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Outline

0 Mystery: The Origin of Mass
@ Electroweak symmetry breaking
@ New strong dynamics
@ S parameter

e Methods: High-Performance Computing

e Results: S Parameter on the Lattice
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What’s mysterious about mass?

Electroweak symmetry
Unifies quantum electrodynamics and the weak interaction. }
Electromagnetism Weak interaction
@ Infinite range @ Extremely short range
(<10~ m)
@ Massless photon @ Very massive W* and Z
(N goMproton ~ 175, Ooome)
@ Conserves parity @ Violates parity )
Electroweak unification well-verified experimentally,
but appears to forbid elementary particle masses!J
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Electroweak symmetry breaking

“Spontaneous” symmetry breaking
reconciles electroweak theory with phenomenology

“Symmetry of laws
=+ symmetry of outcomes”

Example: superconductivity

Lagrangian must be gauge invariant
but ground state hides symmetry

Must provide longitudinal modes
of massive W* and Z
— new degrees of freedom
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The standard model

Simplest solution: generalized Ginzburg—Landau model

- _ P11+ 2
@ New scalar field ¢_(v/\/§+h+i¢3)
@ “Winebottle potential” V() = —2did + A (dTd)?

produces spontaneous symmetry breaking
at the electroweak scale v = \/—u?/\ = 246 GeV

(Imperial)

@ ¢; “eaten” by W+ and Z becoming massive
@ hremains as massive Higgs boson
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Unsatisfied with the standard model

Elementary
Particles

u ci|t

H

=0n|'§-e||

No fundamental scalars
observed in nature

Force Carriers

[iN]

g
g

Leptons Quarks

o
Three Families of Matter

Standard model can’t be the end of the story
@ High-energy quantum effects make the Higgs decouple!
@ Standard model requires new physics at high energies
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Unsatisfied with the standard model
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Standard model can’t be the end of the story
@ High-energy quantum effects make the Higgs decouple!
@ Standard model requires new physics at high energies

@ Higgs mass extremely sensitive to physics at high energies
@ Properties must be unnaturally “fine-tuned”

v

Doesn’t rule out standard model, but motivates alternatives — BCS? )
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Outline (reminder)

0 Mystery: The Origin of Mass

@ New strong dynamics
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Dynamical electroweak symmetry breaking
Instead of BCS, think of QCD (quantum chromodynamics)

New Strong Dynamics (“Technicolor”)
@ New “technifermions” W couple through a new strong interaction
@ Lagrangian decomposes into two parts

L1c = W’y,u'D“\U = WL’YMIDMWL + WR'YMDMWR

Chiral symmetry: ¥V, and Vg can transform independently

@ Strong interactions spontaneously break chiral symmetry,
which leads to electroweak symmetry breaking

(VW) = (V, Vg + VgV, ) #0 ()~ v
@ Instead of Higgs, expect a zoo of “technihadrons” at high energy

Strong dynamics — perturbation theory inapplicable )

Origin of Mass with High-Performance Computing 10 December 2010 8/30




How can we determine which mechanism

of electroweak symmetry breaking
is realized in nature?
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Obvious approach: direct detection

= '.;—,_.- : (CERN)

@ Experimentally observe and identify Higgs, technihadrons, ...
@ “Obvious” does not mean “easy”!
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Outline (reminder)

A less obvious approach is to use
precision measurements of electroweak observables

0 Mystery: The Origin of Mass

@ S parameter

Origin of Mass with High-Performance Computing 10 December 2010 11/30



The S parameter

Parameterize effects of physics beyond the standard model
on the neutral gauge bosons

P

T nendfpeans ¥ = i e ”Q,:,. g"‘" + e
Myy = 2lM3q

2 .
Z wnnidffprinsf i EE; fnam—ﬁg nq,c,llgl‘lb + - ﬂAA = 4“33 - 2“30

2 wnoniffprane

2 ]
| £ (M- 28 Mg +s Tgg) g+
c’s

Define the parameter S = 47 |lim

d
Jim 2z [M(@) ~ Nan(@P)] — ASsu

(Peskin and Takeuchi)
ASgy subtracted so that S = 0 in the standard model

(assuming a “reference” Higgs boson mass)
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Experimentally, S <0

Extract S from global fit to experimental data

» Z decay partial widths and asymmetries » My, Mz
» Neutrino scattering cross sections » Atomic parity violation
1.25 T T T T T TTT oA

FZ,GM.Rl.Rq ! T T T I| .| T T ’I,/j/ é
1.00],..... asymmetries ! o r’/ E
| S5 ]
075 |=== My | 1 ,r/-;.f 3
— — - vscattering | 1 ,/:z/" -~ E
0501, —. - escattering |1 }/',’ /;‘L” //_:
-—-— APV i/ SIS _7 ]
0.25 L H > R - 7
= F ! ’// . // 1
0.00 | KA 3
F L ad 3
025 e 3
E =7/ 1/ al:My= 117 GeV ]
S A 3
F P /// I K4 /' 1 ]
075 E L7 7 SO /0 all: My =1000GeV
100 AT R TN AT AR TR AR TR NN TR Y-
-15-125 -1 -075-05-025 0 025 05 075 1 125 15 175 2

S (PDG)
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What is S for new strong dynamics?

Recall strong dynamics — perturbation theory inapplicable J

If new strong dynamics has exactly the same form as QCD
SU(3) gauge theory with Ny = 2 fermions
then we can extract information from low-energy QCD measurements

Origin of Mass with High-Performance Computing 10 December 2010 14/30



S from scaling up QCD

Relate polarization functions I to spectral functions R

— T
[ X CMD ]

8 [— 4 © OLYA —

: ¥ O ADONE 7

o(ete™ — hadrons i g ]

R(S) = ( ) si— - - - R -

o(ete” — ptp”)

@ [ dsR(s)
2\ _
M) =N+ 55z | sy

S = 47T|_Ilv_A(O) — ASSM

0 L
0 1000 2000 3000

Vs (MeV) Peskin & Takeuchi
3
1 [~ds 1 MZ >
. “Ry— -1 (1-TH M
S 37r/0 S{F?V R 4{1 (1 S)e(s 2) }

Replacing the QCD scale with the electroweak scale, S = 0.32 4+ 0.03 )




What is S for new strong dynamics?

Recall strong dynamics — perturbation theory inapplicable ]

If new strong dynamics has exactly the same form as QCD
SU(3) gauge theory with Ny = 2 fermions
then we can extract information from low-energy QCD measurements

Replacing the QCD scale with the electroweak scale, S = 0.32 + 0.03

Nf NCr;
Guess S ~ 0.3?? ,

This is very far from the experimental S ~ —0.15+ 0.10,
but does not hold for strongly-interacting theories in general

We need a way to perform non-perturbative calculations )
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Outline (reminder)

e Methods: High-Performance Computing

Motivation
By working in a discrete euclidean spacetime,
we can perform non-perturbative calculations
of strongly-interacting theories
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Quantum fields on a lattice

A 12-step program for
non-perturbative predictions

(R. Babich)

Part 1: Formulation

@ Wick rotation t — —it from Minkowski to euclidean spacetime

© Replace spacetime with regular lattice of sites connected by links
© Gauge invariance: fermion fields on sites, gauge fields on links
© Recover original theory (e.g., Lorentz invariance) in continuum
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Part 2: Simulation

©@ Observables (O) defined through path integral
(0) = % / DUDUDVOe Se(U)-VDU)V

D(U) is the discrete Dirac operator on the lattice
© Gaussian integration replaces anti-commuting Grassmann fields

/ DUDWe VOV « det D / DxDye XP'x

(Inverting the large sparse matrix D(U) is the main computational cost)
— —1
@ With an even number of fermions, we have [ DyDye X(P'D) x
© Positive definite action — probability distribution

© Finite number of degrees of freedom
— numerical importance sampling (Monte Carlo)
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Part 3: Systematics

Must keep in mind systematic effects of working on the lattice

Q@ Finite volume
Reduce effects by requiring L > Amax = Mip
Need large lattice size L2 x 2L or large pseudoscalar mass Mp
(Input is fermion mass mg;  Mp o /m; not known a priori)

@ Nonzero “lattice spacing” a between sites
Should repeat calculation at several a, extrapolate a — 0
(Computational cost o 1/a°)
Reduce effects by clever construction of lattice action

@ Chiral symmetry breaking
Explicitly broken by my > 0 (Computational cost oc 1/m?5)
Additional explicit breaking from many lattice actions
(Chiral lattice actions have much larger computational costs)

v
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Domain wall fermions

coupling between walls

0
(S. Cohen) s

@ Add fifth dimension of length Lg
@ Exact chiral symmetry at finite lattice spacing in the limit Ls — oo
@ At finite Lg, “residual mass” myes > 0; mM = mys + Myeg
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Outline (reminder)

© Results: S Parameter on the Lattice

We have a way to perform non-perturbative computations
Let’s apply it to calculate the S parameter for new strong dynamics J
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Lattice Strong Dynamics Collaboration L—S

Argonne James Osborn | l

. —
Boston Ron Babich, Richard Brower, Saul Cohen, D
Claudio Rebbi, DS

Fermilab Ethan Neil

Harvard Mike Clark
Livermore Mike Buchoff, Michael Cheng, Pavlos Vranas
UC Davis Joseph Kiskis

Yale Thomas Appelquist, George Fleming,
Meifeng Lin, Gennady Voronov

Formed in 2007 to pursue non-perturbative studies
of strongly interacting theories likely to produce observable signatures

at the Large Hadron Collider.
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LSD Philosophy and Simulation Details

@ Start from what we know (QCD) and use it as a baseline
— SU(3) gauge theory with Ny =2, 6, 10

@ Work on large lattices so finite-volume effects are small
— 323 x 64 with 0.005 < m; < 0.030 gives MpL > 4

@ Directly compare the different theories
— Tune parameters to match chiral symmetry breaking scale
— Plot results versus M,% rather than m = my + Myes

@ Exploratory calculations
— O(100) independent measurements per point

@ Studying spontaneous chiral symmetry breaking
—— Domain wall fermions with L = 16
—— Myes ~ ;. 8x1074(6f); 2x103 (10f)
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DWF are expensive, even for exploratory calculations

e e Tl

S

-:"'::w‘:— —

~ 300M core-hours on LLNL BGL, USQCD clusters, NSF Teragrid. ..



S parameter on the lattice

Yannndonney = | 8% Tlgg ghY + -

S = 47I'ND|_|,\/_A(O) — ASSM
Myy = 2M3q

2@ = | Sy (Mg~ 26° Mg 4Tlo) 4V +- Maa = 4M33 — 2MM3q

2 .
Znrol@orret = | £ (Tyg-s® Mgo) gtV + -

cs

On the lattice, correlators involve a single pair of fermions
My A(Q) = 2" eQCHATy [(Vea(x) vo(0) ) — ((Ar2(x)A"(0))]
X

oLV O" Qv .
QAS ) nQ?) — QafnL(Qz) Q = 2sin(Q/2)

n(Q) = (6’“’ -

@ Conserved currents V and A ensure that lattice artifacts cancel
@ (VH4(x)Y¥4(0)) and (A*4(x).A"2(0)) require O(Ls) inversions
@ Renormalization constant Z computed non-perturbatively

Z =0.85(2f); 0.73(6f); 0.71 (10f)
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Correlator data and fits

- e Independently fit My_4(Q?)
o - to (1, 2) Pade,
_mu.gin. . — 2f . @ Qz < 04
- Fits stable
-|u|m,4—""_"_.__-._.-_.-._*._._ .
- e with x? < 1
aons / as Q? fit range varies
:luuus;— o 6f
B ws e 015 on?
a + ay Q? _ —FF2>+ QZF\Z/ B QzFE
T+ b1 Q2+ boOF M QB
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Fit results for M, ,(0), Ny =2 and Ny =6

0.5
0.4
= 0.3+ T
= [ ]
:i' e .. ] . /
E 02 | L} : ] S = 47TND|_| V—A(O) — ASSM
i 1 <Np < N;/2
[ i
=2 e
) . Ny=6 -m
[} 05 1 L5 2 25

MLIME,

Reduction in 1M}, _,(0) for M3 < M2, = limp,_o M2,

N N
— naive scaling S ~ 0. 3?? does not hold

(Do expect naive scaling in heavy-fermion limit M,% > Mﬁo)
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ASSM with ms > 0

S = 47TND I|m [I‘I V\/(Qz) — I'IAA(QZ)} — ASSM

d
0 dQ?2
1 (> ds M@O

@ ASgy diverges as s — 0 (cancelling out eaten modes)
@ With ms > 0, need lower bound 4M,2, > 0 on spectral integral
@ For N; = 2, cancellation continues to work as my — 0

@ For Ny > 2, extra N? — 4 uneaten modes
must receive masses from other interactions

@ Set reference Higgs mass M = limp_o My = Myy ~ 1000 GeV
@ Numerically, ASgy < 0.04, only 5-10% reduction
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S parameter, Ny = 2 and Ny = 6

1.0F

o
o)

o
o))

I
~

4r(N¢/2)IT'y_a(0)-ASgm
o
Mo

S=

o
=)

05 1.0 15 2.0
Mp?Myo®

or
o

For M3 < M2, fit to form accounting for N2 — 4 uneaten modes
P Vo f

N2 M
S:A+BM,%+% [4”—1] Iog<MV20>
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Conclusion

@ Elementary particle masses require electroweak symmetry
breaking, which may be due to new strong dynamics

@ Strongly-interacting gauge theories need not resemble QCD
@ Lattice gauge theory can provide non-perturbative information

For SU(3) gauge theory with Ny = 6 compared to Ny = 2
we find an S parameter smaller than naive scaling

Further refinements ongoing:

@ Additional data, m; = 0.0075 e Ny=10
@ Effects of finite volume, topology @ OPEforMy_a
@ “Twisted” BCs to reduce Q® ° ...

@ Testing cheaper lattice action
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Bonus slides!
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Experimental confirmation of electroweak theory

M, EXfitter st 4
r, 0.2
Opaa 17
[+ 1.0
AL 0.9
A(LEP) 0.2
A(SLD) 2.0
sinfol@ ) 07
0,
AY . 0.9
AR 25
A, 0.1
Ay | 0.6
R? 0.1
RY [ 0.8
Adip (M) | -0.2
M, [Ea| 1.3
Tw 0.1
m, 0.0
m, 0.0
m, F 0.4
3 2 A 0 1 2 3
(om * Orneas) / Ormeas (Gflttel’ GI’OUp)
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Gauge invariance example: electromagnetism

Electric and magnetic fields in terms of potentials ¢ and A

— B = A
E a1 Vo V x

E and B are invariant under the gauge transformation

¢—>¢—% A— A+ VA

In four-vector notation, A, = (¢,A) — A, + 9,A

Photon mass term in lagrangian is
smEAN = im2 (A-A - 02)

Forbidden by gauge invariance!

v
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Massless fermions from chiral gauge theory

(Chris Quigg)
Fermion mass term in lagrangian is myy = m (Y 1g + YgeL)

Yivp~ (0 ¥)) - (D)a

Forbidden by gauge invariance!
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Fermion masses in standard model

Need to make a gauge-invariant object involving

Yip~ (0 ¥y) (V)R

Standard model solution: stick in a Higgs ¢ = < ‘2; >
_ _ ¢+
w @5, (G ) s

With vacuum () = < v/?@ ), identify my, = \yv/v2.

All fermion masses and mixing are arbitrary free parameters! J
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Gauge boson masses in standard model
®— $1 + iz )
V/V2+h+igs

2
Lo = (D" (D,®) + y2dTd — A (chcb) =ov= /)
D= (0u+101Bu) 1+ [goWio®

W#* and Z masses pop out of (D)} (D,®). Relevant terms:

V_2(0 1) ( 92W3 918, g(W, g lW2) ) < 0 )
8 gg(W1 —I—IW2) g2W g1B 1
2

00 g Fz0) ()
8 \/_W_ (91 +92)1/22u/92 1
= M{,WH W, + IM3Z+Z, + - -

Mw = 392v = (Mz/g2)\/ 9% + G5 = Mz cos Ow

v
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Gauge boson masses in new strong dynamics

Now we have pions with
£, = FETr [(D'5)f (D,3)] /4
Y =exp(2ic®r?/Fp) ~ q1QgR
Dy =19, — 4G:Wjio? Wi = (W), W2, W2 - 918,/9,)

W= and Z masses pop out of F3Tr|D,X|2/4. Relevant terms:

(8,722 — Fpgo(9*m®)W2/2 + FEGE(W2)2/16 = [FpgoW2/4 — 9,7%)°
— FBGB (W2 + (W2)?] /8 + FB(d3 + g1)Z2/8

= My, WHW, + iM52"Z, — Fp=v
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Triviality of fundamental Higgs

XX == 50

1 27T2

472v2
N ~ My exp <>
3MZ,

My = 115 GeV — A ~ 1028 GeV
My = 700 GeV — A ~ 1000 GeV
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(Extended) technicolor in a picture

Massless SU(2) A new strong force Massless particle
Gauge fields Techni-quarks fermion fields

p , Techni-gluons
A Ay Ay U, Uy,

i - L

Spontaneous chiral symmetry breaking by the strong dynan}i S

Vv Y%

wt zV w- ‘C:'. .. o —=—p> TTV,V,,..

my =0

i
mw,z ~ F.° Mg ™~ (TT), .
TC

—

ETC

P Vranas, LLNL
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Fermion masses in extended technicolor

Integrating out ETC gauge bosons produces four-fermion operators
that provide both SM fermion masses and FCNCs

Masses: M FCNCs: (qq)(qq)
M2 MR
Erc ETC

FCNCs required by CKM mixing, limit obtainable SM fermion masses.
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“Walking” Technicolor

Merc o L

_ = = Merc\”
Tl = T ([ 00) = 77, (2)

@ y(u) ~ 1 for Arg < u < Mgere enhances fermion masses

@ Implies large, slowly-running (“walking”) coupling, small 5 function
M (K. Holland)i

Apre= 100-1000 A,

‘Walking: Ym large 7

QCD-like

i
!
i
I
|
i
!
i
i
!
!
i
!
!
i
!
i
!
!
i
i
!
by small
1

TS A T .
A, A 4 (K. Lane)
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Perturbative Yang—Mills 5 function

For SU(N;) Yang—Mills theory with N; fermions in representation r

3
B(g) = 8 = Bog® + 19° + Bog” + -

1 11 4
=~ (3 Nf“”)

1 3 (B 1
a5 (e ) )

Higher-order (3; depend on choice of renormalization scheme

d(Ad)) N2 — 1
any O = 5

C(N) = C(Adj) =Ne  Co(N) =

N —
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Conformal window

@ Strongly-coupled gauge theories can look very different than QCD
@ With many fermions, theory has perturbative IR fixed point;
it is in a conformal phase with no spontaneous xSB
@ The conformal window ranges from loss of asymptotic freedom
to some (unknown) critical N¢ < NAF
@ With Ny < Nf, may be approximately conformal (walking!)
for some range of scales

Visualization of conformal window
for SU(N;) fermions in N
fundamental rep:

al (a*<1)

Large N¢,

0

No

(Ethan Neil, Yale U.)
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Anomalous dimension

From “rainbow approximation” to “gap” (Schwinger—Dyson) equation

k-p

Ii’. ]‘1: lk

p) =1—+/1-=3C(ra(p)/m <1
Assume spontaneous chiral symmetry breaklng when

3Cy(r) ~ P

When a(u) = o, s, this gives (i) = 1
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Searching for conformal windows

B asym. freedom lost

@ confined, <iye-d
@ conformal, <fiye=0 @ @ latiica simulation Appelquist, Teming, Wiswardhana ‘97
M@ unknown, <fije=? L analytic NF bound { Appelquist, Flsming, Nail 07, ‘09
| x58 analytic NF estimats ||' Deuzeman, Lombardo, Pallants 09
(Updated 0) Appalquist, Flaming, Neil ‘07, ‘09 | ?ndH:f:{‘El‘Sém' 10
Sui 01 (Galumbia PhD thesis) E:‘;:f;z’: Lombardo. Pakanta U8 | Jin and ”,mnm 0

E:ﬁ:?:r‘: U[Eq Jin and Mawhinnay ‘01?
e 0
/ 4 e \
Appelquist &t 5. 09 (LSD) /
‘Yamada et al. '08, 10 Damgaard et al. '07; Haller ‘88
Hasenfratz ‘09

Iwasaki gt a1 04 Fodor st al. 09
Fodor et al. 00

ﬂppalquiﬂ.cnhan Schmaltz ‘00
Bulsa Del Dabbio, Keegan, Pica, Pickup 10

s II!I!III gl
12 16

Iwaaalu' et al. ‘04
Higtansn, Rummukainen, Tuominen ‘08

r
Catterall, Giedt, Sannino, Schnaible 09

Muraya, hlkarrurl Nonaka '03
Shullerud ot al. 04 - 5 —
Iwasaki st al. T4 Appelquist, Terning, Wijswardhana 97
Gatterall, Giedt, Sannino, Schnsible 08 Bursa, Del Debbio, Kesgan. Fica, Pichup 09
Del Debbio stal 10

Sinclair and Kogut 08, '10 Del Debbio, Patslla. Pica '08; Del Debbio st al. 19
=7

Shamnir, Svatitsky, DeGrlnc ‘08, 09, 10
Ne=3, sym. IIII I Ng=2, adj. &I I
‘ .+ (Ethan Neil, Yale)

Mf=0
10 December 2010 30/30
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NLOxPT for general N¢

Mo _gl1y 2mB [ 1 1o

om @xFe |“m T N, 09 47rF
2mB N¢ 2mB

FP—F{”W[‘“F‘z' (w )

2mB
oy =814 s

N o
EH’_/H/—’

@ ag includes “contact term” mA? ~ ma—2

@ NNLO M2 coefficients enhanced by N? (Biinens & Lu, 2009)
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Goldstone decay constant

0.05} 4

0.04] ]

T 0005 0010 0015 0020 0025 0030
m

. . 2 e
Joint NNLOXPT fit to Ny = 2 Fp, M, (i)



Chiral condensate

0_04....,....,....,....,....,....,..
I A
[ 0.002 ]

0.03F 4,001 ]
e

<> 0.02}

0.01} @ N=2
- ANf=6

0.00E=

0.005 0010 0015 0020 0025 0.030
m

Joint NNLOXPT fit to Ny = 2 Fp, M3, (i)
Linear term clearly dominant
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“Sommer scale”, vector and nucleon masses

; — . ; ; —
N=2My,| X N=10My,

N=6 My, | 9 N=10M,,,

N=2 Mp

¥ N=lox

fm

Nr:ﬁ M

pm
=71
N2

Hebeva

Nt = 2 and Ny = 6 all match at 10% level



Chiral condensate enhancement: preliminaries

@ Search for enhancement through (¢2) /F3
@ Not RG invariant: keep cutoff fixed in physical units
@ Focus on the ratio R of (¢1)) /F® between Ny = 6 and Ny = 2

du
6f

du
2f

MS perturbation theory & perturbative conversion to lattice scheme
predicts R = 1.27(7)

5M, M
(@) /Fer _ </M "

R:(<1/J¢>/F3)2f_ Mo (1)
exp(/ Z

M, M
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Enhancement of (¢y)) /F3, Ny =2to Ny =6

Find significant enhancement compared with perturbative R = 1.27(7)

e CF
[ m CM ]
=~ 25j + M 5

< U >

FM = MZ/2mF,| |CF =< ¥ > [F3| | M= G,

ki3

Origin of Mass with High-Performance Computing 10 December 2010 30/30



NLO yPT fits, Ny = 2 and N; = 6

e CF ]
= CM ] 1o
ﬁ 2.5k + M B N2 NLO, NNLO
= ] us Ni=6 NLO, NNLO
=
1l
] oo B
T

RXY.'m l Nf

-05

000 0002 G004 0006 0008 0010 LL]

@ NLOxPT fits work for Ny = 2 but not Ny = 6 (lighter my required)

MOR (W>_ Mz M _ =0
e GMOR = N Rasm

@ Fitratios to R [1 + m(axy1o + 1 log m)| where m = /m;mg
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Pseudo Nambu—Goldstone boson mass

0.5

2-0 T T T T T T T T T T T T T
L A
A A ]
A A 1
¢ ]
S I S— - o =
i & Ni=2 ]
A Ni=6

15]

0.0L—

0,005 0010 0015 0020 0025 0030
m

@ Slope of M,% with m significantly larger for Ny = 6
@ Plot against M3, to provide more physical comparison
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Vector and axial spectrum

0.6

05+

N=2, Axial-Wector
N =6, Axial-Vector
N=2, Vecior
N6, Vector
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1.2+ * :
3
I 1 1 1
0 0.5 1 1.5 2

Signs of Ny = 6 parity-doubling as M3 decreases

2 2
M r "IM\."(I

= implications for S parameter?
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Vector and axial decay constants

007 1o Naa 3
0065 |e N=6 .
L —

0.05 P
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0.07 4
_0.06
= 0,08 - *
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Need Fy = F, for parity-doubling to produce vanishing S parameter
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Wilson gauge action

Ux,, = expliagA.(x + [i/2)] (directed from x + /i to x)
Pesw =T [UeuUsi o Ul 5, UL

X+V,1

Se = ggz > (3= Pow = Pl

X pFv

1
— / 2P " + O(@) asa—0
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Domain wall Dirac operator

1
D)l(/‘,/y(MS) = (4 - M5)5x,y ) [(1 + 7#)U)t,p,5x,y+u

+ (1 = ") Ux uOx1py

DS,S’(m) = DW(M5) -+ 1i| 53’3/ -+ PL [(1 -+ m)657Ls—153/,0 — 55_;’_1’5/]
+ Pr [(1 + M)ds0ds 1o—1 — 0s,541]

DW—|—1 —PL 0 mP,q

—PR DW+1 —P[_ 0

D(m) = 0 P D" 41 ... 0
mP; 0 0 oo DW 4 Ao

P, =%(1—-15), PR =3(1+15); Ms < 2is height of domain wall
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Conserved and local domain wall currents

Conserved currents:

Lo-1 Lo1 Lo 1
Vra(x) = > j*3(x,s) AM(x) = sign <s - 2) j*4(x, s)

s=0 s=0

. — 1 H
J#2(x,9) = W(x + 7, 8) "

_ — M
—V(x, s)1 27

TaU;“\U(X, s)

Uy V(X + 10, S)
Local currents:

VH(x) = q(x)y"mq(x) A(x) = g(x)"y°r2q(x)

q(x) = PLV(x,0) + PrY(x,Ls — 1)
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Ward identities and violations

Qu [, €07/ (Va(x) VE(0))] = 0 Qu [x €% (VA(X)VE(0)] #0

Conserved-local g Iy Local-local g, I,
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Single-pole approximations to My _4

Ry (s) = 1272F25(s — M2) Ra(s) = 1272F25(s — M?)

Q*FfF @R}
M+ Q@2 ME+ Q@2

My_a(Q®) = —F3 +

2f [T and pole—reconstruction, my=0.01 6F IT and pole—reconstruction, m;=0.01
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Sin xPT, for Ny =2

Meg|
L N
S—1 ﬂ(€5—|—log Mf, 6

/5 is extracted from (Gasser and Leutwyler)

My_a(Q?) = —F3 + 2 [241 i <es - ;) - x)J(x)}

J(x) = 162<\/7|Og[\/@+1]+2>’ X =4M3/Q?

@ Our N > 6 simulations have Mp too large to apply xPT
@ General-N; corrections for /5 not yet known

@ Must take only two flavors to the chiral limit,
any others remain massive
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