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Preface to the Series

The RIKEN BNL Research Center (RBRC) was established in April 1997 at
Brookhaven National Laboratory. It is fanded by the "Rikagaku Kenkyusho" (RIKEN,
The Institute of Physical and Chemical Research) of Japan. The Center is dedicated to the
study of strong interactions, including spin physics, lattice QCD, and RHIC physics
through the nurturing of a new generation of young physicists.

The RBRC has both a theory and experimental component. The RBRC Theory
Group and the RBRC Experimental Group consist of a total of 25-30 researchers.
Positions include the following: full time RBRC Fellow, half-time RHIC Physics Fellow,
and full-time, post-doctoral Research Associate. The RHIC Physics Fellows hold joint
appointments with RBRC and other institutions and have tenure track positions at their
respective universities or BNL. To date, RBRC has ~50 graduates of which 14 theorists and
6 experimenters have attained tenure positions at major institutions worldwide.

Beginning in 2001 a new RIKEN Spin Program (RSP) category was implemented at
RBRC. These appointments are joint positions of RBRC and RIKEN and include the
following positions in theory and experiment: RSP Researchers, RSP Research Associates,
and Young Researchers, who are mentored by senior RBRC Scientists. A number of
RIKEN Jr. Research Associates and Visiting Scientists also contribute to the physics
program at the Center.

RBRC has an active workshop program on strong interaction physics with each
workshop focused on a specific physics problem. Each workshop speaker is encouraged to
select a few of the most important transparencies from his or her presentation,
accompanied by a page of explanation. This material is collected at the end of the
workshop by the organizer to form proceedings, which can therefore be available within a
short time. To date there are eighty-three proceeding volumes available.

A 10 teraflops RBRC QCDOC computer funded by RIKEN, Japan, was unveiled at a
dedication ceremony at BNL on May 26, 2005. This supercomputer was designed and built
by individuals from Columbia University, IBM, BNL, RBRC, and the University of
Edinburgh, with the U.S. D.O.E. Office of Science providing infrastructure support at
BNL. Physics results were reported at the RBRC QCDOC Symposium following the
dedication. QCDSP, a 0.6 teraflops parallel processor, dedicated to lattice QCD, was begun
at the Center on February 19, 1998, was completed on August 28, 1998, and was
decommissioned in 2006. It was awarded the Gordon Bell Prize for price performance in
1998.

N. P. Samios, Director
March 2007
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INTRODUCTION

Thomas Blum and Amarjit Soni

The workshop was held to mark the 10th anniversary of the first numerical simulations of QCD
using domain wall fermions initiated at BNL. It is very gratifying that in the intervening decade
widespread use of domain wall and overlap fermions is being made. It therefore seemed
appropriate at this stage for some "communal introspection" of the progress that has been made,
hurdles that need to be overcome, and physics that can and should be done with chiral
fermions.

The meeting was very well attended, drawing about 60 registered participants primarily from
Europe, Japan and the US. It was quite remarkable that pioneers David Kaplan, Herbert
Neuberger, Rajamani Narayanan, Yigal Shamir, Sinya Aoki, and Pavlos Vranas all attended the
workshop. Comparisons between domain wall and overlap formulations, with their respective
advantages and limitations, were discussed at length, and a broad physics program including
pion and kaon physics, the epsilon regime, nucleon structure, and topology, among others,
emerged.

New machines and improved algorithms have played a key role in realizing realistic dynamical
fermion lattice simulations (small quark mass, large volume, and so on), so much in fact that
measurements are now as costly. Consequently, ways to make the measurements more efficient
were also discussed.

We were very pleased to see the keen and ever growing interest in chiral fermions in our
community and the significant strides our colleagues have made in bringing chiral fermions to
the fore of lattice QCD calculations. Their contributions made the workshop a success, and we
thank them deeply for sharing their time and ideas.

Finally, we must especially acknowledge Norman Christ and Bob Mawhinney for their early
and continued collaboration without which the success of domain wall fermions would not
have been possible.






David Kaplan
Institute for Nuclear Theory
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|I. Tedious Reminiscences: Anomal_ies _an_d DWF

Why was the Callan-Harvey pdper so exciting?

Because it was an example of a theory with
accidental low energy chiral symmetry:

® No relevant operator could spoil the chiral
symmetry, since LH and RH modes were
physically separated by P violating bulk mass
term

® The UV theory possessed no chiral symmetry at
all

® Anomalies were explicitly accounted for.

~ Applicable to lattice QCD? No interest in 1988.



Revived DWF as a theory for chiral gauge
theories (1992). Found that CH scenario works
perfectly on the lattice, with chiral symmetry
violating Wilson operators in the bulk.

Problem: on finite lattice need bizarre gauge
dynamics or explicit gauge symmeitry violation so
that gauge fields only see chiral mode instead of
vector.

Lattice exposes CH
error: Anomalous
current flow from one
side (with Golterman,
Jansen (1992))




One of the challenges for lattice SUSY is
the fact that SUSY theories typically
possess chiral symmertries.

‘@ N=1 SYM: Gauge + gaugino fields, classical U(1)
(broken by anomalies)

® N=4 SYM: Gauge + 4 gauginos + 6 scalrs, SU(4)
R-symmetry

Need accidental SUSY + accidental chiral
symmetry...compatible??



eLatticized Dirac-Kahler fermions are equivalent
to staggered fermions.

eStaggered fermions have a well defined
geometric significance

'Poin't group of the lattice lies in a nontrivial
subgroup of (Lorentz x Flavor)

*Key to SUSY lattices: staggered scalars, stagger
gauge bosons. Nontrivial lattice symmetry repps
can become quite different continuum reps



III. Pretentious Prognostications and My Thoughts of Last Week

A fundamental obstacle for more nucleons?
O(x,y) = u(x1) - - - u(xp)d(y1) - - - d(yn)

Correlator O(zl-)OT(zf) requires (m! x n!)
propagator contractions?!
Triton: 5! x 4! = 2,880
“He: 6! x 6! = 518,400
238U~ |0I5I6

No! Calculating <det[DY(xi,x;)]> for N
fermions...difficulty scales as N3, not N!

Can this observation help us with other aspects of
dense fermions?



241 flavor DWF QCD:
Zero and finite temperature ensembles and AS = 1 physics

Robert D. Mawhinney
For the RBC and UKQCD Collaborations!

During the last 10 years, studies of domain wall fermion QCD have progressed from quenched
simulations, to 2 flavor simulations, and now to 2-+1 flavor simulations. The residual mass (Myes)
in quenched simulations was markedly decreased by moving from the Wilson gauge action to the
Twasaki and DBW2 gauge actions. These actions smoothed the gauge fields at the lattice scale and
reduced the density of small dislocations, p(0), seen by the four-dimensional Wilson operator, that
govern the domain wall fermion modes that are not localized in the fifth dimension. The form for
the residual mass is seen to be

Maes ~ P(0)/ Ls + aexp(—aL,)/ L, (1)

Adding fermions and keeping the lattice spacing fixed requires simulations at smaller g values,
which leads to rougher gauge fields and a large value for p(0). Even with the DBW2 gauge action,
for 241 flavors the coarser gauge fields lead to values for my, that are similar to those obtained in
the quenched case with the Wilson gauge action.

The RBC and UKQCD collaborations have found that the Iwasaki gauge action provides a
reasonable balance between a small value for m. and the rate of tunneling of global topological
charge. Using the QCDOC computers, these collaborations have generated the ensembles shown
on the next page, except for the first ones which were generated on QCDSP. Many talks about the
physics of these ensembles will be presented at this workshop.

The earliest 2 flavor DWE QCD simluations were at finite temperature. Along with Pavlos
Vranas of IBM, we are now doing simulations of 2 and 241 flavor DWF QCD at finite temperature
on N; = 8 lattices. As we saw for earlier simulations with N, = 6, the N; = 8 evolutions show
noticeable fluctuations in (Y1) (second page). We are currently scanning f for 241 flavor DWF
QCD to determine the location of the finite temperature phase transition on 16% x 8 x 32 lattices.

We are measuring the matrix elements needed for a determination of X' — w7 decays, using
lowest order chiral perturbation theory, on our 24% x 64 x 16 2-+-1 flavor ensembles. The third page
shows our measurements. Page four shows the long plateaus we determine on our current lattices
for a AT = 3/2 amplitude and compares them with earlier results on quenched 16° x 32 x 16 lattices.
Page five shows our first results for the subtracted matrix element (7r+|Qéf1/ﬂ%) |[K™*). This matrix
element requires the subtraction of a power divergent quantity and we see relatively small statistical
errors from the data already accumulated.

IRBC Collaboration contibutors: Y. Aoki, C. Aubin, T. Blum, M. Cheng, N. Christ, S. Cohen, C. Dawson, T.
Doi, K. Hashimoto, T. Ishikawa, T. Izubuchi, C. Jung, M. 14, S. Li, M. Lightman, H. Lin, M. Liu, O. Loktik, R.
Mawhinney, S. Ohta, S. Sasaki, E. Scholz, A. Soni, T\ Yamazaki.

UKQCD Collaboration contibutors: C. Allton, D. Antonio, K. Bowler, P. Boyle, M. Clark, J. Flynn, A. Hart, B.
Joo, A. Juettner, A. Kennedy, R. Kenway, C. Kim, C. Maynard, J. Noaki, B. Pendleton, C. Sachrajda, A. Trivini,
R. Tweedie, J. Wennekers, A. Yamaguchi, J. Zanotti



Zero Temperature Ensembles

MD time
; -1 !
Volume a’ (GeV) (m,m_) m._ units
(0.02,0) 2680.5
16°x 32 x 12 1.69(5) (0.03,00) 10.00137(5) 3097.5
(0.04,00) 3252.5
(0.02, 0.04) 1797.5
3
16°x32 x 8 1.8(1) 0.04.0.04) | 0.0107(1) 1797 5
(0.01, 0.04) 4015
16°x32 x 16 1.62(4) (0.02, 0.04) 10.00308(4) 4045
(0.03.,0.04) 4020+3530 |
(0.005,0.04) 4500
' (0.01,0.04) 3785
3 —
24° x 64 x 16 1.6-1.7 (0.02.0.04) 0.0031 2350
(0.03.0.04) 2813
(0.004, 0.03) 500
3 - ~
32°x 64 x 16 2.1-2.2 (0.006. 0.03) 0.0005 200

First row is with DBW2 gauge action, all others use the Iwasaki action.



‘N, = 8 DWF Thermodynamics

e Preliminary simulations un-
derway on BGLs at Yorktown
Heights, Livermore and on 0.002 —r——r— e ,
QCDOC at CU. | Two flavors, p=2.2! V=168, 1,=32, m,-l—-o.oo4 -

e Considerable coding effort by
Jung, Vranas and Cheng.

e Vranas has scanned the transi-
tion for 2 flavors and sees fea-

tures in <ynp> just above T, | rL,L...J

e 241 flavor paramters estimat- | |
. 0.000 1 (] ] 1 ] ] ] 1 ]
ed from T=0 results - simula- 0 500 1000
tions underway by Cheng and R
Renfrew. |
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AS = 1 Measurements on 2+1 flavor, 24° ensembles

e Valence masses 0.001, 0.005, 0.01, 0.02, 0.03, 0.04
e Concentrating on.0.005/0.04 and 0.01/0.04 ensembles
e Large contributions by Tom Blum, Saul Cohen, Sam Li.

* 0.005/0.04 ensemble: 40 configurations separated by 80 MD time units
0.01/0.04 ensemble: 30 configurations separated by 80 MD time units

» Concentrating on lighter quark masses where NLO chiral perturbation
theory should be reasonable.

e Coulomb gauge fixed wall sources at t =5 and 59

» Random noise source of length 40 for pupil calculations
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Al = 3/2 Plateau Comparisons

Previous Quenched New 2+1 Flavor
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Boston 2002

Panel discussion on chiral #9299 (20023 Wilson farm
extrapolation (chaired by S. ~< Improved ¥iiison termion
Sharpe) e e e

 Chiral log not seen. 08| — u—0M:V (guadkatic

UL UL ML N

« Seaquark masses too large ;
for controlled extrapolation. 5o E
— Introduce a model g T E
dependence. 04f ~= 1= (chiral log + quad)| 3
— Extraction of LECs 08 20 ag 6
unreliable.

* Maybe, the standard yPT
not applied for Wilson
fermion (nor staggered)




Sl

Plan of this talk
1.-Overlap-DiraC 3. Pions and Kaons
operator  Low-Mode
« Spectrum of Hy, Preconditioning
» Topology conserving * Low-Mode Averaging
action | * Chiral log -
* Topology issues » Other targets
* Locality 4. g-regime
2. Dynamical overlap * Simulations
* Implementation/ * Eigenvalue spectrum
improvement » prospects

An overview: Details will be
covered by other members.
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Near-zero mode suppression

Obvious solution =

intfroduce unphysical Plaquette gauge,
(heavy negative mass)  P=5:83, u=0; p=5.70, p=0.2
Wilson fermions (vranas, e

JLQCD, 2008)
det H,, (—m, )’

— Qur choice
Hy (_'mo)2
Hy (=my)" + p*

det

{o minimize the effect in
UV region.




Ll

Parameters

=2.30, ¢=0.12 fm,

163x32

6 sea quark masses
m,=0.015 ... 0.100,

covering mJ6~m,
10,000 HMC traj.

~4.,000 with 4D
solver

~6,000 with 5D
solver

0=0 sector only,

except

0=-2, -4

runs at mq=0.050

history of v,

900 m_=0.015

200
700

600

750
Y
#

& 700

PR W RN FUNN YU SR ST T ST S SR S SN [T TN SN U
400 1000 15850 2000
HMC taj,
T V3 e gquUtocorrelation
T T T T
& plaguette |
le

20 E i
[
2.t a , .9 -
B [T 540

p—

Kaneko’s talk
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Chiral log?

Data points now Testing with
extended down to « mZ/m,
m,/6 with exact chiral « f
symmetry.

Is the chiral log seen?

N ) ) F & N2, Wilson fermian (2005)) |
L ~-- ¢hiral log (unconstrained) L
Loy N mo o we [FEEEST
f 2 (472'f)2 A2 A | & N2 ovedap fermiion (uew)| |
T T T
Y : 0 1
{ryfttpg

= Noaki’s talk
further tests
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Comparison with yRMT

yRMT

« Equivalent to yPT at the
LO in the s-expansion. ,| 2

» Predicts eigenvalues of .|, .=
D in unit of 22V
— (A )ZV =430
— (AYHZV =7.62

for N#2, 0=0.
e X may be exfracted from
average eigenvalues.

eigenvalue ratios

10
Nf=0, a=0

o
T

32 45

N=2,0=0
(m=3MeV)

N0, 0=2

@ 2
& e

flavor-topology duality

observed.

1_

08

oMy ZV)

02

cumulative density

06

04 r







QCD Simulations at Realistic Quark Masses:

Probing the Chiral Limit

G. Schierholz

Deutsches Elektronen-Synchrotron DESY

— QCDSF Collaboration —

Abstract — To better constrain the extrapolation of the lattice results to the chiral limit, and to catch
the physics of the pion cloud surrounding hadrons, simulations at realistic quark masses are necessary.
In this talk | report on recent simulations by the QCDSF collaboration of two-flavor lattice QCD at
small quark masses. Results are presented for a variety of observables. To guide the extrapolation,
contact is made with chiral perturbation theory, after correcting for finite size effects. Some of the
pertinent low-energy constants are computed and compared with phenomenology. For the first time
the rho mass is extracted from data below the two-pion threshold.




FS corrected

’I"()f() = 0179(2) y

T T | T T T I T T T Im‘
@ ]
O r,/a=6.95 7
O r,/a=6.16 |
O r,/a=5.85 i
1 1 I 1 1 i I 1 1 1 I 1 |
0.4 0.6 0.8
rom,

roAs = 1.82(7)

Mps/ Mpg(L)

1.05

0.95

0.9

Corrections




€C

Pion Decay Constant

FS corrected Corrections
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Determination of Scale
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Z 4 cancels, FS effects & leading log’s largely cancel

ro = 0.45(1) fm
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‘Physical’ Mass

2.6 T T T 1

2.4

2.2

IpIlly

O QCDSF

[ I T 1 T | T 1 T | T T 1 | T 1 T
L1 l L. 1 l 11 ] | 1Ll I |

1.6

(=]
—
[AV]
o

' 2 Bruns & Meissner
<romps)

kg 4k5 kz 92 ]{23
Effective range formula: — cot 617 = —2 (1 ——], I,=-"2"r — m,
w m20,



Chiral phase transition in large N QCD
with overlap fermions

R. Narayanan
Department of Physics, Florida International University, Miami, FL 33199.

H. Neuberger
Department of Physics and Astronomy, Rutgers University, Piscataway, NJ 08855.

Overlap fermions and domain wall fermions both use the hermitian Wilson-
Dirac operator, H,,, with negative mass as the kernel. Wilson fermions feel
gauge field topology and therefore are also sensitive to topology changing con-
figurations. One finds arbitrarily small eigenvalues of H,, and consequently,
one needs to go to large N; in domain wall fermions. There is also the need
to use projection operator for the correct evaluation of e(H,).

There is a bulk transition on the lattice in the large N limit at some lattice

coupling bg = ?,}N where the eigenvalue distribution of the Polyakov loop

opens a gap. The space of lattice gauge fields comes in disconnected pieces
for b > b and H,, does not have small eigenvalues. This along with the fact
that fermions in the fundamental representation are naturally quenched in
the large N limit makes it attractive to numerically study the chiral limit of
large N QCD using overlap or domain wall fermions.

Continuum large N gauge theory on a torus of size [ can occur in several
phases labeled as Xc with X = 0,1,2,3,4. There is a physical torus size
associated with each one of these transitions. .Chiral symmetry is broken in
the Oc phase in the large N limit of QCD. The theory in the 1lc phase behaves
like finite temperature large N QCD in the deconfined phase. The first order
deconfinement transition drives a first order chiral transition.

Simple minded random matrix models do not work in the chirally sym-
metric phase in contrast to the broken phase. One has to augment the
random matrix models with two more fluctuating random variables that are
correlated with the standard random matrix variables.

The above results are described in detail in the following papers:

1. J. Kiskis, R. Narayanan and H. Neuberger, hep-lat/0203005; hep-lat/0308033.

2. R. Narayanan and H. Neuberger, hep-lat/0405025; hep-th/0605173;
hep-lat/0612006.

3. J. Kiskis, hep-lat/0507003.
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1 Domain Wall Fermions and Overlap For-
malism 1992-1998

e Chiral fermions on the lattice using a mass defect: D. Kaplan: hep-
lat/9206013

e Anomalous currents flowing into an extra dimension: C.G. Callan and
J.A. Harvey, Nucl. Phys. B250 (1985) 427.

o Infinite number of Pauli-Villars regulators for the standard model: S.A.
Frolov and A.A. Slavnov, May 1992 preprint, Phys. Lett. B309 (1993)
344. _

o Infinite number of Wilson fermions can be used to realize one chiral
fermion: R. Narayanan and H. Neuberger, hep-lat/9212019

o Integrating out infinite number of fermions — Overlap formalism: R.
Narayanan and H. Neuberger, hep-lat/9307006

e Schwinger model — Test of the overlap formalism: R. Narayanan, H.
Neuberger and P. Vranas, hep-lat/9503013

o Can the results of the Schwinger model be reproduced using domain
wall fermions (finite number of Wilson fermions)?: P. Vranas, hep-
lat/9608078; hep-lat/9705023

e Domain wall fermions with ten wilson fermions (length of the extra.
direction) are enough to get the expected behavior in the chiral limit:
T. Blum and A. Soni: hep-lat/9611030

o There is an explicit fermion operator for vector-like theories in the
overlap formalism: H. Neuberger: hep-lat/9707022

o Spectrum of the hermitian Wilson-Dirac operator: R. Edwards, U.
Heller and R. Narayanan, hep-lat/9802016

2 A lattice phase transition at large N

e Let P € SU(N) denote the parallel transporter around a single pla-
quette.



The eigenvalues €%, k = 1,... N of P are gauge invariant and irde-
pendent of the point where the loop is opened.

Consider the quantity p(f)dé which is the probability of finding an
eigenvalue e in the range 6 < 65 < 6 + df for some k.

p(8) has no gap at lattice strong coupling and develops a gap around
8 = 7 as the coupling gets weaker on the lattice in the large N limit.

This is the bulk transition on the lattice and is a cross-over for finite
N.

It is the third order Gross-Witten transition in QCDy D. Gross and e.
Witten, Phys. Rev. D21 (1980) 446.

This transition continues to be third order in d = 3 (F. Bursa and’
M. teper, hep-th/0511081) and it is first order in d = 4 (J. Kiskis, R.
Narayanan and H. Neuberger, hep-lat/0203005).

The weak coupling side of this transition separates lattice gauge fields
into disconnected pieces. This prohibits topology changing configura-
tions in a typical local update algorithm. Global changes in the gauge
field are needed to change topology. Wilson fermions will not have
small eigenvalues unlike the case in finite N (J. Kiskis, R. Narayanan
and H. Neuberger, hep-lat/0203005).

Phases of large N QCD:

R. Narayanan and H. Neuberger, hep-lat/0303023; J. Kiskis, R. Narayanan
and H. Neuberger, hep-lat/0308033

Large N gauge theory on a continuum /* torus has several phases de-
noted by Xc¢. X ranges from 0 to 4 and corresponds to the number of
directions along which Polyakov loops are broken.

There exists a critical size [, that separates the Oc phase (I > [,) from
the 1c phase (I < ).

Continuum reduction holds in the Oc phase and the theory does not
depend on [.if I > l.. I, = 1/T, and physics is independent of the
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temperature 7" for T' < T,. Chiral symmetry is broken in the Oc phase
(R. Narayanan and H. Neuberger, hep-lat/0405025).

The theory in the lc phase behaves like finite temperature large N
QCD in the deconfined phase. The deconfinement transition drives
the chiral transition and chiral symmetry is restored in the lc phase
(R. Narayanan and H. Neuberger, hep-th/0605173) Numerical evidence
indicates that the phase transition from Oc to lc is first order (J. Kiskis,
hep-lat /0507033).

Numerical computation of the chiral con-
densate

Pick some L and choose b < b,(L) such that the theory is in the Oc
(confined) phase

No finite volume effects.
Keep b close to b.(L) to minimize finite spacing effects.

Use the overlap Dirac operator that respects exact chiral symmetry on
the lattice. Let A(u) denote the massive overlap Dirac operator with
1+ being the bare mass on the lattice.

=l i, (DA (s
‘We are working at a fixed lattice volume.
The first step is to the take the large N limit.
The second step is to take the massless limit.

Absence of finite volume effects means that ¥ does not depend on L at
the given gauge coupling.

Continuum limit is obtained by increasing b and suitably changing L
such that one is always in the Oc phase.

Let £i); with A1 < Xp < -+ < Ak be the eigenvalues of A(0).
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Consider the scales variables zj, = A\, ENL*

Extensive work in the area of chiral RMT has shown that the proba-
bility distributions, p(2x), are universal functions as L — co at fixed
N.

Compute the two lowest eigenvalues A; and As.

Check if the ratio r = % obeys the universal function dictated by chiral
RMT.

Find the common X that converts A; and Ay into z; and 2.

If we use T, ~ 0.61/0 = 264MeV (B. Lucini, M. Teper and U. Wenger,
hep-lat/0307017), and if we use pertu'rbati_xig tadpole improved esimates
for Zs in the MS scheme, we get & (19)M5(2GeV) ~ (174MeV)?

Restoration of chiral symmetry in the lc
phase
Fermions do matter in the 1c phase even in the 't Hooft limit.

Fermion determinant will depend on the “momentum” that is force-fed
in the broken direction.

In other words, boundary conditions in the temperature direction mat-
ters.

Let # be the phase associated with the U(1) that defines the boundary
condition with respect to the phase of the Polyakov loop in the broken
direction. Let § = 0 define anti-periodic boundary conditions.

The fermion determinant will depend on # and one hopes that fermions
will pick 8 = 0.

Consider the lowest eigenvalue of the overlap Dirac operator as a mea-
sure of the fermion determinant and look at this as a function of 6.

The data shows a gap in the spectrum for all 8 as long as T > 7,. This
shows strong interaction in the color space.

31




The gap is the biggest for § = 0.

We do not have a chiral Langrangian to motivate us toward a Random
Matrix Model in the chirally symmetric phase.

The lattice data does not agree with the predicition of standard random
matrix model.

In order to model the lattice data in the deconfined phase, we propose
the following relation:
Ay =0o'g+ [

where o and ' are two additional fluctuating variables. Let py; =
)‘j - )\1 and T)j = f] — gj-

We have
Inp; & Inn; +In(—a')

and this can be tested by looking for j independence of the LHS. The
lattice data is in agreement.

In order to look for fluctuations, we consider

Aj=Inpj— <lnp; >, 6 =lnn—<Ing > 6 =n(-¢)- <In(—a) >
~and obtain

< DNjAR > — < 8;0, >=< 67> + < 6(6; + ) >

The first term on the LHS is obtained from the data and the second
term on the LHS from the simplest, unextended, RMM.

If o were a fixed parameter, 6 = 0 and the LHS of the above equation
should be zero. The data is not consistent with this scenario.

If § and §; are not correlated, the LHS should come out independent
of j and k. The data is not consistent with this scenario.

o' and /' are fluctuating random variables that are correlated to the
rest of the random matrix model variables.
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The gap is the biggest for § = 0.

We do not have a chiral Langrangian to motivate us toward a Random
Matrix Model in the chirally symmetric phase.

The lattice data does not agree with the predicition of standard random
matrix model.

In order to model the lattice data in the deconfined phase, we propose
the following relation: '

Aj=0g+f

where o/ and [/ are two additional fluctuating variables. Let y; =
)\j—/\1 and 773':51_5_1'-

Inp; < Inn; +In(—d)

and this can be tested by looking for j independence of the LHS. The
lattice data is in agreement.

In order to look for fluctuations, we consider

Aj=lnpi— <lnp; >, 6; =Inn— <lnn; >, 6 =In(—a')— <In(—o/) >
~ and obtain

< AjAL > — < 8305 >=< 8* > + < 5(8; + &) >

The first term on the LHS is obtained from the data and the second
term on the LHS from the simplest, unextended, RMM.

If o' were a fixed parameter, § = 0 and the LHS of the above equation
should be zero. The data is not consistent with this scenario.

If 6 and d; are not correlated, the LHS should come out independent
of 7 and k. The data is not consistent with this scenario.

o/ and @' are fluctuating random variables that are correlated to the
rest of the random matrix model variables.
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Domain Wall Fermions
and other 5D Algorithms

A D Kennedy
University of Edinburgh

All the algorithms we have for chiral lattice fermions can be
formulated as a rational approximation to Neuberger's
operator, and a for a large class of such methods including
DWF this approximation is the Schur complement of a five
dimensional linear system. We compare the merits of
implementing such five dimensional systems using four or
five dimensional pseudofermion fields
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Neuberger's Operator

N U |
« All ‘t.he methods that are used to put

chiral fermions on the lattice are rational
approximations to Neuberger’s operator

D (,u,H)=—%-[1+,u+(1—lu)yssgn(H)J 4/\

— They are not just analogous, there is a
well-defined mapping between them
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Disadvantages of 5D
pseudofermions

* |Introduce extra noisé into the 4D world

— Letting the 5D pseudofermions cancel
stochastically with their Pauli-Villars partners
(“pseudo-pseudo-fermions”) is a very bad idea

— Cancelling them explicitly is better, but one is still
has L-7 unnecessary noisy estimators of 1

— These increase the maximum force on the 4D
gauge fields and force the MD integration step-
size to be smalier
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Disadvantages of 5D
pseudofermions

» Extent of the fifth dimension is fixed
—At least over an entire HMC trajectory

—With 4D pseudofermions one can adjust
the degree of the rational approximation
at each MD step to cover the spectrum
of the kernel with fixed maximum error
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Disadvantages of 4D
Pseudofermions

» Cannot evaluate roots of Neuberger operator

We cannot use the multishift solver techniques used with 5D
pseudofermions because we would need constant shifts of the
4D operator and not the 5D one

Not obvious how to implement odd number of flavours efficiently
with 4D pseudofermions

Not obvious how to use nt" root RHMC acceleration trick
+ But we can still use Hasenbusch’s technique

These techniques can be implemented using nested 4D CG
solver with multishift on both inner and outer solvers
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Desiderata & Conclusions

« It would be nice to make progress in the following areas
— Express nitroots of Neuberger operator as a 5D system

— Work out how to systematically improve the condition number of
5D systems |

The Schur complement of a 5D system is uniquely defined, but
there are many 5D matrices with the same Schur complement

With each class of such 5D maitrices it is often possible to greatly
change the condition number by fairly simple transformations

It would be nice to know how to do this systematically

The evidence at present indicates that better approximations (e.g.,
Zolotarev rather than tanh) are not intrinsically worse conditioned



Speeding up Domain Wall Fermion Algorithms using QCDLAB

Artan Borici *
Physics Department, University of Tirana
Blvd. King Zog I, Tirana-Albania
borici@fshn.edu.al

Abstract

Simulating lattice QCD with chiral fermions and indeed using Domain Wall Fermions continues to be challenging project
however large are concurrent computers. One obvious bottleneck is the slow pace of prototyping using the low level coding
which prevails in most, if not all, lattice projects. Recently, we came up with a new proposal, namely QCDLAB, a high level
language interface, which we believe will boost our endeavours to rapidly code lattice prototype applications in lattice QCD using
MATLAB/OCTAVE language and environment. The first version of the software, QCDLAB 1.0 offers the general framework on
how to achieve this goal by simulating set of the lattice Schwinger model http://phys.fshn.edu.al/gecdlab. html.
In this talk we introduce QCDLAB 1.1, which extends QCDLAB 1.0 capabilities for real world lattice computations with Wilson
and Domain Wall fermions.

*Invited talk given at the "Domain Wall Fermions at Ten Years’, Brookhaven National Laboratory, 15-17 March 2007
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1 The challenge of Domain Wall Fermions computations

Lattice chiral symmetry is an important ingredient for light fermion physics. In the early 1990s there were generally two seem-
ingly different formulations of chiral fermions on the lattice: Domain Wall Fermions {Kaplan 1992, Furman and Shamir 1995]
and Overlap Fermions [Narayanan and Neuberger 1993, Neuberger 1998]. Introduction of Truncated Overlap Fermions {Borici 2000c],
a generalisation of Domain Wall Fermions, made possible to establish the equivalence between these formulations [Borigi 2000,
Borigi 2005a]. More recently, Moebius Fermions [Brower ef al 2004}, a parametric generalisation of Domain Wall Fermions,
allow for more flexibility in reducing the chiral symmeiry breaking effects.

Either way, the lattice chiral fermion requires the introduction of an extra dimension coupled to the four other dimensions
of the standard lattice theory. Hence, Domain Wall Fermions, as a 5D problem, poses a computational challenge. Well known
algorithms knowing to be working for standard fermions are no more useful and one is forced to use CGNE, which converges
slowly. Therefore, it is important to search for faster algorithms. In this talk, we present QCDLAB 1.1, an algorithmic research
tool for 4 and 5 dimensional fermions. The tool, a MATLAB/OCTAVE based environment, allows fast prototyping of linear
algebraic computations and thus accelerates the process of finding the most efficient fermion algorithm.

2 The philosophy behind QCDLAB

Lattice QCD, an industrial-range computing project, is in its fourth decade. It has basically two major computing problems: sim-~
ulation of QCD path integral and caleulation of quark propagators. Generally, these problems lead to very intensive computations
and require high-end computing platforms.

However, we wish to make a clear distinction between lattice QCD prototyping and production codes. This is very important
in order to develop a compact and easily manageable computing project. While this is obvious in theory, it is less so in lattice
QCD practising: those who write lattice codes are focused primary on writing production codes.

The code of a small project is usually small, runs fast, it is easy to access, edit and debug. Can we achieve these features for
a lattice prototyping code? Or, can we modify the goals of the lattice project in order to get such features? In our opinion, this
is possible for a prototyping code, a minimal possible code which is able to test gross features of the theory and algorithms at
shortest possible time and largest acceptable errors on a standard computing platform. This statement needs more explanation:

a. Although it is hard to give sharp constraints on the number of lines of the prototyping code, we would call “minimal” that
code which is no more than a few printed pages.

b. The run time depends on computing platforms and algorithms, and the choice of lattice action and parameters. It looks
like a great number of degrees of freedom here, but in fact there are hardly good choices in order to reduce the run time
of a prototyping code without giving up certain features of the theory. Again, it is difficult to give run times. However, a
“short” run time should not exceed a few minutes of wall-clock time.

¢. We consider a computing platform as being “standard” if its cost is not too high for an academic computing project.
p 3 g proj

d. We call simulation errors to be the “largest acceptable” if we can distinguish clearly signal form noise and when gross
features of the theory are not compromised by various approx imations or choices.

e. Approximations should not alter basic features of the theory. The quenched approximation, for example, should not be
considered as an acceptable approximation when studying QCD with light quarks.

A prototyping code with these characteristics should signal the rapid advance in the field, in which case, precision lattice
computations are likely to happen in many places around the world. Writing a minimal prototyping code is a challenge of three
smarts: smart computers, smart languages and smart algorithms.

QCDLAB project is based on the philosophy described above. In the following we first describe briefly QCDLAB 1.0 and
then the 1.1 version.
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3 QCDLAB1.0

QCDLARB is a high level language tool a collection of MATLAB functions for the simulation of lattice Schwinger model. It can
be used as a small laboratory to test and validate algorithms. In particular, QCDLAB 1.0 serves as an illustration of the minimal
prototyping code concept.

QCDLAB 1.0 can also be used for newcomers in the field. They can learn and practice lattice projects which are based on
short codes and run times. This offers a “learning by doing” method, perhaps a quickest route into answers of many unknown
practical questions concerning lattice QCD simulations. '

The next two sections describe basic algorithms for simulation of lattice QCD and foundations of Krylov subspace methods.
Then, we present the QCDLAB 1.0 functions followed by examples of simple computing projects. The last section outlines the
future plans of the QCDLAB project.for lattice QCD computations. It is based on the MATLAB and OCTAVE language and
environment. While MATLAB is a product of The MathiWorks, OCTAVE is its clone, a free software under the terms of the
GNU General Public License. : .

MATLAB/OCTAVE is a technical computing environment integrating numerical computation and graphics in one place,
where problems and solutions look very similar and sometimes almost the same as they are written mathematically. Main
features of MATLAB/OCTAVE are:

e Vast Build-in mathematical and linear algebra functions.

o Many functions form Blas, Lapack, Minpack, etc. libraries.

o State-of-the-art algorithms.

o Interpreted language.

. Dynamically loaded modules from other languages like C/C++, FORTRAN.

QCDLAB 1.0 is

e General functions:
- Solvers:'BiCGgs, BiCG@stab, CG, CGNE, FOM, GMRES, Lanczos, SCG, SUMR
~ Data processing: Autocorel, Binning.

o Specialised functions for the Schwinger model:
- Simulation; HMC_W, HMC.KS, ForceW, Force.KS

— Operators: Dirac XS, Diracr, DiracW, cdot5

— Measurements: wloop

a collection of functions for the simulation of lattice Schwinger model. Tt can be used as a small laboratory to test and validate
algorithms. In particular, QCDLAB 1.0 serves as an illustration of the minimal prototyping code concept.

QCDLAB 1.0 can also be used for newcomers in the field. They can learn and practice lattice projects which are based on
short codes and run times. This offers a “learning by doing” method, perhaps a quickest route into answers of many unknown
practical questions concerning lattice QCD simulations. It contains the following MATLAB/OCTAVE functions:

Autocorel BiCGg5 BiCGstab Binning cdot5

cG CGNE DiracKS Dirac.x DiracW
FOM Force XS ForceW GMRES HMC_KS
HMC.W Lanczos  SCG SUMR wloop

The functions can be grouped as in the following:

o General functions:

~ Solvers: BiCGg5, BiCGstab, CG, CGNE, FOM, GMRES, Lanczos, SCG, SUMR

— Data processing: Autocorel, Binning.

o Specialised finctions for the Schwinger model:
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— Simulation: HMC.W, HMC._KS, ForceW, Force KS
— Operators: Dirac XS, Dirac.r, DiracW, cdoth

— Measurements: wloop

In order to get started with QCDLAB 1.0 one can run the following three prajects:
e For Matlab: MProjectl, MProject2, MProject3
e For Octave: OProjectl, OProject2, OProject3

The user is required to download these m-files to the working directory of MATLAB/OCTAVE and then type the correspond-
ing project names in the MATLAB/OCTAVE environment. The first project is a simulation project, the second one is a linear
system and eigenvalue solver project, whereas the third one is a linear system and eigenvalue solver project for chiral fermions.

For more information on QCDLAB 1.0 the reader is referred to the complete documentation available at the project web page
http://phys.fshn.edu.al/gcdlab.html.

4 QCDLAB1.1

As stated in the first section, the goal of the QCDLAB project is to create an algorithmic prototyping environment for lattice
QCD computations. This goal has no ending station, but rather it is a process which will enhance the computing capabilities as
the time goes on. The first step in this direction is the 1.1 version. It offers new functionality for 4D and 5D computations at the
linear system and eigenvalue solver level. The new functions are:

cdot5 Dirac4 Initialise Dirac W InversePower
Mult Dirac_W Mult_Dirac W_H Mult DWF Mult_DWF_H
mult_gammas P5minus P5plus PowerMethod

There are two ways to implement the Wilson operator:
o Classical way of matrix-vector multiplication using Mult Dirac W, Mult Dirac W.H
e Creation of a sparse matrix using Dirac4

In the first case one needs to initialise the Wilson operator using the Tnitialise Dirac W function and to hack inversion
solvers of QCDLAB 1.0 in the place where the multiplication with A takes place, eg.

A+x — Mult DiracW(x)

The same comment is for the Domain Wall Fermion matrix-vector functions Mult_DWF, Mult DWF_W. Note that the 1.0
version of the cdot 5 function is now redefined for the 4D fermion theory and is included in the 1.1 version. Other useful func-
tions are multiplication of a 4D-vector by -v5: mult_gammas, the chiral projection functions applied to 4D-vectors: P5minus,
P5plus.

Gauge field data structure

Both Dirac4 and Initialise Dirac.W need the gauge field, which must be supplied as a set of four matrices: ul, u2, u3,
u4. Each gauge field component is a 9NV x 2 matrix, where IV is the total number of lattice sites. The first column is the real part
and the second the imaginary part of the particular SU(3) matrix element. Note that, if reshaped, the most inner dimensions of
gauge field component are 3 x 3 matrices, i.e.

reshape{ul,3,3,N,2}

The user should care to organise the gauge field data in this way for the QCDLAB functions to work as required.

Sparse Wilson matrices

In case one want to create a sparse Wilson matrix one uses the Dirac4 function:
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function A=Dirac4 (ul,u2,u3,u4);

% Constructs Wilson-Dirac operator

mass=0; N1=8; N2=8; N3=8; N4=16; N=N1x+N2xN3«xN4;
% Gamma matrices

gammal = [0, O, o,-i; o, 0,-1, 0; o0, i, 0, 0; i, 0, O, 0];
gamma2z = [0, 0, O,~1; ©, 0, 1, 0; 0, 1, 0, 0; -1, 0, O, O];
gamma3 = [0, O0,-i, 0; ©O, 0, 0, 4; i, 0, O, O; 0,-i, 0, 0];
gamma4 = [0, 0,-1, 0; ©0, 0, 0,-1; -1, 0, O, 0; O,-1, 0, 0];

% Projection operators

Pl _plus = eye(4)+gammal; P1_minus=eye (4) ~gammal;

P2 _plus = eye(4)+gamma2; P2_minus=eye(4)-gamma2;

P3_plus = eye(4)+gamma3; P3_minus=eye (4)-gamma3;

P4_plus = eye(4)+gammas; P4_minus=eye (4) -gammas;

% Shift operators )

pl=[N1,1:N1-1]; p2=[N2,1:N2-1]; p3=[N3,1:N3-1]; p4=[N4, 1:N4-1];

Il=speye (N1); I2=speye(N2); I3=speye(N3); I4=gpeye (N4) ;

T1=I1(:,pl); T2=I2(:,p2); T3=I3(:,p3); T4=I4(:,p4);
El=spkron(I4,spkron(I3,spkron(I2,spkron(TL, speye(3)))));
E2=spkron(I4,spkron(I3,spkron(TZ,spkron(Il,speye(B)))));
E3=spkron(I4,spkron(T3,spkron(I2,spkron(Il,speye(3)))));
E4=spkron(T4,spkron(I3,spkron(I2,spkron(Il,speye(B)))));

% Gauge Field configuration {ul, u2, u3, us}: 9#N by 2 matrices

I_N=speye(N);

[I,J]=spfind(spkron(I_N,ones(3)));

Ul=sparse (I,J,ul{:,1)+i+ul(:,2),3%N,3N);

U2=gsparse(I,J,u2(: 1)+i*u2( 2) 3«N,3xN) ;

U3=sparse(I,J,u3 (:,1)+i%xu3(:,2),3+N, 3+N) ;

Ud=sparse (I, J,ué (: 1)+1*u4( 2) ,3%N,3%N) ;

% Upper triangular

U=spkron (P1_minus,UL+E1l) +spkron (P2_minus, U2+E2) +spkron (P3_minus,U3xE3) +spkron (P4_minus, U4xE4) ;
% Lower triangular

L=spkron (P1_plus Ul*E1)+spkron(P2_p1us ,U2+E2) +spkron (P3_plus ,U3xE3)+spkron(P4_plus ,U4xE4);
FM=U+L’ ;

A—(mass+4)*speye(12*N)—0.5*(U+L’);

% Copyright (C) 2006-2007 Artan Borici.

% This program is a free software licensed under the terms of the GNU General Public License

Eigenvalue solvers

The 1.1 version comes with two eigenvalue solvers: PowerMethod, InversePower, which are implementations of the
methods with the same name. They can be used for the Hermitian eigenvalue problems. For example, if one would like to
compute the smallest eigenvalue of the Hermitian Wilson operator one can use the InversePower function:

function [v,lambda,rr]=InversePower (b,x0,tol,nmax)
% Inverse power method for the Hermitian Wilson operator
v=b/norm(b); rr=I[1;
while 1,
u=bicg5(v,x0,1e-6,1000);
u=mult_gammas (u) ;
lambda=v' *u;
r=v-u/lambda;
ranorm=norm(r) ; rr=[rr;rnorm];
if rnorm<tol, break, end
v=u/norm(u) ;
end
% Copyright (C) 2006-2007 Artan Borici.
% This program is a free software licensed under the terms of the GNU General Public License
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Domain Wall Fermion operator

The Mult _DWF implements the Domain Wall Fermion operator

1- Dw P, —mP_
M= P_. 1-Dw
. . Py
—ﬂnf@ P ﬂ——[hv

applied to a vector:

function y=Mult_ DWF (x,N5) ;
% Multiplies a vector by the Domain Wall Fermion matrix
global N mass_dwf

x=reshape (x,12+N,N5) ;
%
y(:,1)=x(:,1)-Mult Dirac W(x(:,1))+P5plus(x(:,2))-mass_dwf+PSminus (x(:,N5));
for j5=2:N5-1;
vi(:,35)=x(:,35)-Mult_Dirac W(x(:,j5))+P5plus(x(:,j5+1))+P5minus (x(:,]5-1));
end
y(:,N5)=x(:,N5)-Mult_Dirac_W(x(:,N5))-mass_dwf+P5plus(x(:,1))+P5minus (x(:,N5-1));
x=reshape (x, 12+N«N5,1) ;
y=reshape (y, 12«N«N5,1) ;

g

e

Copyright (C) 2006-2007 Artan Borici.
This program is a free software licensed under the terms of the GNU General Public License

e
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Moebius DW Fermions

& |
Ward-Takahashi identities”

Richard C. Brower

Brookhaven Nat’l Lab. Ides of March, 2007

‘RCB, Hartmuf Neff and Kostas Orginos
hep-lat/0409118 & hep-lat/0703XXX
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Moebius Generalization

(bs + c5) Dy(Ms)

DMobz'us(M5) — > F (b5 _ CS)Dw(MS)
— o GJS‘Dw(MS)
2 + CLSDw(M5>
= a Dgpamir(Ms)
Since elax] = €|x]

Moebius is an new (scaled) polar algorithm

Parameters: M, , a,=b;—c,and scale:a= b, + c,




Ly

mres

16° x 32 Gauge Lattice @ =6&m =0.44
' Shamir, M5=1.8, ag=1.0 —&A—
a=20 —@—
0001 3 OL=25 . ]
o=3.0 —@—
L.=12 a=235—@—
o=4.0 —@—
# L =24 a=45 —@—
L =32
_1eﬁ.
.0001 ]
0.000 + L=96.
L =24
L =32
1e-05 : — ' |
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Number of Dirac applications
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DW/Overlap Equivalence:
(O(a, @) pw = (O, ¥))ov

where ¢ = [PTW]; |, @=[¥Dpy ()Pl
—\ | 1 _ -
= ‘<qul’> = [-- ']:cl,yl = Dy (m)a:y = Wy%c)
- D;lm) 0 0 .- 0]
1 XoD M (m) 1 0 --- 0
2l Dpw(D)P=| X3Dz'(m) 0 1 ... 0O
Dpw(m)
| X Dgi(m) O O .-+ 1 |

note: Standafd . |
7=[O(-DWyp)y  F @) = Do ()~ 1]
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Application of DW/ overlap equ to currents

<Jﬁv($)”¢y$Z>0v — <J£W($)Qy§z>DW
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Model for m dependénce on &L,

mres = 3 p(A) ALA)  p() = </\'Goma>'/\> >0
A | ZA(MGOUGOUIM

() has negligible dependence on andlL,

Mres ™ / dn()) p(A) A1 (a))

4
>0
2+ [{E17E + [f5R1F
e~ LIogl(1+A)/(1=-M]  for O(L™ 1) <A< O(L)

AN = AAL(H)N) =
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Gap domain wall fermions

P. Vranas
IBM Watson Research Lab

Summary: | present the gap domain wall fermion (GDWF) method. | show
that GDWF induce a substantial gap in the transfer matrix Hamiltonian
along the fifth dimension. As a result they significantly improve the chiral
properties of domain wall fermions in the large to intermediate lattice
spacing regime of QCD, 1 to 2 GeV. Furthermore, | argue that this method
should also improve the chiral properties of related lattice fermions

[P.M. Vranas, hep-lat/0606014]
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Gap Domain Wall Fermions

Improve DWF in the region 1 GeV < a'1<2 GeV.

Since the problem occurs when H(m,) is small

- multiply the Botzman weight with: det[H(m,)] = det[D(-m)]

This is the same as inserting Wilson fermions with heavy mass in the supercritical
region (for example my = 1.9). | will use 2 flavors.

This will forbid zero crossings at m, and therefore enlarge the gap and reduce the
residual mass.

It will suppress instantons-with size near the lattice spacing WhICh are a lattice
artifact (dislocations).

Must check that the added Wilson fermions:
= have hadron spectrum above the cutoff and are therefore irrelevant.

= do not break parity (Aoki phase).

= allow crossings due to instantons/anti-instantons with sizes > a (active topology).



Quenched DWF, GDWF scale matching

® DWF data (diamonds) are from [RBC, PRD 69 (2004) 074502].

& Matching is better than 5%.
@ Use the rho to set the scale.

—I 1 I T 1T 1 I L T 1T 1 II—
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g | % : l
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_ z
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m, (2 flavors)
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The residual mass

mres

107%

108

al=1.0GeV

a'l=1.4GeV

Ennlnlununlnnlnlnnl|[|||E [ S B |||||.||_
. B=5R/44 . 102 ' £-5.85/4.8 -
- . 1 E 4.. §
N ] 109 . —
A ] E . E
i 1 3 . ]
— * p—
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-IIII|||IIl|III]IIIIIIII- :IIII|I|II|III:
[y 10 g0 30 40 0 R0 40
al=2.0GeV
TT TP )Tt LU UL DL
2] I I 1]
10 E #=8.0/48 E
107 = —
n = o 3
- " ' 1 DWF
8 1t ‘ -
L . ]
1070 = 3
: * 3 GDWF
b bovee b b b
¢} 10 B0 30 40
LE

m,=0.02 and m, = 1.9

DWF
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Net topology change

GDWF may reduce the net-topology sampling of the traditional HMC
because it forbids smooth deformations of topological objects The
eigenvalue flow can not cross m,.

This is only an algorithmic issue. We need algorithms that can tunnel
between topological sectors.

The same problem occurs in QCD anyway with or without GDWF. The
QCD topological sectors are separated by energy barriers that become
infinitely high as we approach the continuum. We have not been to
small enough coupling yet in QCD to see the phenomenon.

GDWEF resemble continuous QCD in this way even more.

In many cases net-topology change is not important provided one uses
a large enough volume (see H. Leutwyler, A. Smilga, Phys. Rev D 46
(1992) 5607).

It is important to see crossings in the larger-instanton regime since they
confirm a topologically active vacuum. The net index may be fixed but
the appearance/disappearance of instantons/anti-instantons is a
property of the QCD vacuum and has to be there. Obviously then for
large enough volumes cluster decomposition ensures correct physics.
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Approaching the Chiral Limit with Dynamical
Overlap Fermions

T. Kaneko for the JLQCD collaboration

1High Energy Accelerator Research Organization (KEK)

2Graduate University for Advanced Studies

“Domain Wall Fermions at Ten Years”, March 15-17, 2007

O R - B B YAl

T.Kaneko Approaching the chiral limit with dynamical overlap fermions
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properties

B

0.1 basic properties of HMC

area preserving reversibility
AH at mge;=0.025 AU vs ¢
100~ T T T TTr T T T T T
: 1.00-04 8 E
= 1-00-08] 2 B
] 2 | B
B 1.0e-08F $ E
] 8 ; © m,,,=0.050
1.0e-10F o m,,,=0.015 -
B T R Ny N:lsg;o?raj. 4060 000 6000 qulrg el 1;%6 sl

@ a few spikes per 0(10,000) AU=/Y[U(r+1-1)—U(7)?/Naot
trajectories: Pypike S0.03 % ¢ stop. cond. for MS/overlap solver

@ (exp[-AH])=1inall runs @ AU < 1078: comparable to
@ does not need “replay” trick previous simulations
[~ I v L= Ay

T.Kaneko Approaching the chiral limit with dynamical overlap fermions
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P

timing

0.2 effts o low modes of D,,

M“V»H V8 Misea |>\ov,min[ V8 Misea
1000 T T T T T Ty T T T
082 o8
“\ T Mg 3ob \ T My ]
L i N : = \,
800 RPN -\
Py \.
. \ — LIN
H D) F \
z 800 . . < 20| N i
\, = LS
. - S
\\\ ~.
400(- “Seeo - Rt
~~~~~ 101 e
R e S —
00 L ' ' ' L ~ 1 L | i ' 1
0.00 0.02 0.04 0.06 0.08 0.10 012 0.00 0.02 0.04 '%08 0.08 0.10 0.12
m
sea 50

@ as approaching o e-regime
cost is governed by Aoy min rather than ms.,

@ too small volume?
Mps L=2.7, exp|[—Mps L] = <1-2% effects on Mpsg
larger L for mse., < 0.015

T.Kaneko Approaching the chiral limit with dynamical overlap fermions
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#D,, mutt/ traj

0.2 timing

# DW mult vs MMgea

;.
2
&
H
T

»

&

8
T

L !
0.02 0.04

Y —
0.06

sea

1
0.08

CPU time [min] on BG/L x10 racks

HMC-4D HMC-5D
Misea traj.  time | traj.  time
0.015 | 2800 6.1 | 7200 2.6
0.025 | 5200 4.7 | 4800 2.2
0.035 | 4600 3.0 | 5400 1.5
0.050 | 4800 2.6 | 5200 1.3
0.070 | 4500 2.1 | 5500 1.1
0.100 | 4600 2.0 | 5400 1.0

T.Kaneko

mild mees dep. of Niyy u and Nyp

4

CPU time x 1/my %, W/ a~0.53

g

naive expectation: Niny o 1/mMsea,
Nwvp x 1/msea

BG/L x 10 racks x 1 month
= 4000 traj. at all niges

Approaching the chiral limit with dynamical-overiap fermions
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0.3 autocorrlation

Tint VS Mgea
80 . S
@ plaquette
- Nlrw
801
e 40 % i
201 N
.
e, ® I f H
8o 0.05 0.10
msea
history of Niqy 1
1000 e —
m,,,=0.016 1 m,,,=0.036 m,=0.100  {
800 - 4+ 4
Z e0o- L 1 N
=4
400l L - -
1 ] 1
200 7000 000 0 1000

HMC traj.

T.Kaneko

@ plaquette: local

= small m, dependence
@ Nin,u: long range

= rapid increase as my; — 0
= may need large statistics

history of on,min/(/\ov,min>

18 —— — — ;
m,,,=0.015 m,_=0.035  |[m, =0.100
18 “r -
A
s
g
z 14
]
£
=12 1k R
1.0 Adanilh
1 1
3] 100 0 100

Approaching the chiral limit with dynamical overlap fermions
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1. summary

summary summary

@ algorithm for JLQCD’s dynamical overlap simulations

@ Hasenbusch precond. + multiple time scale MD + - - -
@ 5D solver .
o axira-Wilson fermion o suppress (near-)zero modes
= cheap approx. for sgn[Hw], = turn off reflection/refraction

@ effects due to fixed (global) topology (R.Brower et al., 2003)

o topological properties (i,...) = talks by T-W.Chiu, T.Onogi
o (Q-dependence of observables <« simulations w/ Q#0
@ suitable for e-regime = talk by S.Hashimoto

@ on-going/future plans

@ spectrum/matix elements = talks by J.Noaki, N.Yamada

o simulations of Ny =3 QCD
o extend fo larger volumes

T.Kaneko Approaching the chiral limit with dynamical overlap fermions
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ical Susceptibilty in the Trivial Sector
cal Susc verinn

iU
| Taiwan University

T.W. Chiu, Topological Susceptibility — p. 3




Lattlce Setup (See Talks by Hashlmoto Kaneko, and Onogl)

@_ Lattlcef SIZG.‘? AN
tion at 3 = 2.30
irac operator with mg = 1.6 -

|d} pse‘ud‘c)fermions

T.W. Ghiu, Topb!ogical Susceptibility - p.3
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Preliminary Results (using 396 confs for each m.,)

B

o B

time-correlation function

= > (pla)p(z2))

| @1,22

16°x32, p=2.30, m, = m__ = 0.015

p1 (X) =m tr[’YS(Dc+m)-1]x,x
no. of configurations = 396

no. of low-lying eigenmodes = 50+50

RRITHTL

T
10 156 20 25 30

t

JLOCD-TWOCDH ColIalbcm(ianlecmzwnibzsulmseaoﬁ15
T T

T.W. Chiu, Topological Susceptibility — p.
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Topological Susceptibility

16°x32, p=2.30, m__=m_

val” ' 'sea

p4(x) = m trl y5(D+m)"],
no. of configurétions = 396

no. of low-lying eigenmodes = 50+50

!

ILQCD-TWQCD C:
I

0.04 0.06
am

T.W. Chiu, Topological Susceptibility — p.
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Realization of Leutwyler-Smilga relatio

16°x32, B=2.30

T
2.0e-5 4.0e-5

(am)(@°z)/n,
In the limit m — 0, xt0p — mE/nf, in agreement with the
Leutwyler-Smllga relatlon 1 ‘

. E e E ! : T.W. Chiu, Topological Susceptibility — p.g




B Conclusion an Outlook

For the top ,"::"'1"09 call

ogically n
stanton palrs) in sub-volumes.

'trIVIaI géuge conflguratlons
",d{ynarr{lcal overlap quarks
ilson fnd pseudofermions,
-trivial excitations (e.g.,

""";..‘_:..'des allo: v us  to determme

er-Smilga relation is

Jiop = 4 sectors are

T.W. Chiu, Topological Susceptibility - p.g
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Baryon spectrum from 2+1 flavours
of DWF QCD

RBC and UKQCD
collaborations

Chris Maynard

Chris Allton, Tom Blum, Paul Cooney, Luigi del Debbio,
Meifeng Lin, Aurora Trivini, Takeshi Yamazaki, James Zanotti

[€CC]
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Nucleon FSE

= No obvious FSE

for Nucleon

— 2 and 3 fm box

— mp ~ 390Mev

—mpL ~3.9and 5.8 .

— mp/my, ~ 0.45 E
= No FSE expected

— m=0.005 myL ~

4.6
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Edinburgh plot

= Displays all 2+1
flavour DWF data
= Apparently lies on
universal curve
— Lg, gauge
coupling, volume
= Lightest data
noisy due to
vector correlator

L3

12E

i

¢« o ¥ om

2.2 1s=8 RN LN AR RRRRN R

B=
$=2.131s=8
B=0.764 1s=8
B=0721s=8
Experiment
B=2.13 vIs=16 B
B=2.13 V Is=16

Pt

*

T T N TN T A T T

5 1
0

IR IR AEEE NN AN RA R 1 111 1011ty teg
01 02 03 04 05 06 07 08 09 1
mPS/rnV

1.1

|€OCC]



L

Chiral extrapolation Il
= NLO ¢ PT term

xive
b <

S
'"'},' . M'\

e
&
& &’N B\y}'

—mp®
= Radius of

convergence?
= Maybe lightest
datum

— Definitely not
‘heaviest

= Not realistic

[€PCC
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Baryon spectrum

= Ultimately expect non-
linear chiral behaviour

— Can’t get spectrum right
with linear

= NLO yPT fit not L6 i[
realistic N I
— goes in right direction :
— maybe just statistics 12
= Require lighter quarks
and better statistics “

18—

M (GeV)

e

[€OCC]
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Conclusions

]
= Preliminary results for Baryon spectrum

— Broadly agrees with experiment
— starting to reach interesting regime |
— m,/m, < 1/5, mpg/m,, ~ 0.38, mp ~ 310 MeV
— Measurements still running

= Complex chiral behaviour must be
explored to get spectrum right

= Finer lattice spacing simulation under way
— control lattice artefacts

|SPCC
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Spectrun

 Study of Nf=2 QCD
Fermions

Jun Noaki
for JLQCD _Co labo

Abatroet ¢

- Some wmpwrmnf mw*redm\g.ues E
With our hiah precision data; we OF
Another Socus. T the renopials zcw;am
Pw\w\ma\/ m&:u\‘t IS es’cima*t@d
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Improvements with low eigenmodes
DeGrand and Schaefer, 2004; Giusti et al., 2004

« Lowest 50 eigenmodes

lem,0oisumaeq) | Lightest sea quark
_{Om,,=0.015{normal) —

W m,_=0.025{LMAed) |
Om,,,=0.025(normal)
0.30 ;- |em_ =D.035{LMAed)
<>mm=0.035(normal}.
) ' ] ﬁ§£ § § § 1
= Low mode preconditioned b Al S AL
0.25 -
quark propagator . sas. 2
; vEE = EE ﬁ
. & &
. TEET s
0.20 - *
) AR SRR IS
» Low mode averaged LI S R

meson correlator

verage over space
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Dinamical point data [Zvience™ e

4.0

38 —— dpts, yidof=1.27

— 5pts,x:’dof=4.25
—— 6pts, x/dot=21 09

o 38
g,
EO'
N 34
Em — 4pts, % Pldof=1.13
—— 5pis, x Pdof=2.60

—— Gpls, ¥ /dof-2 52

Gasser and Leutwyler, 1987 Colangelo et al., 12005
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3.6 T T

Sharpe, 1997;

m<600 MeV,
¥’/dof=0.97

Omm=0.015
.=0-025

<> m +=0.035
-..=0.050
<1 mm=o.o7o

vm,,

=0.100

Partially quenched data
Golterman and LeunQ, 1997

0.20

Om,_=0.015
O'm,_=0.025
¢ m,,=0.035
Am,_=0.050

m<600 MeV, <im,, =0.070 N
fldof=1.0g " Me0-100

> Independent flts,,_are done
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NPR for quark mass Martinelli et al., 1995

Renormalization condition

28

26 |

24 1

22 F

20 r

18

vertex funcs.

16

‘14

®P,p,=1.234
08
m P, p,, =1.889
os
+ P, p,, =2.467
08
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v

Strange quark mass

- = Dynamical limit

Hul

2.0

1.8

-

*

.
+ =

0.04 0.06
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Takumi Doi (Univ. of Kentubky/ RBRC)

In collaboration with  T.Blum (Univ. of Connecticut, RBRC), M.Hayakawa (Nagoya
Univ.), T.lzubuchi (Kanazawa Univ., RBRC), N.Yamada (‘KEK).

We investigate the isospin breaking effect on hadron spectrum using
Lattice QCD+QED simulation |

Determination of the LECs which appear in meson spectrum + experimental
input > quark mass  m;/m, = 2.055(32)+03
ms/m,g = 28.63(32)

— Further refinement is underway for nondegerate quark mass X QED
correction C®em * Ms A

In QED effect determination, Q= +e, -e trick gives remakable improvement,
while the QED effect on baryons still need additional work

The QCD (mu-md) effect on baryons obtained reasonably
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‘Quark mass determination

= Offset of quark mass in DWF
- = Residual quark mass with QED on determined by PCAC
= Fit to the quark ma?sxdependence of neutron mesons
and pion mass splittings -
= = LECs are determined

n obtained + experimental inputs
= M(w,)? € sensitive to (mu+md), insensitive to (mu-md)
« > determine (mu+md) —_,

a M(K*)2+M(K%?2 € sensitive to ms, I(mu+md)| insensitive to (mu-md)
= = determine ms

= [M(K%)2-M(K*)?] - [M(mp)?-M(n*)2] €sensitive to (mu-md) Jms, | €——
insensitive to (mu+md)

« = determine (mu-md)
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Quark masses and spllttlngs

- I\/Iasses mg/my = 2055(32)+03 MILC w/o0 QE
~ ms/myy = 28.63(32) mg/mu = 2.33(0)(5)}(43
ms/my,g = 27.4(1)AND]

= By employing RBC

4 mMS(2Gev) = 2.85(11)(29)MeV
nonperturbative 1/Z,,=0.62 mYS(2GeV) = 5.85(24)(30)MeV
| ] | . mag (2GeV) = 4.35(17)MeV
= Systematic error mMS(2GeV) = 124.5(39)MeV

» heglection of nondegenate mass effect a(mj —mo)

« finite V: estimation by Cottingham formula
-+ vector saturation model =» would be negligible

» Splittings
m, + —m_o(QED) = 3.81(16)MeV wvs. [4.59(exp) — 0.17(3)]MeV
Kaon suffer from large systematic error

(may — mg)2 from LECs
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Baryons: much larger noise:

The idea for the S/N improvement

= Q— +e, -e trlck

. Phy5|cal observables are expected to

O

m(e) =m

e2m! + e*m! - ..

= (Perturbatively, only O(e2") appear)
= 2 [ m(+e) + m(-e) ] kill the fluctuation of O(e)
= QED confs: {Au(em)} = {+Au(em), -Au(em)}

We actually achieve
Remarkable Improvement !

N/

I Same Boltzmann Weight ! I
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Proton neutron mass
difference from the QED effect

Charge dependence 250 | | | |
20¢ ] :
gw; msea= 0.03 Elz: :
E IO:— ; ‘__:: - E et
g :* g -
‘2 .| Physical ; o ’,Ef’r
3 | ! Tost, __—% ?
o A ]
000z nhd otk 008
a(em) 05061 00z 005 004 005
: ) ] . m [lattice unit]
The lattice result indicates | (msea=mval)
M(p) > M(n) (QED) at each msea
c.f. Cottingham formula: Need more statistics ?

M(p)-M(n) (QED)= 0.76MeV 'Finite V7?7
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The isospin breaking on bar.yonS }
from QCD ([md-mu]=+0 effect)

p-n > - 2.55(18)(51) MeV
Xi(-) - Xi(0) = +3.86(11)(77) MeV
Sig(+) — Sig(0) = - 3.32(12)(66) MeV
Sig(-) - Sig(0) 2 +3.04(11)(61) MeV
-Sig(+) - Sig(-) =2 -6.37(22)(127) MeV

= Inputs: (md-mu)®s = 3.0(6) MeV
( a(md-mu)bare=0.0011(2) ) from meson spectrum

cf. S.R.Beane, K.Orginos,M.J.Savage hep-lat/0605014
p-n=-2.26(57)(42)(10) MeV



L8

Introduction

Simulation Overview

Taking the Chiral Limit

Summary and Qutlock

Fermlons

Chlral Extrapolations for Domam Wall

Meifeng Lin

[RBC and UKQCD Collaborations]

Columbia University
mflin@phys.columbia.edu

March 15, 2007 @ BNL

[l

PN 6
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Introduction Simuiation Overview Taking the Chiral Limit Summary and Outiook

56
a.12 ] T T T 71
54 01415 |- +Er 0.01/0.04 &
L o 0020
041 |- 0.0
~, 52 - -
£ 0.105 |— -
i s | N
g 1oz 01 |- -
w, 48 -9 opes - N
= - - N
S 46 s - 0.09 [~ -
» a - 0.085 |~ -
| i 008 |- .
42—t ] oors Lo U U b 1]
© 001 002 003 004 005 001 0 001 002 003 004 005

- AMyg anmlyy

Pion masses : 390 - 620 MeV
NLO fit fails! (MFL hep-lat/0600052)
@ In this talk...... |

lighter quark masses: down to mg/5

larger volume: (3fm)?3

= Can the data be described by NLO ChPT then??

n|
g
!
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ihit
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Intraduction Simulation Overview Taking the Chiral Limit Sumumary and Qutlock

RBC and UKQCD 241 flavor DWF ensembles:

3 Volume Ls;  my/ms # Time Units m.(MeV)

213 16°x32 16 0.01/0.04 4000 390
213 163x32 16 0.02/0.04 4000 520
213 162x32 16 0.03/0.04 4000 620
213 24°x64 16 0.005/0.04 4500 310
213 243 x64 16 0.01/0.04 3735 390
213 243x64 16 0.02/0.04 2850 520
213 243x64 16 0.03/0.04 2813 620

We are hoping to have better chiral fits with the lighter mass
simulations! |
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Intreduction Simulation Overview Taking the Chival Limit Summary and Qu

iz s|d . L

0.004 T L I N B T - . . .
b 7 oo0m00s ] @ The ratio R(t) is used to
o[, SEEE compute Mres on the fateice
L oy} @ o c%lral IImI'(p -
e oD i Rt = (e Tl 05" )
£ » m = - —
£ o.o032 - g_“gw ............... g BT . <Z£ Jo(Z,t)m*(0))
® @
0.003 — @ 1
L W : @ _
&=
0.0028 M- @ Fit R(t) where plateaux are reached
00026 — LT to a constant to get Mires

-0.01 o] 0.01 0.02 003 0.04 0.5
aMyy

@ O(mya) quark mass dependence

@ Defined in the chiral limit :
“my — 0 (strictly speaking, my = —myes, but not a big effect)

amyes = 0.00314(2)

t s s @ 0 EY 4F >

i
it

PN G



16

Simulation Overview Taking the Chiral Limit Summery and Qutleok

T 0.12 1 I [] I 1 I 1 I 1 I 1
54 |— B .
B 041 |— —
52 |—
i i 0.1
& 51— .
© -
T R
S 48— @
g i £ 009 [~
% 46 B
=3 B 0.08 p—
s ’ v 0.005/0.04
4.4 — N & 0.01/0.04 i
R w4 0.01/0.04 )
a0 - 0.07 }— —]
4 PR I T I S T 0.08 IR R S A S N S R
-0.01 0 0.01 002 003 004 0.05 _ 0.01 0 0.01 002 003 004 005
am,, amg

Pion mass range: ~ 230 - 530 MeV

o
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Y
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Introduction Simulation Overview Taking the Chiral Limit Summary and Outlook

Decreasing the range of pion masses in the fit helps. x?/dof =

T l — T v T 17 | 1 T 0.12 LN DL DL L DL B
A= #Eh 0.005/0.04 | B 1
. N 5 001004 041 b— : g -
;@ 51— —1 0.1 |—
g - . 5
g 48 B ] £ ooo
N'\E 46 t— — -
2 B . 0.08 p~
K h=y
44 — —
I o - o
42 |~ - 0.07 |— X Exp —
| PN I T N T B | T 1 ] | | | I
4 0.06 I 1 1 I 1 I { I 1
-0.01 0 0.01 0.02 0.03 004 0.05 -0.01 0 0.01 0.02 0.03 0.04 0.05
amMyg,| amg
Using the quark masses from linear fit of MI%S,
fr = 124(3) MeV, fx = 153(3) MeV
fx/fr = 1.24(2)Preliminary!
) O 4P e 4 E o o4 E E QO
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Spontaneous chiral symmetry breaking in QCD: a,
finite-size scaling study on the lattice

Silvia Necco (IFIC Valencia)

Workshop “Domain wall fermions at ten years”

Brookhaven National Laboratory
March 15-17 2007

Spontaneous chiral symmetry breaking in QCD with massless quarks at in-
finite volume can be seen in a finite box by studying the dependence of the
chiral condensate from the volume and the quark mass. We performed a fea-
sibility study of this program by computing the (quenched) quark condensate
at small quark masses, using the Neuberger Dirac operator. We carried out
simulations in various topological sectors, at several volumes, quark masses and
lattice spacings and we focused on observables which are infrared stable and
free from mass-dependent ultraviolet divergences. The numerical calculation
has been performed with an exact variance-reduction technique, which is de-
signed to be particularly efficient when spontaneous symmetry breaking is at
work in generating a few very small low-lying eigenvalues of the Dirac operator.
The finite-size scaling behaviour of the condensate in the topological sectors
considered agrees, within our statistical accuracy, with the expectations of the
chiral effective theory. Close to the chiral limit we observe a detailed agreement
with the first Leutwyler-Smilga sum rule. By comparing the mass, the volume
and the topology dependence of our results with the predictions of the chiral
effective theory, we extract the corresponding low-energy constant.
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Quark condensate with Ginsparg-Wilson fermions
e Quark condensate in the chiral limit:
_ ) o a
(@) = tim Z5G5), = (1-5D)
e At finite quark mass: UV divergences (b1 o< 1/a?, b2 o In(a))
_ Zs(ib)
Ny

e The condensate can be defined at fixed topological charge v = |Q| :
same UV divergences

Ol Y f= Zsxe = bum + bom® + {finite terms}
Ny Vm
1/m divergence: zero-modes contributions;
Zs,b1,bo topology independent; by, by volume independent and suppressed by
1/V with respect to the finite terms '
— (X, — Xw) IS unambiguosly defined at finite quark mass

= bym + bom® + {finite terms} .
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p(N\): spectral density of massive Dirac operator

X
= = _ max 1 . " "N N N
'Fy()\min, )\max) = 2m /S\m‘n mpy(k>d>\, Xv =— 7',,(0, OO)

o 7,(Amin, \max) has a well defined continuum limit, if (Amin, Amax) are kept
fixed when a — 0O

e — in particular our observable will be
Fon(Amini, 00) — o, (Amin2, 00) = Kur — Koo — [72(0, Amin1) — 7.(0, Amin2)]
Strategy: this quantity L.Giusti, S.N. (hep-lat/0701023)
e is UV-finite

e can be computed using stable numerical estimators

— low-mode averaging o o ~ o
L. Giusti, C. Holbling, M. Liischer, H. Wittig (2003)

L. Giusti, P. Hernandez, M. Laine, P. Weisz, H. Wittig (2004)

e can be matched directly with chiral effective theory at NLO — extraction
of the low-energy constant
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ae(j(x_x

3x10-¢

2x10-9

8%(x;=X,) / (V)

~ Bx10-®
v 4x10-8
o

2>10-8

Finite-size scaling

107 |

T ™
n1a1t.cl:

o lat. c2

:

100

200
(mV)a-2?

300"

400

latt. cl: 8= 5.8485, V =124 L~ 1.5fm
latt. ¢2: 8 =5.8485, V = 164, L ~ 2.0 fm
a3(xw, — xv.) as a function of (mV)a=3

e at leading order, we expect a®(x., — X»,) tO
be a function of (mV)

e within our precision, we are not sensitive to
NLO corrections

o Veo/Ve1 ~ 3 non-trivial verification of finite-
size-scaling

e similar behaviour for higher topologies
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Leutwyler-Smilga sum rules

(QCD) (effective theory)
Xv — PN (521/1(:“’) - )2%(:“’)) — (Vl - V2)”3V4
Xvs — Xuva Svs (1) — Xoe (1) ;L—_-—o (v3 — va)vivo
La | ot e 1 latt. cl: =5.8485, V=124 L[ ~1.5fm
I elat. c2 i
(ol alat. o3 B 1 latt. c2: $=5.8485, V = 164, L ~ 2.0 fm

t — theory

1L
0.8 |- ]

0.6 -

r (1-3)
0.4

(1-2)

latt. c3: 8 =6.0, V = 164, L ~ 1.5 fm

e summary for the three lattices, at the light-
est quark mass at our disposal

e the topology dependence in (quenched)
QCD is well reproduced by chiral effective

theory
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latt. 11— 1o a>> et/ Zs

cl 0-1 0.0040(6)
1-2 0.0039(3)
2-3 0.0034(3)

c2 0-1 0.0035(8)
1-2 0.0049(9)
2-3 0.0040(5)

c3 0-1 0.0015(3)
1-2  0.00178(18)
2-3  0.00188(12)

RGI condensate: > o = Z:T o

(cl) (L = 1.5 fM)r3 = 0.33(3)
(c2) ‘Zer(L = 2.0 fm)ri = 0.34(5)
(c3) :Ter(L = 1.5 fm)r3 = 0.29(3)

Finite volume effects and lattice arte-
tfacts below statistical uncertainty

Conversion to MS scheme: Mg =(2 GeV)/M = 0.72076

ALPHA collaboration (2000)

(c3): Z=(2GeV) = (290 £ 11MeV)?
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Domain wall filters.*

0. Bar,

Institute of Physics, Humboldt University Berlin,
Newtonsirasse 15, 12489 Berlin, Germany.
E-mail: obaer@physik.hu-berlin.de

R. Narayanan

Department of Physics, Florida International University, Miami, FL, 83199, USA
FE-mail: rajamani.narayanan@fiu.edu

H.. Neuberger

Rutgers University, Department of Physics and Astronomy, Piscatoway, NJ 08855, USA
E-mail: neuberg@physics.rutgers.edu

0. Witzel,

Institute of Physics, Humboldt University Berlin,
Newtonstrasse 15, 12489 Berlin, Germany.
E-mail: witzel@physik.hu-berlin.de

ABSTRACT: We propose using the extra dimension sepafating the domain walls carrying
lattice quarks of opposite handedness to gradually filter out the ultraviolet fluctuations
of the gauge fields that are felt by the fermionic excitations living in the bulk. This
generalization of the homogeneous domain wall construction has some theoretical features
that seem nontrivial.

KevywoRDS: Chirality, Lattice Gauge Field Theories.

*Talk delivered by H. Neuberger at the workshop “Domain Wall Fermions at Ten Years”, March 15-17,
2007, BNL. .
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1. Introduction.

To explain our basic idea it is best to start using continuum notation and language.

In Callan and Harvey’s original domain wall construction one had fermions propagating
in a full five dimensional gauge background. This situation was maintained in Kaplan's
original proposal, but was early on discarded in favor of a five dimensional gauge field that
is restricted to be independent of the fifth dimension and whose component in the fifth
dimension is zero.

Here we focus only on the vector-like case, with two domain walls, separated by a
fifth dimension of the topology of a circle. The domain walls are at diametrically opposed
points on the circle. On the lattice, one can take the fermion mass to infinity on one of the
semicircles, and effectively reduce the circle to a segment, with a domain wall at each end.
The Weyl partners that make up a Dirac fermion live separately on the walls, with small
leakage into the “bulk”, the interior of the fifth dimension. For a finite separation there is
an exponentially small direct interaction between the partners, which can be thought of as
an effective vertex of the structure of ah exponentially small mass term. Sometimes, in the
lattice field theory literature, such mass terms are referred to as a “residual mass”. Ounly at
infinite separation does one get exactly massless Dirac particles, with the associated exact
chiral symmetry. The latter holds since one can independently rotate the partners due to
the infinite separation between the walls.

Here we shall re-introduce a dependence of the four components on the fifth dimension.
For the time being, we maintain the fifth component at zero. However, the five dimensional
gange field is uniquely defined in terms of a four dimensional background; the dependence
on the fifth dimension is chosen by hand, in a way designed to improve the speed of
convergence to an infinite separation limit.

For our construction we need to introduce the concept of a “UV” filter. This is a term

making its appearance in the lattice field theory literature, but its meaning varies slightly,
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depending on context. To be specific, we first define the term in the continuum. A “UV”
filter F will be an operation that gets as input some four dimensional Fuclidean gauge
field A and produces a new four dimensional Euclidean gauge field 7(A). We require that
F and the operation of a four dimensional gauge transformations of A commute. F(A) is
smoother than A in that its the gauge invariant content fluctuates less than that of 4. As
an example, we define a filber using APE smearing:

Frold) = A(ro),  Ordu(r) = 04,5(A)|a=airy, Al0) =4 (L.1)

Here S is some local four dimensional gauge invariant action, like the ordinary Euclidean
Yang Mills action possibly including also higher derivative terms. 79 is a quantity of
dimensions length (for separations along the four physical dimension) squared. /7y is a
relatively short distance on the scale of four dimensional physics. Linearizing the above
equation is required to produce, for 7 > 0 a suppression for higher momentum modes in
A(7) in Feynman gauge.

We want o use a UV filter on the gauge fields seen by most of the fermions (bulk) to
hasten the convergence to the infinite wall separation limit. However, we do not want the
UV filter to affect too much the physical fermions, which live on the walls, because, for
example, if we add a mass to make the physical quarks heavy, we still want the charmonium
spectrum to come out right, and this requires the Coulomb potential to be well represented
even at short distances, making UV filtering undesiarble.

This leads us to introduce a profile in the five dimensional gauge field. We label the
segment connecting the domain walls by the variable s, where 0 < s < 5 and introduce
the profile functien 7(s) which obeys 7(s) = 7(S — s) and 7(0) = 0. 7(s) increased from
0 gradually to some value Ty, stays there for a stretch of s given by [, until it reaches
the midpoint s = S/2, after which it reverses its behavior in accordance with the above
mentioned constrajnt under reflection. This constraint is needed to produce an extra
symmetry, a parity operation connecting the fermions bound to the walls. When [ = oo
the walls are no longer coupled, and we have exact chiral symmetry. ~

As is well known, it is useful to view s as an Euclidean auxiliary time, with an associated
s-dependent Hamiltonian H(7(s)). Obviously, the s-independent case is easier to analyze.
What we gain here is that the gap, g, separating negative and positive energies in H(s)
increases in the “flat” region of length {. The approach to infinite ! is governed essentially by
e 19, 50 it becomes obvious why we want g to be large. The impact of the UV fluctuations
contained in A(7) is such that |g| increases with 7.

There can be other choices of the filer and profile. Also, the mass term can have a .
profile, like in the original constructions. What was described above is close to what we
actually implemented on the computer, in a lattice version of the above.

2. Definitions.

‘We shall label the four dimensional slices by s = 1,2,...,5; the physical fermions live on
slices 1 and S.and the associated five dimensional wave functions are localized in the fifth
coordinate s, to the vicinities of these walls.
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Following [1], we write the kernel for the five dimensional fermionic action in the
following form:

¢ B o o 0o o0 0 0
B -C; -1 0 0 0 0o 0
0 -1 ¢ B 0 0 0 0
0 0 By -G, -1 0 0 0
0 0 o -1 ¢f B 0 0
P=1% 0o o 0 B -G 0 0 1)
0o 0 0 0 0 0 .. .. Bs —Cs

The matrix D is of size 2k x 2k where the entries are ¢ x ¢ blocks and k = 5§ and
g = 2NLA, where the gauge group is taken as SU(N). The factor 2V counts spinorial and
gauge group indices.

The matrices B; and C; are dependent on the gauge background defined by the collec-
tion of link matrices Ug(z). These matrices are of dimension N x V. 1 labels the positive
4 directions on a hypercubic lattice and Uj(z) is the unitary matrix associated with a link
that points from the site = in the j-direction on slice s

(Co)raiyps = § T O 18y p(URE))s5 = S (U W))is) = ity 08 (Wi
(Bao)aci s = 308 X [20ey05 — 824 (US(®))s5 — gV ()]
(Bs)oniygi = (Bso)waiyss + MEOzaiys;
(2.2)

The indices o, B label spinor indices in the range 1 to 2. The indices 7, j label color in
the range 1 to 2. The Euclidean 4 x 4 Dirac matrices v, are taken in the Weyl basis where
their form is 0 &

, T = <JL Oﬂ) (23)

As long as Mg > 0 the matrices By are positive definite due to the unitarity of the
link variables. To make almost massless quarks on the lattice one also wants |Mg} < 1.

It is convenient to introduce the 2q X 2¢g matrix I's representing the regular s matrix
on spinorial indices and unit action on all other indices. In terms of g X ¢ blocks we have

Iy = <(1) _01) | 2.4)

3. The effective four dimensional fermion action.

Following the method of [1] we get

3.1)

5
det D = (—)?(] ] det B,) det

s=1

1-I% 1475
5t
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T. Ee‘H“=< é: Bl_’cs ) (3.2)
: Clg ClC.+B, :

For any s, det T, = 1.
T} is & symmetric product of T;! factors. By definition, gauge fields and mass param-
eters My labeled by s and S — s are identical.

T, = RIT- 2R (8.3)

The R, R! factors are complex matrices (neither unitary, nor hermitian) representing
“ramps” and are given by:

R=T7'T7L. 1Y, R =T7'771,.750% (3.4)

In between the “ramps” we have a uniform “plateau” with identical transfer matrix
factors. The total number of slices is k=14 2r

S
det D = (=) (] | det B,) det [1 + Ty™"] det

g=]

5 (3.5)

1+Fs};$;]

The same derivation for Pauli Villars (PV) fields should give a PV determinant made
out of the first two factors in the formula above. Dividing the two expressions, leaves us
with the last factor as representing the almost massless Dirac fermion.

Thus, the operator
_1-T

B=1rm,

(3.6)
carries the [ dependence and its spectrum governs the approach to the chiral limit [ = oco.

Unlike in the homogeneous case, we are so far unable to prove that E; indeed has a
limit, Foo, as [ tends to infinity. If we assume that such a limit exits, the rate of convergence
would be controlled by the eigenvalue of T} that is closest to unity as I becomes very large.

Physically, using effective Lagrangian intuition, one would expect E, to exist for
most four dimensional gauge fields. Simulations with the five dimensional action could
practically resolve this question.

4. How to test the method.

Before proceeding to a five dimensional implementation one would like to find by numerical
methods the lowest or few lowest eigenvalues of the matrix T} + Tl_l but this is tough
because the condition number of T; rapidly becomes too large as the number of slices
increases. A possible trick to get around this goes as follows: .



It is easy to check that the spccfrum of

0 4 0O ... ... 0
0 0 Ay ... ... 0
Bg=| i i i i i o (@1
0 0 ... ... ... As
ds 1 b1 0

is given by Apy = p;/se%&eyst"i, with k£ = 0,1,2,...,5 — 1 where A\, = pne'®n are the

eigenvalues of Ilg = Aj....A,. In our application, IIg is hermitian and positive, so ¢, = 0.
From the relation |\, x| = p,ll/ 5 we see that we would get directly the quantity we expect
to have a finite limit as [ — co. Writing p, = 5%, with a weak S-dependence in £,
suppressed, we can find the dominating , using a routine based on a restarted Arnoldi
procedure looking for the eigenvalues of Bg — 1 of smallest magnitude [2].

In some sense, it might be surprising that this relatively simple generalization of the
homogeneous domain wall setup is substantially more difficult to analyze theoretically, with
or without numerical tools. Since F., would provide a new variant of an overlap operator,
the issue might be of interest separately from the question of increased numerical efficiency
of QCD domain wall simulations.

5. Further directions.

One could adapt to the lattice a definition of A(s) based on simple interpolation. This
would allow for an adiabatic limit, with an almost homogeneous extra dimension where
theoretical issues would be under better control, setting aside the question how far one can
deviate from this limit.
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Low-energy couplings from Lattice QCD in c-regime

Pilar Hernandez
University of Valencia and IFIC
Edif. Institutos de Investigacidon Apartado 22085,
46071 Valencia

Abstract

The use of lattice regularizations with exact chiral symmetry has made possible to
explore the e-regime of xPT. A number of simulations have been carried out in the
quenched approximation in volumes up to 2 fm. | will describe some recent results.
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Weak effective tauplings in SU(4) limit

ChPT __ o
H 4M{%V us ud Z g O

4

OF = FZ [ (va.ut) 5 (U@uUT)du + (va,ut) (Ua#UT)ds —~ (u—0)]

uU

In contrast with SU(3), only two operators appear in SU(4 ) ChPT at LO:

::>|::>
) =}
!
D[

_|_

Sl
N
NI

(

‘g%) 97 v =97 Iv. =1
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The Matching

We perform the matching by equating certain correlation functions in lattice QCD
and in the chiral theory: three-point functions of the bare operators and two left currents

o _ >y 0@ au OF(0) [J10(¥)]us )
R7(0,40) = > ([T20@NaslT 20 pa) >y (VL0 (W)]apl L0(0)] par)

¢" [R7(m,V,LECS)|=  k*(Mw/h) 2582 R
l l l l
xPT P.T.—2loop N.P. Lattice

In the e-regime at NLO: R7(zo,yo) independent of xp,yo,|v| and any other LEC
different from g+
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Tested in the quenched approximation:

| )5 L/a T/a npw Llfm] m # cfgs
cregime 58485 16 32 20 2 m,/40,m,/60 O(800)
p-regime 5.8485 16 32 20 2 ma/2 —ms/6  0O(200)

The expected features of the R%(zg, 1) in the e-regime: independence on zg, yo, m and
v are well reproduced by the data

e-regime

-
N
w

R’ R
11
10 +»: ——e—H 25 -E
9 red ' }
8 i 2 b E R
7k e I $
ol 6 [ —e—4 15 - ¢
5 r a )
4 - ——i 1
3 et ——— - s - s ]
2 - e 0.5 R
4 -
0 0

L 1 1 1 1 1 ' 1
0 0.5 1 1.5 2 25 3 3.5 4 45 0 0.‘02 0,‘04 0,66 0.08
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gT in SU(4)-limit

1.2

11

1-

0.9 -

0.8 |

0.7

0.6

0.5 |
0.4 |

0.3 |

0.2

2
R 1.8
il
0 0.‘02 0.2)4 0.86 0.08 0.8 0 0.02 ma 0.04 O.E_
g* 9-
This work  0.51(3)(5)(6) 2.6(1)(3)(3)
" Exp” ~ 0.5 ~ 10.4

Large N, 1 1
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Fat links for dynamical fermion simulations

Stefan Schaefer
NIC, DESY, Platanenallee 6, D-15738 Zeuthen, Germany

in collaboration with A. Hasenfratz and R. Hoffmann

We investigate a variant of hypercubic gauge link smearing where the SU(3) projection is replaced
with a normalization to the corresponding unitary group. This smearing is differentiable and thus
suitable for use in dynamical fermion simulations using molecular dynamics type algorithms. We
show that this smearing is as efficient as projected hypercubic smearing in removing ultraviolet noise
from the gauge fields. We test the normalized hypercubic smearing in dynamical improved (clover)
Wilson and valence overlap simulations on 122 x 24 lattices with lattice spacing’ a ~ 0.13fm.

The clover Wilson simulations are stable and demonstrate that the non-analyticity in the projec-
tion is no problem in practice. The spectral gap is wide allowing for much smaller quark masses
than the mpg/my = 0.6 reached. The tests with the overlap operator show an improvment of a
factor of three in cost over the overlap operator contructed from the thin link Wilson kernel. This
~ comes together with improved locality.
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Main building blocks

n-APE

~ . o
Un(x) = Projusy | (1 = @)Uu(x) + £ Vi)
Proj A = A(ATA) "1/

» differentiable everywhere if A non-singular
==-no problem in practice

» projection has been used in the past: Kentucky'93, FLIC,
Narayanan&Neuberger'06

» force term can be computed exactly (a la stout )

» the projection costs about the same as stout smearing
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HYP links for dynamical fermions

: 42! VARY, v
Vo = Projys) (1 — 1) Un,p + 6 Z VovinVato,pw V:+ﬂ,v;u]
: +v#u '
~ . an <7 - xvil
Vouw = Projyasl(1—a2)Us,, + 2 Z Vinow uViippovVnrp, ol
+p#v,u
— ) o3 : ' _
mpvp Proj UQ@3) [(1 - CM3)U,7HU, + —2_ Z U”;TI U"+77,l1' UZ—l—ﬁ,n]
INFEp, V1

» n-HYP: same as HYP with projection to U(3)
» virtually indistinguishable from standard HYP

» more efficient than if built from stout smearing

How does the projection perform in MD simulations?
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Tests:

v .

vy v vy

Dynamical clover Wilson

clover Wilson with csyy = 1

standard HYP parameters: a1 = 0.75, ap = 0.6, a3 = 0.3
no tuning necessary

Luscher-Weisz gauge action
123 x 24
a =~ 0.13fm

mps/my =~ 0.6
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Dynamical clover Wilson

0.15}
0.10}
0.05F

,<
0.00f

4
~0.05}

-0.10f

-0.15¢

I

0.2 40 50 60 70 80
spectral gap of 5D /MeV

» large spectral gap = smaller quark masses possible

» fat link cost: 11% of total budget

» gain on inversions

0.12

10.10

10.08

10.06

10.04

10.02



911

Overlap: Cost

Dov = R[1+ s sign(Hw(—R))]
signHy =~ Z signA Py + (1 — Z Py) sign,,, Hw
A A

> lower eigenmode density of Hyy(—R)

= easier to approximate sign function; lower cost
» n-HYP as good as 3x stout at 6p = 0.9 |

The n-th eigenvalue of Hy(-R)

n-HYP e
3 stout ®
0.3 | thin ¢ . s
& %
s ¥ 0
L 02 %
< s %
v %
0.1 | % . ®
~ « o °* °* °
» . . o °
0_ ®




Hadron Structure with Domain Wall Fermions on a Staggered Sea

John W. Negele
Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge MA 02139
For the Lattice Hadron Physics Collaboration

Recent calculations of the structure of the nucleon by the LHPC collaboration are presented
using domain wall fermions on a staggered sea. Matrix elements of twist-two operators are
calculated using domain wall valence quark propagators on MILC lattices with lattice spacing
a = 0.125 fm and pion masses down to 350 MeV on lattices of spatial size up to 3.5 fm. The
axial charge, ga = (1)y—q, is calculated with 6.8% error in agreement with experiment, and
chiral extrapolations of (Z)y4q, (T)u—g, and (22}, also agree with experiment. Electromag-
netic form factors Fi, Fs, G4, and Gp all qualitatively approach the experimental results as
the pion mass decreases, and chiral extrapolation of the rms charge radius is in quantitative
agreement with experiment. The generalized form factors Ajg, Asg, and Az provide clear
evidence of strong dependence of the transverse size of the nucleon on the momentum fraction
and agree with the phenomenological parameterization of Diehl et al. The generalized form
factors Asg, Bag, and Oy are calculated, chirally extrapolated, and used to determine the con-
nected diagram contributions of the quark spin and orbital angular momentum to the nucleon
spin. The success of these calculations strongly motivates taking the next step in controlling
systematic errors by undertaking a fully consistent, unitary calculation with dynamical domain
wall fermions with lattice spacings of a = 0.123 and 0.093 fm at masses of approximately 390,
310, and 260 MeV.
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* Chiral extrapolation of (z)i~ = Alé(t = @)

Chiral extrapolation O(p4) relativistic ChPT (Dorati, Hemmert, et. al)

AL, my) = ARy (falma) + ga(t, ma)) + A3 Du=dp, (1) + ATrm2 + Algt
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Atus of the 241 Flavor Wilson-Clover
Simulation of QCD |
by PACS-CS Collaboration |

Y.Kuramashi (Univ. of Tsukuba) for PACS-CS collaboration

We report the current status of the PACS-CS project which aims
at completing the Wilson-clover Nf = 2 4 1 program using the
Luscher’'s domain-decomposed HMC algorithm. Some very
preliminary results for the hadron effective masses and the
pseudoscalar decay constants are presented.




§4. Simulation details

— Iwasaki gauge action -+ clover quarks with Csvv

— 3=1.9 (a =0.1fm, a~1 = 2.0GeV), lattice size=323 x 64
— ks = 0.13640, Npo = 180 for PHMC

— ud quarks: block size=8%, é7p = 7/(N1N3), d7p = 7/N>

— s quark: not domain-decomposed, é7s = 7/(IN1N>)

— SAP4+GCR for IR part, SSOR-+GCR for UV part

= — tolerance: [residual|/|source| < e, e = 102 (force), 10~ 14(H)
Fud 0.13727 0.13754 0.13770 0.13776 0.13781
m/ WV MeV] 45 24 12 9 6
Nog, N1, N> = 4,4,14 4,4,20 4,416 4,4,26 4,412
7" 0.5 0.5 0.25 0.25 0.075
trajs — 4600 3300 — 1400

Tint[P] - 12.5(4.2) 7.7(2.3) - -
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§5. H

kud = 0.13754(m V! = 24MeV)
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JL | == eXxperiment
Nf=0 (K-input)
Nf=0 (¢-input)
Nf=2 (K-input)
Nf=2 (¢-input)
Nf=2+1

( Jufi: -2

Octet
spin 1/2

Decuplet
spin 3/2

ore than encouraging albeit possible O((a/\QCD)Q) errors
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fx/fr = 1.201(29)
1.207(12) (exp.)

consistent with the experimental value



§7. Summary

target of the PACS-CS project
— three 3 values, two ks, (3.0fm)3
— aim at the physical point

next stgp and on-going project

— exam}ine chiral logs

— investigate phase structure

— simulations at another ks

— nonpx rturbative Z4, Zm with the SF method
— calculation of ’ meson mass




Domain Wall fermions at 10 years March 15-17, 2007 BNL

Hadron Scattering from LQCD

Kostas Orginos
The College of William and Mary/Jlab

Y oY an Vi
ip(e%mﬂ:%;
& o T

Thomas Jefferson National A Facllity

A steady stream of developments in Lattice QCD have made
it possible today to begin to address the question of how
nuclear physics emerges from the underlying theory of
strong interactions. Central role in this understanding play
both the effective field theory description of nuclear forces
and the ability to perform accurate non-perturbative
calculations in low energy QCD. Here | present some recent
results that attempt to extract important low energy
constants of the effective field theory of nuclear forces from
lattice QCD.




Nuclear physics

Connect Nuclear physics to QCD

Yet a smaller scale

Nuclear binding energy ~ MeV

Does it look hopeless?
Not really!

T T T TrIr| T 1 ¢ 1T1L¢

Mean Field Models
Density Functional
Sheill Model(s)
N _ . Effective R
10 E Microscopic Interactions J
o X Ab Initio ]
g - XEFT, EFT(¢) 1
£ L 3 4 ]
3 QcD He *He
Z - || | 1
o
S
S e E
ol H ]
Quark-Gluon
Interaction i
o ¥ Iy g 1 aesl Il v el
1 5 10 50 100
chart adapted from G. Henning NGUtron Number

figure by H. Graisshammer
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Hadronic Interactions

® Scattering processes from Lattice QCD are not straight forward
e Miani-Testa no-go theorem (*90) [and C. Michael ‘89]

e Infinite Volume:

Euclidean + Minkowski

¢ Finite volume: discrete spectrum

¢ Avoids Miani-Testa no-go theorem [M. Luscher]

Luscher Formula

Energy level shift in finite volume:

Ak, = E, — 2m = 24/ p + m2 — 2m

Py, solutions of:

1 2L2 _UI<-‘\ 1
peotd(p) = ES@?-) St = 3 gy - i

1 11 (RL?
PnCOt‘;(pn)—;'F"‘ E_ES<W + e

Expansion at p~0:

dna a a\? 1
AEy = _W[l + az + Cz(z) ] + O(ﬁ)

a is the scattering length
¢ and cpare universal constants
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I=2 Pion Scattering

NPLQCD
T T T v T 0 =T T T T v T
T 1 0.1 \
02
.
x-03+
4 Experiment
0.4 | CP-PACS
— 1ree level PT
0.5F
I ! I 1
15 2 2.5 3 33 1
m /T
__m __3mi mZ [Gasser-Leutwyler '84]
M0 = Tgrp [1 * Grg 8 T [Colangelo et al. ‘01]

® mraz =-0.0422(3)(18)

e Experiment: my az =-0.0454(31)
e SxPT has insignificant effect to the result  [Chen et al. ‘05]

Kaon Pion Scattering Lengths

0.03 ——T—r——T———— T

E |— rmra k

0035 |-— FTB I

F |— Frc ]

0041- | — FITD =
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-0.045- 4 =

r W7 p* (1-0) ]

NPLQCD o Fol g 2 f

= £ %k xprp 4

R -005F J

) r ]

=% gosst 3

g E ]

006 3

0.065F b

007 E

Py S T N R MR R S
0% 1z 0.14 0.16 0.18 02 0.22 024 026

m_a
M et V7]

e Upcoming experiments on Kaon - pion molecules (DIRAC collab.)

e Continuum extrapolation still needed




Nucleon-Nucleon

NPLQCD: pays.Rev.Lett.97 2006

= This work
«W-NLO

*BBSvVK -NLO
¢ Experiment

a ('s,) i

BBSvK: Beane Bedaque Savage van Kolck ‘02
W: Weinberg "90;,Weingberg ‘91; Ordonez et.al ‘95

= This work
» BBSvK - NLO

o Experiment

a %)) [fm

T
I

Fukugita et al. ‘'95: Quenched
heavy pions

Nucleon-Hyperon
NPLQCD: hep-lat/0612026
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Hadronic interactions (Future)

These calculations are the begiming of the beginning!

Need lighter pion masses, multiple volume sizes, and lattice spacings
o Deterniine if we see scattering states

Meson baryon channels: (K-n, K-% ...} = Neutron stars
Hyperon-Hyperon and Hyperon-Nucleon channels [NPLOCD: hep-lat/0612026]
. Hﬁer—nudem physic_s and Neutron stars

Need to make lattices designed for this project

Higher statistics: (JLAB spectrum program -- INCITE recent award)

Hadron Interactions: Projected errors

10 —_—

gk @ Tilop-years _—
v 10Tflop-years

i 4 100 Tflop-years| |

6 .

4 -

a [fm]
N
T
(= =
(o1}
4

$ . I . | i .
0 100 200 300

pion mass [MeV]

I
400 500

o Errors on scattering nucleon-nucleon scattering length as function of
computational resources

o Only cost for correlation function calculation presented
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Semileptonic Hyperon Decays in Full QCD
Huey-Wen Lin '

JefferSon Lab

OThomas Jefferson National Accelerator Facility

in collaboration with Kostas Orginos

Huey-Wen Lin — DWF@10 Workshop
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B ¥ Octet spectrum along with
experimental numbers

# This calculation:

% Mixed action; DWF on
staggered sea

¥ Pion mass range: 360-700
MeV

# Strange-strange Goldstone
fixed at 763(2) MeV

¥ Volume fixed at 2.6 fm
40,125 fin, 1,~ 16, M =

¥ HYP-smeared gauge, box
size of 203x32

mx (MeV) mg (MeV) 7 — n conf. -

Label

mo10| 358(2) 605(2) 600
m020| 503(2) 653(2) 420
m030| 599(1) 688(2) 561
m040| 689(2) 730(2) 306
1.6

14

Huey-Wen Lin — DWF@10 Workshop
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Momentum Extrapolation

. Exploring ffie Nature of Matter

1.5+¢

1.25

Fyd

0.75
0.5

0.25

1.5

1.25

0.75

Fy(D

0.5

0.25

m,;=359 MeV

.
*%\\\
]
0 02 04 06 08 1 12 14
74(GeV?)
my=599 MeV
=
\\-..\&
—
\'@\\@\\
0 02 04 06 08 1 12 14

qH{GeV?)

1.5

1.25

Fi(gD

0.75
0.5

0.25

1.5

1.25

0.75

Fi(g

05+

025

my=503 MeV

0 02 04 06 08 1 12 14
7 (GeV?)

m,=689 MeV

0 02 04 06 08 1 12 14
gH(GeV?)

Huey-Wen Lin — DWF@10 Workshop



8¢1

L) L d
L3 “
P
- =
L 3 e
* g
-
Iﬁ',_v
R,
' .
N i | ¥
g =
"

Mass Dependence

Ty
]
b
2
el
L5
§
5
=
&
-
=
«&2
&
§
" *

¥ Use 0=a*(Mg — M2) to describe the SUQ3)
symmetry breaking

0.02 0.04 0.06 0.08 0.1

o] ¥ 2
a“{mg—mg)

£1(0)=0.90(7) (Preliminary)

Huey-Wen Lin — DWF@10 Workshop



6¢1

»* %
L3 N
s
" =
. m
ks
o
i e
.
i)
*® 3
R

Axial Coupling Constants: g-= and gs5

e
ol
b
=]
=
-
Sy
f=38
g
]
=
e
S
TR
&
:’g_
T s
2

+ Cannot be
determined by exp.

+ Exis’ring 1predic’rions
from xPT and large
N. calculations

0.18 < —g== < 0.36

0.30 < gsx < 0.55

¥+ Applications such as
hyperon scattering,
hon-leptonic decays,

etfc.
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Summary/Outlook

* . Exploring e Nature of Matter

"* " -
- o gk , ‘;" oM, " »
I . #
erson‘ a -
L3 1 *
.

+ First nhon-quenched calculation of hyperon semileptonic
decays |

» Lighter pion masses as low as 350 MeV

» .Pr'eliminar'y results show | V,,| (from Z — n)
* Consistent with the previous lattice measurement
* Larger error due to lighter pion mass
* More statistics needed for lightest point!

In the near future:

+ Finish the semileptonic form factor analysis, including
=— Z channel

» 2 and = structure-function form factors
* Possibly take A—p data, if time allows

Huey-Wen Lin — DWF@10 Workshop



Nucleon structure from Ny = 2+ 1 DWEF simulations

T. Yamazaki for RBC-UKQCD collaboration

We present our results of nucleon maftrix elements, e.g. the nucleon axial charge, moments of
quark distributions, and iso-vector form factors, calculated on Ny = 241 dynamical domain wall
fermion configurations, recently generated by our collaboration where a™! & 1.6 GeV. We employ
four quark masses which give the pion mass from about 300 MeV to 700 MeV to extrapolate the
results to the chiral limit. While the result are preliminary because the statistics is not enough
at the lighter two quark masses, we found that the axial charge in the chiral limit is reasonably
consistent with the experiment, and the moments are closer to the experiment than the results
with quenched domain wall fermion.
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1. Introduction
Motivation :
understand nucleon structure from first principle

We calculate matrix elements related to nucleon structure on Nf =241
DWF configuration.

- ® ga/gv
Well determined experimentally: ga/gy = 1.2673(35)

e Moments of quark distributions
Deep inelastic scattering; structure functions
(z)q — Unpolarized: Fi(z,Q?), F>(z, Q%)
(x)pq — Polarized: g1(z,Q2),g2(z, Q%)

e Form factors
Elastic scattering

o0y 1 2\ _ 2
Fl(q ) - (1 “I‘ QQ/M%)Q’ <Tch> - 12/MV3
Ga(®) = 74 (r2,) = 12/M3

(14 ¢2/M%)?
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3. Simulation parameters

Nf — 2 4 1 Iwasaki gauge 4+ Domain Wall fermion actions

e =213 a1 =162 GeV Mg = 1.8 mres = 0.003
o Lattice size 243x64x16 (La ~ 3 fm)

e ms = 0.04 fixed (close to mE™®)

e quark masses and confs.

mys | mx[MeV] | # of confs. X Nmeas
0.005 310 52 x 4
0.01 390 119 x4
0.02 520 49 x 4
0.03 690 53 x 4

Results at two lighter masses do not have good accuracy, so that

all results are preliminary.

e We focus only on iso-vector quantities. (no disconnected diagram)




174!

4. Preliminary results
4-118- 9ga/gv

165 gV E
1.43 —
1.2; % ; .

@ N2+ L=3fm| J

i
A ¢ N=0L=12fm

sk B NA0L=24fm | ]
“F A N=0L=36fm | ]
X iment i
0.6E ¥ experimen :
= I baa sl s g | IFEIE I I ol e e vy | fd i1 | IFEETE O R
0 01 02 03 04 05 06 07 08
m “[GeV’]

my IS lighter than mg in
Nf = 0 case.

Results at two lighter mx
has larger error and fluctu-
ation.

There seems to be no dy-
namical effect.

Preliminary result

_ [ 1.22(10) (lat.)
ga/gv —{ 1.267(4) (exp.)

We will confirm the result is reliable by improving statistics.
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4.2. Moments of quark distributions (cont'd)
Each component in Ny = 0 is independent of mx.

T T T T L L U L B e B B I L

i s B 035} <x> -

WS ) L S Au-Ad * " C I

0.2.- i ® é - 0.3:- -

| ¥ o N ] 0.25F i i ¢ ;

' { m N~0 ' ; % ;

0.1F ¥ experiment 7 0'2:' e N=2+1 ;

: - N m N=0 X

I 0.15[ 3 experiment ]

0. | PR N ST ST TN AN TR N ST SO O TR ST ST N N NN S S 01: | ST T VT T | PRI S WO YT VO SER T U IO JHR TR Y SOUY T ST 1 ]
0 0.1 0.2 0.3 04 0.5 -0 0.1 0.2 0.3 04 0.5

m [GeV’] m “[GeV’]

Ax)y—g and (z) au—ng are closer to experiment, and have some m, de-

pendence.

Perturbative Z(2GeV) = 0.88(5) from PLB641,67
— We will calculate Z factor by non-perturbative method.
Preliminary result
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4.3. Form factors (cont’'d)
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F1 is almost independent of m, except for lightest mass.

G 4 has my dependence.
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Domain Wall Fermions, Approximate Chiral Symmetry and Weak Matrix
Elements

Norman H. Christ
Columbia University
RBC and UKQCD Collaborations
DWF@10 — March 16, 2007

Here we discuss the accuracy with which the matrix elements of an operator such as the strong penguin operator Og can be
computed using the domain wall fermion formulation. The matrix element (7|Og|K) is one of the two most important parts of
a calculation of €’/¢ and is made difficult by the mixing of the dimension-6 operator Os with the lower dimension operators §d
and Fy°d. The very mild, explicit chiral symmetry breaking present in the domain wall fermion formulation makes it possible
to treat this operator mixing with consideral precision. As discussed in our earlier RBC paper!, the leading order effect of the
explicit chiral symmetry breaking on the matrix element {7]Og| K} is to add a small constant, proportional to the residual mass,
Miyes t0 this matrix element. The physical matrix element vanishes linearly in the quark mass as the chiral limit is approached
and the quantity of interest is the slope of this mass dependence. Thus, the slope of interest is not affected by this additive
constant, o m.s. Here we consider next-leading corrections to this result, examining the extent to which unphysical terms

are present which are proportional to products of the quark mass my and the residual mass but enhanced by the 1/a® factor

" associated with the power divergence of this lower-dimension operator mixing. We conclude that while such effects are present

on the few percent level they can be explicitly subtracted leaving uncertainties well below the 1%.

1T. Blum, ef al., Phys. Rev., D68, 114506 (2003), hep-lat/0110075
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Power Divergent Subtraction from Og

. @ Matrix element (7|04|K)
— Contains divergent, unphysical (7 |sd|K) contribution.

— Removed by subtraction specified by chiral pei'turbation theory.

— How large is the systematic error on this 5% difference?

0.4 T — T T T 0.006 L e S LA R
g 0.004 |
03 — I
0.002 _
A B
o 0 .
02~ - E
= s "
s —0.002 |
\
01 ] —0.004 -
-0.006 -
0 & L
N N 1 ) 1 !
. : . . . .
1 PR S S Voo S S " ’0'0080 0.01 0.02° 0.03 0.04 0.05 0.06
-0.01 0 001 002 003 004 0.05
m me

) T'wo terms to be subtracted o) Result after subtraction
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Recall Leading Order Argument

e O, (8,1) operator contains (3,3) and (3,3) counter terms.

(Osmie = SY*(L—yd Y qr*(1+v°)q
g=u,d,s

+105(1 + v°)gs (Mp)ap + 10G,(1 — y)d (M})34
+m5(1 + 1) ()2 + M7, (1 —v)d ()3,
—no and n; are O(1/a>). | r

— My is the usual (3,3) fermion mass matrix.

—Q is a (3,3) spinor matrix in the DWF s-derivative con-
necting the s = L;/2 and s = L;/2 — 1 slices.

Wy r 20+ Y)W 101+ Yy r o 1(1 — ¥2) Wy £/
= Wy 1,20+ ¥)QWs 101+ Wz, 0 1(1 — J/S)QT‘I’x,LS/z

— We expect n; oc e %Ls,
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Mixing of Order M X Q7

e A new counter term appears:
506 — 7723:(1 + )/S)Qa’ (M;)b,b’(gz*)c,c’ez’b’cea/’b/’u
_I_nz-q—a/(l _ '}/S)d (Mf)b,b’(Q)c,c/eg”b’céa/’b/’w.

e For conventional values for My and Q:

806 = na(ms —mg)Sy>d + ma(ma + my + 2m,)sd.
e Trouble?

— 12 ~ 0.003 enhanced 20x gives 6% correction
to physical slope!

— Could discover and remove using m, dependence?

e Ruled out by perturbative Ur(3) x Ur(3) symmetry:
Even powers of 2 required.
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Mixing of Order My x €2 X Q7

o If @2 term were of order m?2_ we could drop it:

(0.003)? enhanced 20x gives 0.02% effect.

e Residual mass reflects two effects:

— Eigenstates of Hy above the mobility edge: m,e X LLse‘)‘cLS.
2 4
Q? x (Lise‘)‘cLS)

— Eigenstates of Hr below the mobility edge: m1, %2).

[ Peter Boyle]
e Thus, Q? term might O(e)!
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Examine My x 2 x €2 contribution to Og

e Possible counter terms:

805 = (1 + ¥°)qa (Q2.an3tr(M] )

+7,(1 = ¥7)d (2)zamstr (M Q)
e Extract the allowed 2nd order polynomial in Q;;:

QuuQa’d + Quuszss + Qa’a’st
e Substitute conventional values for M r and 2:

8Os = n3(my — myg)sy>d + n3(mg + my + 2m,)sd.
e Should be subtracted!

— Reversed sign implies standard subtraction fails.
— Must fit to m, dependence and remove.

— Size of term in question: 0.5-0.003 x 20 ~ 3%.
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Bx with two flavors of
dynamical overlap fermions

Norikazu Yamada (KEK)

for JLQCD Collaboration
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~ Simulation parameters

e Gauge: Iwasaki RG ( £=2.30)

+ extra Wilson fermions (my=1+s=1.6)
to prevent topological charge, Q, from changing
-+ ghosts with twisted mass #=0.2 |
to suppress unwanted UV effects due to extra Wilson fermions

Hyy (mg)?
Hyy (mo)? + p?

exp(—SIve) — det exp(—SI™sek) [ JLQCD, PRD74 (2006)094505 ]

r0=0.49 fm  @=0.1184(12) fm (I1/a=1.667(17) GeV)
(Lia)*x(T/a)=163x32 V= (1.9 fm)?

Results are from configurations in Q=0.
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Simulation parameters

® Sea and valence quarks: Overlap fermion

- 6 sea quark masses (arse2=0.015, 0.025, 0.035, 0.050, 0.070, 0.100)
/6 ms <mg<ms 0.34 <ma/mp <0.67
our lightest pion ;=293 MeV,m, L = 2.8

- 6 valence quark masses take the same values as the sea’s.
- LMP and LMA are implemented for all valence propagators.

- While all degenerate and non-degenerate mesons are measured,

| focus on the degenerate mesons (mva1=myvai2) in this talk.
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BPLVID Udf(ZGeV)

Test with NLO ChPT

(i) with free f

fit of degenerate data

—~ ® While y?/dof is reasonable for
all fit ranges, f largely depends
on them.

* When the fit range is [0, m,/2]

or smaller, f takes a reasonable
value.

------- chi2/dof=0.65, f=130(12) MeV SUI’GI)’ confident of that

our three or four lightest

. I ) } 1 ] I T T T T l T T T T I T T T T ] T T o
0.6 — .
0.5+~ —

- o m,=0015 ]

- o 0025 i

- o 0.035 -
04 / A 0.050 .

Y 4 0070 ]

s v 0.100 i

L —— chi2/dof=1.6, f=197(8) MeV -
037 —--- chi2/dof=1.3, f=161(10) MeV ]

- chi2/dof=0.04, f=114(18) MeV -
0 2 I 1 1 I 1 | ] 1 I ] | 1 1 I ] I L 1 1 [} ' ] I L I ]

0 0.05 0.1 0.15 0.2
2
(am_ )
Ps

02> quarks are well inside the
NLO ChPT regime.
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Introducing higher order terms

® naive: (4 or 5 free parameters)

® non-naive: (1 free parameters)

fit of degenerate data fit of degenerate data

= l 1 11 l LN I I | I T T | L | T T T T ] = | T T 7 | | S S M | ' L L I [ LI | T T 1 :
- . 0.6 ]
= 1 % osf .
B © 1 O Z ]
N O 0.025 1 _ ]
- & 0.035 1 57 - .
— A 0050 1 5 04 —
C < 0070 1 = i ]
B v 0.100 ] o L ; ]
- —— chi2/dof=1.4, =110 MeV fixed [aa] - —— NLO+poly, chi2/dof=0.9 -
— ~-=- chi2/dof=14, f=12027) MeV ] 03gr NLO w/ free £=114(21) MeV ]
B - - —— NLO+poly, chi2/dof=1.5 -
C i - e NLO w/ fixed f=110 MeV |

Lo oo b v b v v o by v g by a0 0.2 Lo v o v b oo b v v b v v by g ]

0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.2

( )2 2 :
am_ (amps)

In both cases, the whole data are well interpolated.
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Preliminary result for B

Interpolate to physical mg using the NNLO-like functions
fo Obtain_BK at Mgea—Mud and mvall=mva12=m,g/2 as

B?(ZGeV) { 0.534(3) naive NNLO w/ free f

0.540(10) mnon-naive w/ free f

(statistical error only)

B?(ZGeV) = 0.509(18) [RBC (incl. systematic error)]
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Summary

* Calculation of Bg is now in progress.
* Preliminary result looks promising.

® Our three or four lightest quarks are well inside the
NLO ChPT regime.

e To do

- include non-degenerate mesons,
- study topological charge dependence numerically,
- clarify finite volume effects using ChPT with FV,

- estimate systematic errors.
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The Kaon Bag Parameter
Jrom 2+1-Flavors of Domain-Wall Fermion

Saul D. Cohen

sdcohen@phys . columbia.edu

RBC and UKQCD Collaborations
(Columbia University)
Calculations done using the QCDOC supercomputers
at RIKEN-BNL Research Center and the University of Edinburgh
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The Solution | T

Operator Mixing |
In the continuum, B contains only the operator of the form V'V + AA, which
renormalizes multiplicatively:

Opitaa = (57.d) (57.d) + (57.75d) (5775)

Domain-Wall Fermions

The domain-wall formalism allows us to control chiral symmetry breaking; as long as our
residual masses small, we avoid the unwanted terms which contribute at O(m?2,,).

In this framework, we may also apply continuum partially quenched chiral perturbation
theory and use non-perturbative renormalization.

L



162 x 32 Results

Kaon Bag Parameter

Bj is computed for 15 nondegenerate combinations of valence strange and light
masses. Light mass runs along the z-axis; strange mass is denoted by color. We fit to
the partially quenched 2+1 flavor NLO chiral perturbation theory form of Sharpe and Van

de Water. B2 = 0.607(9)

Bp 2+1f Partially Quenched Chiral Fit

5
W
o7 16%, m**® = 0.04, m*® = 0.01 07 16, mS*® = 0.04, m** = 0.02 o7 16, mE*® = 0.04, m* = 0.03
06 | 06 0.6 |
& o by
05+ 0.5 F 05
0.4 04

! 0 0.02 0.04 0 0.02 0.04 0 0.02 0.04
Mgy Mgy Mgy
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Nonperturbative Renormalizatio

Lattice-to-Continuum Matching

ZyvviaA,vv+aa can be divided into a constant ZRG! and a running £(p).

1.4

1.3
1.2

11

0.9

0.8

) =]
12HE

RGI —E—

S

=]

Bl
EHE =]

=}
=]

!
0.5

—
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16° X 32 Results o

Comparisons
Here we compare our 2+1 flavor domain-wall fermion B g result with other chiral fermion
and unquenched results.

% 2+1f Tmp.Stag, (HPQCD/UKQCD)
0.65 o 2f DWFDBW2 (RBO)

'O 2f Clover Wilson (UKQCD) e
‘0 Of DWF DBW2 (RBC)

06 | %(,\‘Of DWF Iwasaki (CP-PACS)

With Zp,. = 0.917(07)(18)
; _ in MS at 2 GeV

By = 0.557(12)(16)

By

0.55¢

LIZD

0.5 | 2+1f DWF Iwasaki 16> (RBC

0 005 01 015 02 025
(aMp)2
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243 x 64 Results

Three-Point Plateaux

The much longer length of the time-dimension allows us to average over more
fluctuations in the gauge field, yielding smaller statistical errors.

BPlateau on 24° , m5*® = 0.04,, m{** = 0.005

0.64 1] -
062 |y S5 D 1 vy
& 061 W 7 ﬁrﬂ EESSS S
0.58 [ B T
0.56 F L o . ' . . . 1
10 15 | '20' '25‘ 30 | '35' 40 45 50 55
t
BPlateau on 24> , ;> = 0.04 ,m{*® = 0.01
0.64 |
062 FRTIe NI AT e T T 71]
& 06 I el s WnFida
0.58 |
0.56 ¢
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Update on Bx with a mixed action

Jack Laiho, Fermilab
Christopher Aubin
Ruth Van de Water

Domain Wall Fermions after ten years

RIKEN-BNL 2007
March 16
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Mixed action simulations

Our simulations use MILC lattices with asqg-tad staggered quarks in the sea
sector and domain wall quarks in the valence sector.

Advantages

® A large number of ensembles with different volumes, sea quark masses
and lattice spacings exist and are publicly available.

#» The existing ensembles have 2+1 flavors of light sea quarks (m.strange /8
for the lightest quarks)

® The good chiral properties of the valence sector make things much
simpler than the staggered case. There are only two additional
parameters (over pure domain wall) that appear at one loop in the mixed
action ChPT for m., fr, and Bx. They can both be obtained from
spectrum calculations.

# NPR can be carried through in the same way as in domain wall.
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Values for A,

a=0.125 fm
1 | T I T I
[®) msea=0.007/0.05
| o m=0.01/0.05
0.8 O MILC splittings: A A Ay A
Nf‘:, — A_. extrapolation
[ L mix
2
S 061
s M 0)
S5
0.4
g =
=)
0.2
0 | ] I I | l
0 0.05 0.1 0.15

stag 1ﬁl
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Parametefs of the simulation

Done on MILC lattices with improved staggered (asqtad) sea quarks

Many MILC lattice ensembles exist. This work only makes use of the
MILC coarse lattices (a =~ 0.12 fm). We will add the fine (a =~ 0.09) soon.

The lightest quark masses have ~ mtrange/8 and m, L > 4 for all data
points.

Following LHPC, we are using HYP smearing with the usual Hasenfratz
parameters to reduce residual chiral symmetry breaking.

We are using periodic+antiperiodic boundary conditions and
periodic-antiperiodic boundary conditions to create forward and backward
propagators, effectively doubling the time extent of the lattice.
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Bx on a single ensemble

a=10.125 fm; m_ = 0.007/0.05

052l O m =005
| o m=0.04
m =0.03 %
0.5 O 5 0.02
|o m, =0 £
O m =0.01
0.48 |-
M 46 &
i €
0.44 -
0.42 |-
. | , | . | . [ |
0‘40 0.01 0.02 0.03 0.04 0.05

a(mlight+ mres) X (rl/rl)
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 Estimate of future error budget

» 3% chiral extrapolation error (similar to MILC’s fx number)
# Finite Volume Effects: 1.5%
» NPR: Similar to RBC ~ 3%

# lattice spacing dependence: again, similar to RBC =~ 4%. This will
improve with another lattice spacing.

# Statistical: 2 — 4% now. This will improve also.

Added in quadrature, we estimate around 7% now, and 5% after another year
of running.
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Kiz Form Factor with Nf#2+| Domain Wall Fermions

James Zanotti
University of Edinburgh
UKQCD/RBC Collaboration

We present the latest results from the UKQCD/RBC collaborations for the
Kiz form factor with 2+1 flavours of dynamical domain wall quarks. Simulations
are performed on 163 x 32 x 16 and 243 x 64 x 16 lattices with three values of
the light quark mass, allowing for an extrapolation to the chiral limit.

After interpolating to zero momentum transfer, we obtain the preliminary
result f+(0)=0.9609(51), which is in agreement with the result of Leutwyler &
Roos.




¥L1

Motivation

K — 7wl (K I 3) decay leads to determination of

decayrate o< |Vys|?| f+(¢* = 0)]?

® Require precise theoretical determination

@ Current conservation == f (0) =1

su(3) flavour limit

* Adefnollo-Gatto Theorem -> second order SU(3) breaking
effects in f1 (0)

J+0) =1+ fo+ fa+---
= Af =1+ fa— f1(0)
® [Leutwyler & Roos: fo = —0.023]




Parameters

® Ny=2+1 (flavours of dynamical domain wall fermions

® |wasaki gauge action

B =213, Ly =16, amyes =~ 0.03, a =~ 0.121fm, am,; = 0.04

SLI

a'mq Volume [ [MeV]mK [MeV]
0.03 0.624(2) | 0.668(2)
002 [16% x 32 05173) | 0617(2)
0.0l 0.393(2) | 0.567(1)
0.03 0.624(1) | 0.665(1)
0.02 242 x 64] 0516(1) | 0.614(1)
0.0l 0.385(1) | 0.559(I)

For more details, see hep-lat/0701013
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Pole: fo(q2) = fo(0)/(1 — QZ/M2)

L1t . 11+
1r 1+t
09 t 09 |
G 08 G 08
2 =2
07 E 0.7 L
0.6 | , 1 0.6 |
051 ¢ 16x32 7 05 *  16x32 1
A 24x64 A 24x64
0’4 i) 1 i} 1 L I} 0.4 1 I i) 1 1 I
03 025 02 -015 -01 -0.05 0 03 025 02 015 01 -005 0
2
(aq) (aq)®
0.1 — : : :
1.1 } 0
| Afi= —0.0161(46)
01}
0.9 1 02 : I
< 08 | 5
% = 03
0.7 ¢ -04
06 F 05
051 . 16x32 06
A 24x64 .
0‘4 1 1 i L L I _0.7 1 H i 1 - I
03 025 02 015 01 -005 0 0 02 04 0.6 0.8 1
(aa)® (M2 +m?) [GeV?]




LLT

|Vus

Af : —0.0161(46)(15)(16) = ££7(0) = 0.9609(51)

Using |Vus f+(0)] = 0.2169(9) from experimental decay rate:

Vaus| = 0-2257(9)exp(12)f+(0)

Vad|? + |Vus2 + Va2 =1 =6, & = 0.00076(62)

PDG(2006)/LR:

Vaal® + |[Vas|? + |[Van|? =1 — 6, § = 0.0008(10)
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Summary and Future Work
Preliminary Ny = 2 + 1 result for |

*agrees well with L/R result
*no obvious finite size effects
%k small statistical error

*progress towards controlling systematics

Further Improvements

* Lighter quark masses
% Another 8 — continuum limit

* Twisted boundary conditions — smaller ¢
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Chiral Violations |

in Perfurbative Domain Wall QCD

In Perturbative Domain Wall @CD |

Stefano quitahi'

Institut fGr Kernphysik
UNIVERSITAT MAINZ

We calcu_late in lattice perturbation theory, using the exact propagators corresponding o
the setting of a finite number of points in the fifth dimensions, the residual mass and other
mairix elements which measure the breaking of chiral symmetry in domain-wall fermions.

We present results for several choices of the domain-wall parameters.
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Infroduction

Domain-wall simulations: finite number of points N, in the 5th dimension
= violations of chiral symmetry

Only in the theoretical limit in which N; becomes infinite thé'chiral modes can
fully decouple from each other, yielding an exact chiral symmetry

We investigate the chirality-violating effects using perturbative calculations

The focus is at small N, where the simulations are currently performed

We have computed three quantities:
» the residual mass
» the difference A = Zyv — Za
# a chirally-forbidden mixing ] (nonzero at finite N;) of an operator which
describes the lowest moment of the g» structure function

For all this, we had to derive the required propagator functions

We have computed the same quantities with the plaquette action as well as

- with improved gauge actions (Luscher-Weisz, lwasaki, DBW2)

in numerical simulations it has been seen that these |mproved gauge actions
(especially DBW2) reduce the chiral violations
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Chiral violations

How small can N, be while still avoiding large values of the residual mass?

To investigate this problem, we have computed various matrix elements for
several choices of N; and of the domain-wall height M

A thorough exploration of large regions in the two-dimensional space spanned
by N, and M would be quite expensive for Monte Carlo simulations

Perturbation theory remains then often the more practical and cheaper way for
gathering hints of what is happening when the parameters move in this space

We want to study of the dependence of m,..s (and other quantitiés that can act
as indicators of chiral violations) on M and N,

We have then carried out some selected one-loop calculations using the
Feynman rules which exactly correspond to the theory at finite NV,

This is then not ths situation of past calculations where, in place of the exact
quark propagators, their asymptotic expressions for large N, were used

The purpose of this work is to calculate with the exact Feynman rules the
deviations from the N; = oo results in the case where N; is limited to smali
values , of O(10) |
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Tadpoles

The tadpole contributions present wide variations with N; and M, so that
sometimes they turn out to be small while sometimes they are large

This suggests that some care should be used when talking about‘tadpovle
dominance in relation to domain-wall fermions

- Both tadpoles (of Xy and >I;) even decrease toward zero for M — 0 or M — 2

A central point also is that there are two kinds of tadpoles in the game here:

. ® the tadpole of order zero in p, which tends to zero for Ny — oo,
which contributes to X and the residual mass

#» the tadpole of order ap, which tends to its Wilson value for N, — oo,
which contributes to X; and the renormalization factors

They really behave differently , in the large N, case as well as in the exact
case for any finite IV

Essentially, the iy in the first order flips the chirality of the damping factors,
and they then combine in a different way
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Residual mass

Residual mass in lattice units at # = 5.2 in Landau gauge.

M Ng =28 Ny =12 N; =16 N, =20 N; =24 Ny =28 N, =32 Ny =48 N;=0o0
0.1} -0.25014 -0.24077 -0.21923 -0.18923 -0.15614 -0.12430 -0.09621 -0.02889 0
0.2 | -0.26738 -0.17001 -0.09619 -0.05047 -0.02523 -0.01220 -0.00576 -0.00025 0
0.3 | -0.17502. -0.06438 -0.02089 -0.00632 -0.00183 -0.00051 -0.00014 0.00000 0
0.4 | -0.08294 -0.01629 -0.00283 -0.00046 -0.00007 -0.00001 0.00000 0.00000 0
0.5 | -0.02966 -0.00283 -0.00024 -0.00002 0.00000 0.00000 0.00000 0.00000 0
0.6 | -0.00787 -0.00032 -0.00001 0.00000 0.00000 0.00000 0.00000 0.00000 0
0.7 | -0.00151 -0.00002 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0
0.8 | -0.00025 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0
0.9 | -0.00008 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0
1.0 | -0.00004 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000  0.00000 0
1.1 | -0.00003 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0
1.2 | 0.00002 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0
1.3 | 0.00056 0.00001 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0
1.4 | 0.00387 0.00016 0.00001 0.00000 0.00000 0.00000 0.00000 0.00000 0|
1.5} 0.01565 0.00161 0.00014 0.00001 0.00000 0.00000 0.00000 0.00000 0
1.6 | 0.04357 0.00979 0.00181 0.00030 0.00005 0.00001 0.00000 0.00000 0
1.7 | 0.08592 0.03889 0.01378 0.00438 0.00131 0.00038 0.00011 0.00000 0
1.8 | 0.10875 0.09702 0.06302 0.03555 0.01857 0.00925 0.00446 0.00020 0
1.9 | 0.05763 0.10669 0.12612 0.12479 0.11169 0.09373 0.07524 0.02433 0
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- Conclusions |

o b

Our perturbative calculations show that the numerical deviations from
the case of infinite N; depend, apart from N, and to a smaller extent
from the bare coupling go, very strongly on the choice of M

These deviations can become rather pronounced when M is close to
the borders of the region of allowed values

The values of am'%, are positive only for M > 1.2

LLooking at the numbers for N; = 8, our results would indicate that the
minimal amount of chiral violations is attained for M ~ 1.2

The pattern of the deviations from the case of exact chirality turns out to
be approximately the same for all quantities studied

For M = 1.8, a standard choice in Monte Carlo simulations, chiral
violations are still not small for N, = 16

For example, m.... for a lattice spacing of 2 GeV is equal to about
100 MeV in the quenched case and about 120 MeV in full QCD

For the difference between the vector and axial-vector renormalization
constants as well as for the power-divergent mixing, the chiral violations

- are instead of about 2 — 3 MeV, suggesting that they are of higher order

iN Myes
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Y. Kikukawa

Institute of Physics, University of Tokyo

Electroweak theory on the lattice
with exact gauge invariance
and its applications

In this talk, I discuss what one can do with lattice gauge theory to study the
electroweak theory.

I first show that by using Domain wall fermion, or, the overlap Dirac operator
satisfying the Ginsparg-Wilson relation, it is possible to formulate the electroweak
theory on the lattice, keeping exact gauge invariance. Our construction is for both
infnite and finite four-dimensional lattice. It covers all SU(2) topological sectors with
vanishing U(1) magnetic fluxes. Our result provides the first gauge-invariant
regularization of the electroweak theory.

Then | discuss about two possible applications of this formulation, which seem
feasible numerically. The first one is a computation of the effect of quarks and leptons
to the sphaleron rate at finite temperature. The second one is a lattice construction of
a model of dynamical electroweak symmetry breaking.
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Constructlon of SU2)xU(1) Electroweak theory (II)

finite volume case
F4={x:($o,'-' ,£U3) EZ4 l OSQZ‘M <L}=L4

1 1
[1-U8 < e IM-{UF1I<e e<qgy o

m U]
®

T*U )] x MISU(2)]

DO. e

Uy,(:l?) = eZA“ (m)g(m)g(x -+ ﬁ’)_lU[W] ($7 M)‘/[m] ($7 %
27Ny

L2

Fou(®) = 9, A () - 8,47 () +

a pair of doublets (a,b) measure defined

lobally !
= 5 LU 4410 W@ =u@ S

(b) -1 . *
vV — C ® )
Q=) tr{ys(1 - D)(z,2)}ye j (@) = (7 iog) [v;(x)]

zE€ly cf. Nuberger(98) Bar-Campos (00)
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Construction of SU(2)xU( I) Electroweak theory (Il)
n(@) = 1P @) @) UL (o) = 8 U, ) € [0,1] (s =0)

local counter term! Wilson line contr.

Ly = Z'Z(’Uz', Onv;) = Znu(fv)ju(x) \ /
:i/ldt”_[‘r{ P_[8,P,8,P_)} +6n / dt Y- {Au@) k@) } + Lolyw oy, v
0 x€ly

Kadoh-YK in prep.  cf. Luscher( 98)

gauge anomaly cancellation

Y AN K T
cohomological analysisin 'y z €Ty M@) /Wjﬁi@)
: u) S u@)
g(z) = tr {15(1 —aD)(z,2)}yw pe

Y ooua) ™ su@)
Y3-Yv¥=0 > Y=0, 3} Y=0
Z YQQ($> I UM —-{U@D)}Ya Z Z doublet(L) singlet(R)
84

1 Ao
(84 84

= 0Lk, (2) . '
Suzuki et al. (01) Kadoh-Nakayama-YK(04)
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' Construction of SU(2)xU(1) Electroweak theory (Il)

finite volume case

e covers all SU(2) topological sectors with vanishing U(I)
magnetic fluxes |

* global integrability can be proved rigorously
even number of SU(2) doublets, U(l)Wilson line parts
* explicit with two simplifications ¢f. U(!), Luscher (98)
% direct proof of gauge énomaly cancellation in I
* separate treatment of the Wilson line

e some non-perturbative applications ?
p PP

based on :

Y.~Nakayama and Y.K., Nucl. Phys. B597,519 (2001)
D.~Kadoh,Y.~Nakayama and Y.K., JHEP 0412, 006 (2004)
D.~Kadoh and Y.K,, in preparation
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possible applications of lattice EW theory (Il)

-a construction of a model of
dynamical EW symmetry breaking

SUQR)Lx U(l)y = U(1)em

SU(2)1c “minimal walking technicolor model”

Dietrich, Sannino, Tuominen (05) -

4 x SU(2)7c adjoint 4 x SU(2)7c singlet
A? 1y  with DW / overlap fermions,
o < 3x SU@)L doublet lattice construction is possible
A3 1 x SUQR)L doublet =~ %2 if Y(3,2)=0, just like EW theor
A3 Y3 cf. N=1 SYM  Nishimura(97)
AY b Neuberger(98) Kaplan(99) .

chiral sym. & breaking (A\) if gv=0, numerical
simulation is possible !
sSU4) m—— o4)
b S i .
SUR2)LX SUQR)R =i SU(2)v global issue; Neuberger(98), Bar(02)
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properties claimed

Sannino et al.

® almost conformal; “walking coupling”

® chiral symmetry breaking
. matching to CRMT Y} F.
SU(4) ---> O(4)
| cf. Toublan-Vervaarshot (99)
the order of finite temp. rest.

® consistent with the (usually severe)

N
[v4

near-conformal

Agre= 100-1000 Age

constraints from EW precision measurements g5

O(p*) low energy coupling L1
® |ight composite Higgs scalar

Mu~ 150 GeV  spectrum; neutral scalar, rho, ...

Check needed by a non-perturbative method

.
A Agic q
T e,
0 //
0.5 S
-0.5 0 +0.5

These are the problems familiar in lattice QCD,

althecugh tough




Should we change the topology at all?

Tetsuya Onogi (YITP, Kyoto Univ.) for JLQCD

collaboration

RBRC Workshp: “Domain Wall Fermions at Ten Years”

161

AN =

March 16 2007 at BNL

Topology in unguenched simulation

QCD vacuum

0 and Q dependence of the observables
Topological susceptibility

Summary
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The aim of this talk

Topology change in unquenched QCD is a serious problem.
One should carefully think which strategy should be taken:
Enforce the topology change ? or fix the topology?

Review the theoretical understanding of
QCD in 6 vacuum and QCD at fixed topology.

Claim that the fixed Q effect is a finite size effect,
which can be removed in large volume or correctly estimated.

Give a proposal to measure topological susceptibility at fixed topology.
mmm)p  Talk by T-W. Chiu
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3. fand Q dependence of the observables

Brower, Chandrasekaran, Neg’ele, Wiese, Phys.Lett.B560(2003)64
+discussions with S.Aoki, H. Fukaya and S. Hashimoto

* 7(6) = exp[-TEy(9)] : partition function ingy vacuum
7 Q=§1_ / DI (i) partition function at fixed Q
T

* Gh) = (O1++-On)g : observable in p Vacuum
11 . observable at fixed Q
=7 / B(6)G(8) exp(i6Q)
The partition function and observable at fixed Q
can be obtained from those in g vacuum
using saddle point approximation for large V (volume)
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Parameterizing the vacuum energy as
E(0) = L3 %Xw? + 0(04)] . xt :topological susceptibility

one obtains

“(n)” means
n-th derivative in g

Iy =exp ~—9—2—+0(V‘2)
Wyt
Va\ Vi

Gy = G(l)(O)éﬁ + higher order (for G=CP odd)
Xt

2
Gg =G(0)+ G(Q)(O)il— (1 - Q—) + higher order (for G=CP even)

s Difference of observables with fixed Q and in @ vacuum can be
estimated as 1/V correction and higher order.

s Topological susceptibility as well as higher moments are the key

quantities.

¢« One can also obtain the 8 dependence of CP-odd observable.

EDM can be obtained. -
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More sytematic proof

Aoki, Fukaya, Hashimoto, Onogi in progress

Consider the topological charge density correlator.

. 2
Using formula W)w(0))g = W()w(0))p=o + (w(z)u(0 ))9_)02; t(l—%)

where  (w(@)w(0))52) = —((2)w(0)Q%)g=o + (w(m)w(0)>e=o< ?)o=0
Using the clustering property ! Ilim (w(z)w(0))g=p =0
T{—00 .

im (w(w)w(o)>(2> ' QQ

— im 2 [ duee ey M o0l = =|-x|+0(77)
2|00 JVa lg;|_>oo V V
x /Vo dz(w(2)w(0))g—0 |

= 2Xt2
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5. Summary

The effect of fixing the topology is a finite size effect,
which can be removed in large volume or correctly estimated
by the topological susceptibility and suitable effective theory.

Fortunately, the pion mass receives the largest correction
but other quantities receives only subleading corrections
through pion mass.

The theta dependence of CP-odd observable can also be
extracted from fixed topology simulation. -

Topological susceptibility can be measured by the asymptotic
values of single pseudoscalar 2pt function at fixed topology.

Talk by T-W. Chiu
Systematic study of next-leading order (partially quenched ) ChPT
is needed..



Chiral behavior in mixed action calculations with 2 -+ 1 sea
quark flavors

Laurent Lellouch !
Centre de Physique Théorique 2
CNRS Luminy, Case 907
F-13288 Marseille Cedex 9
France

In this talk I discuss the chiral behavior of non-singlet pseudo-Goldstone boson (PGB)
masses and decay constants in mixed action calculations and present preliminary results
from actual simulations. Here, mixed action stands for overlap valence quarks on Ny = 2+1
seas of tree-level O(a)-improved Wilson quarks. One of the main goals of these mixed-action
simulations is to determine phenomenologically important weak matrix elements to a few
percent accuracy, with controlled extrapolations to the physical limit of QCD. In addition,
these studies should yield many interesting “side-products”, such as quark masses, chiral
Lagrangian low-energy constants, etc. Moreover, the Ny = 2 + 1 gauge configurations
generated can be used to study many other quantities, associated with the hadron spectrum
or charm and beauty physics, for example.

The talk is divided into two main parts. After motivating the use of mixed actions,
I briefly review finite-volume, partially-quenched, mixed-action chiral perturbation theory
and discuss next-to-leading (NLO) results for the PGB masses and decay constants. It
is assumed that quark masses and lattice volumes are chosen such that PGB masses and
momenta are comparable in size and are small compared to the chiral cutoff (i.e. that
the finite-volume, chiral p-regime counting of Gasser and Leutwyler is applicable). It is
also assumed that O(a,a) discretization errors are counted like meson mass or momentum
squared, but are sufficiently small for the system to be in the usual chiral phase. I then
present preliminary results from ongoing mixed-action simulations and very preliminary fits
of NLO chiral expressions to these results.

At this early stage in our investigation, it is clear that more detailed analyses and
more data at low masses and at other lattice spacings are needed to determine the extent
to which we will be able to reliably make contact with mixed-action chiral perturbation
theory to extrapolate our results to the physical limit of QCD in a model-independent way.
Nevertheless, the good performance of the algorithms used and our preliminary results make
our mixed action approach, with overlap valence quarks on improved Wilson seas, look very
promising.

n collaboration with Z. Fodor, C. Hoelbling, S. Katz, S. Krieg, T. Lippert and K. Szabo from the
University of Wuppertal and Eétvos University.

2CPT is UMR 6207 of the CNRS and of the Université d’Aix-Marseille I, the Université d’Aix-Marseille
II and the Université du Sud Toulon-Var. It is also affiliated with the FRUMAM.

197
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Determine weak matrix elements to few percent accuracy with controlled
extrapolations to the physical limit of QCD:

M, — 135MeV, a— 0, L— oo

@ Recent algorithmic (multiple time-scale integration, Hasenbusch acceleration,
RH MC, DDHMC .. ) (Sexton'& Weingarten '92, Hasenbusch '01, Clark et al 08, Luscher ’05, Urbach et al '06,
...y and hardware advances

= Nf =2+ 1 QCD with e.g. M, ~ 250MeV, a ~ 0.065fm and L ~ 3.1fm
becoming accessible to Wilson fermions

= near-continuum chiral p-regime w/out conceptual pbs of staggered fermions

@ Overlap inversions are numerically feasible on these backgrounds
= full xS (in valence sector) w/out cost of dynamical overlap fermions
= simplified renormalization
= full O(a) improvement w/ only NP O(a)-improved Wilson sea action
@ To eXtrapolate to physical limit — finite-volume mixed action PQxPT (sharpe '90 92,
Bernard & Golterman '92 '94, Sharpe & Shoresh '00 '01, Sharpe & Singleton '98, Acki ‘03, Bér et al '03 '04, Sharpe '06,
)

Laurent Lellouch DWF @ 10, RIKEN-BNL, 15-17 March 2007




661

et it AR e AR Nk T T

Masses and decay constants at NLO in volume ©

GW valence on Wilson seas

(M)e"° = ’\/’122{1 + 22{7}'1/:_)2 [PQ x-10gs(u, M1, Moz, Mg, Mss) + FV
+8((206 — o) (1) (203, + W1Z) + (208 — as) (1) M) ) + ASME| }

(F2)g° = F{1 + 5@71—55 [PQ x-logs(u, My1, Moz, Mg, Mss) + FV
8 (cua (1) (285, + 35) + xs(u) M3y) ) + ASME | }

® M, and My, are the non-singlet pseudo-Golstone boson masses at LO
@ Terms in M3 = 2aW , with W ~ Acp, due to breaking of xS by Wilson fermions
@ With Wilson seas: Af, A5 = O(1); with tree-level O(a)-improved seas:

{, A5 = O(as); and with non-perturbatively O(a)-improved seas: A3, A3 =0

Laurent Lellouch DWF @ 10, RIKEN-BNL. 15~17 March 2007
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_Simulation ingredients

Gauge action: tree-level Symanzik improved
Sea quarks: smeared-link, tree-level O(a)-improved Wilson fermions
Valence quarks: smeared-link overlap fermions

Algorithm: Rational HMC with even-odd preconditioning, multiple time-scale
Omelyan integration and Hasenbusch acceleration (Ciark et al '06, Sexton & Weingarten '92,
Omelyan et al '03, Hasenbusch '01, Urbach et al '06)

Renormalization: will be non-perturbative a la Rome-Southampton
@ Parameters:

@ a~ 0.09fm

@ M, ~ 300, 400, 490, 560 MeV with ML > 4

@ O(20%) overestimated ms

@ Overlap roughly matched with Wilson

@ O(20) configs at 300 MeV and O(100) at other points
@ Other a and M, are being investigated

Calculations performed on BG/Ls at FZ Jilich and clusters at the University of
Wuppertal, E6tvés University and CPT Marseille

Laurent Lellouch DWF @ 10, RIKEN-BNL, 15-17 March 2007
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t abilit'es nd stable algorithm

Worst case scenario according to o ~ a/+/Q criterion (pel Debbio et ai '05);
a~ 0.15fm, Q/a* = 16% x 32

0.488 049 T
0.486 L 0.488 ':-: —:
[ ] C 5 ]
L T3aja i 0.486 [~ o, A Iy
T B . Y'Y T
X LR 0.484 [ 375 "UTATS JFo i
E N i
0.482 I~ 0.482 |- : -
YT ANEPEEE R B T NI I I P
200 400 600 800 0 50 100 150 =200
m,[MeV] time
40-IllllllllllllIllllllllll_ l-lllllllllllllllll_
30 | 3 05F "= P
[ L = 3]
X : B L J IR P
20 | 1 = S EIE O
1 S O Ees pient o]
Fa® x P el R
_ ey mox Wa Rt R Mg B0, %k % o
L B B *x - x TXu -1
10 - - -0.5 _—‘ hd ‘—_
YL VP PR U P b P g Dl L1
0 05 1 15 2 25 0 100 200 300
A/le—4 time

(M, ~ 300MeV)

Laurent Lellouch DWF @ 10, RIKEN-BNL, 15-17 March 2007




20T

57 B, (e ity g A LA TR o T AL R SO

@ afF;, obtained using AWI — no renormalization needed
@ 6 points with M,, < M fitted to NLO expression for Fy2

0,055 :

X 0.05F

: /y O "Pions"
0.045}- ; A "Kaons" -
: — Finite-V fits
---- Infinite-V curves b
0.04 — Physical pion curve i

— Physical kaon curve

: : . ) . .
0'0350 0.02 0.04 0.06 0.08

(aM, )’

@ af, from self-consistent extrapolation to physical point gives a ~ 0.09fm

@ Fit results in right ball park

@ Need more detailed analyses and more data at low masses and other lattice
spacings to determine extent to which we can match onto mixed-action xPT

Laurent Lellouch DWF @ 10, RIKEN-BNL, 15-17 March 2007

preliminary fit to the PBG decay constants



Tunneling HMC algorithm

Yigal Shamir (tel-Aviv)
with Maarten Golterman (SFsu)

We propose a variant of the HMC algorithm, dubbed Tunneling HMC (THMC)
algorithm, which allows for real eigenvalues of a fermion matrix to change sign
during the molecular dynamics evolution. We describe two implementations:
for overlap and for domain-wall fermions. The partition function is first
augmented by the determinant-squared of the corresponding super-critical
Wilson operator, which is beneficial. However, with ordinary HMC, the price is
that the global topology cannot change. When the new algorithm is applied to
the “auxiliary” Wilson determinant, the tunneling between different topological
sectors is made possible.

* not tested yet!
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Why?

Near zero Wilson eigenvalues — a problem for DWF and overlap
DWEF: bigger mes
overlap: higher cost

solution (Vranas, JLQCD): |

include det(DTD) in the path integral

where D = supercritical Wilson operator

= suppresses near zero Wilson eigenvalues "surgically” !

new problem:
global topology is frozen
(changing it requires a Wilson eigenvalue to go through zero).

THMC: recover global topology change
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The basic idea ‘ [From now on, ignore the DWF /overlap dets.]
Partition function: | [det(DTD) = det(M)det(A) from RG blocking]
7 = / DU exp(—S,)det(DTD)

= /DL{D¢*D¢ exp(—Sy — Spy)det(A)

Spr = ¢ Mg M = DD+a) |x) (al
=1
(AN = a6+ (al (DTD) ™ |x;)

choose |x;) = |1;) hence MD is blind to the near zero eigenvalues of 1;

Holecular Dynamics = Sr+ Sg + Spf
H

accept/reject T Hpolecular Dynamics T Szero modes



90T

Overlap implementation  (set x; = )

7z = /DL{eXp(—Sg)det(DTD)

- / DUDG*Dep exp(—S, — Spy)det(A)

Spp =T M1 | M = D'D+a | (i,
=1
DD = Aty (A = (@7 +27)dy
Hyjolecular Dynamics — Sr+ Sg + Spf
Haccept/reject = Hpmolecular Dynamics — log det(A)

Requires 1; and 6;/6U at each MD step;
but they are computed anyway in an overlap simulation!



DWF implementation

Want to keep “zero modes’ lifter” fixed during each MD evolution.
New stochastic degrees of freedom: x; (much like pseudo-fermions)

7 = / DU exp(—S5,)det(D' D)
= /DL{ng*ngDx*DX exp(—Sg — Sps — Sker)det(A)
S Spr = T M4 M = D'D+a) |y (xl

=1
ANy = a8, + Ol (DTD) ™Y x,)

Kernel action:  Sker =7 Z?:l (Xi — Yilxi — i)

Holecular Dynamics — Sr + Sg + Spy

Haccept/reject = HMolecular Dynamics 1 Sker — log det(A)
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(Reduction in) acceptance — a crude model

Consider overlap implementation . (Ignore Sker)

Assume exact energy conservation Hyp(U',7") = Hpyp(U, )
In principle:  Paecept = fol dzdy Pi(z) Pa(y|x) min{l,y/z}
where z = det(A(U)), y = det(A(U"))

In THMC, molecular dynamics is blind to near zero modes;
not unreasonable to assume the same fixed distribution P for both x and y.

Get easily:  Pyccept = fol dzdy P(a:)ﬁ(y) min{l,y/x} > 1/2
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Simulation of Lattice Gauge Action
from the Overlap Operator
Keh-Fei Liu |
University of Kentucky

» Gauge Field Tensor and Gauge Action
from the Overlap Dirac Operator

- Monte Carlo Simulation of Lattice QCD
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Lattice QCD Action

e Gauge action:
tI.cs (Dov (‘x9 x) - D(?v (‘xﬂ x)) ﬂ_) 614

1
2cg

0
S, = Tr(D,, —D,))

2

HV o ouv

F2F2 (x)+0(a®);

7s hermicity and G - W relation

1 1 .
S, = Toa? TrD,, = =Tr(D,, + D,

cg 4cg

[ Partition function

—_1—TrD+ D

7 = jDUD 7Dy e*

1
= Te( D D
) deg? ( )

ov ov

Nf__
) ov ov"'zf:lefDov (’nf)l//f
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MC Simulation
KFL, hep-1at/0609033

L D

7 = jDUdete?gz H]]Zl detD, (m,)

o Auxiliary fermion:

-1 4
~—5DoyDloy

— . 4eg? Nf__
W, (e Wt LV Doy (mp )y

Z = [DUDy Dy D7, Dy, e

1
4cNfg2

_ Nf * €
Zf:1¢f _ Dov(mf) ¢f

+
D OVDOV

e Pseudofermions:

Z = |DUdg,dp, e
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MC Simulation

e Two examples with HMC algorithm:

» Polynomial approximation: normality [D

D! |=0

DD, | DiD . DiD

ov OV ov— oy

ov?

*

4c — * 8N — 8c
¢f i D l(mf)¢f ¢f ~ D 1( f) i ¢f

Chebyshev polynomials

D). D,

SCNfg Z c. (DOVDOV) ex — (ex/N)N
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MC Simulation

» Rational HMC:

m fwo flavors

L pr

ge (DD, () g gy
= D D _+b

B one flavor

' pp

. oy ov N
*8120g2 DD (m)V Y24~ & - C; ’
¢ (D, D,,(m)" “p=~¢ ;D;DOV+ ¢
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" Remarks

Gauge action and fermion action based on
the same overlap operator with the same
pseudofermion approximation.

Gauge action serves as an UV-filter for
the fermion action.

Gauge action is not ultra-local (chirally
smeared).

Gauge action is not reflection positive.

* Negativity of local topological charge
correlator (due to reflection positivity)

(q(x)q(0)) ., <0
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Spectral sum rules and duality violations
Maarten Golterman (SFSU)

work with Oscar Cata and Santi Peris
(BNL workshop Domain-wall fermions at 10 years)

We study the issue of duality violations in the $VV-AA$ vacuum polarization
Function in the chiral limit, with the help of a model with an expansion
In inverse powers of the number of colors, $N_c$, allowing us to consider

resonances with a finite width. Due to these duality violations, the Operator
Product Expansion(OPE) and the moments of the spectral function do not

match at finite momentum, and we analyze this difference. We perform
a comparative study of different methods proposed in the literature for
the extraction of the OPE parameters and find that, when applied to our model,
they all fare quite similarly. The model strongly suggests that a significant
improvement in precision can only be expected after duality violations are
included.
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Physics from (the OPE of) I, :

z / d*xe® <J;§’:A(Q)Ji via (0)) = (qll-‘?v - glqu) ITv, (qg)

- 1 , o
Her(g?) = 5 (Mv(g?) - Lal(g®))
1) In the chiral and large-N, limits
CHiple = -Q%) = —8ma, (w2 /Q% -~ O(1/Q%)

K®) is proportional to the 1/Q¢ coefficient,

and {(77)i=2|Qs
while ((m7)7=2|Q7|K®) is an integral over IT, (Q?) .

2) The OPE part of IT, (Q?)+I1,(Q?) “contaminate” the determination
of o, from t decays. (Braaten, Narison and Pich)
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Im g2
Getting OPE coefficients from data:

The OPE for I1(Q?) = II,z(g?=-Q?)
is an asymp. expansion for large Q?

Re g2

aa

np(f) = Im II(f)
known from data up to a scale s,=m ?

Cauchy’s theorem: (P any polynomial)

/ C@ P S ImI() = - — dg* P (¢%) TI{¢?)
Jo T ’

27, lg21=50
Idea: substitute IT(Q?) — IT1,-=(Q?) on the right-hand side (“duality”)
Assumption: s, already in the asymptotic regime

Problem: not valid even for large s, near positive real axis!
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Our model at finite N, | | (Blok, Shifman and Zhang)

- . S
F= £? . > e 2
— g% -4 ME(n) — -7+ Mi(n)

) = —L—— - —
- —2+ M; ¢ =

Replace -g2-is by z=(-q2-ig)>, {=1-al(xN,) and I1(q?) by

o 1| F2 F?
oy _ 1) £ p
H(‘”"g{ P +z+1\::lg

P (= 4 md) (= m"f’”}

Expand in 1/N, = width I'(n)=aM(n)IN,
(Breit-Wigners near
poles)

I1(g?%) analytic for all g except cut along the positive real axis

(note: no multi-particle continuum)



Tests:

1) Finite-energy sum rules (Peris et al., Bijnens et al.)
determine duality point s, from M, 4(s,) = 0, and
predict |

., b
Ag(sy) = ag + bglog st + = + ...
, 5

* * * b
0

So = 1.472 GeV?: A;=-4.9* 103 GeVs, As=9.3*103 GeV?
Sy =2.363 GeV?: A;=-2.0*103 GeV®, Ag=-1.6*103 GeV®
exact: A =-2.8*103GeVS, A;=3.47103 GeV?

Note: 2nd duality point only sets My(s,) = 0, not M,(s,)
bgsy =-1.4* 103 GeV? at 2nd duality point! (Smaller in QCD?)
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Can we do better?
| 1 , o
try model the duality violations: ~ — Im A(t) = ke " sin (a + Bt)
80 S0
fit to (range 1.5 < 5,< 3.5 GeV?) / dt p(t) , / dt t p(t)

J0 )
find « = 0.026, y=0.591 GeV-2, o =3.323, B =3.112 GeV-2

with this, predict duality points for higher moments,

find s, =2.350 GeV? for n=2, s, =2.307 GeV? for n=3, etc.
and Ag=-25*103GeVe,  A;=3.3*103GeVs
(exact: A;=-2.8*102GeVs, Ag=3.4%103 GeV?)

order 10% errorsupto A,;, =  worth trying in QCD?



Schrédinger Functional Boundary Conditions for
Domain Wall Quarks |

*

*

*

Stefan Sint, Trinity College Dublin

The Schrédinger functional, a short reminder
Chirally twisting the Schrodinger functional
Orbifold technique

Symmetries

Conclusions and outlook
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SF boundary conditions and chiral rotations

Consider isospin doublets x’ and ¥’ satisfying homogeneous SF boundary conditions
(P = 5(1£ 7)),

P—l—X/(a:)I:Bo:O =0, P—X/(x)l$o=T = 0,
)2/($)P—lx0:0 =0, ' X/(x)P—i—la:ozT = 0.

perform.a chiral field rotation,
X' = exp(iaysm2/2)x, X = xexp(iaysm3/2),

the rotated fields satisfy chirally rotated boundary conditions

Py (0)X(2)|ag=0 = 0, P_(a)X(2)]ag=1 = 0,
X(fﬂ)’)’op—(a)lxozo =0, X($)70P+(Oé)|m0=T =0,

with the projectors
Pi(a) = 5 [1 £y exp(iaysT)] .
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Special cases of a = 0, 7/2:

Py (0) = Px, Pi(m/2) = Qs = 2(1 £ ivoys°),

The chiral rotation introduces a mapping between renormalised correlation functions
<O[X7 X]>P:|: - <O[X7 X])Pi(a)

with O[X, x] = O [exp(ia7573/2)x,Xexp(z’a'y57'3/2] )

Boundary quark fields are included by replacing

) = XO0.0)P, () o Px(0,%)

Note: The chirally rotated framework is only chosen for technical convenience. Using
the above dictionary any standard SF correlator can be easily translated to this rotated
framework (for an even number of fermions)



e achievement: the construction is completely analogous to the Wilson-Dirac case
(5.'05); a block structure (in time) of the Wilson- Dlrac operator is obtained and
inherited by the overlap operator

= the Neuberger operator in the inverval is simply obtained by using the correspondmg
orbifolded Wilson-Dirac kernel:

Dy =1-A(ATA)™2  A=1—aDy

with the kernel Dyy,

1444

Dy x(z) = ~U(z,0)P_x(z + ad) + (Kib)(x) — Uz — ad)' Py x(z — abd),

where we have set x(x) =0 for zo < 0 and z¢ > T, and

3
K=1+14 Z {a(Vi,+ Vi)ve — a®ViVE ) + 8ug 007572 P + 84y 1iysT Py
k=1
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‘Symmetries

In a massless theory in finite volume the identification of flavour and chiral symmetries.
is a mere convention!

e take the standard Schrédinger functional with projectors Py as SU(2) flavour
symmetric reference basis

e in the rotated SF, the SU.(2) flavour symmetry is realised a la Ginsparg-Wilson:

’)/57'1’2DN -+ DN")/57'1’2 = DN’YSTLZDN

7Dy —Dnt® = 0

Note that the flavour algebra closes [y5 = v5(1 — aDy)]:

A

71 — ,3/57_2/2’ Tz _ _,3/57_1/2’ T3 — 7_3'/2’ [Ta,Tb] — ,ieabcj—vc



Chiral  symmetry is  broken by the SF boundary  conditions:
expect: the standard GW relation is violated by terms whxch decrease exponentially
W|th the distance from the boundaries

form of non-singlet chiral symmetries:

[71,2, Dy # 0, | {75737 DN} 7 CLDN’YST?’DN

expect: both flavour components of Dy become equal and the GW relation holds
up to corrections which-decrease exponentially with the distance from the boundaries
(checked at tree level).

GW versions of parity and time reversal, e.g. :

P : x(x) — ivoysmx(2), & = (z9,—x), DnP+ PDy=DyNPDy

in contrast to the case of Wilson quarks, parity and flavour are realised exactly, expect
no extra counterterms!
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Non-perturbative renormalization of
4 fermi operator'

with Schrédinger functional scheme

Y. Taniguchi for PACS-CS collaboration
University of Tsukuba
We evaluate renormalization factor ZBK which convert bare

Bég) on lattice with DWF to renormalization group invariant
By. By using quenched data by CP-PACS we get
By = 0.783(11) for a preliminary value.
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Purpose of this talkl

e Zp,: Bare B}?) on lattice with DWF
=> Renormalization group invariant (RGI) By

e Three steps for RGI By

1. From lattice to renormalized: ng) = B}?F)(au)
e lattice artifact: O(ap) = ap K 1

2. Non-pert. RG evolution: B}?F)(aumin) = B}?F)(aumax)

3. Pert. transformation to RGI B}?F)(a,umax) = Bk

e 2. 3. steps are done by Alpha-collab. for Oy o4 av

- We need to evaluate 1. for DWF with Oy 4 4y
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Renormalization of O ‘ '
- vatav (Alpha-collab.)

3
e Four point function

1
F(zg) = -3 <01020VA—.|—AV(33)O§> VA+AV
O[] = a® fzgf(f)rg(g)

e Boundary operator is renormalized with
wave function renormalization factor,
which is cancelled dividing by two point function

. 1
S— (U (@)
f1 576 (O 1slODs])
e Definition of renormalization factor

F T T
h(zo) = %7 Zv a+av (9o, aﬂ)h(o)(g) = h(tree)(g)
1 _
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Numerical simulation |

e Quenched simulation data for Bx with Iwasaki action
and DWF (IV; = 16)
at 3 =26, 3 =2.9, 8 =3.2 |
corresponding to a1 =2, a1 =3, a1 =4 Gev
e We need renormalization factor Zy 4 av(ap)
at prin = 1/2L0max = 1/(1.4367g) ~ 275 MeV
apmin = 0.17 — 0.05
e Need to fine tune 3 such that 2aNp = 1.4367g

Nt | 6 8 10 12 14 16 18
B | 244 2.63 279|292 3.03|3.13 | 3.23

® fmax = 27 ppin ~ 35.2 GeV
e Values at 3 = 2.6, 8 = 2.9, 3 = 3.2 by interpolation
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Renormalized By I

e RGI By = 0.783(11) (preliminary) -
RGI BK B«(NDR, 2GeV) vs. m.a

0.9 ' '
0.85 ; T g T — o KS (non-invariant)
<© KS (invariant) e
% % % 0 DWF (PT) ©
08 LT 1l 0.8 r Oscheme 1
é % V scheme 3
% Oscheme 7
{ % #RBC (2+1)
0.75 | {07 ¢ XtmQCD
& Oscheme 1 T e
O scheme 3 ’
0.7 L ~ Ascheme?7
# RBC (2+1)
X tm QCD
0.65 : ' ‘ '
0 0.1 0.2 0.3 0.4

ap

e Renormalized Bg in MS NDR scheme at p =2 GeV
BM5(2 GeV) = 0.5633(81) (preliminary)



[AX4

Conclusion'

e Zp,: Bare BYY on lattice with DWF
= Renormalization group invariant (RGI) Bg

e Schrodinger functional scheme for DWF
with orbifolding construction

- RGI Bg = 0.783(11) (preliminary).

e MS B%I—g(z GeV) = 0.5633(81) (preliminary)

e O(a) behaviour depends on domain-wall height M
e M should be tuned such that M — § Mi,qpole ~ 1
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Future of Chiral Extrapolations
with Domain Wall Fermions

What are the constraints on a, m, L, and particularly m.s, such that one
can succestfully calculate phenomenologically interesting quantities?

Stephen R. Sharpe

University of Washington
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Implications of M, # 0 in PGB sector

The leading m.es/a effect has been absorbed into quark mass, but what about
contributions from Pauli term, suppressed by (aA)??

@ Symanzik effective Lagragian for DWF (g are boundary fields):

/

Lsym. ~ gD +m)q + Tores Gg + aci(o - F)q + .

> Same form as for Wilson fermlons, but here ¢ ~ Ml < 1

2 Match onto chiral effective theory [SS & Singleton]

2 f*B
Ly = —u(auzauz‘f)- 5 tr(My> + 3T My) + ..

/

My = m+ res~|—CLcA2
a

> Since m2 « My, it must be that My, = m, = m + myes/a and so
Myeg — m;es "|_ CCL2A2

2 Conclusion: No m,esaA? term in leading order £, if use standard
Myes
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1 Implications for PGBs (continued)

This “trick” does not work for higher order terms:

3 PGB matrix elements of go - F'lq and gq not proportional at higher order -

i1 Extra terms obtained by replacement m, — myesaA?

2
% ~ fr ~ const. [14 O(mg/A) + O(mresal) + O(a?A%) + ... ]
q

3 Here myes indicates order of magnitude—dependence on Ls may differ

get

i1 Numerically tiny and subdominant to a?A? term:

0.1 — 0.5 GeV
1.6 GeV

Mresa 2 0.003 < ) <1073 « (aM)? ~ 0.004 — 0.1

3 Similar O(a) term present in all hadronic quantities
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Enhanced m. effects: condensate

[1 For the xSB induced by myes to be problematic, must be enhanced

> This can be due either to power divergences or mixing with operators with
less suppressed chiral behavior.

2 Most extreme case is quark condensate:
P> Symanzik expansion of scalar

m + wmres/a»

(qq) DWF ™ (qq) cont. + a? T

> x = O(1) but  # 1 because term arises from UV momenta where cannot
use Symanzik action

B> Thus do not remove divergence by mg = m + myes/a — 0 [Blum et al]

i a = Mre
lim (@e)pwF = (@q) cont + (x—1) 3s ...

lim
m,q——>0 L—oo a
3 Relative correction is large

5(@Q> Mres 3x 103
(q@q) a3A3 (0.1)3

~ O(1)

= Cannot calculate physical condensate directly
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Impact on €' /¢ (continued)

0 With DWF get additional lower-dimension operators to subtract

Mres (M2 — m3)

res res es £ ——-t 2

Mres cq Taes o g, Mres(Ms & 1ma) 5d, 5ysd
a3 a a

I How do they impact the calculation?

o mresgd/a?’ removed by RBC “slope” method, while myesSo - Fid/a

- leads to relative correction no larger than omitted NNLO terms:

SME  mpes 3x107°

ME ~ ah "~ 006—03 001005

& Contributions of other operators suppressed by further m /A ~ 1/4

0

Conclusion: Present parameters probably adequate, though worth
investigating methods for subtracting additional operator

Though need to then do some extra work to implement Laiho-Soni.
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Implications of m.s for By

[ Want to calculate Bx to at least 5% precision [Talk by Soni]

I No power divergent mixing, so effects of ms suppressed by aA as for
spectral quantities

[ However, L-L operator can mix with chirally unsuppressed L-R operator:
does this enhance the usual m;esaA corrections?

2 No! Mixing comes at cost of m, and gain of 1/m,. Net result is
0Bx

"B—I{— ~ Myres X (CI,A) rg 10_3 .

[ Conclusion: present parameters are adequate for precision calculation
of BK '
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Domain Wall Fermions at 10 Years

March 14 — 17, 2007

Physics Department
Large Seminar Room

Wednesday, March 14

Welcome Reception — 6:00 to 7:30 — Berkner Hall Lobby

Thursday, March 15

08:00
08:30
08:40
09:20
10:00
10:40

11:10
11:50

12:30

02:00

3:00

04:00

04:30

05:30

Registration / Continental Breakfast / Collection of Proceedings Pkgs (Large Seminar Room Lounge)

Welcome (Nicholas Samios, Director, RBRC; Thomas Blum; Amarjit Soni)
TBA (David Kaplan)
2+1 Flavor DWF QCD: Zero & Finite Temperature Ensembles and Delta S = 1 Physics (Robert Mawhinney)

Dynamical QCD with Exact Chiral Symmetry --- from the p-Regime to the €-Regime (Shoji Hashimoto)
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QCD Simulations at Realistic Quark Masses: Probing the Chiral Limit (Gerrit Schierholz)
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Lunch

Domain Wall Fermions and Other Five-Dimensional Algorithms (Anthony Kennedy)
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Gap Domain Wall Fermions (Pavios Vranas)
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Chiral Extrapolations for Domain Wall Fermions (Meifeng Lin)
Quark Condensate from Finite-Size Study (Silvia Necco)
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11:00 Schrodinger Functional Boundary Conditions for Domain Wall Quarks (Stefan Sint)
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Volume 10 — Physics of Polarimetry at RHIC — BNL-65926

Volume 9 — High Density Matter in AGS, SPS and RHIC Collisions — BNL-65762

Volume 8 — Fermion Frontiers in Vector Lattice Gauge Theories — BNL-65634

Volume 7 — RHIC Spin Physics — BNL-65615

Volume 6 — Quarks and Gluons in the Nucleon — BNL-65234

Volume 5 — Color Superconductivity, Instantons and Parity (Non?)-Conservation at High Baryon Density —
BNL-65105

Volume 4 — Inauguration Ceremony, September 22 and Non -Equilibrium Many Body Dynamics —-BNL-
64912 '

Volume 3 — Hadron Spin-Flip at RHIC Energies — BNL-64724

Volume 2 — Perturbative QCD as a Probe of Hadron Structure — BNL-64723

Volume 1 — Open Standards for Cascade Models for RHIC — BNL-64722
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