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Baryogenesis and Broken Symmetries
Why More Matter > Antimatter in the Universe?

Three necessary components  
[A.Sakharov (1967)] :

Interactions  
out of  

equlibrium

Violations of  
C- and CP-  
symmetries

Baryon  
number-changing  

interactions

(alternatively,  
leptogenesis 
+ sphalerons)

nB � nB̄

n�
⇡ 6 · 10�10

(electric dipole moments of  
p, n, e–, nuclei, atoms)

proton decay,  
neutron oscillations

neutrinoless 
beta-decays
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Proton Decays and Grand Unification

5.1 Theoretical Perspectives on Proton Decay 113

SU(5) is the simplest grand unified group, and it turns out to be the most predictive as regards proton
lifetime and the unification of the three gauge couplings, owing to small GUT scale threshold e↵ects. The
minimal non-supersymmetric version of SU(5) [3] has already been excluded by the experimental lower limit
on p ! e+⇡0 lifetime and the mismatch of the three gauge couplings when extrapolated to high energies (see
left panel of Fig. 5-1). Yet low energy supersymmetry, which is independently motivated by the naturalness
of the Higgs boson mass, provides a simple solution to these problems of SU(5), as it increases the prediction
of the lifetime for the decay process p ! e+⇡0 due to the larger value of MX and also corrects the unification
mismatch (see right panel of Fig. 5-1) [5].

Supersymmetric grand unified theories (SUSY GUTs) [9],[10],[11]–[14] are natural extensions of the Standard
Model that preserve the attractive features of GUTs such as quantization of electric charge, and lead to the
unification of the three gauge couplings. They also explain the existence of the weak scale, which is much
smaller than the GUT scale, and provide a dark matter candidate in the lightest SUSY particle. Low energy
SUSY brings in a new twist to proton decay, however, as it predicts a new decay mode p ! ⌫K+ that would
be mediated by the colored Higgsino [15],[16], the GUT/SUSY partner of the Higgs doublets (see Fig. 5-2,
right panel). Typically, the lifetime for this mode in many models is shorter than the current experimental
lower limit.

Figure 5-2. Diagrams inducing proton decay in SUSY GUTs. p ! e
+
⇡

0 mediated by X gauge boson
(left), and p ! ⌫K

+ mediated by colored Higgsino (right).

In order to evaluate the lifetimes for the p ! ⌫K+ and p ! e+⇡0 decay modes in SUSY SU(5) [17], a
symmetry breaking sector and a consistent Yukawa coupling sector must be specified. In SU(5), one family
of quarks and leptons is organized as {10 + 5 + 1}, where 10 � {Q, uc, ec}, 5 � {dc, L}, and 1 ⇠ ⌫c. SU(5)
contains 24 gauge bosons, 12 of which are the gluons, W±, Z0 and the photon, while the remaining 12 are
the (X,Y ) bosons that transform as (3, 2, �5/6) under SU(3)c ⇥ SU(2)L ⇥ U(1)Y . These bosons have both
diquark and leptoquark couplings, which lead to baryon number violating processes. The diagram leading to
the decay p ! e+⇡0 is shown in Fig. 5-2, left panel. SU(5) breaks down to the Standard Model symmetry in
the supersymmetric limit by employing a 24H Higgs boson. Additionally, a {5H + 5H} pair of Higgs bosons
is employed, for electroweak symmetry breaking and the generation of quark and lepton masses.

The masses of the super-heavy particles of the theory can be related to low energy observables in minimal
SUSY SU(5) via the renormalization group evolution of the three gauge couplings, which depends through
the threshold correction on MT , the mass of the color triplet Higgsinos which mediate p ! ⌫K+ decay.
In general, agreement with the experimental value of ↵3(MZ) = 0.1184 ± 0.0007 demands the color triplet
mass to be lower than the GUT scale. This tends to lead to a rate of proton decay into ⌫̄K+ which is in
disagreement with observations [18].

Fundamental Physics at the Intensity Frontier

O(1) coupling  
at ΛGUT

⌧p
Br(p ! ⇡ ¯̀)

⇡
1.4 · 1033 years

|cI |2 ·
��h⇡|Odecay|pi

��2
·

⇣ ⇤GUT

1015 GeV

⌘4

decay amplitude  
at nuclear scale

≈ GUT boson mass

Coupling constants of the Standard Model  
[Figs. courtesy P.Langacker]

SUSY ΛGUT≈1016 GeV, but p ➞ 𝜈K̅+ faster due to colored Higgs

Proton decay rate in 
a Grand Unified Theory

(qqql) + h.c.  
effective interaction 

at hadron scale
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Proton Stability: Status and Outlook

[LBNF and DUNE CDR, R.Acciarri et al (2015)]

DUNE (40 kt)

Hyper-K

Hyper-K

10
32

10
33

10
34

Soudan Frejus Kamiokande

KamLAND

IMB

τ/B (years)

Super-K

10
35
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31

minimal SU(5) minimal SUSY SU(5)
flipped SU(5)

SUSY SO(10)
non-SUSY SO(10) G224D

minimal SUSY SU(5)

SUSY SO(10)

6D SO(10)

non-minimal SUSY SU(5)
predictions

predictions

Current limits   𝜏(p ➞ e+𝜋0) ≳ 1.6⋅1034  ,   𝜏(p ➞ 𝜈K̅+) ≳ 5.9⋅1033   [Super-K] 
Expect x10 improvement on lifetime limit from Hyper-K and DUNE 
Better sensitivity to p ➞ 𝜈K̅+ that affects supersymmetric GUT models
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How Nucleon Structure Affects GUT Limits

Effective interaction

Decay matrix elements (W0,1)I

Le↵ =
X

I

CIOI + h.c.

OI = ✏abc(q̄aC1 P�I q
b
2)(¯̀

CP�0
I
qc3) = ¯̀C

↵ O
3q
I,↵

q1,2,3 2 {u, d, s} , P
�(0)
I

=
1± �5

2

and

[S.Aoki et al, PRD62:014506 (2000)]

negligible for e+ ; 
≈10% for µ+

o
nonperturbative QCD

h¯̀(q)⇧(p)|O�0
|N(k)i = v̄C`↵(q)P�0

h
W0(�q2)�

i/q

mN
W1(�q2)

i
uN (k)

W¯̀=
⇥
W0 +W1 ·O(m¯̀/mN )

⇤
q2=m2

¯̀
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Protons Stable due to Topology?
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FIG. 5: The energy profile including the Casimir energy
(solid). The Skyrmion contribution, as shown in Fig. 3, is
indicated by the dashed line.

in the course of the unwinding, F (rbag) will become less
than ⇡/2, signifying that a mode from the Dirac sea has
been lifted out. Similarly, as the Skymion rewinds, this
same mode will dive back into the sea at some later time
t2. This criss-crossing of F (rbag) = ⇡/2 indicates that
the system has a zero-mode, as shown in the cartoon of
the Dirac sea in Fig. 2. This zero-mode has important,
subtle implications5.

A second consequence of time-dependent boundary
condition absent in Eq (24) is that the Casimir energy
depends on both F (rbag) as well as on its time derivative,
Ḟ (rbag). When manipulated into the bounce action, the
Ḟ terms becomes �̇ terms, and the coe�cient of the �̇2

term will play the role of a ‘mass’ for �. As such, it will
a↵ect the Skyrmion decay rate in a similar fashion to the
K(�) term in Eq. (20).

A. The non-static case

For time-dependent ✓(⌧) = F (rbag�(⌧)), the result of
the fermionic path integral is det(@⌧ +H(⌧)), where we
have recast the time-dependent boundary conditions as
a time-dependent Hamiltonian. In order to calculate the
determinant we have to solve for the eigenvalues. Sup-
pose

(@⌧ +H(⌧))| (⌧)i =  | (⌧)i, (25)

5
By the Atiyah-Patodi-Singer theorem [30–32], if the system at

any given instant has a zero mode solution, the full, time-

dependent system will also exhibit a zero mode solution (see

[33]).

and we define hn(⌧)| to be the eigenstates of H(⌧). We
have

hn(⌧)| @
@⌧

| (⌧)i+ En(⌧)hn(⌧)| (⌧)i =  hn(⌧)| (⌧)i

@

@⌧
hn(⌧)| (⌧)i+ En(⌧)hn(⌧)| (⌧)i� (26)

hṅ(⌧)| (⌧)i = hn(⌧)| (⌧)i

Defining cn(⌧) = hn(⌧)| (⌧)i, we obtain

ċn(⌧) + En(⌧)cn(⌧)�
X

m

hṅ(⌧)|m(⌧)icm(⌧) =  cn(⌧).

(27)
If the boundary conditions are changing slowly, the third
term on the left-hand side is small and can be treated
as a perturbation. We can rewrite the fermionic path
integral as

Z
Dc†Dc exp

h
�

Z
d⌧

�
c†n(⌧)Dnm(⌧)cm(⌧)�

c†n(⌧)Vnm(⌧)cm(⌧)
�i
, (28)

where Dnm(⌧) = (@⌧ + En(⌧)) �nm and Vnm(⌧) =
hṅ(⌧)|m(⌧)i. Treating the first term in the exponent as
the propagator and the second as a perturbation, the re-
sult is

det /D = detDnm exp
hX

connected diagrams
i

(29)

The determinant of Dnm is easily evaluated because it
is a disconnected set of one dimensional equations. The
eigenfunctions cn(⌧) are

cn(⌧) = exp

"
⌧ �

Z ⌧

�T
2

d⌧ 0En(⌧
0)

#
. (30)

To determine , we impose anti-periodic temporal
boundary conditions, cn(T/2) + cn(�T/2) = 0:

T �
Z T

2

�T
2

d⌧ 0 En(⌧
0) = 2⇡ i

⇣
m+

1

2

⌘
! (31)

 = i
2⇡(m+ 1

2 )

T
+

1

T

Z T
2

�T
2

d⌧ 0 En(⌧
0) ⌘ i!m + Ēn,

where Ēn =
1

T

Z T/2

�T/2
d⌧ En(⌧) (32)

In appendix A we provide an explicit calculation of
detDnm, determined by the product over all . The re-
sult, for time-dependent boundary conditions, is

detDnm = exp[�T Ecas] (33)

T Ecas = �1

2
T
X

n

|Ēn| = �1

2

X

n

����
Z

d⌧En(⌧)

���� .

Therefore, working to lowest order in an adiabatic ap-
proximation, we see that the functional determinant is

Topological stability of proton as a "Chiral Bag"  
[A.Martin, G.Stavenga '12] 

proton decay as quantum tunneling 
over topological barrier 

Depending on  RBag, decay rate may be  
suppressed ~ O(10–4) – O(10–12)

Why these experiments found nothing ? 
more complicated GUT scenario, 
no BV interactions at GUT scale , 
OR  protons&neutrons are  
just not likely to decay ?

"Chiral Bag" Model

h a  ̄bi

chiral condensate  
orientation

Skyrmion 
(fig. [Zhang et al]) Free-Quark "Bag"

"quark pudding" estimate:

Uncertainty can be addressed only by an ab initio QCD calculation

hvac|O3q
|Ni ⇠ ⇢3/2q

p
VN ⇠

1

VN
⇡ 0.004GeV3

h⇧|O
3q
|Ni ⇠ hvac|O3q

|Ni/f⇡ ⇡ 0.03GeV2

hvac| |Ni small?
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Protons Stable due to Topology?

Why these experiments found nothing ? 
more complicated GUT scenario, 
no BV interactions at GUT scale , 
OR  protons&neutrons are  
just not likely to decay ?

"quark pudding" estimate:

hvac|O3q
|Ni ⇠ ⇢3/2q

p
VN ⇠

1

VN
⇡ 0.004GeV3

h⇧|O
3q
|Ni ⇠ hvac|O3q

|Ni/f⇡ ⇡ 0.03GeV2

hvac| |Ni small?

0.00 0.05 0.10 0.15 0.20 0.25 0.30
W0(Q2 = 0)[GeV2]

h⇡+|(ud)LdL|pi

�h⇡+|(ud)LdR|pi

hK0|(us)LuL|pi

hK0|(us)LuR|pi

hK+|(us)LdL|pi

�hK+|(us)LdR|pi

hK+|(ud)LsL|pi

�hK+|(ud)LsR|pi

�hK+|(ds)LuL|pi

�hK+|(ds)LuR|pi

RBC/UKQCD’13 (Nf = 2 + 1)
RBC/UKQCD’06 (Nf = 0)
RBC/UKQCD’06 (Nf = 0) ChPT
JLQCD’99 (Nf = 0)

lattice calculations  
with mπ ≳ 330 MeV

Lattice QCD 
[S.Aoki et al (2000)] Wilson fermions 
[Y.Aoki et al (2006)] DW quenched 
[Y.Aoki et al (2013)] DW Nf=2+1 mπ ≳ 330 MeV

Any surprises in chiral limit? at physical light quarks?
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This Work: Lattice Setup

Two ensembles: [32ID] 323×64(a=0.14 fm) and [24ID] 243×64(a=0.20 fm) 
Iwasaki gauge action+ Dislocation-supp. det.ratio (DSDR) 
Nf = 2+1 Chirally-symmetric (Mobius-)Domain Wall fermion action  
with physical light and strange quark masses 
Multigrid deflation of z-Mobius operator + AMA 
"Direct" (p ➞ π,K matrix elements) and "Indirect" (p ➞vacuum + ChPT) 
Nonperturbative renormalization 
Two state-fit analysis of π,K,N spectrum and p ➞ π,K matrix elements 
a2 Continuum extrapolation

three kinematic (Q2) points to interpolate  
matrix elements to decay kinematic Q2 = –(m𝓁̅)2 

7

Table III: Initial and final momenta in the three-point functions selected for close-to-physical kinematics |q
2
| . m

2

`
using physical values mN = 0.94 GeV, m⇡ = 0.14 GeV, and mK = 0.495 GeV.

⇧ ~n⇧ ~nN Q2(GeV2)
(24c) (32c)

⇡ [1 1 1] [0 0 0] 0.010 �0.012
[1 1 1] [0 1 0] 0.113 0.095
[0 0 2] [0 0 0] �0.116 �0.140

K [0 1 1] [0 0 0] �0.034 �0.042
[0 1 1] [0 1 0] 0.058 0.056
[0 0 1] [0 0 0] 0.075 0.074

small to suppress the statistical fluctuations, and (3) the q
2 = 0 point is bracketed by a negative and a positive values

for a reliable interpolation. The selected initial and final state momentum combinations are shown in Tab. III for
both lattice ensembles. Since their physical volumes are very close, the momentum quanta 2⇡/(aL) are also very close
and thus we have identical lattice momenta for both lattices with very similar sets of q

2 values. In order to further
reduce the cost of our computation, we use the “coherent trick”, in which backward propagators for two maximally
separated samples are computed simultaneously from the sum of their respective sequential sources.

Meson and nucleon two-point functions

C
⇧⇧(~k, t) =

X

y

e
�i~p~x

hJ⇧(x) J
†

⇧
(0)i , (29)

C
NN̄
+

= Tr
h1 + �4

2
C

NN̄
i
,

C
NN̄
↵� (~k, t) =

X

y

e
�i~k~x

hN↵(x) N̄�(0)i ,
(30)

are also evaluated to compute the hadron state energies and overlaps with their respective interpolating operators ??.
Similarly to the three-point functions, only the correlators with ⌘ meson require disconnected diagrams, which are
neglected in the present work. This may potentially introduce a systematic bias because the ⌘ interpolating
operator is connected to the other operators by light quark propagators in the three-point function,
while in the two-point function the interpolating fields are connected by the strange quark propagators.
For the nucleon, we use the positive-parity projected spinor for all momenta ~k. Although with ~k 6= 0 the nucleon
does not have definite parity, our momenta are small enough for it to be a good approximation for the ground-state
nucleon.

D. Ground state matrix elements

In the large-time limit t2, t1 ! 1, the three-point correlation functions (22) are dominated by the ground-state
proton-meson amplitude. However, in our lattice calculation the time separations t2, t1 are not large enough to neglect
contributions from their excited states. The spectral decomposition of a three-point correlation function yields:

C
⇧ON̄
↵� (~p, ~q; t2, t1) =

X

m,n,s

h⌦|J⇧|⇧m(~p)i
e
�E⇧,m(t2�t1)

2E⇧,m
·

· h⇧m(~p)|O↵|N
(s)
n (~k)i

e
�EN,nt1

2EN,n
hN

(s)
n (~k)|N̄� |⌦i ,

(31)

where indices m, n denote the ground (m, n = 0) and excited meson (m > 0) and nucleon (n > 0) states. The ground

state matrix elements M
00
↵,s(q) = h⇧0(~p)|O↵|N

(s)
0

(~k)i dominate this sum for {t1, (t2 � t1)} ! 1. Lattice interpolating
fields for the meson J⇧ and the nucleon N may have arbitrary normalizations due to quark smearing, which are
reflected in their overlap factors Z⇧ and ZN ,

h⌦|J⇧|⇧0(~p)i =
p

Z⇧(~p) , (32)

hN
(s)
0

(~k)|N̄↵|⌦i = ū
(s)
↵

q
ZN (~k) , (33)

24ID 32ID
243 ⇥ 64 323 ⇥ 64

� 1.633 1.75
a, fm 0.20 0.14
a�1, GeV 1.02 1.37
m⇡L 3.4 3.3
Nconf 134 94
Nsamp 4288 3008
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Proton and Meson Spectrum
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Extraction of  Matrix Elements
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Figure 13: Scale-invariant diagonal renormalization (top) and o↵-diagonal mixing (bottom) factors
of 3-quark operators (left: ID24, right: ID32).

18

Nonperturbative Renormalization

symmMOM scheme : p+q+r = 0,  p2=q2=r2=µ2

to chiral spin structures{S, P} ! {R, L}) and thus preferred for final results; note that this
results in 12 operators, so that any 2 operators can be presented as linear combinations of
the other 10 (see below).

S = �1 S = +1
P = �1 SS, PP , AA V V , TT

P = +1 SP , PS, AV V A, TQ

Table 1: Classification of operators by parity and diquark symmetry [taken from JY’s writeup].
Switching symmetry is determined by �1: S(�1 = S, P, A) = �1 and S(�1 = V, T ) = +1, while
parity P = �P(�1)P(�2) is determined by both �1, �2: P(�1,2 = S, V, T ) = +1 and P(�1,2 =
P, A, Q) = �1.

Using Fierz identities, one can express any 3-quark operator using only 10 independent oper-
ators. For example, the negative-parity (us)d operators can be expressed using only the (ud)s-
operators as follows2:

(us)SdS =
1

4
(ud)SsS +

1

4
(ud)P sP �

1

4
(ud)AsA +

1

4
(ud)V sV �

1

4
(ud)T sT , (12)

(us)P dP =
1

4
(ud)SsS +

1

4
(ud)P sP +

1

4
(ud)AsA �

1

4
(ud)V sV �

1

4
(ud)T sT , (13)

(us)AdA = �(ud)SsS + (ud)P sP �
1

2
(ud)AsA �

1

2
(ud)V sV , (14)

(us)V dV = (ud)SsS � (ud)P sP �
1

2
(ud)AsA �

1

2
(ud)V sV , (15)

(us)T dT = �
3

2
(ud)SsS �

3

2
(ud)P sP �

1

2
(ud)T sT , (16)

and the negative-parity (ds)u operators as follows:

(ds)SuS = �
1

4
(ud)SsS �

1

4
(ud)P sP +

1

4
(ud)AsA +

1

4
(ud)V sV �

1

4
(ud)T sT , (17)

(ds)P uP = �
1

4
(ud)SsS �

1

4
(ud)P sP �

1

4
(ud)AsA �

1

4
(ud)V sV �

1

4
(ud)T sT , (18)

(ds)AuA = (ud)SsS � (ud)P sP +
1

2
(ud)AsA �

1

2
(ud)V sV , (19)

(ds)V uV = �(ud)SsS + (ud)P sP +
1

2
(ud)AsA �

1

2
(ud)V sV , (20)

(ds)T uT =
3

2
(ud)SsS +

3

2
(ud)P sP �

1

2
(ud)T sT , (21)

Analogous identities for the positive-parity operators are obtained by replacing {�1, �2} ! {�1, �5�2}

in the lhs and rhs simultaneously. The other three permutations can be obtained using the
(anti)symmetry of the �1 matrices (S, P, A)V, T . Note that the fermion anticommutation is com-
pensated by the antisymmetric color tensor, so that, for example,

(ud)SsS,P = �(du)SsS,P , (ud)T sT,Q = +(du)T sT,Q .

The basis in the rhs of Eqs. (12–21) is particularly convenient for renormalization, since the
operators with fixed quark order (ud)s are easily classifiable by parity and u $ d symmetry (see

2TODO recheck these identities!

2

symmetry-allowed mixing

chiral symmetry suppresses 
mixing of L⟺R fields & operators

scale-independent  
lat➞MSbar factors

scale-independent  
mixing factors

symmMOM(p)➞MSbar(2 GeV)  
perturbative conversion at O(α3)  
[J.Gracey, JHEP09:052 (2012)]

Z3q
IK(µ) ProjJ

⇥
hq̄1(p)q̄2(q)q̄3(r)O

3q
K iamp

⇤
= �IJ
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Figure 5: (Top left) perturbative running and conversion from SYM3q/SMOM�µ (solid lines) and MOM3q/MOM

(dashed lines) to MS scheme at scale |p|; (top right) MS running from scale |p| to µ0 = 2GeV at O(↵3

S) used in this
work (solid) and O(↵2

S) used previously (dashed); (bottom left) conversion from Nf = 3 to Nf = 4 flavors; (bottom
right) all factors collected (68).

which should be scale independent of the intermediate scale |p| within the window (45). Indeed, as shown in Fig. 6,

the variation of Z
MS lat(µ0; |p|) with the lattice scale |p| is insignificant compared to our target precision. Final

renormalization numbers are determined as simple averages of central values in the range |p| = 1.8 . . . 2.1 GeV for both
ensembles. While data at larger scales are available for the 32ID ensemble, we use the same scale window in physical
units to ensure consistency of our continuum extrapolation below. The systematic uncertainties are estimated as
half of the maximal variation in the averaging range, and are subdominant compared to the perturbative uncertainty
discussed above; combined systematic uncertainties are . 1.6%. The statistical uncertainties are estimated with
Jackknife resampling and are . 0.2%. The final renormalization constants are collected in Tab. VI.

Table VI: Final renormalization factors from lattice to MS(Nf = 4, µ = 2GeV) with statistical(1), and systematic
uncertainties from momentum scale(2) and perturbative matching(3).

Z(ud)s
++ Z(ud)s

�� Z(ud)d
++ Z(ud)d

��
24ID 0.6671(7)(60)(87) 0.6674(7)(51)(87) 0.6671(7)(60)(87) 0.6672(7)(49)(87)
32ID 0.5895(11)(32)(77) 0.5896(9)(29)(77) 0.5893(11)(33)(77) 0.5897(9)(36)(77)

IV. RESULTS

A. Hadron spectrum

The first step of the analysis is to extract energies of proton and meson states and their overlaps with the lattice
operators from their two-point correlators. We perform multi-state fits in order to control systematic e↵ects arising
from hadron excited states. Statistical precision of our data and coarse step in the time direction are su�cient to
constrain e↵ectively only one excited state in each case. Energy gaps between the ground and the excited state have
the most impact on correct removal of excited-state contamination from matrix elements determined from three-point
correlation functions.

p+ q + r = 0

p = q = r



Proton Decay with Physical Quarks on Lattice DWQ@25,   BNL-HET & RBC,   Dec 16, 2021

  

Sergey Syritsyn

Momentum and Continuum Extrapolation
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connected to ⟨π/K|O3q|N⟩ by soft-pion theorem 

(α + β) = 0   [within errorbars] implying

✏abc(ūaCdb)�5u
c |Ni ⇡ 0

parity            (–)      (–)    (+)

?

hvac|✏abc(ūaCdb)Ru
c
L|Ni = ↵PLUN

hvac|✏abc(ūaCdb)Lu
c
L|Ni = � PLUN
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Proton Annihilation Amplitudes
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31

where the Euclidean charge-conjugation matrix C = �2�4 satisfies

C�µC
�1 = ��

T
µ , C�µ⌫C

�1 = ��
T
µ⌫ . (A4)

Throughout the paper, we use the relativistic normalization of the particle states and matrix elements, which is
compatible with Eq. 2 and is is typical for these quantities (see, e.g., Ref. [42]) and

hN(~k0
, s

0)|N(~k, s)i =
q

2E~k �
(3)(~k0

� ~k) �
s0s

, (A5)

h`(~q0
, s

0)|`(~q, s)i =
p

2E~q �
(3)(~q0

� ~q) �
s0s

, (A6)

h⇧(~p0)|⇧(~p)i =
p

2E~p �
(3)(~p0

� ~p) , (A7)

With this convention, the form factors W0,1 (11) have mass dimension 2 and the low-energy constants ↵, � (16) have
dimension 3.

Appendix B: Proton decay amplitudes in ChPT

According to the chiral Lagrangian method [34, 40], each decay matrix element can be calculated using the proton
decay constants ↵, � as follows:

h⇡
+
|(ud)LuL|pi =

�

f
(1 + D + F ), (B1)

h⇡
+
|(ud)LuR|pi =

↵

f
(1 + D + F ), (B2)

hK
0
|(us)LuL|pi =

�

f

✓
1 � (D � F )

mN

mB

◆
, (B3)

hK
0
|(us)LuR|pi = �

↵

f

✓
1 + (D � F )

mN

mB

◆
, (B4)

hK
+
|(us)LdL|pi =

�

f

✓
2D

3

mN

mB

◆
(B5)

hK
+
|(us)LdR|pi =

↵

f

✓
2D

3

mN

mB

◆
(B6)

hK
+
|(ud)LsL|pi =

�

f

✓
1 +

✓
D

3
+ F

◆
mN

mB

◆
, (B7)

hK
+
|(ud)LsR|pi =

↵

f

✓
1 +

✓
D

3
+ F

◆
mN

mB

◆
, (B8)

hK
+
|(ds)LuL|pi = �

�

f

✓
1 �

✓
D

3
� F

◆
mN

mB

◆
, (B9)

hK
+
|(ds)LuR|pi =

↵

f

✓
1 +

✓
D

3
� F

◆
mN

mB

◆
, (B10)

where D=0.8, F=0.47, mN = 0.94GeV, mB = 1.15GeV, and af = 0.13055.

Appendix C: Perturbative renormalization

Throughout the paper, the uniform convention for renormalization factors of quark fields and operators is to convert
from bare to renormalized quantities,

O
R(µ) = Z

R[reg.]

O
(µ)O[reg.]

, q
R(µ) =

q
Z

R[reg.]

q (µ)q[reg.]
, (C1)

where µ is the scale associated with the renormalization scheme R and “reg.” is the regulator ✏ (dim.reg.) or a

(lattice). The anomalous dimensions are defined as

�X =
d log ZX

d log µ
(C2)

LO ChPT proton decay amplitudes
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Comparison to Previous Work

New results with physical quarks: 
stat.+sys. uncertainty ~ 10-20% 
[J.Yoo, S.S., et al, arXiv:2111.01608] 

(No finite-volume check: mpi*L~3.4) 

(Coarse lattices a=0.14 ... 0.20 fm) 

physical-point results agree with  
prev. calculations at m𝜋 ≳340 MeV 
[Y.Aoki et al (2000–2013)]

NO SUPPRESSION of nucleon decay  
due to chiral skyrmion topology  

Protons are indeed sensitive probes  
of Grand-Unified Theories0.00 0.05 0.10 0.15 0.20 0.25 0.30
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Summary & Conclusions

Proton decay amplitudes at the physical point with 
chiral symmetric quarks and continuum extrapolation 

No topological suppression of nucleon decay found;  
limits on Grand-Unified Theories stand 

Sys+Stat. precision O(10-20%) ; may be improved with 
more statistics, finer lattice spacing, finite-volume study
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