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1. Introduction

Proton decay is one of the unique prediction of the Grand &lhifiheories (GUTSs). GUTs [1]
naturally predicts nucleon decay involving heavy partipteg. X and Y gauge bosons [1] or color-
triplet Higgs multiplet [2, 3], exchanges with both colordditavor degree of freedom below GUTs
scaleMgyts~ 10°17 GeV. Recently SuperKamiokande experiment reports the owerllimit of
partial proton lifetime fop — et ° channel as  x 103 year [4]. This is already close to verge
of allowed maximum bound~{ 10%° year) of SUSY-GUTSs. Fixing the uncertainties of hadronic
effect is one of the important check of whether minimal SUSYTs are already ruled out or
not. Since non-perturbative computations of matrix elenretattice QCD are the most reliable
methodology to quantify the hadronic contribution, it magyde more accurate information for
searching GUTs prediction in the present experiments aatdrie.

In this proceedings we present calculation of proton decajrimmelement using thdirect
method in full QCD with 2+1 flavor dynamical domain-wall feilon in larger lattice volume
(2.7fm)3 and small quark mass (which is 1/6 strange quark mass) amghygsical strange quark
mass at small lattice spacing<{ 0.11 fm). In our setup the serious systematic uncertaimttgsh
might have been included in the previous calculations carobé&olled: i) Lattice artifact, thanks
to chiral symmetry of the domain-wall fermion on the latfi€a) error, wherea is lattice spac-
ing, is highly suppressed and there is no need for countar teremove such lattice artifacts as
appeared in Wilson fermion case [5]. ii) Quark mass coroectdirect calculation does not need
to use the intermediate effective models to evaluate matement at the physical point. iii) Full
QCD, we take into account the dynamical quark effects in ma&lements, and the dynamical
quark contribution to individual matrix elements is estiathfrom the comparison with previous
guenched results [6].

2. Proton decay matrix element

2.1 Effective Lagrangian and matrix element

We calculate the transition matrix element from nucleowtg@n and neutrorf\ = p, n) initial
state to allowed (pseudoscal®S= (1,K,n)) meson and lepton final state from dimension six
operators

PIPI@IICOTINK) == 5 F(a.9) (PSP INKS), (2.1)

s=11/2

including three-dimensional momentafor final pseudoscalaR for initial nucleon andj = rﬁ—R
for final lepton which is determined from momentum conséovatSummation in the above equa-
tion is taken with both spis= 4+1/2 and Dirac spinor. Amplitudg (q,s) = (0|l|I(d,s)) denotes
the wave function of on-shell lepton state at momentjimith spins anda spinor component.
Furthermore the matrix element in the quark sector can berghy divided into relevant form
factorWe(g?) and irrelevant on(q?) as

(PSPIO"TIN;K,S) = P (W T () — idWg T () |un (k. 9), (2.2)

up to O(m/my). Wo, Wy depend on the renormalization scale and square of fourrdiioeal
momentum transfeq = k— p. Using on-shell condition, the total matrix element as smow
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Eq.(2.1) is given by
5 V(@ 9)(PS BIO Nk ) = (@, 9P W (6) —igWd ™ (6P) | un (k)

= (Vi (9),un(K))rWE ™' (0) + O(my /my), (2.3)

with igvi = mv; andWg/my =~ W [6]. Sincem,2 = —g? is much smaller than nucleon mass squared
in the case of = e,v, we setg? = 0 and ignore the second term. Eventuaiy(y,0) is the only
relevant form factor to the proton decay matrix element.

2.2 Latticeset up

To obtain the matrix element we make use of the ratio of tip@at function of (nucleon-
O"-meson) with two-point function of nucleon and meson. Swttoris defined as

tr[2 (Fps(P.t) 0" (— B, ) W (O,to))
(Ips(B.t)Ips(— ;1)) tr[Pa(In(0,1)In (0, to))]

with interpolating field for pseudoscaldss= qysq and nucleorly as in [6]. Note that the operator
of nucleon interpolating field is not uniquely determineddactually we see that two possible
operators formed a3 = (u'Cyd)u, (U'Cysysd)u which have same quantum number as proton
state. Numerical comparison of results will be shown in thet section. Three-quark operator in
momentum space is defined as

Ra(t,t1,to; p,Mn, &) = VZpsIn, (2.4)

o' (=pt) = Y e CRa)R-q(RY). (2.5)
X

In this calculation we usé@ = (1,0,0),(1,1,0) for meson ank = 0 for nucleon in three-point
function. Zpgy indicates the amplitude of overlap of the interpolatingdfite on-shell state with
Dirac spinor normalized by (k,s)un(k,S) = 2myds¢. Taking an enough large time separation
of meson-operatort{—t) and operator-nucleor £ tp) in order to suppress the other excited con-
tamination than an asymptotic state of pseudoscalar arildoruand using two different projection
matrices?” = Py, iP4y; to extract form factor from three point function by solvingdar equation
of

Ra(p, M, Ps) =W (6%) —igaWg " (0%),  Re(p,mn,iPay;) = aWg" (c?),, (2.6)

Wp andW, can be simultaneously obtained. Note thaf = g3 + % = —(my — Epg)? + P2, with
g4 = i(my — Exp) in Minkovski space-time.

We use gauge configurations with dynamical domain-wall fens of 2+ 1 flavor at Iwasaki
gauge action in lattice size 24 64 at3 = 2.13 which corresponds ta~! = 1.73(3) [7]. This
is the same ensemble as previondirect method study [8]. Boundary condition is periodic for
gauge field, and spatially periodic and temporally antigatic for fermion field. We use four
different unitary quark masses in chiral extrapolatiorg ane unitary and one partially quenched
strange-quark masses in the study of strange quark massdieyme for finak®* state. Explicit
chiral symmetry breaking due to finite fifth dimensionalitatasLs = 16 is small in this ensemble
[7] (residual mass ises~ 3 x 10°2), and indeed we take into account residual mass-shift in the
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chiral extrapolation. When computing two-point and thpe@at function on the lattice, we always
use gauge invariant Gaussian source and sink. Nucleonespoiat and pseudoscalar sink-point
for three-point function are set to fixdgd = 5 andty = 27 individually, and we make operator
position in three-point function constructed by sequéstimrce method move between this range.
The variation of spacial momentumag = (11/12,0,0), (11/12,11/12,0). Note that at the lightest
quark massr{5?= 0.005) to increase statistics we further take average ovedifi@rent source
time slices, 5 and 37, for each gauge ensembles.

3. Resultsof proton decay matrix element

3.1 Plateau region of Wy

Figure 1 show the behavior W of p — m° channel obtained by taking the trace with spin-
projection matrix at each time slices at four different duarasses. Plateau region seems to be
around 13<t < 20 at four quark masses. We thus set a fitting region irc13< 20 even in the
other pseudoscalar channel. In this figure we also conw§i=3/vith two different nucleon interpo-
lating operators(q’ Cysy59)q and(q' Cysq)g. We see that the signal WOR/L" obtained from their
operators are well consistent, and furthermore the timemdgnce is strongly correlated among
them. To obtairWg with constant function, we perform simultaneous fit of twaklanife data
with same fitting range. Compared to individual results,dtaistical error of combined results is
slightly improved. We use such combined results in the latetdysis. To make extrapolation to
physical kinematics where® = 0 and physical pion and Keon mass, we try to use two different
procedures; one is that by using the global fit with a functrat depends on both quark mass and
o? = 0, W at physical point is obtained straightforwardly. Seconthat\W at physical point is
given by using the chiral extrapolation of data after taking g? = 0 limit with linear function
individually. Here the physical point where is given in [@reesponds tar{}° = 0.001385 and
mE"* = 0.03785.

3.2 Extrapolation to physical point

In [6] they employed the simple linear function for globafifiy over square of momentuq?
and quark mass. For comparison we first follow their anallysessimilar way. In our case we use
the following fitting function:

Fao (70, 17) = Ao+ As(Mug + Myes) + Aol (3.1)
F (K) = Bo+ Br(Mug + Myes) + B2(Ms + Myeg) + B, (3.2)

with fitting parameterg\y andB;. We use four different quark masses, two different strangelq
masses and the lowest two spacial momenta, and therefatentmhber of data points is eight for
rmandn or sixteen foiK final state. Sincer?/dof is less than 1.5 for all possible matrix elements, it
turns out that the simple linear function as described if&E®) and (3.2) is in good agreement with
lattice data using simulation points. In the physical pémtq + Myes — mﬁgys, Ms + Myes — MEYS
andg? — 0).

Second we first perform the extrapolation or interpolationt = 0 with linear function and
then take a chiral extrapolation to physical quark masshikdnalysis we can visibly look over
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Figure 1: Time dependence (WOR for p — n° decay channel. Source of nucleon puts at5, and sink
of m° is att = 25. Different symbols show the two different operator o&niolating nucleon field, which
correspond tdq"Cysq)q (open) and(q'Cysysq)q (filled) as defined in the context. The thick solid line
indicates central value of constant fit combined two difféigperators between 13t < 20 and its bound
indicates 1-sigma error bound.

the fitting procedure and see the quality of fitting in the grap the chiral extrapolation of data at
o? = 0 the fitting function is

g (T1°,17) = @0+ a1(Myd + Mes), (3.3)
g (K% K+) = bg -+ by (Mug + Mres) + ba(Ms + Myes). (3.4)

To check the systematic uncertainty in chiral extrapotatiwe compare two different maximum
fitting ranges as .005 < myg < 0.03 (4 masses) and@5 < myg < 0.02 (3 masses). The linear
function well describes the lattice results for each matlements even if we use four mass points.
Actually the x2/dof for all matrix elements is below?/dof ~ 2.

3.3 Final results

Total systematic error is given by quadraticaly combinipgtematic errors of chiral extrapo-
lation, lattice artifact and finite volume effect as showrTable 1. Figure 2 plots comparison of
finial results of twelve matrix elements with quenched (pethel) and indirect results (right panel)
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Figure 2: Summary of\N(')‘/R(u = 2GeV) for twelve independent matrix elements. Filled circlesvghioe
present results, and for the comparison the results in dueeh@CD (open circle) and indirect method using
chiral perturbation theory (cross) are plotted in the saame r

which have been evaluated in [6, 8] respectively. This tasulightly changed from the quenched
result, however these are consistent withia rror. From the discrepancy between the quenched
study and this work it turns out th&lty slightly suffers a dynamical quark contribution although
this contribution is within 1o error. We also note that there is no significant discrepametyden
indirect method andlirect one, contrary to conclusion in quenched study, however duarge
uncertainty it is not able to clarify these comparison.

4. Summary and discussion

We present the lattice calculation of proton decay matmxrents using 2 1 flavor dynam-
ical domain-wall fermion configurations. Tlirect method using three-point function (nucleon)-
(operator)-(meson) in larger volumé. ~ 3 fmd, is able to control several kinds of explicit and
implicit uncertainties, especially remove the possipitif the significant effect of breaking of soft-
pion theorem in thendirect calculation [8]. One is that, since odirect calculation does not
need to assume soft-pion theorem, we directly evaluateohadcontribution to matrix element
involving individual operators and final meson state inidattQCD. Comparing different fitting
procedures as global or individual one when takifg= 0 limit and physical point using lattice
data, we carefully take account of systematic uncertaiftghoral extrapolation. Adding other
systematic uncertainties, we obtain final results for t@ehdependent matrix elements in lattice
QCD as shown in Figure 2. Our results have shown that ther@sgnificant discrepancy between
indirect-directmethods and also quenched-dynamical effects for all malements, although the
total error for these matrix elements is still large. Sireelarge uncertainties are due to fluctuation
of three-point function in the lightest quark mass at largamantum, the reduction of such fluc-
tuation is necessary using a further improvement of latfiata using larger volume or improved
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Table 1: Final results of renormalizéd/oL/R(u = 2GeV) for individual matrix elements and error budget
of statistical and systematic uncertainties. The first awbsd error irvvo"/ R represent statistical and sys-
tematic error respectively. The third column shows theeswsttic error from chiral fitting, and fourth and
fifth columns are uncertainties from lattice artifacts amitdi volume effect. The final column shows the
uncertainties included into lattice spacidga( 1) and renormalization factong).

Wo(u =2GeV) GeV? chiralfit ¢(@) V  Aal4+AZ
(| (ud)ruL | p) 0.103(23)(27) 0.025 0010 0.006  0.004
(1) (ud)L L |p) 0.133(29)(16) 0.003 0.013 0.008  0.005
(KO (uS)ruL| p) 0.098(15)(12) 0.003 0.010 0.006  0.004
(KO (us)Lu | p) 0.042(13)(6) 0.003 0.004 0.003  0.002
—(K*|(uS)rdL | p) 0.054(11)(7) 0.003 0.005 0.003  0.002
(K*|(us)Ld. | p) 0.036(44)(9) 0.008 0.004 0.002  0.001
—(K*|(ud)rs|p) 0.093(24)(11) 0.003 0.009 0.006  0.003
(K*|(ud) s | p) 0.111(22)(19) 0.013 0011 0.007  0.004
—(K*|(d9)ruL|p) 0.044(12)(5) 0.001 0.004 0.003  0.002
—(K*|(d9)LuL|p) 0.076(14)(10) 0.005 0.008 0.005  0.003
(n|(ud)ruL | p) 0.015(14)(6) 0.006 0.002 0.001  0.001
(n|(ud)Lu.|p) 0.088(21)(13) 0.008 0.009 0.005  0.003

statistics in the future work. Our result may guarantee piaton lifetime can be evaluated with
rigorous value including account of the non-perturbatiwetabution coming from hadronic effect,
and further improved lattice result will be important to sbmin several parameters in GUTSs.
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