg )€apy

8L ®1g
10, ® 1x

3L ®6g D3 Q3%

3L ®6r D3 Q3%
31 ® by
1. ® 8y
1; ® 105

6. Q3 D3 Q3

6. @3z D3 ® 3
6. Q 3r

Yi Liao, XDM, Hao-Lin Wang, Xiang Zhao (ongoing)
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Vector meson modes help breaking degeneracy

Yi Liao, XDM, Hao-Lin Wang, 2506.05052
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Cot x (107GeV)?

Complementarity between the pseudoscalar and vector modes
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Summary

General triple-quark interactions without a d related to nucleon decay are
|dent|f|ed 3L(R) ® 3R(L)' SL(R) ® IR(L)' 6L(R) ® 3R(L) and IOL(R) ® IR(L) (neW),'

Their LO chiral matching are realized, and the new LECs are estimated by
the NDA;

For the nucleon decay involving a vector meson, this is the first consistent
chiral framework;

Our results provide a reliable framework for further experimental and
theoretical search;

Many things are waiting to do: determination of LECs, examination of
conventional and exotic nucleon decay modes more thoroughly, etc.

Thanks for your attention!
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