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Nf=2+1 PACS ensemble

• Iwasaki gauge β=1.82

• stout smeared Wilson fermion: ρ=0.1, N=6

• ud and s quarks are on physical point

• 1/a = 2.333(18) GeV (4)

• 644 is mostly used in this study: mπL=3.8

statistical note

• ~100 configurations 

• for each config


• matrix elements: AMA (5): 

• one exact and 

• 256 sloppy solves


• NPR:  

• single point source 

ORL = (ucPRd) · PLs

OLL = (ucPLd) · PLs

OA(LV ) = (uc�µ�5d) · PL�µs

RI/MOM Non perturbative renormalization - operator mixing

ex: flavor structure  (ud)s case

• only two operators are independent LL & RL

• no chiral symm. → mixing basis contains (6)→


• off-diagonal larger than DWF, but, ≲ 1% → treated as negligible below
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Introduction

Proton decay


• smoking gun of new physics, natural in GUT with #B violation

• search underway in underground experiments: SuperKamiokande etc

• next generation experiment planned: HyperKamiokande, DUNE 


Proton decay matrix elements on the lattice

• bridge between GUTs and Experiments


Lattice status

• Nf=2+1 DWF results exists (1) →


• but,  extrapolation w/ mπ ≳ 340 MeV 

Loose End


• chiral extrapolation !

• skirmion model suggests drastic decrease as m→0 (2)


Use of physical point simulation is next task

• here we use PACS Wilson ensemble 644  (and 964 for some)

• see similar effort by RBC/UKQCD (3) pion is emitted from a proton and dark matter (DM) appears

instead of a lepton. According to Refs. [36,37], the so-
called “induced nucleon decay (IND)” scenario, the proton
should decay to DM particles ðΨ;ΦÞ having the antibaryon
number with mass mΦ;Ψ ∼ 2–3 GeV. This model, moti-
vated by the hypothesis of an asymmetric DM model [48],
assumes that the net baryon number in the Universe is
symmetric, in which the SM particle sector has a baryon
number asymmetry while the particle X1 in the hidden
sector has the opposite asymmetry, and DM ðΨ;ΦÞ has
been generated from X1 decay in the early Universe. If it is
consistent with the Sakharov conditions, such decay should

have baryon number violation and CP violation in non-
thermal circumstances. In the IND model, the nucleon and
pseudoscalar are interacting with DM through X1, and thus
the scattering processes ΨN → Φ†P and ΦN → Ψ̄P occur.
The interesting feature of this model is that the QCD matrix
element is the same as that of the standard nucleon decay,
since the operator related to DM scattering is composed of
an effective three-quark interaction,

uRdRdRΨRΦ=Λ3 þ H:c:; ð25Þ

and the only difference is its kinematics of which q2 is
different from the on-shell lepton. In principle, the lattice
calculation is accessible to the matrix element at q2 values
relevant to this model, and thus we can also provide a more
accurate value for the prediction of this model.
The DM mass mΦ;Ψ ∼ 2–3 GeV is predicted from

cosmological observations and DM stability, which is
much heavier than the lepton mass, so that under momen-
tum conservation the pion has finite momentum, which is
shifted to the region −q2 < 0 (to the right of zero in Figs. 6,
7, 10, and 11). Recalling the formula for the transition
form factor in Eq. (2), the relevant form factors are bothW0

and W1, since the DM mass is heavy, q2 ∼ 4m2
Φ;Ψ > m2

p.
A typical meson momentum in the IND model is
jp⃗j ¼ 1 GeV, in which the kinematics of the IND model
is q2 ≃ 1 GeV2. Figure 13 plotsW0;1 andW

α;β
0;1 extrapolated

to q2 ¼ 1 GeV2 using lattice results. Focusing on the pion
channel, one sees that the “direct” lattice calculation
provides 25–50% of the value ofWα;β

0;1 used for the estimate
of the proton lifetime in the IND model [36,37].
Concerning the convergence issue of BChPT at tree level
applied to energetic mesons arising in this kinematics, our
lattice result indicates such a difference from an evaluation
based on tree-level BChPT may not be negligible. One sees
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FIG. 12. Summary of the matrix elements obtained in our study.
“W0, Wμ” are evaluated with the “direct” method, and “Wα;β

0 ,
Wα;β

μ ” are evaluated with the “indirect” method, including the
systematic error as discussed in the text.
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FIG. 13. Summary of the matrix elements “W0;1, W
α;β
0;1” for a typical meson momentum jp⃗j ¼ 1 GeV for the IND model.
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Relevant form factors


•			

•yields a decay: baryon → meson + anti-lepton	

•a	convenient	parametrization	using	2	form	factors	(10)	

•partial	width

LGUT ⇥ LSM +
�

i

Ci(µ) · Oi(µ) + · · ·
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relevant irrelevant

MSb 2GeV Z factor with RI/SMOM wave function Z

• small SSB & quark mass effect good for physical point ensemble

• ZPD/ZA3/2 or ZPD/ZV3/2  with ZA, ZV from SF scheme estimate (8)

• A and V vertex from SMOM and SMOMγμ schemes (9)


• center, error from (pa)2→ 0 and scatter of data in the range [2,3] GeV

• ZLL(MSb, 2GeV) = 0.98 (6),     ZRL(MSb, 2GeV) = 0.98 (7)

• note: ZLL = ZRL ≃ 1  → bare ME ≃ ren. ME
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Summary and outlook

•NOTE: all results are PRELIMINARY! 
• proton decay FF at physical point 


•with PACS Wilson ensemble

• allows to remove final loose end


•RI/SMOM  schemes applied

• robust against SSB and mass effect

•multiple intermediate schemes

➡better estimate of the sys. errors


•W0 (p→π0) consitent with DWF (1)

• LEC α and β consistent with DWF (1)

• estimate of K-final state MEs underway
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Low energy constants of proton decay

• LO ChPT

• ratio of 2pt fuctions


• α consistent with earlier DWF computation with a long chiral extrapolation

• β as well

• no big surprise happening when going down to physical ud mass
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Relevant form factor W0 <π0|(ud)RuL|p> as an example

• from ratio of 3 and 2 point functions

• meson momentum


• |W0| ~20% smaller than DWF (with a long chiral extrapolation) at q2=0


• consistent with sys. error !  no big surprise found for mf→mud
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