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For a generic decay channel, the partial decay width is:

o= [ (- (2))

The form factors can be related to a matrix element

2
Z CiWé(p —m41)

PLW;(g%)u(k,s) = (m|O'|N)
The operators ' are given by

ORE = €ey3(x, t) CPRrd®(x, t)PLuc(x, t)
Ot = eeya(x, t)CPLdP (x, t)PLuc(x, t)
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o — eabcua(x, t)Cridb(X, ) juc(x, t)
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Define a general operator of the form
0"l = 3bey(x, t) CTdP(x, t)Tjuc(x, t)

where [; are matrices with two spin indices, labelled by,

S5=1 P= 5
V= . Ay =5
T =3{vun} T =53 {7}

R=Pr=3(1+7) L=P . =3(1—1s)
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Define a general operator of the form
OMli = 3bey(x, t) CTdP(x, t)Tjuc(x, t)

where ['; are matrices with two spin indices, labelled by,

S5=1 P= 5
V= . Ay =5
T =3} T =95 3{Vu W}

R=Pr=35(1+7) L=Pr=35(1—-75)

Operators with this structure are also used later in nucleon
correlation functions and in the non-perurbative renormalization
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We could measure the matrix elements (m|O'|N) directly
» Known as the direct method
» Three-point functions are required
» Computationally expensive

Alternatively can relate the three-point functions to two-point
functions using Chiral Perturbation Theory

» Known as the indirect method
» Computationally cheaper

» Introduces an additional source of error

6 /27
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For p — 7% + e*, the chiral perturbation theory gives

W (p - n®+e") = a(l+D+F)/V2f +O(m?/m3)
WEt(p — 7 +et) = B(1+ D+ F)/V2f +O(m?/m3)

« and [ are low energy constants from the chiral lagrangian
They can be calculated from two—point functions

(O|OREINY = aPpu(k,s)
(0|0 Ny = BPLu(k,s)
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Define a class of two—point functions

fr1r27r3r4(t) = Ztr |:<Or1r2@r3r4>P]
0Nz — e2beya(x ) CTdP(x, t)Muc(x, t)

1
P=2(1+%)
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Define a class of two—point functions

fr1r27r3r4(t) = Ztr |:<Or1r2@r3r4>P]
0Nz — e2beya(x ) CTdP(x, t)Muc(x, t)

1
P=2(1+)

Example: the proton correlation function

Z<Jp(x7 t)jp(o» = fps,ps(t)

X
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Strategy:
» First find my from a correlated fit to the effective mass

fps.ps(t)
o (t) = | _— t 0
mei () = log (fPs,Ps(t +1) —my t>

» Then find Gy from a correlated fit to an effective amplitude

Gneff = \/2fps pse™t — Gy t>0

» Finally to calculate a and 3 we use a ratio of two—point
functions

fre,ps(t) fie ps(t)
Ra(t) = 2Gy-RLPS\E) Ry(t) = 2Gy-LLPS\E)
(&) prs,Ps(t) o Ralb) NfPS,PS(t) B
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» Calculation is carried out on 2+1 flavour Domain Wall
Fermion ensembles
» lwasaki gauge action (8 = 2.13)
» Fifth dimension size Ly = 16
» Inverse lattice spacing a—! = 1.73(3) GeV
» Two different lattice volumes
V =163 x 32 and 243 x 64
» Two degenerate light quarks with masses
am, ;g = 0.005*, 0.01, 0.02 or 0.03
» One strange quark with mass

ams = 0.04

10/27
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Proton decay matrix elements from
chirally symmetric lattice QCD

Improve the signal by:
» Oversampling and binning of correlation functions
» Multiple sources per configuration

» Local Smearing (L), Gaussian Smearing (G) / (G*) and
Hydrogen-Like Smearing of operators

11/27
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Fitting
Fit by minimising a correlated x?

X2(p) = [pe(t) = p ot [Pest(t)) — p]

t,t

With correlation Matrix

Nioot
Corr = ,\,bloot nz_:l [ngf)(t) - I_Jeff(t)} [Pégf)(t/) - F_)eﬁ(t/)} :

Bootstrap to get central value and errors

12 /27
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Nucleon Mass

(a) (©)
(. LT T 1 I T ]
o LL2 3 [ ]
e HL ] t P
09 o HL2 § - 09—
> G*L 1 L 1
C ! L ]
I — - 08 -
s r bl _ b
z I 1 g [ ]
=] L + < L ]
0.7 = 0.7 —
06 - 06 -
[ T I R R 1 U AR B
0 4 8 12 16 0 0.01 0.02 0.03
t a(m +m_ )
q Tes
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Nucleon Amplitude

(b)
0016
T T ] T
s LL k!
0015 I 4 0.014
0.014 3
E E 0.012
0013 E
Eo,mz} I 3
z F o o
O oonf } 3
E 1 { FEFT ]
0.01F -
£ I 3 0.008
0.009 — - 3
0.008 E 0.006 [~ —
goo7F by ] S EP R B
o 4 8 12 16 0 0.01 0.02 003
t a(m +m_)
q res
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Low energy constant: a

(b) (a)
0.008 , , 0.008 —
o LLI T T ] :\ T ]
* HL ] [ e
0.007 B 0007~
0,006 B 0,006 J
¢ y [ ]
<] F - 1 RS ] r q
o 0005 - } = "o 0005 i
0004 § t { } P 0,004~ B
0003 } N 0.003 B
C [ B B N N B B,
002+ 002
00025 4 8 12 16 000255 0.01 0.02 0.03
t a(m +m_ )
q Tes
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Low energy constant: (3

(b)

0.008 : 0.008 —
< LL| | ] [ ‘ 1
* GL 1 [ ]
0007~ m 0.007 |~ =
C 1 C ]
0.006 E 4 0.006 e
og 0.005 E E i ﬁ i B g 0.005 B
E 3 L . ]
> 4 L L 4
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00025 4 8 12 16 000 0.01 0.02 003
t a(m +m_ )
q res
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» Statistical error
= shown previously (~ 10%)

» Finite volume errors
» Extrapolation errors

» Errors in renormalisation
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Statistical error
= shown previously (~ 10%)

v

Finite volume errors
Extrapolation errors

Errors in renormalisation

vV v vy

Still also have an error from using chiral perturbation theory,
difficult to quantify this

17 /27
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Finite Volume Error

0.008 S T T SR R
© 24°x64 ]
© 16°x32

0.007

0.006

mb
:F 0.005

» No noticeable effect

0.004

0.003

0.002
0

Tes
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Extrapolation Error

Proton decay matrix elements from
chirally symmetric lattice QCD

0.008 -
— 3 points

— 4 points

0.007
0.006

MU
¢ 0.005

0.004

0.003

0002l L
0

L
0.03

0.008

0.007

0.006

s 0.005

0.004

0.003

— 3 points
— 4 points
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NPR

» Non-perturbative MOM scheme renormalisation of the
Rome-Southampton group
» The renormalised operators are

OA = ZABOlgtt

ren

v

A and B label the spin structure, eg LL

ZAB is the mixing matrix

OLL and ORL mix with a 3rd operator QALY)
= Z4B is a 3 x 3 matrix

vy
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NPR

Proton decay matrix elements from
chirally symmetric lattice QCD

» Non-perturbative MOM scheme renormalisation of the
Rome-Southampton group
» The renormalised operators are

OA = ZABOlgtt

ren

» A and B label the spin structure, eg LL
» ZAB is the mixing matrix
» OLL and ORL mix with a 3rd operator OA(LY)
= Z4B is a 3 x 3 matrix
» Exponentially accurate chiral symmetry from Domain Wall
Fermions should suppress operator mixing

20 /27
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» We define the parity basis of operators SS-SP, PP-PS, AA+AV
» These are related to the chirality basis of operators we are
interested in via

1 1
LL = Z(SS+PP)_Z(SP+PS)

1 1

1 1
A(LV) = EAA_ 5(—AV)

» Hence Zc = TZpT %, where

1/4 1/4 0
T = 1/4 -1/4 0

0 0 12

21/27
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We want to calculate the non-perturbative amputated 3-quark
vertex function of these operators

Ghbe.apro(P?) = €25(CMarp M5y ( Q22 (P) QG (P) Q55 (P))

where

! Al

’ 1 7
wo = (Sarar(P)) " Sara(p)
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We want to calculate the non-perturbative amputated 3-quark
vertex function of these operators

Glbe.aps(P?) = e (Cwp M5y (Q2A(P) QB B(P) QS5 (P))

where

! Al

e = (S (P)) T Sand(p)

and I and I are the matrices which appear in OA
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» The renormalization condition in the RI-Mom Scheme is

Zq_3/2 MCA — 5BA

» Where the matrix M is,

2\ pB
gabc aﬂ'y(S( )'Dabc,ﬁaé',v

» and the projection matrices PabC Bao~ are chosen so that the
renormalization condition is satisfied in the free field case
where Z, =1 and = §B¢,
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» The renormalization condition in the RI-Mom Scheme is

Zq—3/2ZBCMCA — §BA

» Where the matrix M is,

2\ pB
gabc aﬂ’yé( )Pabc,ﬂozé'y

» and the projection matrices P;‘bcﬂa(h are chosen so that the
renormalization condition is satisfied in the free field case
where Z; = 1 and ZB¢ = §BC,

» ZAB can then be calculated from MAE using the
renormalization condition

23 /27
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MAB

1 3@ [ e e e
12:7 = LLLL o RL,RL 3
“E LL.RL RL,A(LV) E|
L1 o LLALV) o A(LV)LL E
% RL,LL o A(LV)RL El

1 T o ALV)ALV) 3

().9? Mmo =1
os E
o7 Bl b b b b b b 100
e
# E

) ) NN FENH NETE FEN NS FETE ENWN RN FNWE N FET S e
0 02040608 1 12141618 2 222426
2

p
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» Rotate the basis
» Perform a chiral extrapolation

» We match to the MS scheme at 2GeV

» This gives
UMS—att(2GeV) . = 0.662(10)
UMSIatt (2 GeV) g, = 0.664(8)

25 /27
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L L
% [1] Donoghue 82
) [2] Thomas 83
a 3] Meljanac 82
[4] loffe 81
ol (5] Krasnikov 82
g [6] loffe 84
a 7] Tomozawa 81 . .
1 Erodey o0 Putting all these pieces
(9] Hara 86
{10 Bowir 86 together we get
[11] Gavela 89
[12]4LQCD 00

ol [13] CP-PACS & JLQCD 04 > o= -00112(12)(22)

(2 [14] RBC 07

ey e » 3 =0.0120(13)(23)

Q= Nz

P S T S S SR
0.01 0.02 0.03

o (GeV?)
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» Example: Preliminary results for the Wtt(p — 7+ +v), on
the 163 x 32 lattice, with valence quark mass am, = 0.03
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