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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 funded by the "Rikagaku Kenkyusho' (RIKEN, The Institute of
Physical and Chemical Research) of Japan. The Memorandum of Understanding between
RIKEN and BNL, initiated in 1997, has been renewed in 2002 and again in 2007. 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 consists 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 ~100 graduates of which 29 theorists and 15 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. In most cases all the talks are made available on the
RBRC website. In addition, highlights to each speaker’s presentation are collected to form
proceedings which can therefore be made available within a short time after the workshop.
To date there are over one hundred 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 petformance in
1998. The next generation computer in this sequence, QCDCQ (600 Teraflops), is expected
to be fully operational in June 2012.

N. P. Samios, Director
May 2012

*Work performed under the auspices of U.S.D.O.E. Contract No. DE-AC02-98CH10886.
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Chiral Symmetry Restoration
and
Eigenvalue Density of Dirac Operator
at Finite Temperature

Sinya AOKI

University of Tsukuba
with N. Fukaya and Y. Taniguchi for JLQCD Collaboration

“New Horizon for Lattice Gauge Theory Computations with Chiral Fermions 7,
2012.05.14-16, BNL, NY, USA



1. Introduction

Flavor-Chiral Symmetries of QCD at low T

U(Nf)r ® U(N¢)r * U(l)p @ S(Ny)L @ SU(N¢)r * U(l)p ® S(N¢)v

flavor :
chiral anomaly

o _ spontaneous breaking of
(explicit breaking)

chiral symmetry

QCD at high T

deconfinement (QGP)

restoration of chiral symmetry phase transition

low T U(1)3®S(Nf)v * high T U(l)B®S(Nf)L®SU(Nf)R

Questions in this study

1. Constraints to eigenvalue density: = ‘}gﬂoo % Z O(A — An)

2. Constraint to singlet susceptibility:  yginglos = /d4a: (7 (2)7(0) — n(x)n(0)]
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Is a gap open at A=0 7
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This talk

give constraints to eigenvalue densities of 2-flavor overlap fermions, if chiral

symmetry in QCD is restored at finite temperature.
discuss a behavior of singlet susceptibility using the constraints.

Content

1. Introduction
2. Overlap fermions
3. Constraints to eigenvalue densities

4. Discussions: singlet susceptibility



2. Overlap fermions

Action S =¢[D—-mF(D)y, F(D)=1- %D

Ginsparg-Wilson relation D75 + 5D = aDRys D

1/Ra

3
Eigenvalue spectrum M 1A — aRAAA /\
A)Qb )\Aﬁb y-—° | i

-1/Ra

Propagator bulk modes(non-chiral) zero modes(chiral) g doublers(chiral)
NR—|—L
On(@)0 (Y) | 150 (2)Ph ()7
S — mn _ mn _ - -
(2,y) Enj[fm%_m LRI W ; —u(a Z ~ox (1)9 (v)
f :1+Rma,

2

A 9 NyNp _
Measure P (A) = e Sy () NsNeyr <_> H (Z%Af)\f m?)
Ra
IAA >0
2R2

2 . -
I =1 = (ma)”— positive definite and even function of m # 0 for even Ny



Ward-Takahashi identities under “chiral” rotation| ¢ (#)0%¥(z) = #&"@)T"ys(1 = RaD)y(z),
0% (x)oow(x) = ip(x)0%(x)T s,
S)O+6;0) = 0

* /d4 {Jz +2mP%(z)}O0 +0,0) = 0. integrated WTI

‘measure” term (anomaly)

Ji = =2trT%;5 (1 — gaD) (z,2) = —3"2i N tr s (1 — gaD) (x,x
Operators
SUx) = Pp(x)T*F(D)y(x), scalar ga _ /d% S%(z), P = /d%y P%(z)
Pz) = (x)T%ysF(D)y(x), pseudo-scalar

chiral rotation at N_f=2 508 = 9690 pa §0pe = _2590 54
605% = §28Y =2pe. §0pe =45op0 = —25°

Oy mamsms = (P (SO (PO)(s0 N =3 n;, i +mny =odd, n1 +ny = odd

[ lim <(5G’C’)n1,n2,n3,n4>m — O] If the chiral symmetry is restored.

m—0

50,

Eonl no,M3,N4a _nlonl—l,ng,ng,ou—i—l + nQOnl,ng—l,n3+l,n4 T n30n1,n2—|—1,n3—1,n4 + n40n1+1,n2,n3,n4—1



3. Constraints to eigenvalue densities

N=1] 010,00 =P 0°O1,0,0,0 = —25"
L5 = N na, 4 N (0% = 5 [ DAPL(4)0"
V mV R4+L/m + f< 1>m 7 m
—0asV — ,
m A

1 AR 2m mR Z 9 g( A2
I — 7 / d)\pAO\) \2 a 2 go(>\) " "

m J0 T mR AR — l: cut-off

_ k
o EVIEHOO—Z5( \/Nﬁ“ﬁ) Zpkw =po oA+

-} Iy = wpf +O(m)

lim lim —(SY%, =

lim () = 0

m—0

* <,064>m — O(m2) 1st constraint




- 1 _
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N=3 (O2001)m — 0, (—=Oo201 +201110)m — 0,  (Ooo21 + 201110)m =0

(—O0003 + 202001)m — 0,  (Ooo21 — Oo201 + O1110)m — 0,

f i 5= eyt [ 20 ] =
+ positivity O(m)
* <,064>m — O(m4), <p§4>m — O(m2) 3rd constraints
4 No additional constraints
Final results
4 )
A - ay AP 4
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4. Discussion:sSinglet susceptbility

Singlet susceptibility

o
X _Vgnoo m2V

= =0

singlet susceptibility becomes zero if the chiral symmetry is recovered at hight T.

(Q(A)?), = (mNrVV=2)

This, however, does not mean U(1)_A symmetry is recovered at high T.

lim y" " = is necessary but NOT sufficient for the recovery of U(1)_A .
" —

Future new constraints at N> 4 ?

eigenvalues of Dirac operator

have a gap near zero 7 p(A)

p(A) =0 at |A| < A, Ac BY




=xploring technicolor from QCD

Yasumichi Aoki [Koboyashi-Maskawa institute, Nagoya University]
for the LatKMI collaboration
- RBRC workshop: New Horizons for Lattice Gauge Theory Computations -

May 16, 2012
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LatkKMI collaboration

YA, T.Aoyama, M.Kurachi, T.Maskawa, K.Nagai, H.Onhki,
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K.Yamawaki, T.Yamazaki




conformal window and walking coupling
- non-Abelian gauge theory with Nt massless fermions -

Ny
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conformal window and walking coupling
- non-Abelian gauge theory with Nt massless fermions -

Walking Technicolor ()

A

QCD-like

-
¢ \Walking Techinicolor could be realized just below the conformal window

e crucial information: Nt & mass anomalous dimension around Nic"'t




models being studied:

e SU(3)
e fundamental: Nf=6, 8, 10, 12, 16
o sextet: Nf=2

e SUE2) SU(N) Phase Diagram

e adjoint: Nf=2

e fundamental: Nf=8

e SU4)

e decuplet: Nf=2

F.Sanino
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models being studied:

o SU(3)

¢ fundamental: Nf:6,10@@

e sextet: Nf=2

e SUE2) SU(N) Phase Diagram

e adjoint: Nf=2

e fundamental: Nf=8

e SU4)

e decuplet: Nf=2

F.Sanino




SU@B) + Ni=12  [fundamental]




Hadron spectrum:
Mt-response in mass deformed theory

¢ |R conformal phase:

e coupling runs below p=ms. like ni=0 QCD with Aqacp~m

* multi particle / glueball state : My « mi/(+Y): Frp o m¢/01+Y,,)

e S x SB phase:
e ChPT (but, large Ns, small F < real QCD)

e hard to get to the chiral regime

® at leading: M«® « ms, ; Fn=F + cmx

e so far no chiral logs are observed — polynomial in m




Simulation

e Ni=12 HISQ (Highly Improved Staggered Quarks)

e tree level Symanzik gauge

e B=6/g%=3.7, V=L3xT: L/T=3/4; =18, 24,30, 0.04=m:=0.2
e f=6/g°=4.0, V=L°xT: L/T=3/4;L=18, 24,30, 0.05=m:=0.24

e Ni=4 HISQ for the reference of S x SB for comparison

e using MILC code v7 with some modifications




staggered flavor symmetry for Ni=12 HISQ

e comparing mesonic mass with local PS and V operators for f=3.7




a crude analysis: Fr/Mr vs Mr

Ni=12: HISQ Ni=4: HISQ B=3.7

¢ 16A3x24




a crude analysis: Fr/Mr vs Mr

Ni=12: HISQ Ni=4: HISQ B=3.7

¢ 16A3x24

03 ' |
0 0.1

=)
[S—
n

e 3=3.7: small mass: consistent with hyper-scaling




a crude analysis: Fr/Mr vs Mr

Ni=12: HISQ Ni=4: HISQ B=3.7

¢ 16A3x24

03 ' |
0 0.1

e 3=3.7: small mass: consistent with hyper-scaling

e B=4.0: mass too heavy ? inconsistent with being in the hyper-scaling region




a crude analysis: Mp/Mnr vs Mr

Ni=12: HISQ

" i

b2y

%




a crude analysis: Mp/Mnr vs Mr

Ni=12: HISQ

-

-
e
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a crude analysis: Mp/Mn vs Mr

Ni=12: HISQ

L flat: B=4.0

1.1

0 0.5
aM
T

e 3=3.7 & 4.0: small mass (wider than Fr): consistent with hyper scaling (HS)




a crude analysis: Mp/Mn vs Mr

Ni=12: HISQ

0 0.5
aM
T

e B=3.7 & 4.0: small mass (wider than Fr): consistent with hyper scaling (HS)

e mass dependence at the tail is due to non-universal mass correction to HS




a crude analysis: Mp/Mn vs Mr
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e one can attempt to perform a
matching
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a crude analysis: Mp/Mn vs Mr

Ni=12: HISQ

e one can attempt to perform a
matching

e a(f=3.7) > a(B=4.0)

1.1

0 0.5
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e B=3.7 & 4.0: small mass (wider than Fr): consistent with hyper scaling (HS)

e mass dependence at the tail is due to non-universal mass correction to HS




a crude analysis: Mp/Mn vs Mr

Ni=12: HISQ

e one can attempt to perform a
matching

e a(f=3.7) > a(B=4.0)

e movement: correct direction
iIn asymptotically free
domain !

1.1

0 0.5
aM
T

e B=3.7 & 4.0: small mass (wider than Fr): consistent with hyper scaling (HS)

e mass dependence at the tail is due to non-universal mass correction to HS




conformal (finite size) scaling

e Scaling dimension at IR fixed point [Wilson-Fisher]; Hyper Scaling [Miransky]
¢ mass dependence is described by anomalous dimensions at IRFP

e guark mass anomalous dimension 7*

e operator anomalous dimension

® meson mass and pion decay constant obey same scaling

1 1
My = cmm}“ fr = cfm;f’7

e finite size scaling in a L* box (DeGrand; Del Debbio et al)
1

e scaling variable: I Lm}Jﬂ

Lf,=F(x)




Ni=4 see If data align at some y
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Ni=4 see If data align at some y
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Ni=4 see If data align at some y
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Nr=12 see if data align at some y

® 18"3x24
24473 x 32
*

® 18"3x24
24473 x 32
¢ 30M3x40

® 18"3x24
B 24A3x32
¢ 30M3x40

® 18 3x24
B 24A3x32
& 3073 x40

® 18"3x24
B 24A3x32
& 30"3x40

® 18"3x24
B 24A3x32
& 30M3x40
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to quantify the “alignment”
without resorting to a model

e Yy of optimal alignment will minimize:

j_ (K)
P NS«YE ()]

2
K j¢K 5 gp

* &p=LMp for p=m, p; &r=LFn

e fp(x): interpolation .... linear

* (quadratic for a systematic error)

.-+ range 1
— — range 2
range 3

e if € is away from f(x)) by d € as average—P="1

¢ optimal y from the minimum of P

1
0.

e systematic error due to small L, large m estimated by examining the x and L
range dependence
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summary of y obtained by minimizing

M_ (B=3.7)

MJ‘I: (5240) —

F_(B=3.7)

F_ (B=4.0)
M, (B=3.7)

M, (B=4.0)

| | | | | | | | | |
0.3 04 0.5 0.6 0.7
Y

e consistent y by 1.5 o level except for Fr at f=4.0
e remember: Fr at B=4.0 speculated to be out of the scaling region

e universal low energy behavior: good with 0.4<y+<0.5




Conformal type fit with finite volume correction

é-: LMTF) LFT(') LMp Y @’ X2/d0f

0.455(3)
£ =cy+ cle}/(HV) .. -fit a,

f = Cop + Cle}/(l—I_W) + CQ[/I’N/(]L)f .- -fit b. ' 0.431(8) .

40 T T T T T T 8 !

[ ] =
30 * L=I8 6

w20~

10—

0 1 | 1 1 | 1 1 I I I I I I ! ! I I I
0 0.05 0.1 0.15 0.2 0.25 . . . 0.05 0.1 0.15 0.2 0.25
m; m;

e simultaneous fit it with a leading mass dependent correction is not bad
e b-1: Ladder Schwinger-Dyson, b-2: (am)? lattice artifact

® resulting Y is consistent with the model independent analysis




2T fit (after infinite volume extrapolation)

)
o + cymy + cams .- fitl
h(my) = < g
co + cimy + comy + cgmi’c .- f1t2

\

— fit 1 [0.04,0.08] fit range Co c1 Co

fit 1 [0.04,0.1]
__~ fit 1 [0.04,0.12]
—~ fit2[0.04,0.16]
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fi (17) )
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fit 2 : [0.04,0.16] 1.28(13) -3.4(1.3) 6.0(4.2)

e 2nd order polynomial fit is reasonably good for small mass range & co>0
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fit range Co c1 Co

.- fitl
- fit2
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2T fit (after infinite volume extrapolation)

| I |
— fit 1 [0.04,0.08]

fit 1 [0.04,0.1]
--- fit 1 [0.04,0.12]
- fit 2 [0.04,0.16]

co+clmf+02m?c .- fitl
Co + Cimy + czm? -+ Cgm?])c - - f1t2

fit range Co c1 Co 3 x?2/dof

fit 1: [0.04,0.08]|-0.0090(93) 1.95(32) 14.2(2.6) - 0.16
0]  1.640(31) 16.68(47) 0.56

fit 1: [0.04,0.1] |-0.0232(50) 2.46(16) 9.9(1.1) 1.75

0]  1.754(21) 14.73(25 8.54

fit 1: [0.04,0.12]|-0.0174(31) 2.27(85) 11.32(52) 1.93

0]  1.801(16) 14.09(16) - 9.36

e wide range fit ends up co<0
fit 2 : [0.04,0.16][-0.0044(61) 1.69(22) 19.1(2.4) -32.9(7.6) 3.28

e consistent with co=0 for small mass range 0] 1.537(29) 20.76(53) -38.2(2.3) 2.59




PT fit (after infinite volume extrapolation)

I | I
— fit 1 [0.04,0.08] o oL cimr 4 com
fit 1 [0.04,0.1] & 0 LIvf 2110y
__~ fit 1[0.04,0.12]
—~ fit2[0.04,0.16]

Co + Cimy + Cgm?c + Cgmi’c T

fit range c1 Co C3

L0 1.640(31) 16.68(47)

fit 1: | -0.0232(50) 2.46(16) 9.9(1.1) 1.75

0]  1.754(21) 14.73(25) 8.54

fit 1: [0.04,0.12]|-0.0174(31) 2.27(85) 11.32(52) 1.93

0]  1.801(16) 14.09(16) - 9.36

e wide range fit ends up co<0
fit 2 : [0.04,0.16]|-0.0044(61) 1.69(22) 19.1(2.4) -32.9(7.6) 3.28

e consistent with co=0 for small mass range 0] 1.557(29) 20.76(53) -38.2(2:3)  2.59

e But: My/(4niF)~2 at lightest point — difficult to tell real chiral behavior




Summary:
SU(3) gauge theory with Ni=12 fundamental fermion simulation with HISQ

e =3.7, 4.0: consistent with being in the asymptotically free regime
e Mn, Frn, Mp: consistent with the finite size hyper scaling for conformal theory

¢ resulting Y* from different quantities, lattice spacings are consistent except

e F at B=4.0 (ms likely too heavy for universal mass dep. to dominate)

e need careful continuum scaling needed to get more accurate than 0.4<y*<0.5
e real / remnant (approximate) conformal property is definitely there

e could not exclude S x SB with very small breaking scale
e even if S x SB, ym too small for walking theory of phenomenological interest

e Ni=8 theory is interesting & under investigation with same lattice set up




Thank you for your attention




PT inspired infinite volume limit (f=3.7)

e ChPT type finite volume effect — chiral fit results not inconsistent with S x SB




HISQ action

e proposed by HPQCD collaboration for

e smaller taste violation than other approaches

¢ pbetter handling of heavy quarks

® being used in simulations

e MILC: Nf=2+1+1 QCD
e HOTQCD: QCD thermodynamics: Bazavov-Petreczky (Lat’10 proceedings)
e HISQ/tree is best of [HISQ/tree, Asqgtad, stout]

for flavor (taste) symmetry, dispersion relation




HISQ action

| RMS m_, [MeV] HISQ/tree @

e proposed by HPQCD collaboration for o

e smaller taste violation than other approaches FMS pron 3% eV //f/

RMS pion 200 MeV

¢ pbetter handling of heavy quarks

a [fm]

0 1 1 1 1 1 1
0O 002 0.04 006 008 01 0.12 0.14

® being used in simulations
Figure 2: RMS pion mass when my, = 140 MeV.
e MILC: Nf=2+1+1 QCD See details in the text.
e HOTQCD: QCD thermodynamics: Bazavov-Petreczky (Lat’10 proceedings)
e HISQ/tree is best of [HISQ/tree, Asqgtad, stout]

for flavor (taste) symmetry, dispersion relation




LHC (Large Hadron Collider)

® excess @ ~125 GeV
e 1 0 level (look elsewhere)
e [arger when ATLAS & CMS results are combined ?
e Mw=MzcosOw=gFw/2 (Fr=vVweak=246 GeV)
e Mny~500 GeV: problem ?
e even if scalar is fund at ~125 GeV
e possible techni-dilaton (Matsuzaki-Yamawaki,,)
® O++ glueball tends to be much lighter than techni-hadrons
e Cf. SU(2) lattice work by Del Debbio et al

e important to investigate glueball for SU(3) as well !!!




An approach to non-leptonic
B-decays on the lattice

Christopher Aubin
May 15,2012

New Horizons for Lattice Computations with Chiral Fermions

with
David Lin & Amarjit Soni

Phys. Let. B710 164
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Outline

Nonleptonic B decays (CKM)

Weak operators
Four-point functions on the lattice

Starting points:
Chiral Perturbation Theory

Resonance contribution
Hard pion ChPT
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B~ — DYP~ ————experimentally accessible
The ratio

. —0._
B =D P Br[B~ — D' P~

"BP T By[B- — DOP-]

can give insight into 7

On the lattice, define (HFAG, arXiv:1010.1589)
a reduced ratio:

' :Laiho, Lunghi, & Van de Water,
* 2 [ PRD 81:034503,2010 End of 2011
,rred _ I'BP —rpp |chbV’UJCI| 08: ) .
BP — yY,combo * 2 il
VCKM |VubVCQ| /

A .
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Y O(25%)
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D

Hope:
Determination of the real part
of these amplitudes to |15-20% [~5 years!]

= v ~ 10%
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Weak operators

Maiani- Testa theorem
<O\7TDOweakB | O>

4pt functions only yields real part (no strong phase)

Can be circumvented

(Lellouch-Luscher, RBC/UKQCD)
K — 27w
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Heavy-light meson ChPT

2
Lo = %Tr (9,50"5T) + %,uszr (MS+Mmef) @l 2 — L2 R, where L € SU(3)p, and R € SU(3)g

HL fields with anti-quark
HL fields with quark

o =vVE = [EHLJ = —1 Tr(ﬁHv-ﬁ) + gx Tr(ﬁH’y“’yg)Au)]
o(z) = Lo(z) Ul(z) = U(z) o(z) R
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Heavy-light meson ChPT

Chiral-level Weak operators:

b — c operators

Opi=_ {al,xTI’D KUlkﬁff?k) T8, 2.1 (H,ﬁbl)alt)} + ag,, Trp [(UlkH( % )F2_ } Trp [_xrl <H(b> )]}

X

b — ¢ operators

Oy = 3 {@aTen (20 (H ol ) 2oy (HYol )| + @onTen (240 (H ol )| Tro [2ary (6] [

x

—

=} — {{1,1},{%m“},{74’,%},{ﬁ’,l},{l,ﬁ},{%m“”},

O ORI W I AV G I }
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Heavy-light meson ChPT

-+ ﬂw/u — (B1 + B2) vM] ( 1I~cVM,(k)T)

+ [(B1 — B2) o™ — Brot] (0 P >Jr) ( “(0) T)
| (
48— B+ A o] [ (o) (V7 “’)“az* )]

o)l [(ouPt?T) (Pe]))]

81+ (B1 + B2) (v

PO

By + By (v - v)] [(73,2 )Ta,il) <Pl(b)a;f.)}
}

— :Bzv’“ — (Bl + 55) vH — 53(?1 -v)vH (Pl(s )Tg;rfl) (V:flb)al];)}
+ B — Fyot] [(V (e >T0k1) (p(w )}
+ :432 — B3 — 2 (51 + B, + 55) (v )] [(V i )Tgkl) (Vl*(b)ugzri)} |
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Leading order

<DOK_|OX,S|B_> — <DO7T_’Ox,d|B_> =

— 0., ,— B —0  — B ;
<D K |OX,S|B >: <D T |Ox,d‘B >:

similar expressions for K — 27
[Bernard et al, PRD32 2343]

P V4
1 /
~ Can also include resonances: -
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Of course here the physical point has

pW:pD%QGeV

Not appropriate for chiral expansion unless
one takes the unphysical point

mp ~ 1MmMp

But then we're far from the point of interest.

How to go beyond tree-level?

St FORDHAM UNIVERSITY
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Beyond tree-level:

Hard-pion ChPT (HPChPT)

Exploit the fact that hard scales
can be absorbed into LEC’s

Flynn & Sachrajda, Nucl.Phys. B812, 64 K3
Bijnens & Celis, Phys.Lett. B680,466 K — 27
Bijnens & Jemos, Nucl.Phys. B840,54 B — «
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HPChPT
In the SU(2) chiral theory,
we have the generic one-loop form

tree-level amplitude

a and L are LEC’s that depend on the hard scales

<X 2 yt’\ THE JESUIT UNIVERSITY OF NEW YORK
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HPChPT example

<DO7T_\(’)X,d\B_>tree / dy i i - (L — pr)
i (2m)¢ 42 —m2 +iev' - (L —k —pr) — A +ic
<DO7T_‘OX,d‘B_>treeI
8 Y

[ =

1 vk + A m
[ T /' k T A ' - 21 —7T
167T2f2 |: (k-l—pw)—l—A—er 2(m y U ( _I_p )‘l_ —I—ZG) m7r H(Ag)ﬂ
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1 vk + A

L(myg,v'-(k+pr) + A +i€) —mZIn <%>}

| =
1672 f2 [v’-(k +pr) + A+ e

in the limit v’ - & > m..

2
[Q(mw,fu’.(k ‘|‘p7r) -+ A) > —m?r In <%>

Inject momentum into weak vertex so that...
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Both a and L have unknown dependence on
kinematics, but pion mass dependence is known.
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Conclusion

Problem is far from solved

Need full one-loop calculation

Need lattice calculations (takers?)

Key: Feasible problem for lattice to tackle
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Status and Prospects for some
MILC and Fermilab/MILC Projects

Claude Bernard
Washington University
St. Louis
(MILC & Fermilab Lattice/MILC Collaborations)

New Horizons for Lattice Computations with Chiral Fermions
Brookhaven, May 14-16, 2012




Heavy-light Decay Constants

+ Fermilab heavy quarks with MILC 2+1 Asqgtad
staggered light quarks

e “Old data” project
* 0.156fIm=< a<0.09 fm
» 4 sources per configuration

e renormalization mostly non-perturbative; 1-loop
perturbation theory for remainder

 to appear in PRD shortly

e “New data” project: similar to above, but:
e 0.15fm < a<0.045fm
e 2 t0o 5 times more configurations/ensemble
* in progress

+ For D system, ongoing HISQ project with MILC
2+1+1 HISQ quarks: more later.
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Asqgtad Ensembles

O
N,=2+1 Asqtad MILC engembles
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Asqgtad Ensembles

O
N,=2+1 Asqtad MILC engembles
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“old data”
heavy-light
decay const.
analysis

not in central
value but in
error analysis




D system

4+ o as function of light
valence mass mgq (=
light sea mass m)).

4+ fps as function of
light sea mass m..

® valence mass
held fixed = ms.

+ a=0.15 fm points
not included in fit.

¢ note qualitatively
different behavior

0.8

0.7

¢ X (1”1)3/2

0.6

I I I I J
D; J).Ime/O.ngm fit _
x%/dof=36/33 4
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continuum:
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0.05 0.10
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4+ fz as function of light
valence mass mq (=
light sea mass m)).

4+ fgs as function of
light sea mass m..

® valence mass
held fixed = ms.

+ a=0.15 fm points
not included in fit.
e qual. different

behavior + large
stat. errors

B system
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X
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Fermilab/MILC Results

/b,
S+
fp./fp+
/B,
fB+
fB./fB+

260.1 £10.8 MeV

2189+ 11.3 MeV

1.188 = 0.025

242.0 £9.5 MeV

196.9 + 8.9 MeV

1.229 = 0.026

e crrors include statistics and systematic errors

e discretization errors for heavy & light quarks automatically included

with statistics errors by our Bayesian procedure
* have added on other systematics in quadrature




Comparison w/ other calculations & expt

T
D System B System

HPQCD - HPQCD '11 -
FNAL/MILC - HPQCD '09 -
Expt. Avg. - FNAL/MILC -
ETMC(nf=2) - ETMC(nf=2) -
| | | | | | 1 1 1 1 1 1 1
245 250 255 260 265 270 220 225 230 235 240 245 250
fos [MeV] fs, [MeV]
HPQCD HPQCD '09 -
FNAL/MILC -
FNAL/MILC -
Expt. Avg. -
ETMC(nf=2) -
ETMC(nf=2) -
: : : ' : : : 180 185 190 195 200 205
200 205 210 215 220 225 230
for [MeV] fg+ [MeV]
HPQCD - RBC/UKQCD -
FNAL/MILC - HPQCD '09 -
Expt. Avg. - FNAL/MILC -
ETMC(nf=2) - ETMC(nf=2) -
! ! ! ! I I I I I
1.15 1.20 1.25 1.30 1.05 1.10 1.15 1.20 1.25

st/ for . fa,/far




Heavy-light Decay Constants

+ Fermilab heavy quarks with MILC 2+1 asgtad
staggered light quarks

e “Old data” project
* 0.156fIm=< a<0.09 fm
» 4 sources per configuration

e renormalization mostly non-perturbative; 1-loop perturbation
theory for remainder

 to appear in PRD shortly

e “New data” project: similar to above, but:

e 0.15fm < a<0.045fm ,
E. Nell

e 2 t0o 5 times more configurations/ensemble

* in progress

+ For D system, ongoing HISQ project with MILC
2+1+1 HISQ quarks: more later.




Asqgtad Ensembles

O
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Asqgtad Ensembles

O
N,=2+1 Asqtad MILC engembles
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Asqgtad Ensembles

O
N,=2+1 Asqtad MILC engembles
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Asqgtad Ensembles

N,=2+1 Asqtad MILC engembles

: T T T T | >OI T T ]
600 |
- ®m, = mbf"* 4
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I = . 1  decay const.
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“New Data” fp
)

0.75,
: @ a-0.12im @ a=0.06 fm

e statistical errors | @ 2=0.09tm @ a=0.045fm |
reduced as 0.701 . ]
expected. 7

e correlator fits f‘“} 0.65. o |
still need work; = | T ¢ |
chiral fits are in j # ]
progress. 0.60¢ x 1

e trend: f ’
fo and fps { 055 o
asal 0.00 0.05 0.10 0.15 0.20 0.25 0.30

Xq("‘mﬂz/fﬂz)
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Outlook: Fermilab/MILC

% Errors

. “Old data” “New data”
QUGHTITY arXiv:1112.3051 (in progress)

fo. 4.2 2.2
fo 5.2 2.8
2.1 1.1
fo 3.9 2.6
fo 4.5 2.8
2.1 1.2




B Mixing

5
Herr = Z C;0;
i=1

Operators

dare
O = (Ba'Yqua) (EB'V/LLQB)

SM | 0y = (b*Lqg*) (b°Lq") Common parametrization
O3 = (b"Lq") (b"Lq") (BO|Os(1)|BY) o< f3 Bi(p)
Oy = (b*Lq®) (b° R¢”

BSM 4 (_ q”) (_ q”)
Os = (b*Lq”) (" Rq®)




B Mixing

+ Fermilab heavy quarks with MILC 2+1 asgtad

staggered light quarks
e “Old data” project
e 0.12Im< a<0.09 fm
» focus on SM operators, and in particular on 01, which gives

§ = st\/;Bs/de\@

e construct operators from Fermilab quark + naive quark
(made from staggered).
—drop NLO “wrong spin” terms [=systematic error estimate].

» 1-loop perturbation theory for mixing.
* t0 be posted in next month or so.
e “New data” project: similar to above, but:
e 0.15Im < a<0.045 fm.
e complete set of SM and BSM operators.
e all wrong spin terms included correctly in ChPT.
* in progress.




B Mixing

+ Fermilab heavy quarks with MILC 2+1 asgtad

staggered light quarks
e “Old data” project
e 0.12Im< a<0.09 fm
» focus on SM operators, and in particular on 01, which gives

§ = st\/B—Bs/de\@

e construct operators from Fermilab quark + naive quark
(made from staggered).
—drop NLO “wrong spin” terms [=systematic error estimate].

» 1-loop perturbation theory for mixing.
* t0 be posted in next month or so.

* “New data” project: similar to above, but: R.T. Evans,

e 0.15ftm < a<0.045 fm. E. Gamiz
e complete set of SM and BSM operators.

e all wrong spin terms included correctly in ChPT.

* in progress.
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Asqgtad Ensembles
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Asqgtad Ensembles

N,=2+1 Asqtad MILC engembles

: I I I I | )QI I I -
600 —
u ®m, = mshyﬂ -
: xmy < mEMP ° : « ”
i . . i old data” B-
200 I . 1 “ mixing
= [ . : 1 analysis
) | e .
=, 400 | . —
k B X 7]
& i ‘e 3 :
n ® ® -
300 — X® . ° T
i o ‘e 1
i %@ o i
u P i
200 — —
B e
[ 1 1 1 1 | 1 1 1
0.0 0.1 0.2
a [fm] 14




“Wrong spin” Issue
T

+ Four quark operators as in [HPQCD, PRD 80 ('09)014503].

e local products of bilinears of heavy quark fields Q(z) and naive
quarks W(x) (made from staggered):

Q(x)I'¥(z) Q(z)I"¥(x)

4+ Desired spin-taste of staggered quarks not constructed by

separately summing each bilinear over hypercube
= contributions from unwanted spin-tastes.

e vanish in continuum limit by taste conservation.

e but will appear in staggered ChPT at some order.

e we had an argument (in a collaboration note) that chiral logs from
wrong-spin taste first appear at NNLO. [Was used in HPQCD paper.]

® in writing up our B mixing computation, found flaw in previous
argument: such terms appear at NLO and need to be included.

15



*Wrong-spin” and Chiral/Continuum Errors

*

Effects of wrong spin ops have now been calculated to 1-
loop in staggered ChPT [CB].

e don’t have all needed matrix elements in old-data calc, but can
estimate effect by sample new-data calc.

2 . 2 .
<O,> versus (r;m_ )" Wrong Spin Included <O ,> versus (r;m_ )" Wrong Spin Included
4/2/12 NNLOT fit to 4coarse+2fine Q = 1.0 (chisq/dof=0.20) 4/13/12 NNLO7 fit to 4coarse+2fine Q = 1.0 (chisq/dof=0.16)

= coarse (0.005,0.050)

coarse (0.007,0.050)
coarse (0.010, 0.050)
coarse (0.020, 0.050)
fine (0.0031,0.031)

fine (0.00465,0.031)
coarse(0.005, 0.050)
- - coarse (0.007,0.050)
~ -—- coarse (0.010, 0.050) - coarse (0.007,0.050)
i coarse (0.020 0.050) | -—- coarse (0.010,0.050)
— fine (0.0031,0.031) L coarse (0.020 0.050)

= coarse (0.005,0.050)
coarse (0.007,0.050)
coarse (0.010, 0.050)
coarse (0.020, 0.050)
fine (0.0031,0.031)

fine (0.00465,0.031)
coarse(0.005, 0.050)

— - fine (0.00465,0.031) - — fine (0.0031,0.031)
02 L+ o+ L 4+ f  Cchiral-continuum extrapolation o2L——— L L fine (0.00465,0.031)
O O ,5 1 — extrap from NO Wrong_spin fit 0 O .5 1 —— chiral-continuum extrapolation
2 2| — extrap from NO wrong-spin fit
(rl mn) (}"1 mn)

e Wrong-spin contrib < stat + other chiral/continuum errors, but
effect on slope seems significant = tends to increase § . 16




TABLE IX. Complete error budget and total error for the BY mixing parameter £. All errors are

given in %.

Final “Old-Data” Results

Source of uncertainty Error (%)
Statistics & light-quark disc. & chiral extrapolation 3.7
(l\'Iixing; with wrong-spin operators 32)
Heavy-quark discretization 0.3
Scale uncertainty (ry) 0.2
BB~ 0.7
Light-quark masses 0.5
One-loop matching 0.5
Tuning xy 0.4
Finite volume 0.1
Mistuned coarse ug 0.1
Total Error 5.0
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Final “Old-Data” Results

TABLE IX. Complete error budget and total error for the BY mixing parameter £. All errors are

given in %.

Source of uncertainty Error (%)

Statistics ¢ light-quark disc. ¢ chiral extrapolation 3.7

Mixing with wrong-spin operators 3.2

Heavy-quark discretization 0.3

Scale uncertainty (ry) 0.2

JBBex 0.7

Light-quark mas.ses 0.5 small
(One—loop matching 0.5

Tuning xy 0.4 because

Finite volume 0.1 ratio

Mistuned coarse ug 0.1

Total Error 5.0
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Final “Old-Data” Results

TABLE IX. Complete error budget and total error for the BY mixing parameter £. All errors are

given in %.

Source of uncertainty Error (%)
Statistics ¢ light-quark disc. ¢ chiral extrapolation 3.7
Mixing with wrong-spin operators 3.2
Heavy-quark discretization 0.3
Scale uncertainty (ry) 0.2
JBBex 0.7
Light-quark masses 0.5
One-loop matching 0.5
Tuning xy 0.4
Finite volume 0.1
Mistuned coarse ug 0.1
Total Error 5.0

Result: € = 1.268(63) (nearly final)
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B Mixing
+ Fermilab heavy quarks with MILC 2+1 asgtad
staggered light quarks
e “Old data” project

e 0.12Im< a<0.09 fm
» focus on SM operators, and in particular on 01, which gives

§ = st\/;Bs/de\@

e construct operators from Fermilab quark + naive quark
(made from staggered).
—drop NLO “wrong spin” terms [=systematic error estimate].

» 1-loop perturbation theory for mixing.
* t0 be posted in next month or so.
e “New data” project: similar to above, but:
e 0.15fm < a < 0.045 fm. C. Bouchard,
« complete set of SM and BSM operators. E. Freeland

e all wrong spin terms included correctly in ChPT.
* iNn progress.
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Asqgtad Ensembles

N,=2+1 Asqtad MILC engembles

: I I I I | )QI I I I -
600 | ppr—— —
i Xmg < msh"’ ° 1 y .
I @ ] new-data
200 I . —1 Y B-mixing:
n ® -
> : o i plan
| o _
=
n ® _
S
£ f - @ 1 (O completed
i . ]
- ® -
300 [— © @ 8 ]
u ® _
- @ @.
- [ ] -
200 |— —
: | | | I. | | | | |
0.0 0.1 0.2




Asqgtad Ensembles

N,=2+1 Asqtad MILC engembles

600 |-

| »

500 |—

300 —

200 |—

m, [MeV]
N
)
S
|

~ phys
OmEl = mg

- @

alojn)
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“new-data”
B-mixing:
plan

1 (O completed

subset of

1 (O operators
—|  done

0.0

0.1
a [fm]

0.2
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3
r <02> / MB

I
ek

-1.5

Matrix element of O»
G

¥’ /dof = 13.5/50

p-value =1.0

0.12 fm (0.005, 0.050)
0.12 fm (0.007,0.050)
0.12 fm (0.010, 0.050)
0.12 fm (0.020, 0.050)
0.09 fm (0.0031,0.031)
0.09 fm (0.00465,0.031)
0.06 fm (0.0018,0.018)
0.12 fm (0.005, 0.050)

0.12 fm (0.007,0.050)

- 0.12 fm (0.010,0.050)

0.12 fm (0.020 0.050)

0.09 fm (0.0031,0.031)

0.09 fm (0.00465,0.031)

0.06 fm (0.0018,0.018)
chiral-continuum extrapolation

) also BSM)

(needed in
SM for
AM and AT ;
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Anticipated Error Budget
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Anticipated Error Budget

/7 $¥?/VmVmVmVmb0mbmmmmmmm/
+ Snapshot of statistical and chiral-continuum extrap
errors at current state of running:

Source of Error [%] (O1) (O2) (03) (Os) (Os)
5 statistical 8.6 6.8 16 4.3 535
4" Chiral-continuum systematic 12 11 3.3 0.2 44

statistical 6.7 4.6 10 2.5 3.4
BY

chiral-continuum systematic 1.8 6.6 45 1.6 % 9
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Anticipated Error Budget

+ Snapshot of statistical and chiral-continuum extrap
errors at current state of running:

Source of Error [%] (O1) (O2) (03) (Os) (Os)
5 statistical 8.6 6.8 16 4.3 535
4" chiral-continuum systematic 12 11 3.3 0.2 44

statistical 6.7 4.6 10 2.5 3.4
B}

chiral-continuum systematic 1.8 6.6 4.5 1.6 3.7

e Should decrease significantly as we add finer ensembles.
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Anticipated Error Budget

+ Snapshot of statistical and chiral-continuum extrap
errors at current state of running:

Source of Error [%] (O1) (O2) (03) (Os) (Os)
5 statistical 8.6 6.8 16 4.3 535
4" chiral-continuum systematic 12 11 3.3 0.2 44

statistical 6.7 4.6 10 2.5 3.4
B}

chiral-continuum systematic 1.8 6.6 4.5 1.6 3.7

e Should decrease significantly as we add finer ensembles.

+ Some other expected errors:

Source of Error [%] (O;)
scale (ry) 3
Kp tuning 4
light-quark masses I
heavy-quark discretization 4
one-loop matching 8
finite-volume effects I
subtotal 10
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Anticipated Error Budget

/7 $¥?/VmVmVmVmb0mbmmmmmmm/
+ Snapshot of statistical and chiral-continuum extrap
errors at current state of running:

Source of Error [%] (O1) (O2) (03) (Os) (Os)
5 statistical 8.6 6.8 16 4.3 535
4" Chiral-continuum systematic 12 11 3.3 0.2 44

statistical 6.7 4.6 10 2.5 3.4
BY

chiral-continuum systematic 1.8 6.6 45 1.6 3.7

e Should decrease significantly as we add finer ensembles.

+ Some other expected errors:

Source of Error [%] (O;)
scale (ry) 3
e |imit to precision. Kp tuning 4
light-quark masses I
heavy-quark discretization 4

I

one-loop matching

finite-volume effects |

subtotal 10




Anticipated Error Budget

/7 $¥?/VmVmVmVmb0mbmmmmmmm/
+ Snapshot of statistical and chiral-continuum extrap
errors at current state of running:

Source of Error [%] (O1) (O2) (03) (Os) (Os)
5 statistical 8.6 6.8 16 4.3 535
4" Chiral-continuum systematic 12 11 3.3 0.2 44

statistical 6.7 4.6 10 2.5 3.4
BY

chiral-continuum systematic 1.8 6.6 45 1.6 % 9

e Should decrease significantly as we add finer ensembles.

+ Some other expected errors:  souce of Error [%] ()

scale (ry) 3

e |imit to precision. Kp tuning

light-quark masses
* may be able to reduce

a bit (to ~6%7?) with
finer spacings.

heavy-quark discretization

4
1
4
8

one-loop matching

e

finite-volume effects

subtotal 10




MILC HISQ 2+1+1 Ensembles

+ Asgtad ensembles are complete; though there is
more physics still to extract.

4+ For higher precision, have moved to HISQ [Follana et
al. [HPQCD], PRD 75 (2007) 054502].

e Reduced O(as a?) and O(xs? a2) errors with respect to
Asqgtad.

® (amc)* errors reduced = treat charm with same

relativistic action as light quarks.

e Ensembles include charm sea quarks

e (although error of quenching charm is probably
negligible in most cases, it doesn’t cost much to
include it in sea.)

[A. Bazavov, D. Toussaint]
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Light decay constants w/ 2+1+1 HISQ

4+ In Asqgtad case, needed ensembles with ms lighter
than physical to control SU(3) chiral extrapolation.

+ In HISQ case, such ensembles have not been
available (but are coming on line now...), so SU(3) fits
have not yet been very successful.

+ “Heavy kaon” SU(2) chiral perturbation theory [a la
RBC/UKQCD and PACS-CS], has been recently
worked out for staggered case [CB, Du, and
Lightman], but not yet tried.

+ So focus for now on physical-mass HISQ ensembles,
where ChPT not needed.

M. Lightman]
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HISQ fr[ y fK

4+ On each ensemble:

e for valence masses my, My < Ms, Meson mass squared  (Mxy)?

IS very linear in my + my.

e decay const fxy appears linear for mx + my < 0.5 ms, but there

IS separate dependence on myx and my for heavier masses.

a=0.088 fm, Near-Physical Sea Quark Masses

0.06

0.05

Q

S

B
I

am
Xy
o
o
W
!

0 Unitary Pion and Kaon

|
0.02
a(mx+my)

0.03

0.04

a=0.088 fm, Near-Physical Sea Quark Masses

0.08

0.07
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0.05

©
©

O O O O O

o O

am =0.0012 |

y
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amy:0.00363

amy:O 00545
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y

amy:0.0 109

amy:O 0145

amy=0.021 8
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amy=0.0363
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0.08




HISQ fr[ ' fK

T
+ Suggests following interpolating forms:

(amgy)? = Ai+ Bi(amg +am,)

As + Bo(amy + amy),  for my ~ my and m, ~ my
afa:y

Az + Bzamg, 4+ Czam,,, for my, ~ my and m, ~ mg
4+ On each ensemble, do linear interpolations of this form

between (my, my) = (M, M) and its nearest neighbor, and
between (myx, my) = (M), Ms) and its nearest neighbors.

4+ Require that (fx/mx)® = (f/mn)?, solve for mx to determine
physical light mass mpP"s
e (Checked that quadratic interpolation with 3 points makes little
difference)
4+ Require that (mx,/mx)? = (mx/mnr)?, solve for my to determine
physical strange mass msPhys

e (Checked that interpolating 2(mxy)?-(Mx)? to find msP™s with makes little
difference) 26




HISQ fr[ ' fK

—/—/—/—
+ Then linearly interpolate f and f to physical masses.

e for the moment focus on fk/fn ; compute it for each ensemble.

¢ then fit it as function of a2,
12051

1.2+

B
4
~. 1.195+-
'-0-4M

1191

L1005 0 0005 001 0015 002 0025
a’ (fm)
* two finest points in linear fit: (fx/fr)continuum = 1.1925(32)
e all 3 points in linear fit:  (fk/fr)continuum = 1.1892(20)

* parabola through all 3 points:  (fk/fr)continuum = 1.1962(56)

27




HISQ fn, fk: systematic errors
—/—/—
+ Half the largest difference between continuum extraps to

estimate that error.
4+ Finite volume effects from ensembles with =24, 32, and
40 with a=0.12 fmand m; = 0.1 ms.

Volume dependence of am Volume dependence of af

0.1365 ; ; I w 0.085

|— NNLO ChPT|
0.136 i

0.0845-
0.1355-

%
. = 0.084

®
e 0.135-
cs | -

I |— NNLO ChPT|

0.1345~
0.0835-

0.134-

| | | | | | | | |
0.13335 30 40 50 0.08% 30 40

L/a L/a

e “NNLO ChPT” means using Colangelo, Durr, Haefeli, NPB 721
(‘05) 136] to terms of O([m?2 /1672 f2]?).

50
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HISQ fr, fk: preliminary result

+ Find: fK/fr[ =1.1 925(32)stat(36)continuum(32)finite volume

+ Effect still to investigate: tuning error in sea quark
Mmasses.

+ More study of interpolating fits also needed.

e A systematic way will be to use the SU(2) staggered ChPT; will
also allow us to get information out of the ensembles with u,d
mass heavier than physical, and find LECs.

e Some ensembles with mg lighter than physical have recently
been completed; SU(3) fits should now also be possible.

29




D decay constants w/ 2+1+1 HISQ

+ advantage of HISQ: discretization errors sufficiently
reduced (both a2 and (ma)*) that charm may be treated
with same action as light quarks.

¢ avoid renormalization errors and many tuning iSsues.

e shares to some degree the small statistical errors of staggered
light pseudoscalars.

[D. Toussaint, J. Kim]
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HISQ Ensembles
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fo, fos procedure
G

4+ On each ensemble:

o (My/fs)?— amifldys , andthen — a
(cubic interpolation through 3 light valence masses)

e 2M% — M, — amPhs
(linear interpolation/extrapolation through 2 strange valence
masses)

phys
e Mp, — am?
(linear interpolation/extrapolation through 2 charm valence
Masses)

e f — fp, f — fp, at proper adjusted masses
(linear interpolation in light, strange and charm masses)
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H|SQ fD . st

_| | — E— | T T 1 | T T T ]
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HISQ fD ; st
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H|SQ fD . st
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Finite size effects
)

_IIII|IIII|IIII|IIII|IIII_ 0‘135_IIII|IIII|IIII|IIII|IIII_
1146 — _ : -
: : 0.134 B o ]
5 . . 7 Not much evidence for
= Liaa— —|% o138 rl%} MeV E — finite size effects.
B ++1 MeV E E ] - 7
L 1 _ 0.132 — — .
1142 — - 71 ® Here, results are in
_IIIIIIII|IIIIIIII|IIII_ 0.131_IIII|IIII|IIII|IIII|IIII_ |atticeunit8.
0 10 20 30 40 50 0 10 20 30 40 50 .
L/a L/a * Finite-volume effects
_||||||||||||||||||||||||_ 0-155_|__||||||||||||||||||||||_ CaﬂenterifSCaleiS
N ] N ] set in finite-volume-
1.198 — — 0154 — __ — dependent way, e.q.
u N u N frr.
L _| | T+1%r+1 MeV ]
£ 1.197 — Iﬂ MeV % 50 —foasaf ¢ % o -
1.196:— —: 0.152: —:
:IIII|IIII|IIII|IIII|IIII: 0‘151:IIII|IIII|IIII|IIII|II:
0 10 20 30 40 50 0 10 20 30 40 50

L/a L/a 34




H|SQ fD . st

+ Very preliminary results:
fD = 211.6 244777 MeV

fDS = 2452+ 0.8Lt777 MeV

e 777 are systematic errors, including:

e continuum extrapolation/chiral interpolation

— staggered ChPT has been worked out [CB and J. Komijani] and
may help to control continuum extrapolation.

e finite volume.
* iSOspin: easy to determine valence isospin breaking,
e.g., fp+ vs. generic fp.

o EM effects: from Glalle and Bali, arXiv:1111.3958 and Davies,
et al., PRD 82 (2010) 114504, expect < 0.5%

— ultimately plan to check with our EM code....
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Outlook: Fermilab/MILC

% Errors

: “Old data” “New data” HISQ (c) /
QUGHTITY Fermilab (c,b) | Fermilab (c,b) Fermilab (b)
arXiv:1112.3051 | (in progress) = (in progress)

fo. 4.2 2.2 1.0

fr 5.2 2.8 1.5
2.1 1.1 0.5
fo 3.9 2.6 ~1.57
fa 4.5 2.8 ~2.0?
2.1 1.2 ~0.87




Outlook: Fermilab/MILC

% Errors

Quantity

“Old data”

“New data”

Fermilab (c,b) | Fermilab (c,b)

arXiv:1112.3051 (in progress)

HISQ (c) /
Fermilab (b)
(in progress)

st

4.2

2.2

1.0

HISQ

fo

5.2

2.8

1.5

valence
& sea

2.1

1.1

0.5

st

3.9

2.6

~1.57

fs

4.5

2.8

~2.07

2.1

1.2

~0.87




Outlook: Fermilab/MILC

% Errors

Quantity

“Old data”
Fermilab (c,b)
arXiv:1112.3051

“New data”
Fermilab (c,b)
(in progress)

HISQ (c) /
Fermilab (b)
(in progress)

st

4.2

2.2

1.0

HISQ

fo

5.2

2.8

1.5

valence
& sea

2.1

1.1

0.5

st

3.9

2.6

\ Fermilab
B to D ratios

fs

4.5

2.8

+ HISQ D

2.1

1.2

(valence &

sea) 3




Comment
G

4+ Best direction for us for B physics not obvious.

e Use Fermilab or Oktay-Kronfeld (improved Fermilab) b
quarks?

e Push/extrapolate HISQ up to the b [HPQCD]?

¢ | everage HISQ data for D (or heavier D) by using Fermilab
quarks for B/D ratios”?

¢ |n any case, will eventually need non-perturbative or 2-loop
matching for many quantities to match other systematic
improvements.
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K—11 semileptonic decay
T

4+ Focus at g?°=0, where we can use the method
HPQCD proposed for semileptonic D decay:

e Full matrix element of vector current Vy is hard because
conserved current is complicated and local current needs
renormalization.

* Instead use o Vy = (Mp - Ma) S
 Sislocal, and product (mMp-Ma)S Not renormalized.
e This is sufficient for f.(g?=0) = fo(g?=0).
+ Two-part program:

e HISQ valence on 2+1 Asgtad ensembles (close to
completion).

e HISQ valence on 2+1+1 HISQ ensembles (early stage).
e ultimately to include D = K, and g # O

38




K—11 semileptonic decay
T

4+ Focus at g?°=0, where we can use the method
HPQCD proposed for semileptonic D decay:

e Full matrix element of vector current Vy is hard because
conserved current is complicated and local current needs
renormalization.

* Instead use o Vy = (Mp - Ma) S
 Sislocal, and product (mMp-Ma)S Not renormalized.
e This is sufficient for f(g?=0) = fo(g°=0).
+ Two-part program:

e HISQ valence on 2+1 Asgtad ensembles (close to -
completion). [E. Gamiz]

e HISQ valence on 2+1+1 HISQ ensembles (early stage).
e ultimately to include D = K, and g # O
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Asqgtad Ensembles

N,=2+1 Asqtad MILC engembles
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Asqgtad Ensembles

N,=2+1 Asqtad MILC engembles

: I I I I | )QI I I -
600 —]
u ®m, = mshyﬂ -
i xmg < msh” ° 1
- ® il K—11 project
500 B o - (HISQ on Asgtad)
. ® i
" ® i
=, 400 |— . —
k B X 7]
& i ‘e 3 :
- e ® -
300 |— X® . ® ]
| o ‘® |
i %@ o _
B ° i
200 — —]
B )
[ 1 1 1 1 | 1 1 1
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K—=1; HISQ on Asqgtad

e Strange HISQ valence mass tuned to its physical value [from
Davies, et al, PRD 81 (2010) 034506, using the “ns”].
e | ight HISQ valence mass tuned to Asqtad sea by:

my*(Hisq)  mj®*(Asqtad)
phys (Hisq)  mE"™®(Asqtad)

e S0 as close to “unitary” as possible for my in this mixed-action
theory.

e Mixed-action SChPT at 1-loop has been calculated [E. Gamiz and
CB]J, but still needs checking.
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K—=1; HISQ on Asqgtad

Sample Chiral Fit

1oosf-  Preliminary

0,995 - —
-=- continuum NLO
0.99 [ — continuum NNLO (fit)
® a=0.12fm
B a=0.09%m
0,985 - =
0,98 — .
/
/
/
0975 —
chi*r2/dof=0.78 p=0.59
097 — .
- bootstrap error (500 boots.)
0,965 C | | | |
0 0,5 1
2
(r,m_)

o Statistical errors:
~0.2% -- 0.3%

e Different chiral fits tried so
far agree within 1 stat. o.
E.Q.:

e 1-loop SChPT + 2-

loop continuum ChPT.
e 1-loop SChPT + higher

order analytic.

e Need to understand the size of a2 effects better: check SChPT.
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K—=1; HISQ on Asqgtad

+ Expected error budget:
e Statistical: 0.2--0.3%
e Chiral extrapolation, fitting function: 0.1%
e Discretization: 0.15%
e Mistuning of ms in the sea: 0.2%

+ Total: 0.35%--0.5%, should be competitive with state
of the art: RBC/UKQCD.
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K— 11 semileptonic decay

4+ Focus at g?°=0, where we can use the method
HPQCD proposed for semileptonic D decay:

e Full matrix element of vector current Vy is hard because

conserved current is complicated and local current needs

renormalization.
e [nstead use o* Vy=(Mp - Ma) S
 Sislocal, and product (mMp-Ma)S Not renormalized.
e This is sufficient for f(g?=0) = fo(g°=0).
+ Two-part program:

e HISQ valence on 2+1 Asgtad ensembles (close to
completion).

e HISQ valence on 2+1+1 HISQ ensembles (early stage).
e ultimately to include D = K, and g # O

[E. Gamiz]
4
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HISQ Ensembles
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K—m1: including HISQ on HISQ

=0)

2
f,(q

Sample Chiral Fit

1,01 T I T |

e Consistency with
extrapolated HISQ on
Asqgtad results.

e Stat. errors larger on
physical mass

Preliminary

[

N o ensemble; momentum
e a=0.12fm (N, = 2+1 Asqtad configurations) need ed for q:O |S
m  a=0.09m (N, =2+1 Asqtad configurations)

0,98 A a=0.12fm (N, =2+1+1 Hisq configurations) larger

* Ensembles with

chir2/dof=0.75 p=0.61 heavier-than-physical

0,97
bootstrap error (500 boots.)

| 03 | i | 15 reducing final error.

(rym,)’

o T T | T T T T | T T T T | T T T T

 D—K being done in parallel, but fits not analyzed vyet...

u,d mass important for
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Some projects | didn’t talk about:
T

Heavy-Quark Semileptonic Decays [Fermilab/MILC]
+B — D*¢v [arXiv:0808.2519, arXiv:1011.2166] (J. Laiho)

+B—->D/¢v [arXiv:1111.0677] (S. Qiu)
+B-2K/{l;, B> Ky [aXiv:i1111.0677] [R. Zhou; see his tal

+B-ondv [arXiv:0811.3640] (R. Van de Water)

4+ Bs = Yt Y [using f for (Bs = Ds)/(B—D); arXiv:1202.6340]
(D. Du)

+D->1lv,D—=KIlv [arXiv:0811.3640] (J. Bailey)

Quarkonia [Fermilab/MILC]

+ [arXiv, 0912.2701, arXiv:1012.1837] (L. Levkova, C. DeTar,
A. El-Khadra, E. Freeland,S. Gottlieb, A. Kronfeld,...)

K]
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Some projects | didn’t talk about:
T

Electromagnetic Effects [MILC]

+ Pseudoscalar mesons [arXiv:0812.4486, arXiv: 1011.3994

PoS(Lat10) 127] (S. Basak, A. Torok, S. Gottlieb, L. Levkova, E.
Freeland, CB)

+ Baryons (S. Gottlieb & students)

Strangeness content of the nucleon, etc. [MILC]
+ Nucleon strangeness [arXiv:0905.2432, arXiv:1011.5271]

(D. Toussaint, W. Freeman)
+ Nucleon charm [arXiv:1204.3866] (D. Toussaint, W. Freeman)

4+ Onn (D. Toussaint, W. Freeman)

47




Fermilab Lattice/MILC Collaboration

J. Bailey Seule U.

A. Bazavov U. of Arizona

C. Bernard Washington U.

C. Bouchard Ohio State

C. DeTar U. of Utah

A.X. El-Khadra U. of lllinois

R.T. Evans U. of lllinois, North Carolina State U.
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W. Freeman George Washington U.
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J. Komijani Washington U.
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J.E. Hetrick U. of the Pacific

J. Kim U. of Arizona
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M. Lightman Washington U.
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Chiral Fermions via Energy Level Splitting
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Outline of the talk

e Overlap/Domain Wall and Minimally Doubled fermions

e Crank-Nicolson discretisation scheme

e Applications: I. Crank-Nicolson-Wilson operator

e Applications: II. Crank-Nicolson chiral operator

A. Borigi

New Horizons for Lattice Computations with Chiral Fermions

BNL, 14-16 May 2012
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Chiral Fermions and the Lattice

e Lorentz invariance broken to hypercubic symmetry:

— there is no such a thing like spin on the lattice;

— at least in the sense of SU(2) representations;
— Dirac field does not fit the lattice.

e = Requiring emerging spin on the lattice brings undesirable results;

e Theorem (Nielsen-Ninomiya). There are no local chiral fermions on
the lattice.

e Broken Lorentz invariance + emerging spin makes a “choose-only-one-
item” menu:

— Many chirality pairs of flavours (naive, minimally doubled,...);

— One flavour of explicitely broken chirality (Wilson,. .. ).

A. Borigi New Horizons for Lattice Computations with Chiral Fermions BNL, 14-16 May 2012 0-2



Overlap/Domain Wall Fermions

Adding a new item in the menu:

On shell chirality but an extra dimension.

e Satisfy Ginsparg-Wilson relation: on shell chiral symmetry;
e Expensive to compute: involves nested Krylov subspaces;

e Large density of near zero modes of the kernel;

e Topology stalling simulation algorithms; Solution:

— Fixed topology overlap: unitarity violations

— Fat links: lattice spacing of smoothed configuration?

A. Borigi New Horizons for Lattice Computations with Chiral Fermions BNL, 14-16 May 2012
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Minimally Doubled Fermions

e Reduce the number of doubler to two: 25 years old idea revived 5 years
ago with new actions;

e That is nice but in expense of hypercubic symmetry:

— Symmetry restoration requires fine tuning i.e. non-perturbative
renormalization;

— Simulation of one flavour needs rooting.

Lesson: lose symmetry in favour of less doublers.

Question: How far can one push it?

One can isolate a single flavour compensated by ghost particles, i.e. no
Dirac/Weyl content:

Weyl and ghost fermions on the lattice, A.B. ArXiv:1010.5156

Nielsen-Ninomiya theorem can be genralized, but the result is essentially
the same: the ghosts remain in the continuum limit.

Wilson strategy: distribute doublers in the real axis, revived recently by
Creutz and collaborators.

A. Borigi New Horizons for Lattice Computations with Chiral Fermions BNL, 14-16 May 2012 0-4



Crank-Nicolson discretization

e Example: Schrodinger equation in Euclidean space:
Op(t,x) = Hip(t,x) ,  ¥(0,2) = to(x) .

e Solution (¢, z) = et1)(0, z).

e Numerical problem: exp approximation.

— Problem: non-local grid in ¢;

— Requirement: stay with nearest neighbours, i.e. Euler scheme: =
order O(a) errors.

e (Crank-Nicholson scheme:

DU(t,2) — ~ [b(t +a,x) — 0t 0)]  HO(tw) — T () + (4 a,2)]

T

= (t+a,z) = 1=

N|Q

ro(t2) = (1ol + SH? +0(a)) ¥(t,2)

= order O(a?) errors in expense of solving linear systems.

N|Q

A. Borigi New Horizons for Lattice Computations with Chiral Fermions BNL, 14-16 May 2012 0-5



Crank-Nicolson and Dirac operator

e Momentum space spin-1/2 Hamiltonian on the lattice: H = & sin p;

e = Crank-Nicolson time discretised operator:

1
D(p) = e'P4 —1+2051np( et 1) .

e Particle content:

D(p) =0 < 4sin” %+51n I cos? 24 —

e = 8 particles located at the edges of the 3d Brillouin zone.

e Result:

A. Borigi

The number of doublers is reduced by a factor of two!

New Horizons for Lattice Computations with Chiral Fermions

BNL, 14-16 May 2012
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Crank-Nicolson-Wilson operator

e Reduce the number of doublers using the Wilson approach:

iy sin p’+ Z(l — cospk)] (e’ 4+ 1) .
k

- 1
Denw (p) = ya(e™* — 1) + 2

e Denw(p) =0 <

2
Z(l — cospk)] cos” % =0 .

k

4 sin? % + < sin? g+

e Result:

— Second order accurate in time;
— Smaller additive mass renormalisation;

— Hypercubic symmetry broken to cubic symmetry.

A. Borigi New Horizons for Lattice Computations with Chiral Fermions BNL, 14-16 May 2012 0-7



Degenerate doublet of Crank-Nicolson-Wilson fermions

Restore hybercubic symmetry defining a doublet of Crank-Nicolson-Wilson

fermions: "
_|_
Donw = (DCNW(m> (_)O )
0 Deyw(m)
where:
| 1| 1

Dgr]\),w(m) = ml+y4(e?* —1) + 5 iy sin p’ + Z(l —cospg)| (eP* +1)

_ k i
Dé_]\),w(m) = ml+y(1—e")+ = |iFsinpg + Z(l —cospg)| (e7P* +1)

_ k i

e Hypercubic symmetry restored under flavour exchanging operation;

e Result: O(a?) errors theory without fine tuning + 3-space Wilson.

A. Borigi New Horizons for Lattice Computations with Chiral Fermions BNL, 14-16 May 2012 0-8



A chiral theory with doublers

e Start with a general theory of many chirality pairs flavours:

E.(p)=a,6p, n=12,...,m,

e For example naive fermions have this continuum limit with «,, = %1;
e We are seeking a theory with a singlet chirality ground state:
— the opposite chirality counterpart should occupy a different level;
— the theory has a energy gap A(p) = E1(p) — Eo(D).

e Energy gap increases with momenta:

— A non-uniform gap;

— Maximal gap at cuttoftf.

e = A chiral theory of free fermions with doublers.

A. Borigi New Horizons for Lattice Computations with Chiral Fermions BNL, 14-16 May 2012 0-9



Lattice implementation

e Start from Crank-Nicolson discretisation in time and naive discretisation

in 3-space:

D(p) =eP* — 1+ 55’811115’ (et +1) ;

e Add a pure imaginary operator of the Wilson type:

1
D(p) = e'P4 —1+2

k

e D(p)=0 &

{QSm—

A. Borigi New Horizons for Lattice Computations with Chiral Fermions BNL, 14-16 May 2012

gsinp 4 ir Z(l — COSpk)] (e’P* 4 1) .

2
Z 1 — cospg ] COS%} + sin? D COSQ% =0.
k
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Particle spectra

e 8 zeros in the edges of 3d Brillouin zone:

p* € {(0,0,0),(0,0,7),(0,7,0), (7, 0,0), (0,7, m), (7,0, 7), (7,7, 0), (7,7, 7)}

e Define n(p' *) = 5 >, (1 — cospj)

e = D(p)=0 @tan% = —rn(p*).
e Define chirality x(p *) = cospj cosps cospi =
7 n(7*) | x(7*) | Degeneracy
(0, 0,0) 0 1 1
(0,0,7), (0,7,0), (w,0,0) | 1 -1 3
(0,7, m), (m,0,m), (m,m,0) | 2 1 3
(7T7 T, 7T> 3 ‘1 1

A. Borigi

New Horizons for Lattice Computations with Chiral Fermions

BNL, 14-16 May 2012

e Continuum limit dispersion relation: FE, (p) — 90 pn=0,1,23.

14+7r2n
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Broken hypercubic symmetry

e Restore hypercubic symmetry defining a quartet of such fermions:

( 0
0

0

\p*)

0

0
p

0

0
D)
0
0

D7g+)\

0

)

e = symmetry is restored under (+) and (—) flavour exchange as well as
under r and —r flovour exchange.

e Result: a free theory of four flavours with definity chirality.

e Interacting theory: close to continumm theory should be Ok;

e Strong coupling: doubler mixing.

A. Borigi

New Horizons for Lattice Computations with Chiral Fermions

BNL, 14-16 May 2012
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Conclusions

e Crank-Nicolson discretisation scheme offers new definitions of fermions
on the lattice:

[. Crank-Nicolson-Wilson operator is a one flavour theory with broken
chiral symmetry and second order discretisation errors in a;.

II. A free fermion chiral theory via doubler level splitting.

A. Borigi New Horizons for Lattice Computations with Chiral Fermions BNL, 14-16 May 2012 0-13



rospects of Multi-grid
A and
=/ ‘Domain Decomposition

‘ . " Dirac Solvers on GPU

Richard C. Brower ( with SciDAC collaborators
Ron Babich, Mike Clark, James Osborn et al!)

BNL May 15, 20120




Algorithms are increasingly

Essential and increasingly Complex.

Causes:
Higher resolution physics.
Hierarchical Petascale hardware.

Long multi-year cycle:
Physical Insight
Mathematics of Complexity (flops & comms)
Coding prototype on New Hardware
Testing and Integration into Applications



Outline:

A few future (spectacular?) examples.

I, Moebius DW Fermions (retrospective!)
II. - Multigrid Wilson-clover Dirac Solver (at last!)
IIl. GPUs with Domain Decomposition

V. The Future: MG/GPU/DD for HMC
(MG for Domain Wall: next talk by Saul Cohen)



. Moebius as Scaled Shamir DW



Domain Wall Fermions at Ten Years — J
RIKEN BNL Research Center Workshop & Symposium.: M oe b U SAR e-t] O/é p e Ctxl Ve

March 15-17, 2007 at Brookhaven National Laboratory (/ 7 }

— Shamir, M5=1.8, a5=1-00 . | Shamlr M5 1. 8 a -
0.1 WL, | o001} fﬁ:
o=
_ L=12 o
0.01 | g .
& _ I L=16 T
E £
0.001 | . 0.0001
L =24 'ﬁ
0.0001 |
_ L=32
19_05 1 1 1 1 19-05 1 L 1 1
0 10000 20000 30000 40000 50000 0 10000 20000 30000 40000 50000
Number of Dirac applications Number of Dirac applications

(1 -+ O{H5)L3 — (1 — OéH5)L5
(1 —+ aH5)LS —+ (1 — OiH5)L

er,. |aHs] =



for 1/Ls < |\ < Ly

Good to O(Ly)

O(l/LS) 1.007 I _E(X) - ) ]
0.507 / (Lsa Oé) — (4, 4)
0.20
0.10
 (Le, @) = (16,1)&(8,2)
0.05_‘|
; Scaling Rule e [A] >~ eLS/a[Q)\]
0.02‘
| 0.2 0.4 0.6 0.8




Estimate of Mres

Tr(DI AL, (Hs)D,,'] _ Z Wr(A) A, (A)
Tr | D5l D| > |

o—Ls|log(1 + a)) —log(l — al)| o ,—2L.ax

— €

Error from |\ < 1/2aLs ~ 1/L?

Small density of “topological defects”



II. Multigrid for Wilson clover Solver



viultigrid Premier:
Classic example - PDE with NO

No change when = — Az, y — Ay, 2z — Az
Laplace: ¢ — Ao

- 0° 07

9uz + gz + 5210 = €0@W)I(2)

—V2¢(SI3, Y, Z) — _[

Solution (Green’s function)
1 e? e?

¢:47T\/$2_f—y2—|—Z2:R




Precondition operator on a=h

by “renormalized” operator on a = 2h

Ap=b = ¢z +h)—20(x) + ¢z — h) + h*m*é(z) = b(x)

h =» 2h Restriction R = P* * .\I/\I/. ° "
® o e 2h
- h
2 h =» h Prologation P Ww/ I
® 2h

(1) Restriction must preserves the scale invariant solutions

(2) Coarse operator isrenormalized: m =» 2 m (in units h=1)



Multi-grid V-Cycle

Restrict until exact solve possible
Interpolate back to fine grid **

O(N) to O(N log N) scaling

Memory O(N)

Solve

ExtraWork: 1+w+w*w+.. < 1/(2-w)



Ren Group motivated attempts in 1990’s:

group operator fo be inverted | gauge field | lattice sizes

See ThomaS Ka|kl’etuel’ “Ierael P+m 2-d U(1) < 9562
hep_lat/9409008 [3, 13, and references therein] staggered fermions 2-d SU(2) < 2562

. “ 1989-ongoing 2-d SU7(3) < 1282
review on “MG Methods E— R rd 50 | <128
for Propagators in LGT”. 14, and references therein] staggered fermions

1990-1992 stageered fermions 2-d SU(2) < 128§*

ISrael Ben—AV, M. Harmatz, and Wilson fermions
P.G. Lauwers & S.Solomon "Boston” —A 4 m? 2d U(1) | <642

7, and references therein| 4-d (1) ik
Boston: Brower, Edwards, 19901991 2-d SU/(2) - 392
Rebbi & Vicari (Y + 1) Dy + m 2.d U(1) fi4?

Wilson fermions

[29] (yu+ 1)D, +m 2-d (1) 42

AmSterdam A HUISebOS, 1990-1992 Wilson fermions 4-d SU(3) 16%
\J Smlt \] C Vle “Hamburg” —A 4 m? 2-d SI7(2) < 12§¢
[21, 18, 22, 23, 1, 17, 19, 20, 2, 24] 4-d SUT(2) < 18*
Hamburg: T. Kalkreuter, 1980-ongoing pi+m +

stagrered fermions i-d S07(2) < 18
G. Mack & M. Speh esere =) |

2-d SI7(2) < 1622

Table 1: Overview of works on MG methods for propagators in lattice gouge theories.



] SUPERCOMPUTER
COMPUTATIONS
A1 RESEARCH INSTITUTE

PROJECTIVE MULTIGRID FOR
WILSON FERMIONS

by

Richard C. Brower. Robert G. Edwards.
Claudio Rebbi, and Ettore Vicari

FSU-SCRI-91-54




2x2 Blocks for 2-d U(2) Dirac
(Naive scaling of free problem)

L] L] — — g
G 400 — o ]
| I | | =
3
| | 1 | -
- - - - i Q _
200 — o o o a
——— _——— G_IIE|||-|E||||EI|! |ﬂ|||-|m||_
| | i | 0.00 0.02 0.04 0.06 0.08 0.10
I,
] | | I _
U,(z)=1

Gauss-Jacobi (Diamond), CG (circle),

2-d Lattice, U,(x) on links #(x) on sites V cycle (square), W cycle (star)



Universal critical slowing: t=F(m )

EUUU | |:| | T 1 T |3| 1 T i1
[ o
1500 — "4 —
L 3 <
v r
; 1000 —
X = i
& - {} n
| o i
| . O ]
800 — o
e}
RS
=
£ _
D | | | | | | EP I IE.‘ | :l | Imj |l
-0.26 —-0.24 -0.22 =0.20 —-0.18
My

Gauss-Jacobi (Diamond), CG(circle),
3 level (square & star)

-

5":] s ] o |.8IIT 3’ I]-Djl 1IOIE}I L |

20 x N

|
e
ik

; Eéﬁ-
i - $ |

_ ﬁﬁﬁﬁg _

E | | | || I| 1 1 |4t ! l
0.02 005 0.1 02 05 1

m 1l

S =3 (cross) 10(plus) 100( square)







QCD Multigrid Applied Math/Physics Collaboration

Many different people (TOPS, QCD) and institutions
involved in the collaboration

= CU Boulder = Boston University Harvard U

* Tom Manteuffel * Rich Brower Mike Clark

e Steve McCormick » Claudio RebV

e Marian Brezina  Mike Clark . Ron Babich

* John Ruge  James Osborn

* James Brannick « Saul Cohen

 Christian Ketelsef\" Penn State \ *INT Seattle

e Scott MacLachlan « James Brannick

: . *\Saul Cohen

= Lawrence Livermore « Ludmil Zikatanov

e Rob Falgout = Tufts
= Columbia « Scott MacLachlan

e David Keyes = Argonne

 James Osborn



Adaptive Smooth Aggregation Algebraic Multigrid

prolongation
(interpolation)

W
,,"!\

Spilt the vector space
iInto near null space S
and the complement S,

restriction

The Multigrid
V-cycle

<
Smaller Coarse Grid

Slow convergence of Dirac solver is due to small eigenvalues for vectors
in




Physical Requirements

Partial success (RG) weak coupling
Maintain Gauge invariance

Maintain °; Hermiticity

Local adaptive blocking: Projective MG
Chiral Symmetry (density of small e.v.)

Null vector: Atya- Singer Index Theorem

H =5D = D'
Prolongator P == Restrictor R = P's



PY:fine ! coarse ( non-square matrixY)

(fine lattice vector space) (coarse lattice vector space)

ker(Py) Y But PyP= 1. soKer(P)=0

fine space
., /

span(P) S <P— span(Py)
IR

S= span(P) = Image(Py)
rank(P) = rank(Py) =dim(S)= N. Ng = 2N, L4/44

y See Front cover of Gilbert Strang’s undergraduate text !



General Problem: DA =b

"split” vector space into:

nearnull DS"o & Complement S,
Schur decomposition (of course) does this!

Coarse = near null (IR), Fine = complement (UV)

Splitting is essential the idea of the Schur complement:

[DCC Dcf] _ [ 1 o] [ Dec 0 1 DD,
ch fo DfCDl_’,'_(:l 1 ] 0 fo_chDc_chcf 0 1
Implies -1 _ [1 -DgDY ]| [|pet O 10
O 1 J|_ 0 Dgclhur _DC_ClDCf 1

with Dgehur = DeD. Doy



Petrov-Galerkin oblique projection

1 1
PD|=|1—-DP
PTDP =1 PTDP

Dgchur = |D — DP P\D

PTDSchur — DSchu’rP =0

A

The coarse operator : D=D,. = P DP
The projection op to coarse space : P PT

But the Schur complement use “oblique projects:

Pt Hp=P PtD

.i.
HL o DPPTDP PTDP

Dsehur = D — | DITp = (1 —I11)D(1 — IIR)




2-level Multigrid Cycle (simplified)

Smooth T = (1 _ D)gjo + b = r = (1 — D)TO
Coarsen D.=P'DP & r,=P'r

Solver Acec =7, — E, = Ac_lpTT
Interpolate e = Pe,

Update -

1
fence  /—[1-DP Pilr — P/ =




AMG on Wilson-clover Dirac Operator

Devil is in the details!

Rigorous MG proofs for normal equation (DY D A = b)

But would like to project D to avoid higher complexity.

Multigrid is recursive to multi-levels.

Must preserves Gauge invariance and °; ([°5,P]=0)
First benchmarks for Wilson-Dirac Operator:

Asym V=163 x64, 243x64, 323x96 (N; = 2, 400MeV pion)

N. =20 null vectors Asx with 4th order MR with subset refinement.
MG Blocks = 4°x N.x 2 and 3 level V MG cycle
pre and post-smoothing is done by 4 iteration GCR (later GMRES)
Extend to Red/Black preconditioning

(James Osborn implement on BG/P in SciDAC-2 AP|

Future SciDAC-3 develop in HYPER framework/GPUs etc).




32°x256 aniso clover on 1024 BG/P cores

mixed precisioh BiCGStab =——e—
mixed precision multigrid (old) ----- REE
mixed precision multigrid (NEW) =gt

100 |

seconds per solve
—
A
0)]
X

N 3

L M m,;
phys light
[ { ! 1 1 L 1 1 ms' 1

-0.088 -0.086 -0.084 -0.082 -0.08 -0.0/78 -0.076 -0.074
Mass

"Adaptive multigrid algorithm for the lattice Wilson-Dirac operator” R. Babich, J. Brannick, R. C. Brower, M. A.
Clark, T. Manteuffel, S. McCormick, J. C. Osborn, and C. Rebbi, Phys. Rev. Lett. 105, 201602 (2010).

(Latest Result: FiniteT lattice 128"3x96 = 32 x speed up! James Osborn.)
P P



Total cost 32°x256

60 ] T C 1 * 1 1 I

i ~6 solves
50 - i

40

30

minutes

~12 solves
~120 solves

20

MP multigrid m=0.0132 ——

; MP BiCGStab m=0.0132 --------
o MP multigrid m=0.0032 ——

10 =0 MP BiCGStab m=0.0032 -------- i
i MP multigrid m=0.0012 ——

MP BiCGStab m=0.0012 --------
' MP multigrid m=0.0005 ——
5 l | | | | M|P BiCGStalb m=0.000£|3 --------

0 20 40 60 80 100 120 140 160 180
solves




Error vs residual

= Error:

e=x*-x

= Residual:
r=b—-Ax
=Ae

=  Residual not as
sensitive to low
modes

error / residual

450 ™ x e T LI T T ™ T
MP BiCGStab 323X256 =t
MP BiCGStab 24,x128 --- -
400 F MP multigrid 323x256 —
MP multigrid 24°x128 ---&---
350
300
250
200 -
L .
50 e
0 T x
50
AT r— Sy P Ty e T e o —
0 | " L | L L M| " " M| L L P | " L | L P |
1e-12 1e-11 1e-10 1e-09 1e-08 1e-07 1e-06

residual

Speed up is even better at fixed error.




lll. QUDA: QCD in CUDA for GPUs



Disruptive many-core Architectures

1/4 CM-2 Nvidia FERMI chip

T 2T Nis i

16 K bit serial PE) 512 x 32 bit PE = 16 K bits

Nvidia Kepler has 1536 Floating point cores! Maxwell ??? Next ???
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The pioneers or GPU compurting in lattice QC
2005-2006

4

Available online at www.sciencedirect.com

e .
& . -
*.” ScienceDirect CompUiscysics
Communications
Computer Physics Communications 177 (2007) 631-639
www.elsevier.com/locate/cpe

Lattice QCD as a video game

Gydz6 1. Egri #, Zoltan Fodor **, Christian Hoelbling ®, Sdndor D. Katz **, Déniel N6gradi °,
Ké4lmén K. Szab6®

® Institute for Theoretical Physics, Eorvas University, Budapest, Hungary
b Deparmment of Physics, University of Wuppertal, Germany
© Department of Physics, University of California, San Diego, USA

Received 2 February 2007; received in revised form 29 May 2007; accepted 7 June 2007
Available online 15 June 2007

Abstract

The speed, bandwidth and cost characteristics of today's PC graphics cards make them an attractive target as general purpose computational
platforms. High performance can be achieved also for lattice simulations but the actual implementation can be cumbersome. This paper outlines
the architecture and programming model of modemn graphics cards for the lattice practitioner with the goal of exploiting these chips for Monte

Carlo simulations. Sample code is also given.
© 2007 Elsevier B.V. All rights reserved.




QUDA (QCD/CUDA) collaborators

Ronald Babich (BU = PSC = NVIDIA)*
Kipton Barros (BU - LANL)

Michael Clark (BU—> Harvard - NVIDIA)*
Justin Foley (Utah)

Joel Giedt (Rensselear)

Steven Gottlieb (Indiana)

Balint Joo (Jefferson Lab)

James Osbone (Utah = BU = Argonne)
Claudio Rebbi (BU)

Gouchin Shi (NCSA)

et al



How to get QUDA & join the Fun

™ mikeaclark E’ Dashboard = Inbox Account Settings = Log Out
thub
g!ocm CHING Explore GitHub ~ Gist Blog  Help
3 lattice / quda 4 Admin  © Unwatch & Fork (& Pull Request ©7 / 2
Source Commits MNetwark Pull Requests (0) Fork Queue Issues (3) Wiki (1) Graphs master
Search: Q New Issue

Browse Issues Milestones

[Eeaeml]

Everyone's Issues 3 '
v Submitted Updated Comments

3 open issues

Assigned to you 3
Mentioning you 0 -
gy Objectify the solvers
mikeaclark
Adaptive Multigrid Objectify and generalize the gauge field
mikeaclark
Add support for QIO
mikeaclark
LABELS
Iclean—up 1 3 open Issues in this view
0 feature a

https://github.com/lattice/quda



https://github.com/lattice/quda

GPU memory hierarchy

: Host System : : Graphics Card 5
: . PCI-Express bus ' ) :
' ' . Device Memory :
Host Memory b 6+6 GB/s ; :
: 177.4 GB/s :
: 20-30 GB/s E ! L2 Cache E
. , i Multiprocessor 1 Multiprocessor 2 Multiprocessor n E
' ' ' || Core |  Core Core | | Core Core | | Core ||
' L3 Cache ! ' ‘ 1 2 1 2 1 2 .
! L1/L2 Cache N L1/L2 Cache | ! : Core ... |Core Core [},
1 ' : m m :
. E . A :
! ' ! Latency ~ :
' : ' a few cycles !
! Core 1 e Core k ' ! 4 .
. . i | Registers and Registers and Registers and E
' ! .  Shared Memory | | Shared Memory Shared Memory |

(GeForce GTX 480)

33



Tricks to reduce memory traffic

¢ Reconstruct SU(3) matrices from 8 or 12 real numbers on the fly, e.g.,

c = (axb)"
a ap az as SUR2):U=agop+ad-o
b =1 b1 b2 bs ag +a-d=1 => Sssphere
C C1 Co> C3

Better still SU(3) has 8 parameters on S3 x Sg
¢ Choose a gamma basis with [, diagonal.

2.0 0 0
(pra_| 0200 )
00 0 0
1 0 +1 0 00 0 0 similarity
pta _ i(l) (1] [1) i(l) ~< 0 0 0 O transforms on
0 £1 0 1 pa-| V000 D
00 2 0
L 00 0 2 D

¢ Fixto the temporal gauge (setting gauge links in the t-direction to the identity).



Time (seconds)

Mixed precision with reliable updates

« Using a mixed-precision solver incorporating “reliable
updates” (Clark et al., arXiv:0911.3191) with half precision
greatly reduces time-to-solution while maintaining double
precision accuracy.

10000 . ; : 5 - I ' I ; | ' T

@@ Double

= Single @@ Double
8000 |- gﬂlf - ar m—& Double/Single

- cri Double/Half
B — § 1 W
4000 |- 4 Pa2e
2000 |- - I @ & 4 ¢ 4 4 L 4

042 ' 041 J 04 Sy 0415 041 0405 04
mass mass




Big Cray/GPU machines are coming.

CRANY

Cray XK6 Compute Node

XK6 Compute Node
Characteristics

AMD Opteron 6200 Interlagos
16 core processor

Tesla X2090 @ 665 GF

Host memory
16 or 32GB
1600 MHz DDR3

Tesla X090 memory
6GB GDDRS capacity

Gemini high speed Interconnect

Upgradeable to NVIDIA’s
Kepler many-core processor

_ Slide courtesy of Cray, Inc.
9 OLCFeeee Disclaimer: No contract with vendor is in place



LOCATION o b e
LO CATI O N PCle I 8 GB/s per direction

LO CATI O N ! Device Memory

I 177 GB/s

(1 1 [ 1]

o o o] B[] ]
111 17 pramel ]|

TO GET STRONG
SCALING NEED TO

MANAGE A MULTILEVEL _g-
MEMORY HEIRARCHY O _ | |

- Registers Registers Registers
THIS IS THE CHALLENGE OF  © | | wsms ]
H ET E R O G E N O U S Multiprocessor 1| | Multiprocessor 2 Multiprocessor n
ARCHITECTURE TN S
OF THE PRESENT AND e (Gl |G ... | Core
THE FUTURE!

Figure 1: Peak bi-directional bandwidth between
various levels of the memory hierarchy on a Tesla
M2090.



Additive Schwarz

-~ & B K K 5+ + & & 77 @ K K

- Update domains simultaneously Block Jacobi
- Expect higher iteration count than multiplicative

- Algorithm is trivially parallel

« Well suited to GPU architecture



Block Jacobi “"DD"” on LLNL Edge

Flops versus speedup

32 64 2 ' : ' 32 64
Number of GPUs Number of GPUs

Babich, Clark, Joo, Shi, Brower, Gottlieb, “Scaling Lattice QCD beyond 100 GPUs,” SC'11



Compare with Cray: 32K = 64 GPUs

h
I

Tflops Sustained in Solver
S

5 b —
r @—® Intrepid BG/P BiCGStab DP
L B Jaguar XT4, Rel. IBiCGStab, Mixed Prec. i
Jaguar XTS5, Rel. IBiCGStab, Mixed Prec.
D l L | | I 1 L l 1 I 1 J l L

4K 8K 12K 16K 20K 24K 28K 32K

Number of cores



Mike Clark and Balint Joo’s Mixed DD GCR
Algorithm

Mixed-Precision GCR-DD solver

(Re)Start Generate Subspace Update Solution

Apply Preconditioner:

~ r—1
=K~ 1L O Tow for vr 1 b ).
reduced precision inner solve Pk k Y Solve for yi l1=kk-1,...,0:
Reduced Precision
Zr = Mpg My k
VXt Z Brixi = oy

Bik = (2i, 2k)

i=l+1
Orthogonalize %-s ) :
: Compute correction for x:
Yk = || k]|
normalize 2
op = (2k, )

Pt = Tk — 2k

repeat for all k or until
residuum drops enough
or convergence

Quantities with Full precision restart
A are in reduced )
precision if not converged

Sunday, April 29, 12




TitanDev (Balint and Clar

®
Benchmarks: + GPU (DD+GCR)
- - . ,R = . e e ~ -
Strong Scaling: 48 x512 Lattice (Weak Field), Chroma + QUDA
128
100 Tflops
64—
2
16—
bl
3
o= 4
Z
@ 2
Z
= I
—
05
n25H 5348 Titan, XK6 nodes, CPU only: Single Precision Reliable-IBiCGStab Solver —
O—© Rosa, XE6 nodes, CPU only: Single Precision Reliable IBiCGStab solver
0.125 H ¥=—% Titan, XK6 nodes, GPU only: Single Precision (single/single) Reliable BiCGStab solver —
G—© Titan. XK6 nodes, GPU only: Mixed Precision (half/single) Reliable BiCGStab solver
0.0625H A2 Titan, XK6 nodes, GPU only: Mixed Precision (half/single) GCR solver with Domain -
Decomposed preconditioner
L L 1 L 1L L | L l
16 32 04 128 256 512 1024 2048 4006 8192
Interlagos Sockets (16 core/socket)

Sunday, April 29, 12



Next Project: MG on GPU

Cost in $s reduced by a at least factor of
100X

GPU O(10x) MG O(10x)




IV. The Future: MG/GPU/DD for HMC




Multigrid for HMC?

When size is too small the
common practice is to copy lower levels to all
nodes and solver with zero comm.

by refining near null
vectors from past or intermittent refresh

Faster solver
encourage optimization with more solves.



Monte Carlo Evolution: Luscher’s intermittently

update of S subspace(0710.6417v1)

subspace update

N I I | I I | I | I I | I | I I | I |
GCR

ond qlution

15t solution

o
oo
LI | LI

[u—
N

[
2
C>|||||||||||||

%
A
L
N

N
_h_
N
oo
j—t
o
[
I~
[
N
[E—
@)
j—t
oo
2
-]

/e,

Yy Combined with “Chronological Inverter” Brower, Ivaneko, Levi, Orginos



At Conformal FT:

Radial Quantization CFT

Exact:

See Herbert Neuberger on Wednesday!



Summary: Multiscale Narrative for

| attice Field Theories

Past: 1990-2010

The good olde days of “MPI Data Parallel code” for
SPMD algorithms “easily” mapped on to uniform
architecture of Beowulf clusters.

Present 2010-2012

Transition to high resolution multi-scale QCD and
MPI network of threaded multi-core micros

Future: 2012-2018

Profound challenges to adapt efficient multi-scale

algorithm to a complex heterogeneous architecture
with deep memory hierarchies.



FINI



Extra Slide!



NEXT TALK: Domain Wall Multigrid

5-d Wilson with "negative mass” and Dirichlet B.C.
in 5t “time” interval [o,Ls]

New Gamma 5: I's = 757?,(3 — L, — 3)
D is now violently not normal: DTD 7é [)D7L

Physical long wavelength mode are low singular
(eigen)vectors NOT eigenvectors of D!



A Chiral Fermion

my
coupling between walls

Y(x, s)




Domain-Wall Fermions

Domain-Wall Operator

Spectrum

No zero e.v.

2+ 1dbut 4+ 1dwould have 5 eyes
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e "Algorithms for Lattice Field Theory at Extreme Scales”, Richard C. Brower, Ronald
, Anthony
Kennedy, James Osborn and Claudio Rebbi, SciDAC 2010, Chattanooga, TN
(2010).

e “"Hadronic Physics using Lattice QCD and GPUs" B. Joo, R. Babich, R. C. Brower, M.
A . Clark, J. Chen, J. Dudek, R. G. Edwards, M. J. Peardon, C. Rebbi, D. G. Richards,
G. Shi, C. Thomas, W. Watson, USQCD Collaboration and Hadron Spectrum
Collaboration, SciDAC 2010, Chattanooga, TN (2010).

*"Solving Lattice QCD systems of equations using mixed precision solvers on GPUs”,
M. A. Clark, R. Babich, K. Barros, R. C. Brower and C. Rebbi, Comput. Phys.
Commun. 181, 1517-1528 (2010) [arXiv:0911.3191 [hep-lat]].

e "Blasting through lattice calculations using CUDA", K. Barros, R. Babich, R. Brower,
M. A. Clark and C. Rebbi, PoS LATTICE2008, 045 (2008) [arXiv:0810.5365 [hep-
lat].

e “Moebius Algorithm for Domain Wall and GapDW Fermions”, R. Brower, R. Babich,
K. Orginos,C. Rebbi, D. Schaich and P. Vranas, PoS LATTICE2008, 034 (2008)
[arXiv:0906.2813 [hep-lat]].



: QCD on CUDA

QUDA library http://lattice.bu.edu/quda

CG and BiCGstab solvers for Wilson and clover-
improved Wilson, mixed precision .

Release 0.3 staggered fermions, contributed by Steve
Gottlieb, Guochun Shi, ...

Domain wall (Joel Giedt), twisted mass (contributed
by Alexei Strelchenko), and multi-GPU ...

Interfaced to Chroma/QDP++, QDP/C, CPS, etc.


http://lattice.bu.edu/quda
http://lattice.bu.edu/quda
http://lattice.bu.edu/quda

MG Dirac Solvers for fun and profit.

Lattice QCD/CFT Graphene




Lack of Critical slowing down:

CG iteration count

Lattice volumes Mg (' 0-38922)
Mass: | 16% x 64 | 24° x 64 | 323 x 96
-.3980 40 40 41
-.4005 41 41 42
-.4030 42 42 43
~4055 42 43 43 Small tncrease is probably
-.4080 43 44 45 not significant?
-.4105 44 46 49
-.4130 45 49 Sy 1
-.4155 47 54 57 physical m2,,
-.4180 50 62 89 Chiral limit: m2,, = 0

“Adaptive Multigrid Algorithm for Lattice QCD” J. Brannick, R. C. Brower, M. A. Clark,
J. C. Osborn, C. Rebbi, Phys. Rev. Lett. 100, 041601 (2008)



Clover performance (singleprecision)
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e—e No reconstruct (GF)

G—o No reconstruct
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Dslash performance (half precision)

500 [T T T T T T T T T T T T T T T T T T T | T | T T ]
450 - =
400 | -
2 350 —
o _ 3
= - .
g 300 = E
8 - 3
2 250 ]
g - ,
200 —
< F :
& 150 e—e No reconstruct (GF) ]
- 6—o No reconstruct ]
100 = m—a 12 reconstruct (GF)
- E—& 12 reconstruct .
50 o—o 8 reconstruct (GF) -
- o—© 8 reconstruct :
0 C oo o b by b oy by 1A
0 16 32 48 64 80 96 112 128

Ron Ba Temporal Extent
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Dslash performance (double
precision)

100 T T T I T T T

W
B i

o) ~] o0 o
e e o o
o TI T T[T T T[T T[T T[T I T[T T T[T T[T T T[T [TTT]

Performance (Gflops)
£ W
o o

30 e—e No reconstruct (GF)
—o© No reconstruct
20 m—a 12 reconstruct (GF)
E—& ]2 reconstruct
10 4— 8 reconstruct (GF)
— 8 reconstruct
0 1 | | | | 1 | | 1 | 1 | | 1 | | | | 1 I | | 1 | 1 | | I | | | | n
16 32 48 64 80 96 112 128

Temporal Extent

Ron Babich (BU) — QCDNA
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GPUs are in serious use for “analysis”

Jlab Lattice Portal
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Can they also make a dent here?

i

g

A

QPACE — NIC Juelich

“Intrepid” - Argonne Leadership
Computing Facility

//‘// \/ / \\\/\/‘ 7\\\ /\/f\' / €

“Jaguar” - Oak Ridge Leadership Computing Facility



ORNL’s “Titan” 20 PF System Goals

» Initial 1 PF delivery in 2011, final 20 PF  «—
system in 2012

» Designed for science from the ground up

« Similar number of cabinets, cabinet design,
and cooling as Jaguar

* Operating system upgrade of today’s ~—
Linux Operating System = Gl Sl S
 Gemini interconnect
* 3-D Torus

* Globally addressable
memory

» Advanced synchronization
features

» New accelerated node design using GPUs
» 20 PF peak performance

* 9x performance of today’s XT5
 Larger memory
« 3x larger and 4x faster file system

~
~‘\
LT

15 OLCFeeee 64



Part Ill: Future Challenges

Fermions PDEs are ubiquitous in Quantum Field
theories an Nano materials. Lattice geometries and
boundary condition present new fun challenges.
Finite T lattice (e.g. 32 x speed up on 1283 x 96 lattice¥*)
Old/New RG Geometric [Adaptive Hybrid MG
Monte Carlo Evolution of QCD: Sim implicit integrator
Conformal Theories for LHC Higgsless models
Radial lattices for conform/string duals
Domain Wall/Overlap 5-d fore EXACT chirality
Conformal Graphene Lagrangian
etc etc ...
* has 4.8 xa0**g d.o.f.



NCSA: Blue Waters_2 (post IBM)

Blue Waters will be composed of more than
235 Cray XE6 cabinets based on the recently
announced AMD Opteron™ 6200 Series
processor (formerly code-named
"Interlagos") and more than 30 cabinets of a
future version of the recently announced Cray
XK6 supercomputer with NVIDIA® Tesla™

GPU computing capability.



Potential Exascale Architecture swimlanes

Interconnect BW

applications and te

Source: Andy White a

A\E | IBM BG/Q++ | |CRAY Titan ++

Rick Stevens talk on “A decaplal DOE plan for|providing exascale
ologies for DOE mission needs|’ DOE ASCAC me¢eting, March 2010

Node performance 125 GF 0.5 TF 1 TF INTE 10 TF
Node memory BW 25 GB/s 0.1 TB/sec 1 TB/sec 0.4 TB/sec 4 TB/sec
Node concurrency 12 0(100) 0O(1,000) 0O(1,000) 0(10,000)
System size (nodes) 18,700 50,000 5,000 1,000,000 100,000
Total Node 1.5GB/s 20 GB/sec 200 GB/sec




*Stronger scaling on the EDGE

Scaling Lattice QCD beyond 100 GPUs
Authors: R. Babich, M. A. Clark, B. Joo, G. Shi, R. C. Brower, S. Gottlieb
arxXiv:1109.2935v1 [hep-lat] and SuperComputing 2011



http://arxiv.org/find/hep-lat/1/au:+Babich_R/0/1/0/all/0/1
http://arxiv.org/find/hep-lat/1/au:+Clark_M/0/1/0/all/0/1
http://arxiv.org/find/hep-lat/1/au:+Joo_B/0/1/0/all/0/1
http://arxiv.org/find/hep-lat/1/au:+Shi_G/0/1/0/all/0/1
http://arxiv.org/find/hep-lat/1/au:+Brower_R/0/1/0/all/0/1
http://arxiv.org/find/hep-lat/1/au:+Gottlieb_S/0/1/0/all/0/1
http://arxiv.org/abs/1109.2935v1

Byte/flop ratios

bandwidth to memory, rather than raw floating point
throughput.

We've seen that applying the Wilson Dirac operator (in single
precision) requires that we move 1440 bytes for every 1320
flops.

Clover-improved Wilson (Sheikholeslami-Wohlert) is a bit
“better” (less memory-bound), at 1728 bytes and 1824
flops.

Asqtad and HISQ are a bit worse, at 1560 bytes and 1146
flops.

Other operations (beyond the matrix-vector product) are
often much worse. For example, adding two vectors of
length N involves reading/writing a total of 22N bytes but

consists of only N flops.
69



Blocks Run on Multiprocessors

Device Memory

© NVIDIA Corporation 2008

Serial on CPU and Data Parallel on GPU



CUDA PROGRAMMING

void saxpy_serial(int n, float a, float *x, float *y)
{

for (int 1 = 0; 1 < n; ++1)
y[i]l = a*x[i] + y[1],

}
// Invoke serial SAXPY kernel

saxpy_serial(n, 2.0, X, y); Standard C Code

__global__ void saxpy_parallel(int n, float a, float *x, float *y)
{
int i = blockIdx.x*blockDim.x + threadIdx.x;
if (i < n) yli]l = a*x[i] + y[il;
}
// Invoke parallel SAXPY kernel with 256 threads/block

int nblocks = (n + 255) / 256;
saxpy_parallel<<<nblocks, 256>>>(n, 2.0, X, y); Parallel C Code




A tale of two processors

“Gulftown”

Intel Xeon X5680
6 cores (each with 4-wide SSE unit)
1.17 billion transistors
Shared L3 Cache: 12 MB
La+L2: 6 x (320 KB) =1920 KB
160 Gflops (SP)
32 GB/s memory bandwidth
up to 288 GB (96 GB is realistic)

51 7.5:1

H RRELEITE R ET SR |

NVIDIA GeForce GTX 480
480 cores
3.0 billion transistors
Shared L2 Cache: 768 KB
L1+SM+Req: 15 x 192 KB = 2880 KB
1345 Gflops (SP)

177 GB/s memory bandwidth

1.5 GB (up to 6 GB in Tesla variant)



Mixed precision with reliable updates

« Asdiscussed yesterday, in the usual method of iterative
refinement (or “defect correction”), the Krylov subspace is
thrown away at every restart:

o — b — A(L‘o;

k = 0;

while ||r;|| > € do

Solve Api.1 = 73 to precision €™
Tht1 = Tk + Pkt

Ter1 = b — Azpqq

kE=Fk+1;

end

An alternative is “reliable updates,” originally introduced to combat residual

drift caused by the erratic convergence of BiCGstab: c. L. c. sleijpen, and H. A. van der
Vorst, "Reliable updated residuals in hybrid Bi-CG methods,” Computing 56, 141-164 (1996).



Chiral Symmetry and Residual Mass in
Lattice QCD with Domain-Wall Fermions

Ting-Wai Chiu (3 #&%)
Physics Department
National Taiwan University

“New Horizons for Lattice Computations with Chiral Fermions”
Brookhaven National Laboratory, USA
May 14-18, 2012



Outline

e Introduction

» Axial Ward Idenity in Lattice QCD with ODWF

« Generating Functional for n-point Green’s Function
« A New Formula for the Residual Mass

« An Upper Bound for the Residual Mass

« Concluding Remarks

Reference:

Yu-Chih Chen, TWC, “Chiral Symmetry and Residual Mass in
Lattice QCD with Optimal Domain-Wall Fermion”, in preparation



Domain-Wall Fermions [kapian, 1992]

Left-handed """ Right-handed
1 .2 1 1 > <

: : N
—m, (domain-wall height) ~ °
¢ is a local op. with the nearest neighbor coupling along S
_1+yS
© 1-7S

D

dw

[[d#7][dy]exp(-¥D,,¥)=detD, D

N, > o0, S —>L D.y. +7.D, =0, Exact Chiral Sym.

N

At finite N, S is not equal to the optimal rational approx.



Optimal Rational Approximation for Square Root

For the inverse square root function, the optimal rational

approx. was obtained by Zolotarev in 1877.
L e[

Jx
R&n—l,n) ( X) _

2N 1 H,:l(l"'x/czl)
1+ A M Hlnl 1+ X/C2|—1)

() (x) = 24 1 H (1+x/c,)
Z
1+ A m Hl:l ]__|_ X/C2|—1) ‘
where 4,A,m,M,C,,,C,,_,,C,,C,_,
are expressed in terms of the Yegor Ivanovich Zolotarev
_ o _ (1847 —1878)
Jacobian Elliptic functions.

T.W. Chiu, May 16, 2012 4




Salient Feature of Optimal Rational Approximation

1-xR"™ (x)

Has (n+m+2) alternate
change of sign in | x,;,, X | »
and attains its max. and min.
(all with equal magnitude)

In the figure, N =M =6
It has 14 alternate change
of sign in [1,1000]

8x10-°

ﬁ)ﬂ D_E B f III i'lll III|I III IlI |II II'I I|II IIII |I
4%10°8 | I! [ | dZ [ I|I | [ [ |

2x10° | | i L . [

0 | l ;I i | i !! | | I

2x10°% F | | ¥ | | I| |I I| | | |

Ax10° ¢ |i . | L v i

extoe ([ | \ | \ | \ |/ \ |

-8x10° T T T

T.W. Chiu, May 16, 2012 5



Optimal Domain-Wall Fermion
[ TWC, Phys. Rev. Lett. 90 (2003) 071601 ]

NS

Aodvvf = Z lex,s |:( | + Ps DW)X,X’ 55,3’ B ( | — Oy DW)X’X' (P—5s’,s+1 + P+5s’,s—1):| Wys

s,s'=1 x,x’

E\TlDodwf\P 4
D,=> 7t +W-m;, m,e(0,2)
u=1

! l !
tﬂ (X’ X ) = E':U,U (X)5X',X+u _U; (X )5X',X—ﬂ:|

4
/ 1 [}
W (X,x')= 25[25x,x' ~U,, (X) 80 ~U L (X) 50, |
ﬂ:
with boundary conditions

Py (x,0)=-rm Py (x,N;), m,:bare quark mass

+

Py (XN, +1)=—rmPy(x1), P, :%(li ve)

T.W. Chiu, May 16, 2012 6



Optimal Domain-Wall Fermion (cont.)

The action for Pauli-Villars fields is similar to A)dwf

N —
APV = Z Z¢x,s |:( | + Ps DW)X,X’ 53,3’ B ( | - Oy DW)X,X’ (P—5s',s+1 + P+5s',s—1):| ¢x',s’

s,s'=1 x,x’

but with boundary conditions: P ¢(x,0) =-P.¢(x,N,),
Pg(x,N,+1)=—P ¢(x,1)

» In the original formulation of ODWF, p, =0, = @,
L
A

min

W, = \/1—1<’25n2(v5;/c'), s=1,---,N,

where sn(v,;«") is the Jacobian elliptic function with argument Vs
ar;d modullzjs K = \/1_,1rf“n//1niax , :
A and A are lower and upper bounds of the eigenvalues of H.,

min




Optimal Domain-Wall Fermion (cont.)
[[d7][dw][ dg ][dg]exp(~Ay — An) = detD(m,)

The effective 4D Dirac operator
D(m,) =m, +(m —m, /2)[ 1+ 7S, (H,,)

1- Hsl S T :1_a)us
1+Hsl s S 1+a)sHW

HRIM(HZ), Ny =2n

W

SOPt (H )

H R (HE), N, =2n+1

L)

Zolotarev optimal rational approximation for L

i




Optimal Domain-Wall Fermion (cont.)

> For p,=cw,+d, o,=cw,—d, c,d (constants)

The effective 4D Dirac operator becomes

m cH
D(mq) = mq +£mo(1_dmo)_ 9 j[1+7/580pt(H):|’ H = 1+d7/5HW
1T T only d =0 is good

_ 1-wH
= N TS =
1+H T 1+ o H

HRI™(H?), N, =2n

for the projection of
low-modes of D(0)

HR™(H?), N, =2n+1

T.W. Chiu, May 16, 2012 9



Optimal Domain-Wall Fermion (cont.)

» For the special case ps=1 o,=0

It reduces to the conventional DWF which does not have the
optimal chiral symmetry.

D(mq):mq_l_[ 0(2 m)—%)[l+75 polar

1-T™
S (H)= T =
o (F) 1+T™ 1+ H
([2& b
H — — |, N, =2n
(Ns;HZ_Fde S
1 23 b
H( +—> — j N, =2n+1

N. N SH?+d

S

( :| 2+75H
1-H

Polar approximation



Axial Ward Idenity in Lattice QCD with ODWF

Transparent layers:
[TWC, hep-lat/0303008]

T.W. Chiu, May 16, 2012 11



Axial Ward Idenity (cont.)

T.W. Chiu, May 16, 2012
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Axial Ward Idenity (cont.)

T.W. Chiu, May 16, 2012

13



Axial Ward Idenity (cont.)

[Furman & Shamir, 1995]

dependenton O, and y

T.W. Chiu, May 16, 2012 14



Axial Ward Idenity (cont.)

Summing over all sites y in the AWI gives the global residual mass

pseudoscalar

local

global

T.W. Chiu, May 16, 2012

15



Generating Functional for n-point Green’s Function

Use the transformation

T.W. Chiu, May 16, 2012 16



Generating Functional (cont.)

Including external sources



Generating Functional (cont.)

Integrating (77,,7,) successively froms=N_,+3t0s=0:



Generating Functional (cont.)

T.W. Chiu, May 16, 2012
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Generating Functional (cont.)

T.W. Chiu, May 16, 2012

20



A New Formula for the Residual Mass

T.W. Chiu, May 16, 2012

21




A New Formula for the Residual Mass

D™(m,)=r+(1-rm,)(D,+m,)": seaquark propagator

-1.
(D, +m,)~: valence quark propagator

However, it is tedious to use these formulas to compute the residual mass
since they involve the multiplication of

to the columns of the sea-quark propagator, requiring multi-shift CG.



A New Formula for the Residual Mass (cont.)

Using

T.W. Chiu, May 16, 2012

23



A New Formula for the Residual Mass (cont.)

Using

Thus

=4r -4

T.W. Chiu, May 16, 2012 24



An Upper Bound for the Global Residual Mass

T.W. Chiu, May 16, 2012

25



An Upper Bound for the Residual Mass (cont.)

T.W. Chiu, May 16, 2012

26



An Upper Bound for the Residual Mass (cont.)

=

(1)
(i1

It can be shown that

T.W. Chiu, May 16, 2012

27



An Upper Bound for the Residual Mass (cont.)

T.W. Chiu, May 16, 2012

28




An Upper Bound for the Residual Mass (cont.)

It is clear that the derivation also goes through for the conventional DWF
with nonzero weights

22

universal for any DWF



An Upper Bound for the Residual Mass (cont.)

How does the residual mass depend on the quark mass ?

Consider p, =cw,+d, o, =Cw, —d, with
H=cH (@+dy.H )", r=[2m,(1-dm,)]™"

(c=1,d=0, H=H_ r=1/(2m,)
(ii)c=1/2,d=1/2, H=H (2+yH, )", r=[m,(2-m)]"

T.W. Chiu, May 16, 2012 30



An Upper Bound for the Residual Mass (cont.)

T.W. Chiu, May 16, 2012

31



An Upper Bound for the Residual Mass (cont.)

T.W. Chiu, May 16, 2012

32



Concluding Remarks
> Axial Ward identity is derived for LQCD with ODWF

> Z[J] for n-point Green’s function is obtained

> A practical formula for the residual mass is obtained

> An upper bound for the residual mass Is obtained

* |t provides a guideline for designing simulations with DWF
 The normalized residual mass is expressed as

B 2 2 2
F(r,m,)=(@+2r'm)@—rm,)+2r°m
which is universal for any DWF with sufficiently small A,

> The residual mass of quark for any observable O
should be measured respectively.



Multigrid Acceleration for
Domain-Wall Fermion Inversion

Saul D. Cohen

W UNIVERSITY of WASHINGTON

New Horizons for Lattice Computations with Chiral Fermions
2012 May 15

S. D. Cohen (U Washington) DWF Multigrid 2012 May 15 1/17



Domain-Wall Fermions

Observables on the Lattice
...That Are Exceedingly Difficult

P
@ Disconnected diagrams T T Ty
(strangeness of the proton, H @
dark matter couplings)
@ Zero-flavor physics
P

(n, ao properties)
@ Precision physics
(nuclear binding energies,
NPLQCD use 100s of sources) &

S. D. Cohen (U Washington) DWF Multigrid 2012 May 15 2/17



Domain-Wall Fermions

A Chiral Fermion

Domain-Wall Fermions

o Low-lying eigenstates:
chiral modes bound to
the edges of 5"
dimension

@ Very helpful for weak
matrix elements (Bk),
NPR, operator mixing

S. D. Cohen (U Washington)

DWF Multigrid

2012 May 15

3/17



Domain-Wall Fermions

Domain-Wall Operator

Spectrum

DWF Multigrid 2012 May 15 417



Krylov Subspace Solvers

Krylov solvers spend 50-90% of a lattice calculation’s computer power

@ Includes the very common conjugate-gradients (CG) algorithm
e Constructs the Krylov subspace K, = {r, Ar, A®r,... A"r}

@ Number of iterations scales like the square-root of the matrix's
condition-number: /k

@ For the Dirac operator, k < 1/m = “critical slowing”

@ Very efficient at eliminating modes with large eigenvalues

S. D. Cohen (U Washington) DWF Multigrid 2012 May 15 5/17



Algorithm Study

Due to the indefinite spectrum of the DWF operator, none of the standard

Krylov solvers is guaranteed to work.

Ir[?

Most solvers, including \
BiCGStab, fail to converge. 0.1\

TFQMR and QMR work, but  1074:
very slowly. 107}

CGNR is by far the fastest. 10-20,

1 OO E&ﬁ\

S. D. Cohen (U Washington) DWF Multigrid

2012 May 15 6 /17



Normal-Equation Solvers

If we accept that we must use the normal equation, most Krylov solvers

work.

CG remains fastest.

However, it cannot be
preconditioned in a flexible
way.

S. D. Cohen (U Washington)

Ir?
CG
1000 TFQMR
BiCGStab
0.1 GCR[4]

1075;

1079 E

100 200 300 400 500 600

DWF Multigrid 2012 May 15 7/17



Sketch of Multigrid Algorithm

V-Cycling

Dx=Db
x1=S"(D'D,Db) x=x+Px,+S"3DD, Dbz

b, =P (Db -DDx)

DWF Multigrid

b3=b—D(PX2+X1)

2012 May 15 8 /17



Sketch of Multigrid Algorithm

Constructing the Coarse Space

Vl(l) V2(1) Vél) Vil) Vél) Vél) V7(1) V8(1)
v=| 2R P D

S. D. Cohen (U Washington) DWF Multigrid 2012 May 15 9 /17



Sketch of Multigrid Algorithm

Visualizing the Subspaces

1
r = [1 - AP—PT] r

PTAP
Multigrid Deflation
high modes ‘ high modes
()] )]
£ £
o o
ldimv | IdimV

S. D. Cohen (U Washington) DWF Multigrid 2012 May 15 10 / 17



Sketch of Multigrid Algorithm

Visualizing the Subspaces

Un (P (Rn))

L0 et EV
08 -
— : GMRes6
, 'y GCR6
06 - s
i 4% ¢
o
. o®
[ .8 % !. . °
04 r ‘s con B
L g’ [
., . ‘:‘ .-."; H .
® ,0 %2 e ", .
02+ RIS TS T TS s
’ ®e ] ° G oo ".‘“. e ..
PR S S A
°
L L L | L L L | L L L | L L L | L L L | L L L | L
0 20 40 60 80 100 120
S. D. Cohen (U Washington) DWF Multigrid 2012 May 15

10 / 17



Adaptive Smoothed Algebraic Multigrid

@ Find a set of near-null vectors V' for which ¢t DTD ~ 0 for all
Yev.

The method by which V' is constructed does not matter much. Using a
solver that will be reused later is convenient, but not necessary.

S. D. Cohen (U Washington) DWF Multigrid 2012 May 15 11 /17



Adaptive Smoothed Algebraic Multigrid

@ Find a set of near-null vectors V' for which ¢ DDy ~ 0 for all
Y e V.

@ Block the vectors to form the prolongator P. Let the unprolongator
be Pt

Since DTD is normal, its left and right eigenvectors are the same. P and R
can be constructed from the same set of near-null vectors.

S. D. Cohen (U Washington) DWF Multigrid 2012 May 15 11 /17



Adaptive Smoothed Algebraic Multigrid

@ Find a set of near-null vectors V' for which ¢t DTD ~ 0 for all
Yev.

@ Block the vectors to form the prolongator P. Let the unprolongator
be PT.

© Construct the coarse operator PTDYDP. Use a V-cycle with Krylov
smoother and Krylov iteration on coarse operator as a preconditioner
to an outer Krylov solver.

The outer solver must be flexibly preconditioned. The selection of the
smoother has some effect, but the coarse-level solver can be anything.

S. D. Cohen (U Washington) DWF Multigrid 2012 May 15 11 /17



Adaptive Smoothed Algebraic Multigrid

@ Find a set of near-null vectors V using the previously described
algorithm for which ¥TDT Dy ~ 0 for all 1) € V.

@ Block the vectors to form the prolongator P. Let the unprolongator
be PT.

© Construct the coarse operator PTDYDP. Use a V-cycle with Krylov
smoother and Krylov iteration on coarse operator as a preconditioner
to an outer Krylov solver.

How is this “adaptive”? We can select new near-null vectors from those
that are poorly converged by our current algorithm. Repeat as necessary.

S. D. Cohen (U Washington) DWF Multigrid 2012 May 15 11 /17



Applied ASAM on DWF Normal Equation

20% x 8, U(1), quenched

This algorithm seems to work well on the 2d U(1) DWF normal equation,
removing the slowing at small masses.

Ir|?

202 x 8 U(1) lattice
42 x 8 blocks 1000
N, =16

0.1t
Outer solver: CG
Smoother: GMRes(6) 105
Coarse solver: CG S\ .
Coarse r?: 1073 1079} A== \\ N

50 100 150 200 250 300 30

S. D. Cohen (U Washington) DWF Multigrid 2012 May 15 12 /17



Applied ASAM on DWF Normal Equation

20% x 8, U(1), quenched

This algorithm seems to work well on the 2d U(1) DWF normal equation,
removing the slowing at small masses.

202 x 8 U(1) lattice
42 % 8 blocks
N, = 16

Outer solver: CG
Smoother: GMRes(6)
Coarse solver: CG
Coarse r?: 1073

S. D. Cohen (U Washington)

001
10.75,

10‘—8 L

50 100 150 200 250 300

DWF Multigrid 2012 May 15 12 /17



Applied ASAM on DWF Normal Equation

16° x 32 x 16, SU(3), 6-flavor

The effect is equally impressive on a moderately-sized production lattice.
_6f 16°x32 Lattice (CG)

10°5¢

163 x 32 x 16 Technicolor lattice

4* % 16 blocks 1081
N, = 24 s
Outer solver: GCR(12) T 10

Smoother: 12 x GCR(12)
Coarse solver: CG 1074}
Coarse r?: to 10™* then 1072/cycle

107
0 500 1000 1500 2000 2500

iter

S. D. Cohen (U Washington) DWF Multigrid 2012 May 15 13 /17



Applied ASAM on DWF Normal Equation

16° x 32 x 16, SU(3), 6-flavor

The effect is equally impressive on a moderately-sized production lattice.
6f 16°x32 Lattice (MG) _

163 x 32 x 16 Technicolor lattice o
4* % 16 blocks |
N, =24 s
Outer solver: GCR(12) E 1071}
Smoother: 12 x GCR(12)
Coarse solver: CG 1014}
Coarse r?: to 10~ then 10_2/cyc|e
o 70 500 \ 1000 150(; 2000 2500
iter

S. D. Cohen (U Washington) DWF Multigrid 2012 May 15 13 /17



Multigrid

Applied ASAM on DWF Normal Equation

16° x 32 x 16, SU(3), 6-flavor

The effect is equally impressive on a moderately-sized production lattice.

_6f 16°x32 Lattice (MG)

163 x 32 x 16 Technicolor lattice a
4 x 16 blocks 109l
N, = 24 s
Outer solver: GCR(12) Eo 1074
Smoother: 12 x GCR(12)

Coarse solver: CG 1074}
Coarse r?: to 10™* then 1072/cycle

10717

S. D. Cohen (U Washington) DWF Multigrid

|||ﬂ| il

Wlm “

\“'“‘ by

0

1000

2000 3000 4000 5000 6000
coarse iter

2012 May 15 13 /17



Multigrid

Applied ASAM on DWF Normal Equation

16° x 32 x 16, SU(3), 6-flavor

The effect is equally impressive on a moderately-sized production lattice.

163 x 32 x 16 Technicolor lattice

4% x 16 blocks

N, =24

Outer solver: GCR(12)
Smoother: 12 x GCR(12)

Coarse solver: CG
Coarse r?: to 10™* then 1072/cycle

S. D. Cohen (U Washington)

iter

3000FT
\'\
2500+
20001
1500

1000

500

.

0.00

DWF Multigrid

0.02

0.04

0.66
amg

0.08

2012 May 15

0.10
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Applied ASAM on Clover-Wilson Fermions

Graphics courtesy of J. Osborn

Multigrid works even better on clover fermions.

32%x256 aniso clover on 1024 BG/P cores

\ ) " " mixed precision BICGStab ——
mixed precision multigrid (old) ---=---
\ mixed precision multigrid (New) =—e—
£ 100}
&
]
a 24 .5x
1]
2
<] 13.9x
(<1
(7] x.
Ny
B, S T T 2x
10 k “-———__.__ --------------- LT T B Y o ]
mphw{s rmlighl mg,

-0.088 -0.086 -0.084 -0.082 -0.08 -0.078 -0.076 -0.074

S. D. Cohen (U Washington) DWF Multigrid 2012 May 15 14 /17



Applied ASAM on Clover-Wilson Fermions

Graphics courtesy of J. Osborn

If the 2-level multigrid starts to slow at very low mass, add more levels.

MP BiCGStab 323x256 ——
MP BiCGStab 24°x128 -
2 level MP multigrid 323)(256 S———
2 level MP multigrid 24.x128 &
3 level MP multigrid 32§x256 ——
3 level MP multigrid 24°x128 o

100

10 |

-0.088 -0.086 -0.084 -0.082 -0.08 -0.078 -0.076 -0.074
mass

S. D. Cohen (U Washington) DWF Multigrid 2012 May 15 15 / 17



Multigrid

Improved Error for Fixed Residual

Graphics courtesy of J. Osborn

Since multigrid works efficiently on relevant eigenmodes,
the quality of the solution is better than standard solvers.

400

350

300

200

error / residual

150
100

50

S. D. Cohen (U Washington)

250

MP BICGStab 327x256 ——
MP BICGStab 24x128 -

MP multigrid 32°x256 —=—
MP multigrid 24°x128 8-

L L L 1 " "

1e-12  1e-11 1e-10  1e09  1e-0B  1e-07 1206
residual

DWF Multigrid

2012 May 15

16 / 17



Summary

@ Conclusions

e Multigrid greatly speeds calculation of propagators

e For clover fermions at the physical mass: 20x faster

e Works for DWF normal equation; improved by factor of 4-8
o Multigrid works even better on larger lattices

@ Recent advances

o Integrated as a user-friendly module in Chroma
o Scaling tests for DWF on large lattices (running on Kraken)

@ Future Work
e Port to GPUs

S. D. Cohen (U Washington) DWF Multigrid 2012 May 15 17 /17



-
Is This Algorithm Good Enough?

@ Advantages
o Blocks away the entire 5th dimension.
o Factor of 4-8 decrease in fine-operator applications.

e Removes the critical slowing at small quark masses.

Should have excellent scaling with the lattice volume.

@ Disadvantages
o Not a nearest-neighbor operator; poor parallelization.

o Are there more vectors in P (and R) than we need?

S. D. Cohen (U Washington) DWF Multigrid 2012 May 15 18 / 17



|
Constructing a 1-Hop Coarse Operator

Can we use (PTDP)(PTDP) as a coarse operator?

@ No, the DWF operator is not normal:
left-vectors are not right-vectors (conjugated).

S. D. Cohen (U Washington) DWF Multigrid 2012 May 15 19 /17



|
Constructing a 1-Hop Coarse Operator

Can we use (PTDP)(PTDP) as a coarse operator?

@ No, the DWF operator is not normal:
left-vectors are not right-vectors (conjugated).

Can we use (P'['sDP)? as a coarse operator?

o ['5 =R, where R reverses the 5th dimension

@ Sounds promising, but empirical tests show no convergence

S. D. Cohen (U Washington) DWF Multigrid 2012 May 15 19 /17



|
Constructing a 1-Hop Coarse Operator

Can we use (PTDP)(PTDP) as a coarse operator?

@ No, the DWF operator is not normal:
left-vectors are not right-vectors (conjugated).

Can we use (P'['sDP)? as a coarse operator?

o ['5 =R, where R reverses the 5th dimension

@ Sounds promising, but empirical tests show no convergence

We know (PTD'1)(1DP) works; how do we get closer to that?

S. D. Cohen (U Washington) DWF Multigrid 2012 May 15 19 /17



|
Constructing a 1-Hop Coarse Operator

Try (PTDTRT)(RDP) where dimR > dimP.
In the limit where dimR — dimD, this is the known-good algorithm.

6f 163x32 Lattice (P'D'RTRDP)

163 x 32 x 16 Technicolor lattice 105
4* x 16 blocks
1078
N, (R) = 48 .
N, (P) = 12-48 =
E 10*11,
my = 0.01

Requires fast implementation of 1074

rectangular-matrix linear algebra

10174, P . . .
0 500 1000 1500 2000 2500
iter

S. D. Cohen (U Washington) DWF Multigrid 2012 May 15 20 / 17



The axial smmetry at finite temperature

mrlattice QCD withi@yerlap fermions

C

Guido Cossu, KEK
53 AL X — ek B ARR A4AR

New Horizons for Lattice Computations with Chiral Fermions
RIKEN BNL Research center workshop — May 14, 2012
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Axialesymmetry at finite temp. with overlap fermions

Summary:

Motivation

Chiral phase transition at finite temperature and axial symmetry
Simulating dynamical (overlap) fermions

Topology fixing and friends

Methodology and results (quenched and N =2 )

S X X X X X

Discussion and conclusions

People involved in this project
JLQCD group:S. Hashimoto, S. Aoki, T. Kaneko, H. Matsufuru,
J. Noaki, E. Shintani
See for example POS(Lattice2010)174 (arXiv:1011.0257),
PoS(Lattice 2011)188 (arXiv:1204.4519), article in prep. 2
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Axialasymmetry at finite temp. with overlap fermions

Motivation

Pattern of chiral symmetry breaking at low temperature QCD
SU(Nf)V X SU(Nf)A X U(l)v X U(].)A — SU(Nf)V X U(l)v
Well known facts about axial symmetry

* Axial anomaly — Non vanishing topological susceptibility
* Mass splitting of the n’ (958 Mev) with respect to the lighter Goldsone bosons

What is the fate of the axial Ua(1) symmetry
at finite temperature(T=T.)?

Dirac Overlap operator, retaining the maximal amount of chiral symmetry on the lattice
is, theoretically, the best way to answer this question.

® Experimental data: PHENIX(BNL) Phys.Rev. C83 (2011) 054903
“the mass of the eta' meson is reduced by Delta-m > 200 MeV,

at the 99.9% confidence level, in the considered model class”
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Axialasymmetry at finite temp. with overlap fermions

Goal of the current project

Check restoration of axial U4 (1) symmetry by measuring
(spatial) meson correlators at finite temperature in full QCD with overlap

Degeneracy of correlators is the signal that we are looking for

0.(14 R 12) <C’hl'ra,l sym. 7.‘_(2',}/5 X Ta)

U(l)Ai IU(l)A

77(’&’75 X ]_2) <C’hl'ral Sym. o 5(14 R Ta)

As | will show in this talk,
there is one issue to solve before attacking the real problem... 4
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Axialesymmetry at finite temp. with overlap fermions

Simulating dynamical overlap fermions

In order to avoid expensive tricks to handle the zero modes of the
Hermitian Wilson operator JLQCD simulations use (JLQCD 2006):

® |wasaki action (suppresses Wilson operator near zero modes)

® Extra Wilson fermions and twisted mass ghosts to rule out the zero

modes
Topology is thus fixed throughout the HMC trajectory.

The effect of fixing topology is expected to be a Finite Size Effect
(actually O(1/V) ), next slides
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alpsymmetry at finite temp. with; overlap fermions

Fixing topology: how to deal with it a

Partition function at fixed topology
1 T .

Zg = o df exp(—V F(0)) F(0)=E0) —i0Q/V
T ) _ -

where the energy can be E(Q) — Z “2n H2n — &92 i 0(34)

expanded n=1

Using saddle point expansion around 6. = %

one obtains the Gaussian distribution

1 Q? C4 | G
o = — 1 — FO | —,0 .
¢ V21XV — { 2Xtv} [ 8V x3 (V2 )}
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Axialasymmetry at finite temp. with overlap fermions

Fixing topology: how to deal with it ¢

From the previous partition function we can extract the relation betweer
correlators at fixed © and correlators at fixed Q

In particular for the topological susceptibility and using the Axial Ward
Identity we obtain a relation involving fermionic quantities:

2
lim (mP(w)mP(O))%SC =7 (?/ — Xt — Z;jV> + O(e~™~171)

|z|—large

P(x) is the flavor singlet pseudo scalar density operator
Aoki et al. PRD76,054508 (2007)

What is the effect of fixing Q at finite temperature?
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ofry at finite temp. with oeverlap fermions

v Simulation details
v Eigenvalues distribution

BG/L
v Finite temperature quenched SU(3) at fixed topology  Hitachi SR16K

v Meson correlators in two flavors QCD




Bl IV =R 25 AT 50 A A

Axialasymmetry at finite temp. with overlap fermions

Simulation details
Pure gauge (16°x6, 24°x6):
Iwasaki action + top. fixing term wasaki + Overlap + top. Fix
---- O(300) trajectories per T

2.35 0.132  249.1  0.86 am=0.05. 0.025. 0.01

2.40 0.122 2681  0.93

R T A TIRT B e T T/

Two flavors QCD (16°x8)

2.44 0115 2857  0.992 2.18 01438 1715 0.9
2 445 0.114 288 1.0 2.20 0.1391 177.3 0.985
2.45 0.1133 2902  1.01 2.25 0.12818 1922  1.06
2.46 0.111 295.1 1.02 2.30 0.1183  208.5 1.15
2.48 0.107  305.6 1.06 2.40 0.1013 2435  1.35
il Wb el 245  0.0040 2624 145

2.55 0.094 347.6 1.20
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Axialesymmetry at finite temp. with overlap fermions

Eigenvalue dlstrlbutlon

550 ' | '
Elgenvalues distribution _
500 -+= 2.400
- ke 2.430 Lattice 24°x6 - Pure Gauge Q— Thai
450 = 2.445 - Phase transmon T+
- —-- 2450 | _q i
lH 1
400 —T- 2.460 i |
| -} 2480 | :i'lf‘.j:'_‘—f—
< ereae 2 500 ,-—‘—‘_—‘ibi i_ _'_,_’- ]
§ 350 —-- 2.550-II _,_r‘_r'_r_rrﬁi;;‘f- -+---L--+“'i
- _ e : -
2 300 ‘ '
2
< 250
£
& 200
150
100
50
0 - ' s - - : - ' - ' -
0 200 400 600 soo 10

Im A (MeV)
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Axialesymmetry at finite temp. with overlap fermions

Topological susceptibility in pure gauge™

. - 1 /Q? C4 -
] P P(0 disc . o O M| x|

® (Spatial) Correlators are always approximated by the first 50
eigenvalues

®Pure gauge: double pole formula for disconnected diagram

® Topological susceptibility estimated by a joint fit of connected

and disconnected contribution. .
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Axialsymmetry at finite temp. with overlap fermions

Topologlcal susceptlblllty in pure ga

200f ° g T ]
| o ¥ o Topological Susceptibility |
_ t o physical units, quenched case |
150/ .: :
. e ¢ ?
> |
Z 100 ® : |
a # Fixed Topology (243>< 6, Q=0, am = 0.01) ]
©  Iwasaki action (zero mode counting)
ol ? Iwasaki Action Q=0 sector
i Iwasaki Action Q=1 sector (shifted)
®  Gattringer et al. (20°x 6)
®  Gattringer et al. (16°x 6)
ol
0.8 0.9 1 11 1.2 1.3 ]-2

T/T.
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Axialisymmetry at finite temp. with, overlap: fermions

FuII QCD - Elgenvalues

Elgenvalues dlstrlbutlon Ne=2 - 16°x 8 _
: | | T=170Mev | Effect of axial symmetry on
=200 § ]
E | the Dirac sperctrum
£ 100 —— 218am=10.05
0 ’ . = | : : | 1 = l — | T—0 4m2

400é ‘L__‘,__,__'r“— - .—= X — d}\pm()\) )\2 _|_ m2
T30 p—— rv——ﬁ—-’“‘”"r T= 180~ 190 MeV -
: e —: . .
£  memzoo o If axial symmetry is restored
£ —+4—- 2.20 am = 0.025 i

—— 22m-on we can conclude that

T= 210 MeV _ : Pm ()‘)
L limy olim,, so———
2.40 am = 0.01 ] A
-~ 230am = 0.01 ;
—-=--  2.30 am = 0.025

\
\
o
—— 230am = 0.05

=0

Ref: S. Aoki, internal note 13

| L M 1 L L L M
0 100 200 300 400 500 600
Im A (MeV)
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Axialsymmetry at finite temp. with overlap fermions

Full QCD — Meson correlators
15x10°pmMmMmM™—————m——————— 1 ————— T

B = 2.18 (T ~ 170) Q=0, a=0.14

- PS Connected (11)
i ! Connected (6)
10_5-“ \ § E{:%T;Et;d (6) 100 Eigen \

==

Temperature 14
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Axialsymmetry at finite temp. with overlap fermions

Full QCD Meson correlators

1.5x107°
B =2.20 (T~177) am = 0.05
PS Conn ()
I S Conn ()
-5 PS All (n")
10°F S All ()
5x 707 F———AlIass-. e A A ]
)] E— S \\\N .................. _
—5x10°° : I . L . I . | | | !
0 2 4 6 8 10 12 14 1€

Distance

Temperare L
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Axialsymmetry at finite temp. with overlap fermions

Full QCD Meson correlators

5x10 "
B =2.20 (T~1 77) am = 0.025
4 % 1 0—6 L . 3 - PS Com’l(ﬂf) ............................................................... :
S Conn (d)
3x10°°F 1
2 X 1 0_6 ~ \ \ \\\\\\\ \\ |
SO S
\S\\\\\Q\ﬁ\m\\\&%@\ <N\ |
m\w SRLO00
m\\\ o
oL i
_1 % 1 0—6 . | . 1 s 1 s | i | i | . 1 .
0 2 4 6 10 12 14 16

Distance

Temperawre



18

T _ T T L e I R

A
K
%
iy

= 0.01

\

‘ — X\\ }l/ :‘:\\—_ﬁﬂ

=
=)

Axialsymmetry at finite temp. with overlap fermions
B =2.20 (T~177) am

Full QCD — Meson correlators
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Axialsymmetry at finite temp. with overlap fermions

Full QCD Meson correlators

3.5x107 |
B 2.25 (T ~ 192) am= 0.01
3>(10_ ..........................................................................................................................................................................................................................
2_5x10—"'-_ .............................................................................................................................................................................................................................. _
2>(10_ ......................................................................................................................................................................................................
E—
1_5x10—"'-_ ........................................................................................................................................................................................................................................ _
: PS Connected () -
PS All (")
S Connected (d)
Sl SA"(G) 1
10 I o ] o o I o I T o I o I o ]
0 2 4 6 8 10 12 14 16

Distance

Temperatwre
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Axialsymmetry at finite temp. with overlap fermions

Full QCD

8x10°°

6| \ NN \."{ _________
6x10 R \ R

N \ &‘\\g@
N N N Jo -
NN
W
N

4x1 0‘6 I e

..... e

e
N w

.

0
N

\\\\\\\\
-
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N \\ 1LLHMHIDMNMIMN
_2x]0‘6 e \\\\\ SN \ =~ SAll) . _
.......

0 5 . : N 8..__..\
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Temperature .
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Axialsymmetry at finite temp. with overlap fermions

PS Connected ()
PS All (n')

S Connected ()
S All (o)

14 16

Distance

21

Temperature
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Axialsymmetry at finite temp. with overlap fermions

Full QCD - Meson correlaltors .

2.5x10" . ' '
L\ B =2.30 (T ~ 208) am= 0.01
2x107 'L OO\ AN
1.5x107+
107F
E—
5x10 8k e N i
PS Connected () |
PS All (n")
S Connected (8)
i ~¢— S All(o)
0 L 1 L i L L " 1 L 1 Il L L "
0 2 4 6 8 10 12 14 16

Distance
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Axialsymmetry at finite temp. with overlap fermions

Full QCD — Meson correlators

4x107°

B = 2.40 (T ~ 243) am = 0.05

T e _—--, S

O i I n
0

Temperatwe K&
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Axialsymmetry at finite temp. with overlap fermions

Summary

® QOverlap fermions are the best choice to check axial anomaly at finite
temperature

® Current machine and algorithms permit now realistic simulations...

® . .at the cost of fixing topology

® \We checked feasibility of finite t. sim. by test runs in pure gauge theory

® |n pure gauge systematic errors are under control.

® Results in Full QCD show signal of restoration of axial U4 (1) symmetry
® We need 1-2 points more in the chiral limit

24
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Axialasymmetry at finite temp. with overlap fermions

Backup slides

260



B IV 1R 25 A ST A A

Axialesymmetry at finite temp. with overlap fermions

Previous analyses

Vranas (Nucl.Phys.Proc.Suppl. 83 (2000) 414-416) T

Measured the difference of _

susceptibilities y of 7r and 9.

* Action: DWF, L;=24

* Found a very small relative
difference just above T. in the

chiral limit

* Residual mass effects?

Other works with staggered fermions established a restoration at T>T,
Even bigger problems due to breaking of U4(1) by staggered fermions. 27
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Axialesymmetry at finite temp. with overlap fermions

Topological susceptibility in pure gauge™

1
I ' I | I ' ' |
m

0.1
001
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% 0.001
g 0.001 |
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=2 i | | | E | | |
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LLl 0 10000 20000 30000 40000 0 10000 20000 30000 40000
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JAVEE] symmetry at finite temp. with overlap fermions

Topologlcal susceptlblllty in pure ga

8 = 2.50 Elgenvalues Distribution Companson Q 0 sector
- ¢  2.50 Iwasaki + Top. Fix
500 ¢  2.58 Iwasaki o ' e
@ ®
..
400 - ¢
L
®
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..
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.. *
$ °®
200 |-
P
o®
oo
L
w0r ® 4 o
U 4 o %
3 Je
o 00 w0 eo0 80 1000 20
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Axial symmetry at finite temp. with, overlap fermions

Topological susceptibility in pure gauqe™
Inverse Participation Ratio

Definition of the Inverse Participation Ratio

pA(z) = ) (@) ()
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Axial symmetry at finite temp. with, overlap fermions

Topological susceptibility in pure ga
Inverse Participation Ratio
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Axialasymmetry at finite temp. with overlap fermions

. : ' | ' ' | ' 2

0.1 '1" —— Lowest Overlap Eigenmode

0.01

0.001

0.0001

1&-0.5 ] I | | 1 I 1
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Axial symmetry at finite temp. with, overlap fermions

(Mass *Halrpm) correlator - Mass dependence Q= 0

5x 10°

7.5 x 10°F
5 x 10
12.5 x 10°F
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.- - ] - ]
- = | i ]
e g 125 x 109 3
-5 x 10° Ll o1 sx10%E L i I i .
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Axial symmetry at finite temp. with, overlap fermions

_(Mass”*Conn) correlator - Mass Dependence Q=0

0L % 3% % % % % % 3% % % % % %30 N N%X%¥NX ] ol .
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(

Pseudoscalars in two flavor QCD
e fixmy,vary my

o M2 x Muild

® Mn/ ~ chd

e Wwith isospin broken

o M7, — M2 o< (mg—my)?

e 7, my, glueballs all mix My

Michael Creutz On quark masses 2/15



No singularity at m,, = 0
e extrapolate to negative m,,
e M2 can go negative

T

e pion condensate forms

o (m) # 0
e CP broken

e occursat® =

@
gerige
8% g™
S
D
ollel
L EE
Ogle\®

&)

ew

s
go-128

o [[,my <O

Dashen 1971

Manifested in both “linear” and “nonlinear” sigma models

Michael Creutz On quark masses 3/15



Second order transition at non-vanishing m,, and m of opposite sign

e long distance physics without small Dirac eigenvalues

No structure at m,, = 0 when mg # 0

e no long distance physics despite possible small Dirac eigenvalues

At the heart of several frustrating and bitter controversies
e Does m, = 0 have any fundamental meaning?
e Do rooted staggered fermions make sense?

e |[s topological susceptibility a physical observable?

Michael Creutz On quark masses 4/15



Two flavors in the massless limit: m,, = myg = 0
e massive proton, neutron, eta prime, glueballs
e 3 massless Goldstone pions

Eta prime and neutral pion: distinct mixtures of wu, dd, and glue

e anomaly: mo and 1’ not degenerate

e four point vertex (irur dr.dr) does not vanish

Helicity-flip quark-quark scattering does not vanish in the chiral limit

Michael Creutz On quark masses 5/15



Now turn on a small d quark mass

e closing d loop induces uy, ur Mixing

e (gluons inserted to compensate for odd meson parity

Non-zero d quark mass induces an effective mass for the u quark

Michael Creutz On quark masses 6/15



Non-perturbative effects
e renormalize 2
mq

e (uark mass ratios not renormalization group invariant

e (exceptin isospin limit)
Effect automatically included in lattice simulations

Old point
e Georgi, McArthur, 1981 (unpublished)
e Banks, Nir, Seiberg, 1994 (conference proceedings)
e MC, 2003 (unpublished)
e MC, 2004 (PRL)

Michael Creutz On quark masses
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Intense consternation from the perturbative community
e effect not seen perturbatively, i.e. in the M S scheme
e consequences
e mass renormalization is not flavor blind
e mass independent regularization problematic

e inherent ambiguities defining m, =0

M S is only a perturbative regulator

e whenm, # my

Matching lattice masses to M .S is not appropriate!

Michael Creutz On quark masses 8/15



Specific critigues

Complaint 1:

e Use a mass independent regularization

o ol =~ (g)m; = i = constant

J

Response:

e allowed, but obscures above off-diagonal m, effect on m,,

m;

e nO guarantee that universal between schemes

J

e lattice is not a mass independent scheme

e unclear how to do matching

Michael Creutz On quark masses
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When m,, #= my

e isospin broken

Moo _ (=)’
° Mii o 1 o O ((mu+md)chd)

Holding quark mass ratios fixed

e hadronic mass ratios scale dependent

Holding hadronic mass ratios fixed

e (uark mass ratios scale dependent

Michael Creutz On quark masses
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Complaint 2:
e Do matching at 100 GeV

e instantons exponentially suppressed and irrelevant

Response:
e the lattice simulations are not done at miniscule scales
e Iinstanton effects must be included

o 1/g* ~log(n) ~ log(1/a)

e exponential suppression in 1/g2 — power in scale p

Michael Creutz On quark masses 11/15



Effect controlled by

O Mn/ — M7To X Iug_ﬂl/ﬁg 6_1/(25092) 7@ 0

o Bo = 15=(11—2N;/3)

(+e=2)" (102 — 38N;/3)

1672

e [
e also proportional to mg — my,

e estimate at scale u = 2 GeV

o Amy () ~ ) ) — (1 Mev)

e same magnitude as quoted “results”

Michael Creutz On quark masses 12/15



Note
o Mn’ X Iug_/Bl//Bg 6—1/(2Bog2)

e exponential behavior controlled by

1 _ g2
28092 (11—2n¢/3)g

2 N - .
© s << 89% — classical instanton action

e topological excitations above quantum, not classical, vacuum

e classical instanton action strongly overestimates suppression

Michael Creutz On quark masses 13/15



Rooted staggered quarks TE
e tastes: (SU(4),,SU(4)q)

e well separated spurious states

(dd) staggered artifacts (1,15)

e not only in chiral limit

e one massless at m, =0 NS &
G 2
. ‘.\\:’b'
e required by symmetry Sy <
&
\.’2’09
. R 9
Can multiple artifacts cancel? A
N\
e requires unitarity violation m,
|
m I

Plausible???

Michael Creutz On quark masses
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Summary

Non-perturbative effects mix mass terms for different species
e effect absent in perturbation theory
e inappropriate to match lattice and perturbative masses

Interesting phase structure with negative mass quarks
e CP violating pion condensation

e no structure at m,, = 0 when mg # 0

Crucial to resolving many controversies
e m, = 0, topological susceptibility, rooting

Review: Acta Physica Slovaca 61, 1 (2011), arXiv:1103.3304

free download at http://www.physics.sk/aps/

Michael Creutz On quark masses
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Extra Slides
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Ising-like transition at m,, < 0
e order parameter (my) # 0
e breaks CP spontaneously

Mg

o>0

o0<0

Connected with the anomaly and M, ~ A4
e non-perturbative

Michael Creutz On quark masses 17/15



General mass term m 1y + ma731) + imsysy

® average quark mass, quark mass difference, CP violation from Theta

Two intersecting first order surfaces
[ (m1 = 0, ms 7& O) and (m1 < Mo, M3 = O)

Second order edge at mz = 0,0 < |m1| < |mo]

Michael Creutz On quark masses 18/15



CP breaking related to the Aoki phase

e Wilson fermion lattice artifacts
e phase persists in isospin limit

Mg

Aoki phase/x

e First order alternative

Mg

\ ‘
cP \
§

e

Which alternative remains controversial

e can depend on lattice action

Michael Creutz

On quark masses
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Exploring Three-Nucleon Forces
In Lattice QCD

akumi Dol
(Nishina Center, RIKEN)
for HAL QCD Collaboration

Hadrons to Atomlc nuclel

S. Aoki, N. Ishii, H. Nemura, K. Sasaki, M. Yamada
(Univ. of Tsukuba)

B. Charron (Univ. of Tokyo)
T. Hatsuda (RIKEN)

Y. Ikeda (Tokyo Inst. Tech.)
T. Inoue (Nihon Univ.)

from Latti'ce @[@1pF K. Murano (RIKEN)
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Nuclear Physics on the Lattice

= Frontier in the (coming) physical point Lattice era
= Nuclear Physics directly from Lattice QCD (+QED)
= (Many other interesting topics in this workshop...)

= Traditional Nuclear Physics

=

11—
1
nnnnnnnnn
200
>
(]
= 100
o [repulsive 2w, 37, ... b4
> core \ )
; \ (6,p,0,..)
Bor
100 -

NN phase shifts from experiments

Phenomenological Nuclear Forces

Various applications

= No clear connection to QCD so far
m = Lattice QCD can establish firm foundations for Nuclear Physics

05/16/2012

Nuclear Forces play significant roles 2




Nuclear Physics and Astrophysics
from Lattice QCD

1
G

|
a‘\x

QCD Vacuum Baryon

Few-Body / Light Nuclei

m 2 Neutron Star / Supernova
) S5 — W
~r a -
Y . o @ N
3 1st-principle lat calc. |w 2 | Ab-initio nuclear calc.
m —
a . Nuclear and Astro Physicists
2 ._V_';_\'; _ thirst for Lattice QCD predictions !
S , <
o

1st-principle lat calc.  (Yamazaki’s talk)
05/16/2012 (Another talk by Orginos)


http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/QCDvacuum/Focus1.jpg

Frontier iIn Hadron-Hadron Interactions
=Three-Nucleon Forces (3NF)

What is 3NF ? Neutron Star
,, ( Densest system .
‘ + + in the Universe )
-
NE ; 3N J1614-2230
3NF: Forces which + PSR1913+16
cannot be explained

by pair-wise 2NF 2N
® £0S of high density matter
® Neutron rich nuclei / Nucleosynthesis
® B.E. of light nuclei Short-range repulsive 3NF is required

Can we understand it from QCD ?
05/16/2012 Lattice Workshop @ RBRC 4



Nuclear Force from Lattice QCD
[HAL QCD strategy]

otential is constructed so as to reproduce the *{-- -

NN phase shift (or, S-matrix) Rt

Nambu-Bethe-Salpeter(NBS) wave function T8

Y(7) = (O|N(Z + 7, t)N (&, t)|2N) . \/

m Key concept: asymptotic region €=» phase shift
(V2 + k?)w(f?) =0, r> R Luscher, NPB354(1991)531

C.-J.Lin et al., NPB619(2001)467

Define the potential at interaction region A Coll. PRD71(2005)094504

2 o) - + - - Ishii-Aoki-Hatsuda PRL99(2007)
(Ve + k5)(7) = [dfU, v )Pb(r"), 7 <R aoki-Hatsuda-Ishii PTP123(2010)89

= Non-local, but E-independent potential i\
The combination of (2NF, 3NF) = observables @ L
m € systematic determination by Lat QCD \%

05/16/2012 >



Challenges in multi-baryons
i on the lattice

= S/N issue in the system of #baryon = A

Lepage(1989)

= small energy splitting by scatt.
= =» requires larger t ...

= Enormous computational cost for correlator
« # of Wick contraction
» # of color/spinor contractions

(color) (spinor)

See also T.Yamazaki et al.,
05/16/2012 Lattice Workshop @ RBRC PRD81(2010)111504 6



S/N issue = New algorithm (t-dep Schrodinger eq)

Elastic scatt states share the same potential
(E-indep of potential U(r,r’) is the key)

(42 /m = Ho) ¥(7) = [ U7 )u(r)
! |

(_% _ HO) R(7 1) = /drﬁU(jf')R(ﬁ,t)

Grand state saturation is NOT necessary !

o : 5(150)

e | I a=0.16 ; 30 b e 35§r'r-'v|—'vnI,r-r..-.r.rn],,,..,],,.,,,ﬁ.-,,,
° =S : == | Phase shift:
10 000 ] = 10y 20 d 3

). # = o g sl
10 ] >o 10 F ; " 10
20 20 b ] 5
-30 30 b % 0 :
% os 5 2 25 40 z o : ’nml‘ﬁ = 5 5osoooteszbmzvt;ozsosooa.

Poor Convergence Good Convergence !

arXiv:1203.3642, PLB in press



Computational cost issue
=» Unified contraction algorithm

color/spinor contractions

= Traditional algorithm v v
1N ~ (qqqqqq(t)q(€1)a(€)q(€3)a(€1)a(€5)a(€s) (o)) x Coeff>" (€1, - - -, &)

* * Permutations

(Wick contractions)

= New algorithm
= For each flavor, we impose same spacial label at source quark

= =>» Permutation applies to color/spinor indices at "Coeff”

Permuted Sum ﬁ
I*Y ~ (qqqqqq(t)3(£1)q (52)Q(£3)Q(€i)Q(§5) 4(&)(to)) * Coefsz(ﬁix -, €5)
= Construct a list for color/spinor sum Sum over color/spinor unified list

= € Wick contraction and color/spinor contractions are unified

= Significant improvement . E
, Endres,
x 192 for SH/BHe, x 20736 for *He | (x add'l. speedup) arXiv:1205.0585




‘.L Lattice QCD Calculations

Numerical
Setup & Results
BG/L@KEK
T2K@Tsukuba
SR16000
@YITP, KEK

ISR16000 EF )L XM1
05/16/2012 Lattice Workshop @ RBRC 9



i Lattice calculation setup

= Nf=2 clover fermion + RG improved gauge action (CP-PACS)
= 598 configs x 32 measurements CP-PACS Cal, §. Aoki et al.
= beta=1.95, (a1=1.27GeV, a=0.156fm) Phys. Rev. D65 (2002) 054505

= 163 x 32 lattice, L=2.5fm
= M(n) = 1.13GeV

= M(N) = 2.15GeV (1(ud) =0.13750 )
= M(A) = 2.31GeV

(Mr L=14)

= Correlators t=t(sink) t=t(src)
= Standard nucleon op to define the wave function / potential at sink
N = Eabc(ng'Yqu)qc

= Non-rela limit op is used to create 3N state at source
G(7a,t—tg) = ¥.7(0|N (47, t) N(F—72, )N (, 1) NN N (t0)|0) e A e e

PRD81(2010)111504
sink source

10
05/16/2012 Lattice Workshop @ RBRC



‘L 3NF calculation in Lat QCD

= We fix the geometry of 3N to extract the genuine 3NF
= We study linear setup =» reduced to 3x3 coupled channel

We consider
Triton channel

(ra = 1/2)
= Linear setup with various distance “r,”
short “r,” setup long “r,” setup
.%. Study r,- T2
y r,-dependence of 3NF 7‘2

05/16/2012 Lattice Workshop @ RBRC



i Results for wave functions

25 m—mm——m———— Red: Y
I g T g Z Blue: Y,
= 2L 2. " g 2 Green: ¥;p,
g z
g B
> 1 : I ‘E;E a " ) :
g P - ize . ® 1] ¥soverwhelms the
0 [ A function:
@ 05 [ gy -0.1 ; wave function:
= : e 0 0.5 1
0 Eg‘—%_arﬁ-_a-_a‘ B = =g =)
;] ) 0'_5 ;= Indication of the dominance
of all S-wave component,
° i higher waves suppressed
PTPI27G0122S }or\.

05/16/2012 Lattice Workshop @ RBRC 12



i Genuine 3NF from Lat QCD

t- dep (tt )fa =8.
t-indep: (tt )/a=8.
t-indep: (t- tﬂ)fa_g

5 ] _
() J
0

»

- of ]
0 3
=’

100 L

0 0.5
T.D. et al. (HAL QCD) ry [fm]
PTP127(2012)723
05/16/2012

1

Lattice Workshop @ RBRC

7>

Huge Impact on physics of
high density matters !

Results from t-dep method are
consistent w/ t-indep method
(but larger stat errors)

13



i Summary/Outlook

= Nuclear Physics on the Lattice
= New Horizons for Lattice Computations

= Lattice Predictions are highly awaited
= Huge impact on astrophysics as well

= Three-Nucleon Force (3NF) from Lattice QCD
= Repulsive 3NF at short distance observed

= Outlook
= Realistic potentials with physically light masses w/ large volumes

Ab-initio calculation using 2NF, 3NF
as well as hyperon forces from Lat QCD

05/16/2012 Lattice Workshop @ RBRC
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‘L Parity-even 2N potentials (input)

V(r) [MeV]

800
\ 100 = Vg +—o—i] ]
600 | L . vy ]
. Eu_ = 01 =]
I : "JT —e—] |
400 04 N——
200 . sof . " 1]
0 0.5 1 1.5
r [fm]

05/16/2012 Lattice Workshop @ RBRC

M(r)=1.13GeV
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Extension to
Three-Nucleon Systems

= We extend the HAL QCD Strategy to 3N system to
directly determine 3NF

= C.f. Current status of 3N (3B, 4N) Lattice calc

= T. Yamazaki et al. [PACS-CS Coll.] PRD81(2010)111504
= Quenched clover, m(pi)=0.8GeV, L=3-12fm
= B.E. : 3He(=3H)=18.2(3.5)(2.9)MeV, He=27.7(7.8)(5.5)MeV

= S. Beane et al. [NPLQCD Coll.] PRD80(2009)074501
= Nf=2+1 clover, m(pi)=0.39GeV, L=2.5fm
= (E°Z%n) and (pnn) are explored, E5; — By, = O
= Only (binding) energies have been calculated in these studies

05/16/2012 Lattice Workshop @ RBRC 17



How can we tackle 3NF in
i Lattice QCD ?

= In the case of 2N system...

= Calc 4pt func =*NBS amp. 0\>.
Y(7) = (OIN(Z+ 7 t)N(Z; t)|2N)
= Extention to 3N system d
= Calc 6pt func =*NBS amp. of 3N /ﬁ

o7 5) = NG +ANGIF G+ 72+ 73N %™e
= Obtain 3NF through

(B H— 367, 7) = [Sie) Vig(ip) 05,7

= Difficulty(1): volume factor 1 by 2N calc 3NF is
= 2N: naive O(L®) calc = O(L3log L3) exceptionall
= 3N: naive O(L%) calc = O(LS log L) ) 0(10%-10°) factor challznging Y
= Difficulty(2): naive calc of quark dof grows in factorial (~N,! N4!) | problem !

= 2N: O(L3) X N, X color/spinor loops
= 3N: O(L®) X N, X color/spinor loops
05/16/2012 Lattice Workshop @ RBRC 18
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i Features of Linear setup for 3H

e : : 1) 7=
= Simplified coupled channel analysis possible OM&.

= The vector to 3rd particle o =20
= = L(L2)-pair = | total = 0 or 2 only (2)

= =» Possible bases are only three, which can be labeled by
1S,, 3S,, 3D, for (1,2)-pair

Schrodinger Eq.

. z(lso) N ( ) z(lso) i z(lSo)
Ho | ¥(3sy) v (3sy) | = (351)
f YDy SID Y30y YDy
N

05/16/2012 Lattice Workshop @ RBRC 19
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i Parity-odd potential Issue

= However, in order to determine 3NF in 3x3 coupled channel,
we need information of parity-odd potential
= Although (1,2)-pair is L=even, (3,1),(2,3)-pair have L=odd components

= Parity-odd potential from lattice QCD is under R&D NOwW murano et al)

= =>3X3 channel, but unknown V15=0.0 V 15=11 \_15=1,1 3NF(s)

o~

Hy

Y (155) [ Pso)
YEsy | T YEsy) | =F
YGDy) Gv)) \ apy)
/ \
VC‘;’SZI’O,Vé’SZO’l, vES=01 . (P = even) Target to be
determined
05/16/2012 unknown Lattice Workshop @ RBRC

P (1s0)
Y(3sy)
YD)
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Solution using
‘L “symmetric” wave function

= We can construct the wave function in which any 2N pair

IS spin/isospin anti-symmetric
he = Q\. ‘\‘b '\0\\,

= = L=even for any 2N pair automatically guaranteed

- Bases are rotated as  (¥15)(¥s,)l¥ap,) V3 p,)
\ w:-le

) = 1/V2(~vrg,) + lsg,)) Yar) = 1/V2 (+lihrg,) + [tsg,))
) s
Hol| vYm |+
¢3D1
No V(P=odd)

05/16/2012 Lattice Workshop @ RBRC 21
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Solution using
“symmetric” wave function

= We can construct the wave function in which any 2N pair
IS spin/isospin anti-symmetric
= = L=even for any 2N pair automatically guaranteed
= 3x3 coupled channel is reduced to
= one channel with only 3NF unknown
« two channels with V15=00, V15=11 V. _15=11 (3NF) unknown

K
S
v 1 ‘ ‘ ¢D1 ¥ 1 le

No V(P=odd) X Target to be (L*-dep
determined ignored)

= =>» Even without parity-odd V, we can determine one 3NF

= This method works for any fixed 3D-geometry other than linear
05/16/2012 Lattice Workshop @ RBRC 22



Vg [MeV]

i Short-Range 3NF

= We determine 3NF effectively represented by a
scalar/isoscalar functional form

« C.f. phenomenological 3NF to reproduce saturation point of
nuclear matter, etc.

o D O - Vanr = Vorg + (Vazr) + Vanr
_ 1100 " AdS/CFT =
200 Urbana VIl  +
Urbana IX x Vanr = Up > T%(r12)T2(r13)
150 llinois-2 — e
Urbana/Illinois 3 3\ e hr
100 - T = (1 toot ﬂ) o Leut(r)
ok Hr Her HT
50 [l
.

@
By

nl Iol.sl o 1 1.5 2 2.5 AdS/CFT; Vanp = +const. - Tl4

2 [fi
Plot of 3NR only: "2 [fm] K.Hashimoto, N.Iizuka
there is cancellation from 3NA JHEP 1011 (2010) 058

05/16/2012 Lattice Workshop @ RBRC 23



Effective Schrodinger equation with E-independent potential

K(X;E)= V*+k? w(X;E) [START] local but E-dep pot. (L3xL3 dof)\

(1) We assume y(x; E) for different E is linearly independent with each other. \

(2) y(x; E) has a “left inverse” as an integration operator as

E 521/m§, +k?
[ d3zp(Z; ENY(F;, E) = 2n6(E — E")
(3) K(x; E) can be factorized as /// S_m U §)
dE’
K@E) = [ K@E)x [q (7 B, )

[ &y {2/ @K@c B3 (5 E)}¢(g; E)

(4) We are left with an effective Schrodinger equation with an E-independ)ent pofential
U. = = mames [N
V2K (X E)=my [d*YU (% Dy (V:E)

|

[GOAL] non-local but E-indep pot. (L3xL3 dof)

12/21/2011 Seminar @ Kyoto Univ. 24

Intuitive |
understanding



Two-Photon Decay of Neutral Pion from Lattice QCD J

Xu Feng (KEK)

work with S. Aoki, H. Fukaya, S. Hashimoto, T. Kaneko, J. Noaki
and E. Shintani on behalf of JLQCD collaboration

BNL, New York, 2012/05/14

Xu Feng (KEK) Two-Photon Decay of Neutral Pion from Latt BNL, New York, 2012/05/14 1/19



Motivation

o PrimEx@JLab: T 0., = 7.82(22) eV [PrimEx, PRL106, 2011]
@ Precision: 2.8% — 1.4% (projected goal)

@ Benchmark test in the chiral anomaly sector of QCD

o o, = (7r/4)a§mi.7—"§ow(m,2,, 0,0)

> Froyy(m2,pi, p3): w0 — y*y* transition form factor

0

> m,:. 7™ mass; pi, p2. photon 4-momentum

Xu Feng (KEK) Two-Photon Decay of Neutral Pion from Latt BNL, New York, 2012/05/14

2/19



Lattice setup

@ overlap fermion: exact chiral symmetry = test chiral anomaly
o all-to-all propagators = C(t1, to, t3)

» low mode: low-lying eigenvalues and eigenvectors

> high mode: stochastic propagators

> calculate correlator at any time slice of t1, tp, t3

» disconnected diagram

Xu Feng (KEK) Two-Photon Decay of Neutral Pion from Latt BNL, New York, 2012/05/14 3/19



Ensemble information

e four my, 41 m; = 540 — 290 MeV =- chiral exapolation

@ my; fixed to be close to its physical value = dynamical s-quark effects
e [/a =16 and 24 = finite-size effects
@ @ =0 and 1 = fixing-topology effects

@ 2 =0.11 fm = study possible lattice artifacts

Xu Feng (KEK) Two-Photon Decay of Neutral Pion from Latt BNL, New York, 2012/05/14 4 /19



Theoretical setup

@ starting point: S-matrix

(v(prs An)r(p2, A2)|7°(q))

@ transition form factor is defined by matrix element

[ dPHQUT 00O A(@) = €uuasp? i o (2. 2. 3)

M,

> em,a/gpfpfz induced by the negative parity of the 70
» chiral limit, photon on-shell, ABJ anmoaly:

1
A

Xu Feng (KEK) Two-Photon Decay of Neutral Pion from Latt BNL, New York, 2012/05/14 5/19



Method
@ matrix element in the Minkowski space-time

My = /d4xe"’1X<QIT{Ju(X)Ju(0)}770(61))

@ analytical continuation from Minkowski to Euclidean space-time
[Ji, Jung, 2001; Dudek, Edwards, 2006]

M= [ dee [ 5e P AQIT{,(0,0)}2°(a)
e pion is on-shell: ¢ = (E;,§G) = q°> = m?
@ photon 4-momentum: p; = (w, p1) and p, = (E; —w,§ — p1)

e requirement: p?, < mg or E2_ (hadron production threshold)

Xu Feng (KEK) Two-Photon Decay of Neutral Pion from Latt BNL, New York, 2012/05/14

6/ 19



Amplitude A, (7)
observable:

M = [ deet [ dxe B @IT {1, (:)4(0)}1n(a)
@ correlation function:

C,uu = <Q|Ju(ﬁla tl)Jzz(ﬁ2> t2)7ro(_(77 tﬂ')‘Q>

@ set 7 =t; —tp and t = min{t, tr}

Aﬂ—(T) = lim Cuy(tla t27 W)/e t )

t—tr—00

matrix element M, is given by

2E7T > T 0 (w—E, 5)T
MW:E ; dr e“T A (1) + 3 dr e @ Ar(T)

Xu Feng (KEK) Two-Photon Decay of Neutral Pion from Latt BNL, New York, 2012/05/14 7 /19



Distribution of A;(7)

° <J/1/(517 tl)JV(527 t2)7ro(c_iv tﬂ)>: n= ]" v=2

p,=(000) p,=(001) p,=(001) p,=(00-1)
R RN EE R R R R RRRR R
3e-04
3e-04
2e-04
2e-04
ET:le-04
<
1le-04
0e+00
-le-04 be+00
f 1
[ A B N T T N ST
_2604-10 -5 0 5 10 -:10 5 0 5 10
T/a T/a
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Time dependence of A, 1

@ VMD model:

FabtP(m2, b7, p3) = cv Gu(p?) Gy (p3)

o Gy(p?) = M /(M3 — p?) is the vector meson propagator, My = m,

p]_:(ooo) DZ:(OOl) p]_:(OOl) p2:(00' 1)

-2e-04

3e-04

2e-04

le-04

B — Lattice
[ I B B B bl = YMD

;10 -5 0 5 10 -0 -5 0 5 10

Xu Feng (KEK)

T/a T/a
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Fit ansatz

@ lowest vector meson effects should be accounted for first
@ corrected by including excited-state effects

Fﬂo'y"y(msrap%7p§) = CVGV(p%)GV(pg)
+ > v (Gu(p})Gv(p3) + Gve(p}) Gy (p3))
V/
- Z cvivr Gyi(pt) Gy (p3)
V/7V//

e replace Gy/(p?) by a basis of polynomial function
Froyy(mz, pi, p3) = cvGy(pi)Gv(p3)
+ > em ((P3)"Gu(P?) + (PD)" Gy (p3))

m
+ > cmalp?)(p3)"
m,n

Xu Feng (KEK) Two-Photon Decay of Neutral Pion from Latt BNL, New York, 2012/05/14 10 / 19



Form factor
o Frop, = [ dt €1 Q| T{J(B1, t)du(B2,0)}7°(q)) /€ P Ps

e tunning w: p? = w? —p? p3 = (E; —w)?— p3

I N 1
— mode #1
04 mode #2 5
[ 1 o8+
0.2+ B

“a | I
Ng o' 0.6

o 17
LL: L
02F 4 04r

K P I IR .
O'fb.A 02 0 02 04 0'-20.4 -0.
2, 2
p, /mp

Xu Feng (KEK) Two-Photon Decay of Neutral Pion from Latt BNL, New York, 2012/05/14
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Combined fit

o fit ansatz Fro..,(m2, pf, p3) = cv Gv(pi) Gy (p3)+
> em ((83)™Gu(P?) + (PD)" Gy (p3)) + Y _ cmn(P2)™(pP3)"
m

m,n

— I

— combined fit

— mode #1
041 mode #2 F

0.8

02 -

2, 2
p, /mp
o
: .
(
Frgy (P12 P,
o
[=2]
T

02k 4 04r

K PR SR IR R
O'flOA 02 0 02 04
2, 2 2, 2
p, m A

Xu Feng (KEK) Two-Photon Decay of Neutral Pion from Latt BNL, New York, 2012/05/14
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On-shell photon limit

i T i T i T i T i T i
l*_\.—.\.:
L L] ]
[]
0.8+ _
_ : |
)
S 06F .
=
E | |
T e L/a=16, Q=0
0.4~ m L/a=24,Q=0| |
L L/a=16, Q=1| -
0.2+ PrimEx B
0 L 1 L 1 L 1 L 1 L 1
0 0.05 0.1 0.15 0.2 0.25
m 2 [Gevz]
11y

F(m2,0,0) = Fro,,(m2,0,0)/F7e%)
data with m;L > 4: consistent with ABJ and PrimEx
L = 16: smallest two quark mass, m,L < 4, big FS effects

FS effects checked at topological sector @ =0 and 1
Xu Feng (KEK) Two-Photon Decay of Neutral Pion from Latt BNL, New York, 2012/05/14
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Expansion of matrix element

@ expand the correlator into three hadronic matrix elements:

(Judum®) = (Q V)V [y |7°) (7°]7°|Q)

@ vector-meson electromagnetic coupling gy

(Q|u|V, p,e) = My Fye,(p) = Migve,(p)

e Vry coupling gy, V — 7y decay

. 8V
<V>5H(p1)|JV(O)|7TO(q)> = Mvvg;waﬁplapZBKV(p%) y P2=4q—p1

@ pion decay constant F,

m2

7TF7T

0.0
Q) =
(=OmI0) = 5
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Finite-size effects

Before FS correction

5 . — .
S 15- | — P
~09F . g z
c 0.8 e L/a=16,Q=0| ]
T 0.7F s Lia=24, Q=
T koo | e L/eE24,Q20
e S e L/a=16, Q=1
0.2k

PDG or EXP
o 0.1 \‘\-—\i\}
0.18 U

3 o.55i/W
£ 055 ;
05 ]

o

— R m— i% D e e ei
% 0.11f e E
O o1f . % .
LL: 00 L ! Q‘ | | | ]

0 0.05 0.1 0.15 0.2 0.25
2
m? [Gev’]

@ FS effects accumulate and add up to a large effect

Xu Feng (KEK)

Two-Photon Decay of Neutral Pion from Latt BNL, New York, 2012/05/14
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Finite-size corrections

After FS correction

~ —— — ‘ .
8— 1 i [J 4 3 =
w :8‘83 e L/a=16Q=0] ]
E o7k = L/a=24,Q=0| 1
i - L/a=16, Q=1 |1
02?\[} PDG or EXP ,:
o 019 \q\i\;j
0.18- -
L | | | | | | | | | | | ]
1
EO'SSL/H‘M
o 0.5j ]
s ettt
% 0.11F ® E
S o 1 BT = B
= 0.09r ]
) C | | | | I ]
0 0.05 01 0.15 0.2 0.25

nz [Gevz]

@ FS corrections Rp = O(0)/O(L) with O = g, gyry and Fr
@ assume that Rr(m2 00) = Rg,Re,., RF,

Bpmy
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Disconnected-diagram effects

& 11===—~.¥ . —
g [ "
= 7 ; |
S 0.8 e connonly H
= | = conn+disc ]
F % — fit with conn data
0.6 — fit with full data [
; % ; % ; % ; PrimEx H

o
@
T

0,0)w.FS F(m
1

2
]
T

F(m
o
ok

\
0.05 0.1 0.15 0.2

m ? [Gev’]

0.25

@ all-to-all propagator: control error of disc. contribution
@ although not significant, conn+disc systematically shift down
o precision level (2% for form factor): disc. diagram-should be included

Xu Feng (KEK)

Two-Photon Decay of Neutral Pion from Latt BNL, New York, 2012/05/14
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Lattice artifacts

o discrete data v.s. continuum case?
@ right fig: turnover obtained; left fig: not obtained?

p,=(000) p,=(001) p,=(001) p,=(00-1)

2e-04

1 1e-04

-le-04

De+00

J YN Y/ B IS A WA N

e disc. effects in VMD model: less than 5 x 10~#, neglegiable

@ turnover contributed by ground and excited states; not-very-large
Xu Feng (KEK) Two-Photon Decay of Neutral Pion from Latt BNL, New York, 2012/05/14 18 /19



Conclusion

@ after examining possible systematic effects

F(0,0,0) = 1.009(22)(29)
F(m? ,4,,0,0) = 1.005(20)(30)
Moy, = 7.93(29)(43) eV

e ABJ anomaly and PrimEx measurement

F(0,0,0) = 1
F(m2 1y,0,0) = 1.004(14)
Moy, = 7.82(22)eV

@ my, # my, effects mixing of m, with 7 and 7’ are not yet studied

Xu Feng (KEK) Two-Photon Decay of Neutral Pion from Latt BNL, New York, 2012/05/14
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Motivated by muon g, — 2

Discrepancy: 3.30 = New Physics 77

HLbL is predicted to be dominant error in the next round

a1

1

(0)

o Difficult: HLbL involves (J,J,J,J5)
@ Better to start with 7%(n, n') — y*v*

Xu Feng (KEK) Two-Photon Decay of Neutral Pion from Latt BNL, New York, 2012/05/14

Exp. determination of g, —2 to 0.54 ppm [E821@BNL, PRD73, 2006]
S.M. prediction of g, — 2 to 0.51 ppm [Jegerlehner, EPJC71, 2011]
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70 contribution

Contribution BPP HKS KN MV BP PdRV N/IN
=, 00 B5+13  B2.7+6.4 83+12 114+10 - 114413 99+16
, K loops —194+13 —4.548.1 - — — —19419 -19+13
w, K loops + other subleading in N, — — — 0+10 — — —
axial vectors 2.5£1.0 LT£1.7 - 22+5 - 1510 22+5
scalars —6.842.0 - - - - -T+7 =T£2
quark loops 2113 9.74+11.1 - - - 2.3 21+3
total 83x32 B9.6x154 8040 136£25 11040 105%26 116439

e summary table [Jegerlehner, Nyffeler, Phys.Rept.477:1-110,2009]

» 70(n, n') — y*~* are consistent to total contributions
» Among three PS mesons, 70 takes about 70%

» calulation on the m° — v*~* can be duplicated to the 1, i’ sector

Xu Feng (KEK) Two-Photon Decay of Neutral Pion from Latt BNL, New York, 2012/05/14 21 /19



Non-perturbative nature

@ Invariant mass spectrum for two-photon

500 [ T T T T T

(2)

-
(=]
o
L AL

(]
o
o

Events / 3% M,, Bin
w
=]
o

|'...‘I....l....l“,.h...r

AR EEEES AR BE

100
D L l JPL
100 200 300 S00 1000 2000
M, (MeV)

@ Three spikes presents three bound states: 70, n,n

@ Bound states — confinement — LQCD

Xu Feng (KEK) Two-Photon Decay of Neutral Pion from Latt BNL, New York, 2012/05/14
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Rho mass

1.05

0.95

0.9

[GeV]

0.85

m

0.8

0.75

\ \ \ \ \
O'70 0.05 0.1 0.15 0.2 0.25

m?’ [Gev’]
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High precision scale setting

Z. Fodor

University of Wuppertal & Budapest, UCSD, FZJ

Budapest-Marseille-Wuppertal Collaboration, 1203.4469*

BNL, May 14, 2012
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Outline

o Scale setting
9 Flow of the gauge field
e Pure gauge
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Scale setting

Scale settings and the static potential

raw output of lattice QCD: physical quantities in lattice unit
= measure a dimensionful quantity Q (M or fx)
the lattice spacing is given by a=(aQ"!)/Q®®

today erros below 2% for several lattice predictions
it depends crucially on the error of the lattice spacing
need for a controlled/small error lattice spacing determination

not necessarily directly accesable for experiments e.g. potential
popular choices are:

string tension (strictly speaking doesn’t exist: string breaking)
the Sommer-scale r2 - dV//dr = Cy

originally ry with Cy = 1.65 or MILC choice r; with Cy=1

Z. Fodor High precision scale setting



Scale setting

Sommer-scale, Omega mass, f, and fx

unfortunately, the calculations of ry & ry are quite involved
far more complicated than fitting the masses of particles

complications are reflected in the literature
MILC: r1=0.3117(22) fm (less than 1% accuracy)
RBC/UKQCD: ry=0.3333(93)(1)(2) fm

7% difference and 2.3¢ tension between them

another popular way is to use the Omega baryon mass

the experimental value of M, is well known

more CPU demanding & sensititve to the strange quark mass
mismatched strange quark mass leads to a mismatched scale

difficulties with £ (chiral extrapolation) & fx (mismatched ms)

suggestion of M. Luscher: use the Wilson flow to set the scale

Z. Fodor High precision scale setting



Flow of the gauge field

Definition of the flow of the gauge field

consider the flow: B, (t, x) for t > 0 with B,,(0, x) = A,(x)

flow equation: 0;8,, = D, G, with G, = 9,B, — 9, B,, + [B,, B,]
the evolution in t has a smoothing effect:

otB, = AB,, — 0,,0, B, + non-linear terms

the first term is the same as in the heat-equation

B.(t,x) = [ d*xKe(x — Y)A.(Y) + ...

K; four dimensional heat kernel Ki(r) = exp(—r?/4t)/(4nt)?
smoothing effect with v/8t smoothing range

on the lattice regularize it: Vi(x, p) for t > 0 with Vo(x, 1) = U(x, p)
flow equation with (Z) staples: 0; Vi(x, ) = Z(Vi(x, 1)) - Vi(x. p)



Flow of the gauge field

Wilson flow: technical realization

flow equation: V; = Z(V;)V;, where Z is the staple
equivalent to a series of infinitesimal stout smearing steps

in our case it is integrated with 4th-order Runge-Kutta scheme

evolution from time t to time t + ¢ is given by Z; = eZ(W))
WO = Vt7
1
Wi = exp (4Zo> Wo,

W, = exp (821 - 1720) Wi,

9 36
3 8 17
Viire = exp <422 - §Z1 + 3620> Wa
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Flow of the gauge field

Wilson flow and the coupling

as a representative example E = G2 ,G@ /4 is considered
w2 puy

lattice: E(t) can be defined by the (1-plaquette) or clover terms
they only differ by discretization effects
lattice: we expect (E)x(1-plaquette)-t? behavior

very important results about the renormalization of the Wilson flow

calculation of (E) up to o2(q) with g = (8t) /2
(result has been obtained in the continuum MS scheme)

(E) = 250(q){1 + k1a(q) + O(a?)}, k4 =1.0978 + 0.0075N;

above the cut-off (small t): lattice and continuum quite different

Z. Fodor High precision scale setting



Pure gauge

Lattice study of the Wilson flow (pure gauge)

the perturbation QCD expansion works for small t (<1 fm)
for large t one uses numerical lattice simulations
SU(3) pure gauge theory with lattice spacing a=0.05 fm

V& =0.2fm V& =0.5fm

T T T T T
RED

0.5 -

b

L L L L L L L L L
0.02 0.04 006 008 01 012 014 016 018 0
tre2

statistical error: smaller than the thickness of the (linear) line
lattice: expect (1-plaquette)-t? behavior for small t
perturbation theory is given by the band (uncertainty on A)
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Pure gauge

Wilson flow for scale setting: quenched

(E) is physical: approaches its continuum limit with a°
test it with the reference scale ty given by

{*(E)},._, =03

a=005fm 0.07fm 0.1fm
I I I

L | L | L | L |
0 001 002 003 004
(alrp)?

scaling violation increases toward smaller reference scales
for which the smoothing range is only 2-3 times the lattice spacing
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Full QCD

Gauge flow for dynamical fermions & w

one can determine the gauge flow also for the dynamical case
use the Wilson flow or the gauge flow defined by the action

t2(E(t)) incorporates informations from all t>0(1/+/1)
its derivative (almost constant) mostly from scales around O(1//t)
advantage: flow at small t ~ & is a subject of cutoff effects

53]
0af observed “linearity” for t?(E)
one can extract it by t - dt?(E)/dt
NG < instead t2(E)=0.3 (M. Luscher)
0zl neSONeY 1t dt?(E)/dt=0.3 (wp scale)
a=0.077 fm ——
ot l a0065tm — | | @—0: non-universal part shrinks
perturbative mmm—

o wo has less cutoff effects than t,
t[fm

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
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Full QCD

Continuum limit is the same

different definitions should have the same continuum limit
one can use the Wilson flow or the Symanzik flow: M,=135 MeV

1.02
wSymanzic ow

1.01

1

0.99 - N

0.98
1.0020(35)(30)
0.97

0.96

I
| W
Wilson flow

+ b

|

|

|

|

|

0 0.05 0.1 0.15 0.2 0.25
a® [Gev'z]

original definition of Luscher has the largest cut-off effect
various definitions of wy have tiny ones (a few % or less)
(statistical errors are neglible, good for scale setting)

Z. Fodor High precision scale setting



Full QCD

Finite volume effects

how sensitive is wy to the size of the system
only for boxes <2 fm: M, L ~ 1.35 instead of 4
— finite volume effects are tiny, far below the 1% level

staégered, a=0.0975 fm —e—
18 ¢ 1% —-----
1.79 +
o 178t |
> Y .
g I
177
176 b ll: R
1.75 -
0 1 2 3 4 5

robust and stable method for determining the scale
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Full QCD

a._> O: W||Son & Staggered WO Budapest-Marseille-Wuppertal Collaboration, 1203.4469

Wo [fm] —e— staggered with 2 stout Wilson-clover with 2 HEX —®&— wo [fm]

0.18 0.18

0.17 0.17
W = 0.1757(12)(07) fm W = 0.1755(18)(04) fm
continuum limit continuum limit
0.16 . . . . : P— = : . . . 0.16
04 035 03 025 02 015 01 005 O 0 0.05 0.1 0.15 0.2 0.25 0.3
a2[GeV? a%[GeV?

the physical scale was obtained by the Omega baryon mass

our final result is the Wilson result (staggered is a cross check)
(no rooting = theoretically cleaner)
Wp=0.1755(18)(04) fm

error (dominantly statistical) is 1%

(and comes not from the gauge flow itself, but from Mq)




Full QCD

a._> O: W||Son & Staggered WO Budapest-Marseille-Wuppertal Collaboration, 1203.4469

clover with 2 HEX

Staggered with 2 stout

Wilson-

[m]| —m— t}2 scale w, scale, Wilson flow —e— [[fm]
W, scale, Symanzik flow —a—

02 L t(‘,/z scale, Symanzik flow —e— 02
W = 0.1757(12)(07) fm Wq = 0.1755(18)(04) fm 142 scale, Wilson flow —=—

Al A
0.18 . . , g . 0.18
0.16 142 = 0.1441(27)(30) fm i th2=0.1465(21)(13) fm 0.16

= = - u
0.14 =L [ S— . . 0.14
L 2
0.12 continuum limit continuum limit ] 0.12
. .
04 035 03 025 02 0.5 0.1 0.05 0 0 0.05 0.1 0.15 0.2 0.25 0.3
a2[GeV? a%[GeV?

the physical scale was obtained by the Omega baryon mass

our final result is the Wilson result (staggered is a cross check)
(no rooting = theoretically cleaner)

Wp=0.1755(18)(04) fm

error (dominantly statistical) is 1%
(and comes not from the gauge flow itself, but from Mq)
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Full QCD

Scale off the physical point

usually runs aren’t at physical masses: what is the scale there
measure M., Mk and wp: x = wiM2 and y = w3(Mz — M2/2)

Wp=0.18515-0.5885x2-0.0497y-0.11xy-1.476x3+18-103+4.103[fm)]

wo [fm] S s rﬂﬁ r&@\& rff "59@ £ %@\‘
0478 |- wlMEM22) c0205 | change M, from 135 to 350 MeV
0.186 ——
0.176 F~= - A . . .
e T 0158 4% change in the lattice spacing
' - (same size as cutoff effects)
0.172 o
0.17 <O change mg by 10%
0-168 0.5% change in the lattice spacing
0.166
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 error is 1% in the continuum limit

2 2
Wo Mn
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Full QCD

Error analysis: 2HEX data set

histogram method to give statistical and systematic errors
64 possible results (mq interpolation, M, cut, a—0, fit range, scale)

Il Il
0.174 0.176 0.178
w,[fm]

orange/gray bands: systematic/full error; red line: result

interpolation | M.-cut | a—0 | fitrange | scale
15% 40% 55% | 55% 45%
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Full QCD

Outline

o Scale setting
9 Flow of the gauge field
e Pure gauge

Q@ ruiaco
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Thermodynamic potentials from shifted boundary conditions
Leonardo Giusti
University of Milano-Bicocca
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OQutline

® Relation between the entropy density and the response of the system to the shift

0

z

1.1 d
=~ M gz mZ00,0.2)

S

® Generalization to the specific heat

® Finite-size effects

® Extension to the lattice (and exploratory numerical study for SU(3) Yang—Mills)

® Conclusions and outlook
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Momentum distribution from shifted boundary conditions

® The relative contribution to the partition function of
states with momentum p is [T = 1/ L]

R(p) B Tr{e_LOf{lf’(p)}
Vv Tr{e—LoH}

where
N (pP) 1 3, _ —1ip'z ipzZ ipz | AZ
p = %% d°ze € ; e'P?|¢) = |¢%)

® The momentum distribution can then be written as

L L B

where Z(z) is the usual path integral but with shifted boundary conditions in time direction

L. Giusti = BNL May 2012 -p. 3/16



Cumulant generator

® As usual the generator of its cumulants is defined as

K@ =SSP REp) = e Ko = 2
p

® The momentum cumulants can then be written as

A2n1 A2n2 2n

<p1 Do Py 3>c B (_1)n1—{—n2—}—n3 82n1 82712 82713 . |:Z(Z):|
z=0

4 4 8zfn1 87;5”2 8z§n3
® In the continuum they equal the standard definition
(P21 p22 p273) . = (—1)"1 T2 T8 (Toy - Tos)e Tow(zo) = /d?’a? Tor ()

and, being conn. corr. functions of the momentum charge, they are finite as they stand.
The generator K (z) and the distribution R(p) are thus expected to be finite as well

L. Giusti = BNL May 2012 -p. 4/16



Momentum distribution from shifted boundaries on the latfpem® Morte, LG 10; LG, Meyer 10]

® On the lattice a theory is invariant under a discrete
group of translations only. It is still possible, how-

ever, to factorize the Hilbert space in sectors with

definite conserved total momentum

® The momentum distribution is given by

—
> —9 0 0 0 0 o

o—0 0 0 0 0 °
—

where Z(z) is the usual PI but with (discrete) shifted boundary conditions.

® Since only physical states contribuite to it, R(p) is expected to converge to the continuum

universal value without need for UV renormalization

® The shifted boundary conditions allow us to define connected correlation functions of the

momentum which do not require any UV renormalization

® Their continuum limit satisfies the standard EMT WIs, which can be used to interpret the

cumulants in terms of basic thermodynamic potentials

L. Giusti = BNL May 2012 -p. 5/16



Ward identities for two-point correlators @ty (1)

® In the continuum a judicious combination of WIs associated with translational invariance

0 (Tpw () O1...0n) == > (O1...6:0;...0n)

1=1
leads to (zo # yo , Wi # 2k)

Lo (Tok(z0) Tor (y)) — L, (Tox (wr,) Tox (2)) = (Too) — (Thx)

where

Tok(x0) = /dgﬂ? Tok () Tor (k) / [ 11 dwu] Tok (z
v#£k

® Note that:
x All operators at non-zero distance
x Number of EMT on the two sides different

* Trace component of EMT does not contribute

x On the lattice it can be imposed to fix the renormalization of Tj

L. Giusti = BNL May 2012 - p. 6/16



Ward identities for two-point correlators @y (11)

® The commutator of boost with momentum

A

Ky, pp) =4H i BT L -

is expressed in the Euclidean by the WIs

/8R do () (K .06 (@) Tor (Y0) O1 ... Onde = (Too(yo) O1 ... On)e

when the O; are localized external fields.

® In a 4D box boost transformations are incompatible with (periodic) boundary conditions.
WIs associated with SO(4) rotations must be modified by finite-size contributions

® The finite-volume theory is translational invariant, and it has a conserved 7},,,. Modified
WIs associated to boosts constructed from those associated to translational invariance

Lo (Tox(x0) Tor (y)) — L, (Tox (wi) Tor(2)) = (Too) — (Thi)

L. Giusti = BNL May 2012 -p. 7/16



Ward identities for two-point correlators @y (1)

® In the thermodynamic limit the WI reads (yg # xo)

Lo (Tok(z0) Tor (y)) = (Too) — (Tkk)

® By remembering that in the Euclidean

(P%)

ﬁkH_iTOka €:—<TOO>, pz(Tkk> — ZT{e+p}:T23

® In a finite box and for M # 0 (M lightest screening mass)

_ vMT? OM
(Tou(e0) Tow(0)) = ~T {e+p} + 59— | M4 370 e M 4
w L oT

l.e. leading finite-size effects are known functions of M, and are exponentially small in M L

L. Giusti = BNL May 2012 -p. 8/16



Entropy density from shifted boundary conditions

® By putting together the two formulas

L om L 200,020
S = ——— 11m ——--=1Iin z
T2 VoocoV dz2 T z=0

® On the lattice the only difference is the discrete derivative

s=—— Ilim lim
T2 V—o0a—0 n2a2V Z

1 2 [Z({O,O,nza})}

with n, being kept fixed when a — 0
® Note that:

* NO ultraviolet renormalization
x Finite volume effects exponentially small

+ Discretization effects O(a?) once action improved

L. Giusti = BNL May 2012 -p. 9/16



Recursive relation for higher order cumulants

® There is more information in K (z). Again a judicious combination of WIs leads to

(Tox () Tox(23) - - Tok(25"™))e = (Too(xg) Tk (2) - - - Tor(z5™))e + f.5.c.
® At finite temperature and volume

Lo (Too(yo) Tox(z3) ... Tor(xd™))e = L0i<T0kz( 0) - Tor(xg™))e

OLg
Lo (Tkr(yo) Tok (x}) - .. Tok (3™ {Lk + 2”} (Tok(xy) - .- Tor(x§™))e

® By combining these relations, and by taking the infinite volume limit

(Ton(ab) - Tor(@F)e = (2n = 1) 5= { o= Ton(ab) . Tor(a3™ ).}

® Expression of finite-size corrections similar to the one of two-point corr. functions

L. Giusti = BNL May 2012 - p. 10/16



Specific heat

® Written for cumulants the recursive relation reads
~2M, 2 8 ~2m,—2
(62" = 2n— 1) T> — {1 (62" ). |

and analogously for mixed ones

® The definition of the specific heat implies

0 17 (p%)e (P2)ec
“w="ar° “w =yl 3 T2
and therefore
1 1 g4 3 d?
» = lim — In Z ({0, 0,
IV |3Td A T T sz} nZ({0.0,.2h)]

® On the lattice the only difference are the discrete derivatives. Finite-size corrections are
again known, and are exponentially suppressed

L. Giusti— BNL May 2012 -p. 11/16



Scale-invariant case

® If T is the only dimensionful parameter in the problem, the recursive relation implies

21 1
<pz >C — Con, T27’L-|—3 — Con = (n+ )

® By using the moment-cumulant transformation, the generator of the cumulants reads

o0 ~21n,
K 070, — _1 ’I’L—l—l <pz >C 2n
(0,0,2h) = > ()" T 2
® The series can be re-summed to obtain
K({0,0,z}) s {1 1 }
1% 4 (1 + 2272)2

l.e. the entropy determines all the cumulants. The combination of scale and relativistic
invariance fixes the functional form to be the one of the free case.

L. Giusti = BNL May 2012 - p. 12/16



Numerical algorithm for the cumulant generator (I)

® The most straightforward way for computing
the cumulant generator is to rewrite it as

Z(z) _ ”1:[1 Z(z, 1)

z o 2(z,1ign) -

where a set of (n + 1) systems is designed so
that the relevant phase spaces of successive path
integrals overlap and that Z(z,r9) = Z(z)and '~
Z(z,rn) =2

® The path integrals of the interpolating systems are defined as
Z(z,r) = /DU DUy 1y ja—y ¢ 2cUUs7]

where Uy 1., /0—1 IS @n extra (5t") temporal link assigned to each point of last time-slice

L. Giusti — BNL May 2012 -p. 13/16



Numerical algorithm for the cumulant generator (1)

® The action of the interpolating systems is

SqlU,Us,r] = Sg[U] + g(l —r) ZReTr{UOk(LO/a —1,x) — Ugr(Lo/a — 1,x)}
x,k

)

with the extra space-time plaquette given by

Usr(Lo/a —1,x) = Us(Lo/a —1,x) Up(0,x +2) UJ (Lo/a — 1,x + k) Ul (Lo /a — 1,x%)

® If we define the "reweighting” observable as
O[U, ')",L_+_1:| — egG[UaU4>ri—|—1]_§G[UaU4>ri]

then
Z(Z, ?“7;)

Z(z,7i+1)

= (O[U,ri41])

Tit+1

L. Giusti = BNL May 2012 - p. 14/16



Numerical algorithm for the cumulant generator (1)

® The action of the interpolating systems is

SqlU,Us,r] = Sg[U] + g(l —r) ZReTr{UOk(LO/a —1,x) — Ugr(Lo/a — 1,x)}
x,k

)

with the extra space-time plaquette given by

Usr(Lo/a —1,x) = Us(Lo/a —1,x) Up(0,x +2) UJ (Lo/a — 1,x + k) Ul (Lo /a — 1,x%)

® On each lattice the entropy is finally given by

n—1
2 Z i
5= T om2 Zln{ (Zﬂ’)}
z< 1=V i—0 Z(Z,T’H_l)

L. Giusti = BNL May 2012 - p. 14/16



Numerical results for the entropy

Lat 6/g2 Lo/a L/a K(z,a) fzﬁg%gb&

7i (s/T)=3217/45 ] A1 5.9 4 12 17.20(11) 5.10(3)
: | A1, 5.9 4 16 40.71(15) 5.089(19)
- . Ay 6.024 5 16 13.05(10) 4.98(4)
E + o As 6.137 6 18 7.32(8) 4.88(6)
5———-+ ’’’’’’ T '—_"——:_;m As 6337 8 24 4.32(16) 5.12(19)

As 6.507 10 30 2.62(17) 4.9(3)

L. Giusti — BNL May 2012 - p. 15/16



Numerical results for the entropy

L (sIT)=321t/45

SIT

(6]
1
|
1
|

]
l—e—
|

|

|

1

|
]

|

|

1

1

|

¢

® A linear extrapolation in a? gives

s
T3
s
T3

=4.77+0.08 =77 T =151T¢

= 6.30 +0.09 77 T =417,

® Compatible with previous computations, but
continuum extrapolation must be improved
[Boyd et al. 96; Namekawa et al. 01]

Lat 6/g2 Lo/a L/a K(z,a) 2K (z.a)

|z|2T5V

A; 5.9
Aiq 5.9
Ao 6.024
As 6.137
A4 6.337
As 6.507

4
4
5
6
3

10

12
16
16
18
24
30

17.20(11) 5.10(3)
40.71(15) 5.089(19)
13.05(10) 4.98(4)
7.32(8)  4.83(6)
4.32(16) 5.12(19)
2.62(17)  4.9(3)

Lat 6/g2 Lo/a L/a K(z,a) 2K (2,a)

|z|2T5V

B1 6.572
Big 6.572
Bo 6.747
Bz 6.883
Bsa 7.135
By 7.325

4
4
5

10

12
16
16
18
24
30

22.22(11) 6.58(3)
53.47(16) 6.684(20)
17.11(15) 6.53(6)
9.61(9) 6.40(6)
5.42(17) 6.42(20)
3.32(18) 6.1(3)

L. Giusti — BNL May 2012 - p. 15/16



Numerical results for the entropy

Lat 6/g2 Lo/a L/a K(z,a) fzﬁg%fga&

b my=sartuas % ; . ] A1 59 4 12 17.20(11) 5.10(3)
L - I o] A1, 5.9 4 16 40.71(15) 5.089(19)
- } . Ay 6.024 5 16 13.05(10) 4.98(4)
> % o A3 6.137 6 18 7.32(8) 4.88(6)
5——~~+ """" T ‘—~__——:_;:1.5TC Ay 6337 8 24 4.32(16) 5.12(19)
. el As 6.507 10 30 2.62(17) 4.9(3)
e
e IR LT vy
T
® A linear extrapolation in a? gives Lat 6/g5 Lo/a L/a K(z,a) |2f§;zg$/)3
%:4'77i0'08i?? r=1ode Ci1 7.234 4 16 57.44(25) T7.18(3)
%=6.30io.o9i?? T=41T. Oy 7426 5 20 36.5(4) 7.13(8)

. . : : Cs 7.584 6 24 24.7(4 6.94(12
® Compatible with previous computations, but 3 (4) (12)

continuum extrapolation must be improved
[Boyd et al. 96; Namekawa et al. 01]

L. Giusti — BNL May 2012 - p. 15/16



Conclusions and outlook

® Correlation functions of total momentum fields can be related to derivatives of path
integrals with shifted boundary conditions

® One of the applications is the computation of thermodynamic potentials, which can be
connected to the cumulants via Ward identities of EMT. The entropy, for instance, is

L oim 2 2000.0.)
s=—— lim ——=1In z
T2 V—oo V dz? T z=0

® If lightest screening mass M # 0, leading finite-size corrections exponentially small in M L

® On the lattice these formulas apply once the derivative is discretized and the continuum
limit is taken. No additive (vac. subtraction) or multiplicative UV renormalization is needed

® Same Wis allow for a non-perturbative renormalization of T

® Feasibility study very promising even with a very simple-minded (expensive) algorithm

L. Giusti = BNL May 2012 - p. 16/16



Padé approximants and g-2 for the muon

Christopher Aubin, Tom Blum, Maarten Golterman, Santi Peris

New Horizons for Lattice
Computations with Chiral Fermions

BNL, May 14-16, 2012



Contribution from lowest-order hadronic vacuum polarization (HLO)

0 <10 [ dQ? (@) (o) - TI(QY) et

0 Peterman,
0.04] de Rafael 1971,
: Blum 2002)
0.03F
2 i
f<Q ) - 0.02}
0.01;
T 02 04 06 038 02
0.13}
012} |
-, Need to fit data
oat T, to compute
Data for I1(QQ): o.0- e integral;
: ™ e VMD introduces
0.09j %o .
: ~ .. model dependence
““““““““““““““““ QZ



Multi-point Padé approximants:

Write  (I1(0) — I[(Q7)) /Q° = A 002 dt - (tpfép) ®(Q?*), p(t) >0

This integral is a Stieltjes function, analytic everywhere except cut (—oo0, —4m?2].

Theorem: Given P points (Q7, ®(Q7)) a sequence of PAs can be constructed
which converge to <I>(Q2) on any closed, bounded region of the complex place
excluding the cut, in the limit P — oo . (Baker 1969, Barnsley 1973)

Uy

Construction: ®(Q?) = (Q*—Q2) U
—Q)V,

1+1+

(Q2-Q%_,)V¥p_o
1+(Q%2-Q%_ )V¥p_

with U; related to & ( ?Si-l-l) (Vg = ®(Q7?), etc.), yields a [[(P — 1)/2], [P/2]] PA.



Parametrization and strategy

Furthermore, can prove that (Baker, Barnsley)

[P/2]

Q%) =11(0) - Q° | ap + > _

Qnp

b, + Q7

with a, > 0 (positive residues) and b;p/o) > -+ > by > 4m72T (all poles on cut),
ag = 0 for P even.

Fit this form for P = 2,3,4.5 ;yields [0,1], [1,1], [1,2], [2,2] PAs.

, 1 GeV?
Compute a,, 0@ =1 = 4042/ dQ* f(Q*) (11(0) — T(Q?))
0

Note: VMD issameas [0, 1] PA with b; = mi fixed; NOT a (valid) PA!



Test on MILC lattices with @ = 0.09 fm , m, = 480 MeV

correlated uncorrelated
interval 0 < Q% < 0.6 GeV? | interval 0 < Q* < 1 GeV?

PA | # parameters | x?/dof 1010gHLOQ°<! X2/dof | 1010gHLOQ7<!
VMD > 5.86/3" 363(7) £.37/18 13(3)

0, 1] 3 11.4/8 338(6) 3.58/17|  373(37)
1,1] 4 7.49/7 350(3) 3.36/16 | 424(116)
1,2] 5 7.49/6 350(3) 3.35/15 |  443(293)
2,2] 6 7.49/5 350(7) 3.35/14 |  445(432)

* interval 0 < Q% < 0.35 GeV?
uncorrelated VMD fit agrees with Aubin and Blum, 2007

* Correlated: VMD bad, clear improvement with addition of parameters

* Difficult to determine 2" pole, but a,, insensitive to higher poles

* |Internal consistency, except uncorr. VMD (unknown systematic error!) and
correlated PAs



Q%)
0.100 :

0.095 .
0.090 -
0.085
0.080 -
0075

0.070 -

00 . . . . . 0.2 0.4 0.6 0.8
[1,1] corr. (solid) and uncorr. (dashed) [1,1] corr. (solid) and VMD uncorr. (dashed)

* uncorrelated fits look better at small ()*
* also considered MILC lattices with a = 0.06 fm , m, = 220 MeV - similar
aELOQQSl — 572(41) x 10*° [1,1] corr., aELOQQSl — 646(8) x 10" VMD uncorr.

* not possible to decide which fit is best, based on current data



0.005

—-0.005 -

I

Integrand of aELO/(4a2) compared with data
(MILC, a = 0.06 fm , m, = 220 MeV)

= need more data at low () with smaller errors! In progress...



Conclusions

New method to parametrize hadronic vacuum polarization;
avoid model dependence of vector meson dominance.
Based on representation of vacuum polarization in terms of Stieltjes function.

Tested on two examples of numerical data for vacuum polarization.
Padé approximant fits can lead to larger statistical errors, but avoid
unknown systematic error associated with VMD.

Method looks promising, but data at lower momenta and smaller errors
are indispensible (difference between a,, (VM D) and a, (|1, 1]) is about 17%).

Note: long chiral extrapolation — also need data with small pion mass!



Backup slide 1: comparison with polynomial fits

Poly 3 Poly 4 PA [1,1] PA [12)

# points | x?/dof | afl) | x?/dof | a{l) | x?/dof | all) | x?/dof | al!
16 9.6/12 | 543 | 9.5/11 | 483 | 9.7/12 | 564 | 9.7/11 | 565
18 11.4/14 | 526 | 10.5/13 | 596 | 11.2/14 | 541 | 11.5/13 | 561
20 13.1/16 | 536 | 13.1/15 | 535 | 13.9/16 | 572 | 13.9/15 | 572
22 16.5/18 | 541 | 15.9/17 | 513 | 18.5/18 | 566 | 18.5/17 | 566
24 16.6/20 | 537 | 16.4/19 [ 521 | 19.4/20 | 583 | 19.4/19 | 583
26 30.7/22 | 505 | 23.6/21 | 580 | 26.8/22 | 557 | 26.7/21 | 560

e Poly 3, PA[1,1] and PA [1,2] correlated fits all good, not so Poly 4.

 Stability from PA [1,1] to PA [1,2], not from Poly 3 to Poly 4.



Backup slide 2: chiral extrapolation

Assume VMD, and approximate H(QQ)SUW — ng2/m[2) (continuum)

H(QQ)subtr — g%/QQ/m%/ (Iattice)

2 [ dQ°

Define Iy = « ; @ w ((QQ/mi)<H§hys/Hl2att)) H(QQ)subtr

(Feng et al. 2011)

—4 Limoder hence choose Hjyip = my /gy

2
gp mV

2 9 2
Hlatt) g_vmp

Whatever choice: model dependent! 15t PA pole not equal to 17
Cannot avoid small pion masses (much smaller than 300 MeV)



" In collaboration with A. Cheng, D. Schaich and G. Petropoulos
ArXivi1111:2317

|




The many faces of gauge-fermion systems

Renormalization group 3 function at 2 loops

dg? by by b 1142
2) = =D g 64 b= 114+ 3N;,
99 = et ~ 16229+ onm? o
by = —102 + N,
3
p .
8
g e 8o |Erp

N; < 8.05 8 <N(<16.5



The many faces of gauge-fermion systems

Renormalization group 3 function at 2 loops

dg” by by b — — 2
2) = - 4 64 . b= -11+2Ny,
99 = et ~ 16229+ onm? .
by = —102 + — f
3
g
8 & Chirally broken & confining
L (._A_:\" - )

\ « QCD with 2+1 (+1) flavors

N, < 8.05

« Original technicolor candidates



The many faces of gauge-fermion systems

Renormalization group 3 function at 2 loops

Bg°) = " _ b gt + 0 9° + b = —ll—l—ng;
dlog(p?) 1672 (1672)2 S 338
Conformal B
80 |&pp
| I
* IRFP where g, is irrelevant RGOSR
« universal anomalous dimension //'

8 <N;<16.5



The many faces of gauge-fermion systems

Renormalization group 3 function at 2 loops

dg? by by b 1142

2) _ D 6 b= 114Ny,

99 = et ~ 16229+ onm? o
by = =102+ N

What we really want is walking

B
\“ T
/)

|
|
|

The gauge coupling changes slowly and the anomalous mass dimension
remains large across an extended energy scale



Roadmap for the conformal window

S-D type calculations

 Which models are conformal?
 Which —if any - is walking?

« What is the anomalous mass ?
* S parameter?




Roadmap for the conformal window

S-D type calculations

 What is the best approach to
study these systems?

« Do we understand the
systematics?

Don’t be unpatient : QCD has a 25 year head start



A phase with novel symmetry breaking pattern

Strongly coupled systems can lead to unexpected phenomena:

N~=12 and 8 flavors SU(3) with staggered fermions
— 8 flavors: most likely chirally broken
— 12 flavors: still controversial

Goal: study the phase diagram both at zero and at finite temperature
and contrast the two systems

(Lattice action: it's a good one)



Why Finite temperature ?

QCD like Conformal
confining NT 4/ d 17/7 .t confining NT% 7177 "
m
//// deconfined %k IRFP *
< ® O < o
B.~> o as N> oo Bs 2 By @88 Np > 0

The scaling of B, is a good test of conformality
(possibly)



The phase stucture of N=12

0.5

o o
—_ (W)

condensate

0.02

T Eeé T T KN -1 1
m=0.005
84124164 %8
106
@ z
® 104
®
® 102
8
. ©8 0
1.6 18 2 22 24 26 28 3

confining Ny 4/8/6/3Z "

Ik IRfP

ﬁc 9ﬁbulk as NT > o0




The phase stucture of N=12

05 T T T T T K 2 —1 n
8o 0,005 confining N 4/8/6/3z "
D s 84124164 198
-— e
s lag.
CICJ 0.1 8 E
S ® 104
go.os *e | LMo
O O@ 102
Ik IRFP
8 o 3
0.02 L= = e a 0
1.6 18 2 22 24 26 28 3

ﬁc 9ﬁbulk as NT > o0

&

Similar transitions were observed previously by INFN/Groeningen group
and LHC collaboration



Phase diagram [3-m plane N~=12

0.025

16° X 8 —O—

12412 x 24 —Aa—

16/16° x 32—
0.02 - E
0.015 - E
0.01 -
0.005 - -

0 1 1 1 1 L 1 1

1.9 2 21 22 23 24 25 26 27 28

Br

Intermediate phase bordered by bulk 15t order transitions



Phase diagram [3-m plane N~=12

0.025 . - .
16° % 8 RS

124/12% x 24 —a—s

16'/16° x 32
0.02 - B
0.015 - R
0.01
0.005 - R

0 1 1 1 1 1 1 A

1.9 2 2.1 2.2 23 24 25 26 27 28

Intermediate phase bordered by bulk 15t order transitions



New symmetry breaking pattern in the IM phase

Single-site shift symmetry (S*) of the staggered action
x(n) = &u(n)x(n + p), Eu(n) = (—1)2V># Ty
Uﬂ(n) — Uﬂ(n + ,U),

is broken - plaquette expectation value is “striped”




New symmetry breaking pattern

Order parameter I:

AP, =(ReTrd, —ReTrU,4,)

n,even

Plaquette on even & odd time slices are different — this is on the

background gauge configuration!

0.14

I¥ x2 'J-\\/\M\w\/\,\pv\,,
2L
s m = 0.005
0.1 +
0.08
- 3 =26
& p==
< 0.06 8=27
0.04
0.02
U Ll MAM R Wty o v Ny gk S T s Ny A S e -
_0_"2 I Il i A I A
1200 1400 1600 1800 2000 2200 2400 2600

Molecular dynamics time units

B = 2.6 IM phase

3=2.7 weak coupling phase



New symmetry breaking pattern

S* breaking occurs at the fermionic level:
Order parameter —lI: link difference

ALy, =(au(n)x(n)Uu(n)x(n + p)
—au(n+p)x(n+ p)Uu(n+ p)x(n+2p))n,e

+

, @ @ @
025 TR n n+y n+2u
16 x 32 W\’WM
02t m=0005 1 PB=2.6 IM phase
0.15
J o423
0.05
e 4 B=2.7 weak phase

_0.05 1 ! 1 ] 1 1 1
1200 1400 1600 1800 2000 , 2200, 2400 2600
Molecular dynamics time units



New symmetry breaking pattern

— Single-site shift symmetry is exact in the action.
— Both AP and AL are order parameters of S#

— When S# is broken, the phase has to be separated by a “real”
phase transition

— The S* broken ($*) phase cannot go away with the volume
— S*is related to taste so this could be a special taste breaking

What are the physical properties of the S*b phase?



The Polyakov line

Is it deconfining? Polyakov line is very noisy but the blocked Poly line is

sensitive:
0.5 . :
Bog X
02
Soa1f
= m = 0.005 4
8* (wy) O ®
005 || 12°@wy) ©
16* (Wy) © ™
124 (TrL,) A
16* (TrLy) X
° g
0.02 L A A * % *
1.6 1.8 2 24 26 28

408

4 0.6

(TrLy)

4104

10.2

Blocked Poly line is measured on RG
blocked lattices:
« improved Poly line
or
 Poly line on renormalized
trajectory, after removing UV

\ fluctuations /




The static potential > Confinement!

Static potential on 123,163 volumes (no volume dependence!)
shows a linear term:  r,=2.1 — 2.7, Vo =0.40 -- 0.48

1.6 : : : : : :
12: x 24, B = 2.6 —F— q) 4)
, 16® x 32, ff = 2.6 —O— _
14 12:224. Lf =27 —— o® 5—2.6 L\ phase
m
= 0.005 :
’ m LY B
=08 . ®
- ' w ¥¥ V .
oo @ w ¥ { B=2.7 — weak coupling
0.4) RN A
\-3
0.2 g
0 A
0 1 2 3 4 5 6

No comment about the weak coupling side
from the potential — too small volume



Chiral properties : Dirac eigenvalue spectrum

4 different volumes, 12 eigenvalues each:

=2.6 — IM phase B=2.7 — weak coupling phase
007 .y S PR 6 ®
F== m = 0.005 o 9
0.06- m=0.005 - 0.06- o ®
o © =
0.0 - 005 ® g E 1
e ® g @ B
. s ® _ @ +
~0.04f ® ® ® 1 ~0.04+ & B + + + -
< @ © ma = |9 g B + *+ 7
0.03 e © o g g B 5 3 + - 03p + + 1 w X x x X
% % % X % % x x x X +oxox o xo X X
0.02-@ % 128 e, 1 002 X 124 ——
12} x 24 —— 12* x 24 —8—
00%- 16 —— 7 001 16 ——
0 l()" X 32 —— ( 163 X 32 ——
1 2 3 4 5 6 .7 8 9 10 11 12 1 2 3 4 5 6 .7 8 9 10 11 12

I I

Qualitatively different — quantitative description?



Dirac eigenvalue spectrum

 RMT predictions require knowledge of the dynamics
« Simple volume scaling is more general. In the chiral limit

p(A)~(A—A,)” A, : soft edge

jp(l)dﬂt -~

n—m

+0O(1/V?)

1/(a+1)
n—Xx, ) D

A=A ~ ==
" O(V o+l "

- Conformal IRFP :y.=1+y", :independent of V,
- Confining system :y_ =1 + y(L) : in volumes smaller than the
confinement scale



Dirac eigenvalue spectrum

Fitin S*b phase (=2.6):
Needs soft edge A;=0.0175 with a=0.6(1) (RMT prediction: a=1/2)
Very chiral symmetric! (Even U(1), restoring )

log(A,—Ay) vs log(n/V)

007+ 1 Br =26

Br =2.6 3l B )
0.06- m=0.005 ] m = 0.005

0.05+

e | T
~0.04- e © © L
0.03 + =
0'02_‘_@___?_ ____________ ?(_ ____________________ : 12 o
2
001+ T R

163 x 32 ——

1 2 3 4 5 6 7 8 9 10 11 12 -2.8 -2.6 -2.4 2.2 -2 -1.8 -L.6
i log(n/V)/4




Scaling of Dirac eigenmodes, N;= 12, weak coupling side

log(An)

Y /4 =25
n V I

3=3.0, 16°x32, 243x48

%:2.8, 163x32, 24°x48

l ."-l L 1

log (X))

Two coupling values, four volumes with 30 eigenmodes each

are consistent, predicty =0.47(2)

Very efficient method to determine the anomalous dimension
(we need larger volumes, other 3, more eigenmodes to reduce error)



The S*b phase

Is most likely a lattice artifact
« Breaks single-site translational symmetry
« |tis confining with small correlation length

« |tis chirally symmetric
* (yes, it would violate the ‘t Hooft anomaly matching in the continuum)

What happens at finite temperature?



Phase structure at finite T, N~=12

0.03.

124123 % 24—t
cdiygd

1 N+=12, 16 transitions
1 * indistinguishable
| + runinto the S*b phase

1 The weak coupling, m<0.03
| region is either

« conformal or

| = has N;>16

Preliminary; more data in progress



Improved Polyakov line

F T T T T | T T T T |

B=2.7,m=0.01

<Re(Poly)>
o

0.01 E

T

Blocked +
HYP smeared

11 llllll|

lllll|

original
\ HYP sm
0'001 1 1 1 1 | 1 1 1 1 | 1 1
5 10 15

N,

Poly line is difficult to measure at
large N, as it decays exponentially

<P> ~exp(- f *N,)

Smeared (HYP) or blocked Poly
gives a better signal



S*b phase in other systems

There are signs of the intermediate phase with other N;=12 actions

Is it unique to N=127
No.



Phase structure with N~=8

0.035

L=13/N; = 12 s

R | | The S%b phase, bordered by bulk
M3 [E:ii{fé e J] | transitions, is present
- S%b does not imply conformality

3
0.025 | 2 X1 s

0.02
0.015 -

0.01 | But N;=12, 16 transitions behave
differently: move toward g2 =0

as N increases

0.005

03.75 ll 4.125 5 4’.5 4.|75 5
F . . . . .
This is consistent with confinement

Preliminary; more data in progress



Summary & Outlook

These systems are complicated and have strange (strong
coupling) lattice artifacts

Progress is steady but we need better understanding

The S*b phase is present with 2 sets of staggered fermions. Could it show
up in 2+1 flavor simulations?



Four flavour simulations with maximally
twisted mass QCD

Karl Jansen _NLCL

for the European Twisted Mass Collaboration

[-] -
Uaboro™

e Twisted mass fermions
o Selected results for N; =2+ 1+ 1 flavours

e A glimpse at our next plans
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Collaboration performed very successful NV; = 2 research programme

Simulation results versus PDG
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The p-meson resonance: dynamical quarks at work
(X. Feng, D. Renner, K.J.)

e usage of three Lorentz frames

® 2=0.086fm
m a=0.067fm |
PDG data -

o
N
T T T

sn’(d)

o-------
SN
ol .
&

83 "0 45 05 055 06 0 005 01 2 0.15 0.2
aE m “(GeV")
M+ = 330 MeV, a = 0.079 fm, L/a = 32 fitting z = (M, +i5T,)?

m, = 1033(31) MeV, T', = 123(43) MeV



Natural® next step: move to four flavours

e twisted mass: works with quark doublets

— maximal twist: automatic O(a)—improvement
— infrared cut-off due to twisted quark mass
— simplification in renormalization (f., (N|qq|N))

need to control isospin splitting effects

e strange and charm quarks needed for physical quantities

— MESONS. Mgtranger MMlcharm: fD; fD31 77/1 Tlc
— baryons: spectrum, (N|qq|N)
— g, — 2 < can unambiguously compare to experimental value

— running of agirong () With four flavours



Wilson (Frezzotti, Rossi) twisted mass QCD (Frezzotti, Grassi, Sint, Weisz)

Fermion action of twisted mass fermions
_ = 1 x 1« - l
S; = Zw X 2 [mq -+ 5V [Vﬂ + v,u} — CL’I“2VMVM T Z,utm7_3’75] Xz
Sh = s X [mq+ 57 [V + V;} - C”“%VZVM%TMJ + T35 ] X2
e quark mass parameter m, , twisted mass parameter /i,
e strange and charm quark masses
ms=Zp o — 23" s

Mme=Zp pio + 25 s

e note, m, the same in S; and 5},



1.4 +

1.0

0.6 |

0.2

A word on flavour breaking

+ 0

isospin (flavour symmetry) violation at any a #% 0: m= —m_ # 0

observe large O(a?) effect in neutral pion mass

effect visible both for Ny =2 and Ny =2+ 141

theoretical understanding (Dimopoulos et.al., Phys. Rev. D81, 034509 (2010))

YPT analysis of meson sector including pion mass splitting a? effect

(O. Bar, Phys.Rev. D82 (2010) 094505)

| rXpr = 0.130 —=—
(rgmps)? O 0000 .
= 0.045 ——
e
(a/rg)?
0 0.02 0.04 0.06

0.6 |
| M R 330 MeV e

04

0.2 +

0.0

-0.2 |
-04

-0.6 |

my ~ 260 MeV +m

stout -
my ~ 430 MeV e

(—A) Ny =2

0.00 0.01 0.02 0.03 0.04 0.05

(a/ro)?




mpoac/ Mt

Tuning to maximal twist

Maximal twist: tune m, such that

S (B0AL) PYO))
MPCAC = 535 (Pa(r)Pe(0)) —

02- e tuning of m, at each ji, used

04- e demand mpcAC 5 O.l,LLtm

e demand A(mpCAC) 5 O.l,LLtm

0.1+

05=19 ALja=3
06=210 WLja=18

0.2+

A
E { 05=190 oLa=2%

0.05 0.10 0. I15 0.20 D.:?S
28{].&1 [GGV2]



Autocorrelations from gradient flow
(Deuzemann, Wenger) see also talk by Z. Fodor

e flow of the gauge field U(x, ;1) according to the flow equation
2Vi(x, 1) = — g8 {00 uSracs W (Vi) } Vi, 1)
‘/75:0(337 ,LL) — U(ij /J)

e lattice: discrete integration scheme with finite step size € for integration

TISym_B3.90_L16T32_k0.160856_mu0.004_HYPvsGF, N _ =545

cas

0.8

a ~ 0.08fm m, ~ 300MeV

energy density:

E(t) =2} 1., Retr[l — Vi(plaq)]

I=10)

— HYP smearing
gradient flow

04—

O'2/ N

t," /2 =150

| ‘ | ‘ | ‘ |
O0 2 4 6 8

t/a’=0.245n




Topology and autocorrelations

e topological charge well defined on smooth configurations V;

~

e use standard field theoretic definition F),, F},, (V)

20

S 10

TISym_B3.90_L16T32_k0.160856_mu0.004_GF,N =545

T | T | T | T
2
— t E@)
2
— td/dt(tE(t))
——————— 2
. TpamTTTTTTT e —Q
///,’ ST T e
7 I EN T
s Se——o_
a4 ~
Yav4 \\\
II// \—’-\\\~§
H-1 - =
11
1
1
b
[}
P - e R R
7
e
F ——————————————————————————————————
1 | 1 | 1 | 1
0 2 4 6 8

gradient flow gives largest
autocorrelation

autocorrelation from topological
susceptibility significantly smaller

warning



Ny =2+ 1+ 1 light quark sector: scaling

T T T T T T T T T T T T 3.1 T T T T T T T T T T T T T T T T T
rofps : - Tomn 1
0.42 F - I ]
i % ] 2.9 b .
_ - — | a5 i
0.34 | - [ |
I /’j%@’# ] 2.3 b -
s B B 1 | Ni=2+4+1+1 rogmps =0.728 —m— ]
0.30 | Nr=2F14+1 romes =0.728 —au 1 [ Nf =24 141 romps=0614 v
Nf =2 romps — 1.100 ——~— ] 2.1 k .
Nf =2 romps — 0.614 ——~—
i (a/ro)? - g | | | (a/r0)2l '
0 0.02 0.04 0.06 0 0.01 0.02 0.03 0.04

pseudoscalar decay constant fpg nucleon mass



Ny =2+ 1+1 light quark sector: xPT fit

e basic formulae: Ny = 2 continuum xPT at NLO

mbs = X, [1+&log(x,/A3)] KZ(L)
fes = fo [1—2¢log(xu/AT)|] Ks(L)

Xp — QBOZM/’Lq ’ g — X/L/(Qﬂ-fo)2

e finite size corrections K,,(L), K¢(L)
(Gasser, Leutwyler, 1987, 1988; Colangelo, Diirr, Haefeli, 2005)
in preparation: analysis a la Colangelo, Wenger, Wu; Bar; Ueda, Aoki

e fit simultaneously to our data at all 8-values

e fit includes renormalisation constant Z,, = 1/Zp



Ny =2+ 1+ 1 light quark sector: xPT fit

e estimate systematic effects : lattice artifacts, FSE

fps [MBV]

180 —

170

160 ~

150 —

140

130

1.90
1.95
2.10

24
32
48

T
0.05

0.; 0 O.; 5
2By [GeV?]

T
0.20

m%s/ (2Bo)

0.98 —

0.96

0.94

0.92

0.90 —

005 010 015 020 025 0.30
2Bou; [GeV?]




Comparison of low energy constants

Ng=2 Nyp=2+1+1

(s 3.70(27) 3.50(31)
04 4.67(10) 4.66(33)
S/ fo 1.076(3) 1.076(9)
By [MeV] 2437(120) 2638(200)
(r2)NLO [fm?]  0.710(28) 0.715(77)




Ny =2+ 1+ 1 adding strange quark: fit formulae

e SU(2) xPT Fit Formulae for fx and f;:

fes(pee, pey o) = fo- (1 —2& & + b&pe)
fes(pee, pe, ps) = ( éK) + 159 ¢,) [1 — 3¢ In&y + (bém + 9 ¢, &e}

Exy = mpg (s X 1y )
A (47 fo)?

(Gasser, Leutwyler (1984); Allton et al (2008); ETMC, Blossier et al. (2010))

e correct for finite size effects using NLO yPT
(Gasser, Leutwyler (1987); Becirevic, Villadoro (2004))



Ny =2+ 1+ 1 light quark sector: fit results

190

180

o fit B = 1.95 (a = 0.079fm) and
B =2.10 (a = 0.06fm) simultaneously

170 +

160

'; -
= o) o from setting maq (1, s, fts) = 2m% — m?
& Fit
140 Frla=0.079 fm) = 7
" fla = 0.060 fm) —o— e m, =135 MeV, [, =130.7 MeV,
- ficla = 0.079 fm) — = 1
fi(a:0.0GO fm) —e— mg = 497.7 MeV
120 | fx . g
fx (input)
110 - - - -
0 0.05 0.1 0.15 0.2 0.25
m2 [GeV?]

preliminary fit results:
o fr/fr=1.224(13), fx = 160(2) MeV, ¢, = 4.78(2), |Vys| = 0.220(2)

e errors statistical only



Ny =2+ 1+ 1 heavy quark sector

Wilson twisted mass Dirac operator for (¢, s) pair:

D) = ( 'Y/L@M“F,ua"'ﬂd
Y5 (%VZVM - mq)

e mixing of ¢ and s flavour and of parity
e Kaon is the ground state : good precision

e D meson appears as an excited state

Y5 (EVZVM —my) )
YuVpu + to — s

eigenvectors \1)](-(:’75)\2

e three independent methods:

— generalised eigenvalue problem
— multi-exponential fits
— imposing parity and flavour restoration

at finite a

amp

e they provide consistent results for mp

e overcome mixing of flavour ~» mixed action

09 t
0.8 t
0.7t
0.6
0.5 t
04t
0.3t
02t
0.1t

j={charm, ' =75} ~—o— -

j: {charm, = ]1} —x—
j = {strange, I =75} —=— |
j = {strange, T = 1} +—a— |

0.95

09t

0.85 t

0.8t

0.75

GEP
multi-exponential —s—
symmetry restauration —e—

method



Ny =2+ 1+ 1 approaching the charm quark

e introduce Wilson twisted mass doublets in the valence sector

Dtm(ﬂval) =D + Merit + ( ,u'val’y57-3

(Osterwalder, Seiler (1990), Pena et al. (2004); Frezzotti, Rossi (2004))

® Myt from unitary set-up

e 4 — 6 values for (1,4 In the strange s and the charm . region
Inversions with multi-mass solver

e matching to unitary set-up using mx and mp

e = avoid flavour breaking

0.7h

s F
gy = 00035, # = 1.95 ¥

ort
005 b
065 b
apy = 00035 7= 195

Lo b . -
: Yoong)

0042 ¢ ¥ 058

0138 ‘ 05 |
05 e

||r|iL:||'.'.'

mized e

unitary

013 - - 0 P " - p
0012 o004 006 00l 002 iR 0.1 0.2] 0.3 1.2 b

.

afiy



the unitary fx can be computed from: fx = (my + my)

with ms = s — (Zp/Zs) s

Unitary versus Osterwalder-Seiler: fx

similar formula for fp

<O|PI§|K>
K

Py is the physical Kaon projecting operator

val

the mixed action fx computed from: fpg = (:“q()la)z + ,u(Q)) [{0|P|PS)]

1.70

1.65
1.60 +
1.55
150 ¢
1.45 +
1.40
1.35

1.30

fps(0S, Mtm) tnit. ~—e—
fps(OS) mixed —m—

0.000 0.001 0.002 0.003 0.004 0.005
(afo)”

Test for Ny = 2

mpg sinh mpg ’

.44

043 '

042

oAl | '

04 i

.

wnitary F = .95 ]

039 | ||r|iL:|r_'.' =210 -
05 7=19 =
05 7=210

0.2 0.4 0.6 0.8 l 1.2 1.4

il
[Tame]*

0.3

situation for Ny =2 +1+1



fo/MeV

Decay constants, I'p, I'p,

280

- = B=19
» B-195 e quark mass dependence of fp
+ experimental value

260

4 | . e input: m, = 135 MeV, f, =130.7 MeV,
* my = 497.7 MeV

240

o ﬁ- e all results preliminary

220

200
|
[ —

0.00 0.05 0.10 0.15 0.20 0.25 0.30

mf‘/ GeV?

results very encouraging
fDS — 250(3) MGV, fD — 204(3) MeV, fDS/fD — 1230(6)

very preliminary but very first results from Ny, =2+ 1+ 1!



The strange quark content of the nucleon
(Drach, Dinter, Frezzotti, Herdoiza, Rossi, K.J.)

e neutralino in supersymmetric models candidate for dark matter

e interaction with nucleon most strongly through the strange quark content
via the Higgs boson exchange diagram

spin independend cross sec