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Chiral Perturbation Theory describes the low energy
region, but is limited to use over a very small range of
quark masses. How can we overcome this?

Lattice QCD is difficult to evaluate at physical quark mass,
large volumes and small lattice spacings. We want to be
able to extrapolate current results to the physical point.

Using more of the available data often entails
scheme-dependence. But the lattice data themselves
provide guidance on the choice of scheme.

This will lead us to realizing the presence of an ‘intrinsic
energy scale’, embedded in lattice QCD data.
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Chiral Perturbation Theory (xPT) is a low energy theory
where gluons and quarks can be replaced by effective
degrees of freedom.

xPT provides a formal expansion in terms of low energy
momenta and quark masses.

The expansion is convergent if the quark mass is small so
that higher order terms are negligible. This is called the
Power Counting Regime (PCR).

Within the PCR, xPT is scheme-independent, and can be
used to connect lattice simulations to the real world.
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Chiral Perturbation Theory (xPT) is a low energy theory
where gluons and quarks can be replaced by effective
degrees of freedom.

xPT provides a formal expansion in terms of low energy
momenta and quark masses.

The expansion is convergent if the quark mass is small so
that higher order terms are negligible. This is called the
Power Counting Regime (PCR).

Within the PCR, xPT is scheme-independent, and can be
used to connect lattice simulations to the real world.

Outside the PCR, xPT is scheme-dependent, and should
not be used.
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@ The PCR is small; lattice results often extend outside the
PCR.
o Example: The leading order, low energy coefficients are
held fixed for different schemes.
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o A is the mass splitting Ma — My and w(k) = /k? + m2.
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N N N

=N = by +bymZ+ xymd + by myr +O(md)

T

, Y N My
= Ytaa = DymZ + bymi + xjm2 log m +O(m2)

o Note: each integral expansion has an analytic polynomial,
involving b;(A), and a non-analytic term.
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o The coefficients x , xa & X} are known,
scheme-independent parameters (related to g4, fr, etc).

o The coefficients b;(A) however, are scheme-dependent,
but they occur at the relevant chiral orders to renormalize
the residual series:

co = ap+b) +0b5,
co = ag+bY b5 +bY,
s = ag+bY +07 +bfl/, etc.

o These renormalized coefficients ¢; are scheme-independent.
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o The coefficients x , xa & X} are known,
scheme-independent parameters (related to g4, fr, etc).

o The coefficients b;(A) however, are scheme-dependent,
but they occur at the relevant chiral orders to renormalize
the residual series:

co = ap+b) +0b5,
co = ag+bY b5 +bY,
cy = a4+biv+b4A+bf;, etc

o These renormalized coefficients ¢; are scheme-independent.

My = (’0+(’2m —i—me —i—(°4m4

3
+ ( AXA+Xf>m 10g7+0( )
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o Here are the three dipole-like forms at A = 1.0 GeV:

u(k), A = 1.0 GeV
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0.5
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0.0

T T T T T T
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o Consider an extrapolation of data from PACS-CS, using a

dipole regulator with Ag;, = 1.0 GeV.

o (PACS-CS: non-perturbatively O(a)-improved Wilson

quarks, L = 2.9 fm).
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o Here is the best fit ¢o(GeV) renormalization flow.
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o Here is the best fit ¢o(GeV) renormalization flow.

o Notice that the correct value of ¢ is recovered exactly
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o Here is the best fit ¢o(GeV) renormalization flow.
o Notice that the correct value of ¢ is recovered exactly
when Ay, = Ageated,

dip

o Though it is tempting to read off the value of any ¢; as

A — oo,
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it is wrong (unless constrained to the PCR).

T T T T T T T T T T T
N ——m__ % =004 GeV®
N ——-m__ % =025 GeV®
N —-—m__ %=05 GeV?
- \ b o
— N
~N .
~ N
~ .
\\ \.

89
00020406081012141618202224
A

(GeV)



SUBATE)MIC . . .
¥  Evidence for an Intrinsic Scale

e

Jonathan Hall
Supervisors:
Derek
Leinweber &
Ross Young

o In the pseudodata test example, the optimal cutoff (by
construction) was recovered from the pseudodata
themselves.

Overview
Introduction

EFT for
Nucleons

Pseudodata

Intrinsic Scale

Quenched p
Meson

Magnetic
Moment

Electric
Charge Radius

Conclusion

18/ 44



\MIC N - N
%5 Evidence for an Intrinsic Scale

Jonathan Hall
Supervisors:
Derek
Leinweber &
Ross Young

o In the pseudodata test example, the optimal cutoff (by
construction) was recovered from the pseudodata
themselves.

Overview
Introduction

EFT for . . . .
Nirdtsrs o But do actual lattice QCD data have an intrinsic scale

Pseudodata embedded in them?

Intrinsic Scale

Quenched p
Meson

Magnetic
Moment

Electric
Charge Radius

Conclusion

18/ 44



SUBAT@E)MIC . . .
¥  Evidence for an Intrinsic Scale

Jonathan Hall
Supervisors:
Derek
Leinweber &

Ross Y« .
o Toune o In the pseudodata test example, the optimal cutoff (by
v construction) was recovered from the pseudodata
verview
, themselves.
Introduction
EFT for . . . .
Nirdtsrs o But do actual lattice QCD data have an intrinsic scale
Pseudodata embedded in them?
el o If so, it would indicate that the data contain information
eson } .
Magnetic regarding an optimal regulator.
Moment
Electric

Charge Radius

Conclusion

18/ 44



Evidence for an Intrinsic Scale

Jonathan Hall o Let us repeat our analysis for real lattice QCD results, eg.
Supervisors:
Derek JLQCD data:
Leinweber &
Ross Young
1.8 g T T T T T
Overview 1.7 _ _
Introduction : .
1.6 : _
EFT for
Nucl —~ - -
ucleons S 15 : .
Pseudodata §/ 14 b |
il z
Quenched p = 13 _ . 7
Meson :
. L2 | . + Lattice data T
Magnetic :
Moment 1.1 H -
Electric 1.0 : 1 1 1 1 |
Ch Radi .
sree macie 00 01 02 03 _04 05 06
Conclusion mﬂz (GeVz)

19/ 44



Evidence for an Intrinsic Scale

o Here is the renormalization flow for best fit ¢o(GeV) using
g iblig JLQCD data, working to chiral order O(m2) and using a
Derek H .
L dipole regulator:
Ross Young
12 T T T T T
Overview
—m__ . * = 027 GeV®
Introduction 1.1 ——-m 2 = 0.39 GeV?
T.max
EFT for ——-m__ %= 057 GeV®
Nucleons
10 F—%<
Pseudodata
£09
Quenched p
Meson
0.8
Magnetic
Moment
Electric 0.7
Charge Radius
Conclusion 0.6 L L L L L
0.0 0.4 0.8 1.2 1.6 2.0 2.4
A (Gev)
20/ 44




sum%‘
4
vmf\»t

Evidence for an Intrinsic Scale

Jonathan Hall
Supervisors:
Derek
Leinweber &
Ross Young

Overview
Introduction

EFT for
Nucleons

Pseudodata

Intrinsic Scale

Quenched p
Meson

Magnetic
Moment

Electric
Charge Radius

Conclusion

21 /44

o The intersection occurs at the same value of A for both ¢y

and co.
This is a highly significant result:

6.5 T T T T T
55 =
4.5
o35
25
= 0.27 GeV?
——-m,___ %= 039 GeV?
1.5 g2 ——-m, %= 057 GeV? |
05 Il Il Il Il Il
0.0 04 0.8 1.6 2.0 24
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o To obtain a quantitative measure of the intrinsic scale,

apply a x7j,;-style analysis...
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o Example plot: here is the result for Xéof obtained from ¢y
using JLQCD data, working to chiral order O(m2) and

using a dipole regulator:
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Overview regulator form

Introducti . . .
E"F:f”c o optimal scale  dipole double  triple

or

Nucleons Ascale 1.44 1.08 0.96
Pseudodata €0 ’}ILQCD

ASSLqen 1.40 1.05 0.94
Quenched p scale

paene AC(MPACSfCS 1.21 0.93 0.83
M i scale

oo e PACS_Ccs  1.21 0.93 0.83
Electri scale

Che:rtgeCRadius A(7[)-,CP_PACS 120 098 088

. scale
Conclusion ACQ,CP*PACS 119 097 087
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Loy B are missing points close to the chiral limit (mq = 0).
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o Here is the renormalization flow for ¢y using Kentucky
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o Inner error bar: systematic error from parameters.
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Sur;r;;ors: o Outer error bar: systematic and statistical errors in
Leinweber & quad rature.
Ross Young
0.98

Overview
Introduction 096
EFT for
Nucleons 094
Pseudodata %
Intrinsic Scale 9/ 092
Quenched p Sq
Meson 0.90 +
ngnn::f = original data
Tt 088 - ! + fin.vol. extrap 7
ectric : s
@rerie Rediins : inf.vol. extrap

. 086 N 1 1 1 1 Il
Conclusion 000 005 010 015 020 025 030

m_? (GeV?)

31/44



4
vmf\»t

Completing 'The Challenge’

Jonathan Hall
Supervisors:
Derek
Leinweber &
Ross Young

Overview
Introduction

EFT for
Nucleons

Pseudodata

Intrinsic Scale

Quenched p
Meson

Magnetic
Moment

Electric
Charge Radius

Conclusion

32/ 44

o Now, we ‘unblind’ the lattice results (red):
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o Here, the error bars are correlated relative to the lightest

data point in the original set, m2 = 0.143 GeV2.
o A factor of 10 times the computing time would be
required for further comparison.
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o Here is some lattice QCD data for 5%V from QCDSF

(Zanotti):
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o Extrapolations at different finite volumes, or infinite
volume, are now possible.

o We constrain
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o Extrapolations at different finite volumes, or infinite
volume, are now possible.

o We constrain m,L > 3.
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o Here is some lattice QCD data for (r?)°v from QCDSF

(Zanotti):
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o The renormalization flow of ¢ is

obtained:
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o The X?iof analysis shows an intrinsic scale of
ASe = 0.60 GeV (4-0.40 — 0.30) GeV :

Xt OF S
upper bound

lower bound
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o Extrapolations at different finite volumes, or infinite

volume, are now possible.
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