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The Standard Model of particle physics is our most
precise theoretical description of Nature and it has
been tested to great precision in high energy parti-
cle colliders, like LHC. However, we know it represents
only a partial description and the most notable missing
ingredients are neutrino masses and dark matter, for
which there exists a wealth of experimental evidence.
From the theoretical point of view, it is interest-

ing to entertain the possibility that these two physi-
cal phenomena are related and emerge from a unified
underlying dynamics. In this paper we introduce a
new “dark sector” with a confining force, similar to
the one of Quantum Chromodynamics (QCD), based
on the dark gauge group SU(3)D and with three dark
quarks. This dark sector has small interactions with
the Standard Model particles, but more interestingly
it contains a large number of composite states (dark
mesons, dark baryons etc...) which can be used to
successfully construct a low-energy theory with dark
matter and right-handed neutrinos.
The construction starts from the dark sector La-

grangian LDQCD for the SU(3)D theory, which is well
known and identical to the QCD one with three flavors,
and proceeds with the addition of three types of higher-
dimensional operators, deriving from different high-
energy effective scales ΛX , such that L = LDQCD+Leff :
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where H̃∗ = ϵabH
a∗, withH the Standard Model Higgs

doublet, and Lf is a lepton doublet of the Standard
Model family f = 1, 2, 3. In Eq. (1) i = 1, 2, 3 and [ψn

i ]
represents any SU(3)D singlet and Lorentz invariant
combinations of n ψi quarks that are Z2 even. The Z2

symmetry imposed upon the operators in the theory is
necessary to have a stable dark matter candidate.
It is important to note that the nature of the opera-

tors in Eq. (1) is determined by confinement of the dark
gauge group, giving rise to composite states: e.g. the
operator [ψ3

i ] will transmute into a dark baryonic-like
operator below the confinement scale µD such that the
first term in Eq. (1) describes the interaction between
the Higgs, the leptons and a “dark neutron” state, the
second term describes oscillations between “dark neu-
trons,” and the third terms describes masses for the
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Fig. 1. The figure shows the separation of energy scales.

dark quarks. The dark neutron oscillations are nec-
essary to create neutrino masses: in our framework,
dark neutrons are identified with right-handed neutri-
nos. Hence, the low-energy description in Eq. (1) will
give rise to neutrino masses

mν ∼ µ10
D v2H

Λ6
fΛ

5
N

, (2)

where vH ≈ 246 GeV is the electroweak energy scale.
The other scales in Eq. (2) are chosen to reproduce the
current known limits for neutrino masses of the order
of mν ≲ 0.1 eV: µD ∼ 1 TeV and Λf,N ∼ 10 TeV.

The confining nature of the dark sector is also re-
sponsible for the presence of a dark matter candidate
in the spectrum. Similarly to QCD, the lightest com-
posite particles are dark mesons, states that are made
of a pair of dark quark and dark anti-quark. With-
out loss of generality, we assume that the dark quark
masses generated by interactions with the Higgs boson
are small and hierarchically distributed m1 < m2 <
m3 ≪ µD. Hence, the octet of lightest mesons com-
prises the three states

P ∼ ψ̄1ψ2, κ ∼ ψ̄1ψ3, κ′ ∼ ψ̄2ψ3, (3)

their antiparticles, and two linear combinations P ′ and
P ′′ of the flavor-diagonal bilinear ψ̄iψi, analogues of
the π0 and η in QCD.
We will denote these states collectively with the sym-

bol Π, and their masses are compared to the other
scales in the theory in Fig. 1. The “dark kaons” κ and
κ′, containing only one ψ3, are the only states that
are odd under the Z2 symmetry, because we assume
that Z2(ψ3) = −1 = −Z2(ψ1,2). The dark kaons are
the lightest Z2-odd hadrons and κ will provide a dark
matter candidate in this model, since Mκ < Mκ′ . The
mass of κ is related to the confinement scale through a
low-energy effective chiral description of the spectrum
(similar to QCD) yielding Mκ ∼ 10 GeV. Such a light
mass for composite dark matter is very interesting from
the experimental point of view, and our scenario can
be probed in future experimental setups.

A pilot study of proton decay matrix elements at physical quark mass
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Proton decay is a smoking-gun signal of the physics
beyond the standard model (BSM). Grand unified the-
ory (GUT) is the most natural origin of such an event
if observed. Despite no clear signal of the supersym-
metry or any BSM phenomena at LHC, the idea of
unifying the known fundamental interactions is still
attractive. Estimate of the QCD contribution of the
proton decay matrix element is needed to test GUTs
against the proton lifetime bound obtained in the ex-
periment. Also a reliable estimate of the matrix ele-
ments is desirable for planning the future generation
proton decay detectors.

The proton decay matrix elements are obtained by
numerical computation using lattice QCD. So far, the
2+1 flavor computations have provided the matrix el-
ements with extrapolation to the physical ud quark
mass from the results at unphysically large masses.
This procedure yields one of the largest systematic
uncertainties. Settling this systematics is important1)

and possible using current lattice gauge field ensembles
generated at the physical point.

We use gauge field configurations of 2+1 fla-
vor QCD generated with non-perturbatively O(a)-
improved Wilson fermions by the PACS collabora-
tion.2) As pointed in the previous works (see e.g.3)),
computations using the three-point functions are
mandatory to obtain the matrix elements of a proton
decaying into a pseudoscalar (and an anti lepton). Be-
fore jumping into the calculation of the three point
functions the values of some optimization parameters
needs to be fixed. One of them is the smearing function
of the quark fields which enter in the interpolation op-
erator of the proton. The smearing parameter is tuned
so that the ground state proton reasonably dominates
the two point correlation function of the proton oper-
ator. As a bi-product of such a computation, the low
energy constants of the proton decay can be extracted
with almost no additional computational cost.

One of the low energy constants α is defined as

⟨0|(uTCPLd)PRu(0)|p⟩ = αPRup, (1)

where u and d in the left hand side are u and d quark
operators. PL(R) is left (right) handed projection op-
erator to Dirac spinor. The proton p to vacuum matrix
element defines the low energy constant α appearing in
the right hand side, where up denotes the Dirac spinor
of the proton at rest.

Figure 1 shows a ratio of the two point functions
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Fig. 1. Local computation α(t) with t being the time sep-

aration of the source and sink operators. A low energy

constant α is extracted from the asymptotic plateau.

relevant to the computation of α, which is extracted
from the asymptotic plateau of this figure. Hokusai
supercomputer at RIKEN has been used to obtain the
results. The figure compares two different lattice vol-
umes 644 and 964. It shows a good plateau and show
consistency between two different volumes.

We need several further steps to obtain α in the
physical unit (GeV3) and renormalized in a convenient
renormalization scheme for phenomenological use. For
the renormalization one needs to solve the operator
mixing due to an explicit chiral symmetry breaking of
the Wilson fermion formulation. The non-perturbative
renormalization4) can be applied to solve the mixing
and at the same time to obtain the totally renormalized
operator in the MS scheme. Finally the lattice cutoff
cubed 1/a3 needs to be multiplied.

This pilot study has shown that we have reasonably
a good signal for the low energy constant at the physi-
cal quark mass. It gives a confidence to obtain a good
signal for the relevant matrix element as the signal/
noise ratio of the low energy constant and the relevant
matrix element are of similar size in the previous com-
putations. We therefore plan to calculate the three
point functions for the proton decay matrix elements
on Hokusai in next fiscal year.
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