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Introduction
[ 1o}
Introduction & Overview

What are Minimally Doubled Fermions?

Minimally Doubled Fermions (MDF) are characterized by ...

a standard chiral symmetry for finite a = no O(am) corrections!
@ an (only next-neighbor interactions) Dirac operator =

@ a pair of chiral fermions (cf. N.-N. theorem [H. Nielsen, M. Ninomiya 1981])
= even number of flavors, spectral doubling, taste breaking!

broken hyper-cubic symmetry = anisotropic mixing & counterterms!

o violation of symmetry under charge conjugation and some reflection!
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Introduction
oe
Introduction & Overview

Outline

e Overview & introduction

e Minimally Doubled Fermions (MDF) with flavor

@ QCD vacuum with (flavored) Minimally Doubled Fermions

o Flavored mesons with (flavored) Minimally Doubled Fermions
°

Summary
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Flavored MDF

Flavored Minimally Doubled Fermions )
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Flavored MDF
°

Construction of the action

Flavored Minimally Doubled Fermion action

o Degenerate MDF Dirac operator is derived from KW Fermions

5 = E)N + mo + rBW + 3r53
e Operators due to Karsten-Wilczek term (Wilczek parameter r, r* > %)
BW:faL’yo (3+a(2,D~D*>, D®= aLfyo

Karsten-Wilczek term in momentum space
; 3
DY =_—— cos(aq k;j
2, o FZI (askj)

@ Minimal number of doublers

R L[ 3 ki=0 Vj
D" = ={ +3 k=2 V]

a
ar "

+1 other Fermi points
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Flavored MDF
°

Construction of the action

Flavored Minimally Doubled Fermion action

o Degenerate MDF Dirac operator is derived from KW Fermions
D =D"+ my + D"+ (3r+ c)D®+diD*

e Operators due to Karsten-Wilczek term (Wilczek parameter r, r* > %)

DW:*QLW0(3+aiD'D*>v 53:;%, D* = Do7o

@ The MDF action is combined with Wilson gauge action
1 ik 1 0
gr()] — 1 1
Sé[U] = Em Bo j§<k N Re tr (1 Um) + B-(1+ dp) Ej N Re tr (1 Um)

o Coefficients are known [S. Capitani, M. Creutz, H. Wittig, JAW, 2010; JHW, 2015]
| di'/es  dt/es  ct/ed | q° \
_0.00106 —0.0893 —0.249 | Stmsi { na 0.216(1) ‘

1+dia? —0.926(2)

ds and d, are even functions of r, ¢3 is an odd function of r
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Flavored MDF
°

Construction of the action

Flavored Minimally Doubled Fermion action

e Flavored MDF Dirac operator is derived from KW Fermions

~

D = D"+ m + DY+ (Br+a)D’+dD'+ mM
e Operators due to Karsten-Wilczek term (Wilczek parameter r, r* > %)
i

EW = 7;’70 (3 + af,D . D*>, 53 = —"o, 54 = Do"/o

Flavor symmetry is broken by a second mass operator, i.e.
M= (1 + aiDODg>

o Alternative form: M = (1 + aiDoDJ) (3 +a2D- D*)

MDF action invariant under parity transform P and cubic group (W5)

-~

e Invariance: joint charge conjugation (C)/time reflection ('/7:)

Standard chiral symmetry (Y = 7s) in the chiral limit (ms = mo = 0)
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Towards flavor su(2) algebra

su(2) algebra

e Wanted: su(2) algebra, where one generator leaves m3I\Aﬂ invariant

e Construct su(2) algebra from three different shift transforms

X =0(—=1)", na_an7

pn=0
@ Representation of su(2) algebra
X ol x (=1)"
T = o? x (—].)'70 ® 1oxo
9 o x (=1)°

Commutator relations [\, 7] = 2i9, [7,9] =2}, [J,A] =27
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Flavored MDF
o
Broken symmetries

Broken symmetries for flavored Minimally Doubled Fermions

@ Redefine parameters

Br
a=dao, f_ (1+d4) &p = ‘*(1+dp)7
old new __ §m3 old new __ ffo}d _ £r°ld C3
m oM =g T T ira PT i aC T )

collect in multi-index x = {mo, m3, r, p,&; B,&5}

@ Regroup operators wrt. behavior under broken discrete symmetries

3
X =D"+dD" =3 Oy +Doo, V=D, Z=D"

j=1

@ Introduce signs {s,x,y,z} = £1 to capture common symmetry patterns

NSXYZ[U] X[U]+xmo +szr2[U]+syp?+xym3l\Aﬂ[U]

o Operator mixing due to broken symmetries restricted in loop functions!
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QCD Vacuum with MDF
00000

Quark determinant in QCD

QCD vacuum with flavored MDF |




QCD Vacuum with MDF
0@000
Quark determinant in QCD

@ Physically ‘most relevant’ loop function: quark determinant det D

Ks,x,y,z

@ Role model: Wilson twisted mass fermions at maximal twist
. 3

D™ — pN _ 5[-75 (32 ZO D.D; + (amcr)) + mo
=

three operators transform differently under two transforms: ¥ and P

= parity is a symmetry of the vacuum, no O(a) corrections to vacuum

@ Plan: invoke the symmetry constraints for MDF quark determinant
= analytically calculate dependence of det D, ,, on {s,x,y,z},

= derive properties of the (non-perturbative) vacuum




QCD Vacuum with MDF
00e00

Quark determinant in QCD

Eigenvalue equations

o Eigenvalue equations of the MDF Dirac operator

— AN
Ksxy,z ¢”S,x,yyz —
¢w D"Qs7x7y,z w - w’fs,x,yg

. . Ks,x,y,z
A priori, ¢y and wﬁs’x’y,z depend on all parameters R x v 7.

o Prototype: -5 hermiticity = reality & positivity of determinant,
*

eigenvalues in complex conjugate pairs: Wy, vz ~ K
XY S,X,Y,Z

2

2= ‘wmx

@ Chiral symmetry & positivity = |(,L),<&+x

@ su(2) algebra (X resp. 3) = w,,uﬂ = (_,dﬁ_y L= wﬁﬂ -,

= det D, =d[mi, m} r? p? spmsmy; &; B, €5

Ks,x,y,z

Invariance of the vacuum under all discrete symmetries is demonstrated
for ms = 0 or mp = 0. Arbitrary quark masses require one further step. ..
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QCD Vacuum with MDF
[e]e]e] lo}
Quark determinant in QCD

Charge conjugated eigenvalue equation

o Transform with C: cancel sign s (= averaging quarks and antiquarks)
= @ree[UIC CD,,,, [UIC Coemre[U]

=—(@mmr= )T (B

wH’S,XeYeZ Ks,x,y,z

N (7)) M Cn ()

= (B Dy VN U)) =

same spectrum for = D and D (but different eigenvectors)

2=0,

K—sxy,z Ks,x,y,z

o Eigenvalues depend only on x: Wy vz = Wk, & ‘(JJKX

det Bms,x,y,z: H Q. = d[mj, m3, r?, p%&,8,65]> 0

0<arg(wy, ) <m

Invariance of the MDF quark determinant under all discrete symmetries
is manifest for arbitrary bare parameters and for arbitrary gauge fields.
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QCD Vacuum with MDF
[e]e]e]e] ]
Quark determinant in QCD

Properties of the QCD vacuum

Clnvariance of the quark determinant implies invariance of the vacuum. )

o If the counterterm coefficients are tuned non-perturbatively, the quark
determinant’s leading cutoff effects are of O(a?).

= The QCD vacuum with Minimally Doubled Fermions receives no O(a)
corrections and is an even function of the two bare quark masses.

o NB: Another flavored MDF field does not alter the symmetries.

o NB: det BNS,X,Y,Z is an even function of &, which follows directly from its
m3 dependence and a hopping parameter expansion.

o NB: det Bﬁs‘x,y,z does not have to be an even function of the
counterterm coefficients ¢z and dj.

The QCD vacuum is fully ignorant of {s,x,y,z}. Hence, valence quarks
with different choices for {s, x,y, z} have exactly the same QCD vacuum.
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Mesons with MDF

Flavored mesons with flavored MDF J
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Mesons with MDF
o

Even-odd structure of quark propagators

Generalized even-odd structure of quark propagators

o Introduce su(2) projectors PF = 1 (1+7)

— Sort quark matrix and propagator by ﬁf even- structures
Bﬁs,w,z =E+ ) E=X+ Xmo, = Xymzf\A/l + syp\A/ +sz2rZ
gms,xyyyz = §E + g 5 §E = (E — E71 ) 71, g = —§E E71

o Introduce charge conjugation projectors 133[ = % <1 + CA),
— Sort quark matrix and propagator by .‘3i even-odd structures

DNs,x,y,z = ﬁ+ S@)
Skerys = 5" 4557,

n= X+xmo+xym3M @:yp?—l—zr?,
- (f@ﬁﬂa 1Y = St

Ks,x,y,z

C-0dd structures due to Karsten-Wilczek term: &, S“ ~ O(a)
o Nested even-odd structure for different broken discrete symmetries
gns,x,y,z =S5 4 my8"° 4+ sm;S@E 4 s5¢

linear dependence on flavor non-singlet mass parameter ms; exposed
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Mesons with MDF
o0
Generic meson correlation functions

Generic meson correlation functions

@ Meson two-point function has quark-disconnected & -connected parts

Cr, 5, (m0) = ; [< (1/_10?31/)0) (Jj”fbw") >]u
=3 [(802) (S0l - (8o,

[. . ] — gauge average, < . > — combined Dirac and color trace
U
o Sort kernels fa,b of the interpolating operators by symmetries, e.g.

(I} = {1,7s, ivu7s )} {I*} = {y, ivuyw}, point-split operators

@ Quark propagators are linked to kernels through even-odd structures

<§fa> = <§"f‘f+s§wf§’> = <§"IA“E">+S <§“’f‘;">

o Terms s vanish for sufficiently symmetric IA“a,b = no C or 7 violation
@ Vacuum is ignorant of s = +1 = may average s = £1 in valence sector
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Mesons with MDF
oe
Generic meson correlation functions

Nested ﬁf and IADCjF projections

[ o Apply /?’EF projections — average +s — apply .‘?"’Ti projections ]

e Quark-disconnected contribution (propagators intertwined with fa,b):

i (m) =Y [<§35f O (SHRTY) o+ (S651%) (Swals®)

u

2
+ m3

(338720 (319770 ) + (SofTee ) (SueTs*)

@ Quark-connected contribution (same pattern for any symmetric r as b)

Crst) = -3 { (SUEFSSHETS) + (Sars8airs)

n

u

2

(SIRTSSHOTY ) + (SHbTSSenTy )

u
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Mesons with MDF
o
Parity partners

Parity partners and ‘taste breaking'

@ Quark-connected correlation functions for MDF receive contributions
from parity partners (same as for Kogut-Susskind Fermions)

Cretm) =~ 3 [ (SEPTSHETS) + (357 TS%0TS

U

“E seE ~s ~ ~snp ~s
= - E [<5n,oToFa So.nlp Tn0>_<5n,07—0-pa Sonl} Tn0>
n U

where 7,, = i70v5(—1)™ is the matrix of the temporal shift transform
o States with opposite parities in quark-connected correlation functions

con 1 SE ASTE 7s\° <0 mseo As\®
Cfasfbs(no) =5 Z< <55,0F;,,55(fnﬂf> + <5n,0F550,anS> >
n u

o~ A~ A~ ~ s o~ o~ A~ o~ s
—|—(—1)n0< <S,5070F;5(anETo> 7<S,,,0T0F5507,1F£,97‘0> >
U
= the parity partner has different cutoff effects — ‘taste breaking’

o Trade taste breaking between partners by +s — —s on one propagator
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Mesons with MDF
L]
Flavored pseudoscalar mesons

Pseudoscalar spectrum

Pseudoscalars with fa,b = {95,7, 1, i70ys} (for 40,1 as parity partners)

Livoys € {I"F}, 45 € {I"°}, o€ {I*%}

~5-channel:

o ) = CE2% (1) + 2%, (o)
== Z <5"o’7550 ’Ys> + <§ff,o 7555 ’75>}
n L U

+m3 <5n075557f37“5> + <§:§§5§;f¢5>]
U

W

+30 m3 <sgow5><§x2ag>]
n U
o Quark-disconnected part at leading order O(m3), zero in isospin limit
e Compare with e.g. SU(2) ChPT @ NLO [1. Gasser, H. Leutwyler, 1984]
2
b (x-)? = k [2Bo(mg — m,)]* (°TIm U)
o Characteristic quark-disconnected term =- ground state is neutral pion
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Mesons with MDF
L]
Flavored pseudoscalar mesons

Pseudoscalar spectrum

Pseudoscalars with fa,b = {95,7, 1, i70ys} (for 40,1 as parity partners)

1,inoys € {T"F}, % € {7}, 70 €{T°}
Other spin-0 channels:

@ Yo- & 1-channels: pseudoscalar parity partners, opposite sign of m3 in
connected part, no quark-disconnected contribution
= taste-broken charged pion states

@ ivpYs-channel: quark-disconnected part due to SnE persists in chiral &
continuum limits, same sign of m3 in connected part as ~5-channel
= flavor singlet <> eta meson

o NB: scalars are found in 1- and ivg7ys-channels, the latter as
taste-broken parity partner
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Summary

Summary

o Constructed a flavored Minimally Doubled Fermion action

@ Broken symmetries and su(2) algebra are manifest at finite cutoff

o MDF quark determinant is ignorant of broken discrete symmetries for
arbitrary gauge fields and arbitrary bare parameters

@ QCD vacuum is invariant under charge conjugation and time
reflection and receives no O(a) corrections

o Quark propagators are even-odd decomposable wrt. symmetries;
decompositions for various discrete symmetries can be nested

o Flavored meson propagators distinguished unambiguously by
dependence on flavor non-singlet quark mass ms; and in terms of
(non-)existence and nature of quark-disconnected contributions

o Taste breaking avertible by simple means, no fine tuning
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Backup slides
o

Historical view on Minimally Doubled Fermions

A brief history of Minimally Doubled Fermions so far

Minimally Doubled Fermions suggested in early 80s [L.H. Karsten, 1981]
Anisotropic patterns for Karsten-Wilczek Fermions [F. Wilczek, 1987]

Spatial MDF, mirror fermion symmetry [M. Pernici, 1995]

MDF Revival: Borigi-Creutz Fermions [M. Creutz, A. Borigi, 2007/08]
Symmetries of MDF [p. Bedaque, M. Buchoff, B. Tiburzi, A. Walker-Loud, 2008]
Renormalization of MDF [s. Capitani, H. Wittig, JHW, 2009/10]

Flavor interpretation, axial anomaly with KWF [B. Tiburzi, 2010]

Index Theorem with MDF [T. Kimura, M. Creutz, T. Misumi 2010

Numerical Studies of MDF (quenched) [s. Capitani, H. Wittig, JHW, 2014]

Correlation functions with KWF (quenched):
oscillations, parity partners, taste breaking, continuum limit [JHW, 2015]
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Backup slides
(]
Towards flavor su(2) algebra

Pernici's mirror fermion symmetry

o Degenerate MDF have mirror fermion symmetry [M. Pernici, 1995]
AWTT AW  P3TT PR3
D" — D", D — D

Form-invariance of action: combined reflection & shift transform

@ Shift transform can be defined with shift operator 7

1/_) - 15?7 Y =Ty, T=Tmn = ToOmn, Trg = iv07s(—1)"

Flavored MDF: mirror fermion symmetry is broken by m3I\A/I — fm3/\A/l

1ym3M1) has a continuum limit — treat as flavor non-singlet mass term
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Backup slides
[ Je]
Broken symmetries

Quark modes for flavored Minimally Doubled Fermions (tree level)

<— mass

—s(35(y +2))

+s(35(y — 2)) —s(3%(y — 2))
Crym ) (oo s 1)

o Exactly two non-degenerate quark modes in the continuum limit

e su(2) generators of (X T, 5) swap between pairs of fermion modes

e Charge conjugation/time reflection invert the sign of the energy shift
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Backup slides
oe
Broken symmetries

Broken discrete symmetries for flavored Minimally Doubled Fermions

BHS,x,y,Z[U] = 5\([U] +xmo + szr?[U] +sypY + xym3l\7l[U]

Transform|  Effect X Y 4 1 M u° u°
X | oAsy | X | =Y | =2z | 41 | +M | +U° | +U°
7 AT | +X | =Y | —=Z | 41 | =m | +U0° | +u°
b\ IMANG | +X | =Y | +Z2 | 4T | -M | +U° | +U°
9 POADY | +X | +Y | =Z | +1 | +M | +U° | +U°

OCACY | XT | =YT | =Z7 | 427 | +M7T | 0% | +u°*
OTATY | +X | =Y | =Z | 41 | +M | =U°T | +U°
JPAPY | +X | +Y | +Z | +1 | +M | +U° | vt

PO

o Four out of five independent symmetry transforms are broken for MDF

@ Operator mixing due to broken symmetries restricted in loop functions!
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Backup slides
L Je]
Quark determinant in the free theory

Quark determinant in the free theory

@ Momentum modes decouple, det D is explicitly calculable

Rs,x,y,z

o Factor out imaginary factors and GL(4, C) matrices

= IZX;/VH’ = iZ7o, Y = iY o, M=wm
5 . 1.
Xo = 3 sin(€ako), Xj= 3 sin(akj), M = cos(£ako),

3
1
Y = =3 Z:: cos(ak;).

m.—\

o The integrand is a real, scalar function for each momentum mode
2
Dy = Ay = | (X0 + slypY +202)} + X2) + (mo + ymsM)’|

o Infinite volume, absorb lattice spacing k; — ki = ak;, ko — kg = Eako

+m d4k
det Dy, ,, = W Ak, . (K),

-7
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Backup slides
o] ]
Quark determinant in the free theory

Origin of the symmetry of the quark determinant

o The integrand breaks the symmetries explicitly, depends on {s,y,z}:
2 2 2 2 2
Apey, = [X + pg + e+] +4Xger +4p~ + 4e”
s yz y(z
sy yze  (z z y

where signs {s,y, z} have been factored out from

py = ms + (m3M)2 >0, w— = momzM,
er =p Y 4+ 1rPZ2 >0, e =prYZ
° S,y,z

= symmetries restored upon integration.

[ detD,..,. — d(md, mi, 1) ]
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Backup slides
o] ]
Quark determinant in the free theory

Origin of the symmetry of the quark determinant

o The integrand breaks the symmetries explicitly, depends on {s,y,z}:
2 2 2 2 2
A,@S,y,z = [X + pt + e+] +4X5er +4u + 4e”
s yz y(z
sy yze  (z z y

where signs {s,y, z} have been factored out from

py = mp + (msM)* > 0, p— = momsM,
e =p°Y? + 17722 >0, e =prYZ
° S.y.Z

= symmetries restored upon integration.

Symmetry breaking terms do not vanish by themselves, symmetry
violations actually cancel between different quark modes.
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Backup slides
@00
Quark determinant in QCD

Eigenvalue equations

e Eigenvalue equations of the MDF Dirac operator

TRsx.y,z ) Ks,x,y,z
¢“~’ D'ﬁs,x,yyz w - w"@s,x,y,z

s, x,y,z

Eigenvectors ¢, and eigenvalues wy, , ,, depend on all parameters

( N
e Prototype: 75 hermiticity = reality & positivity of determinant

— THRsx,y,z N Rs,x,y,z  __ _Hs,x,y,z/\ Rs,x,y,z f
Wrage = G775 98Dn, 5 3505 = [0 D U0
—_——— — — ——

@5 Bl =@t

Ks,x,y,z

= Eigenvalues only in complex conjugate pairs: wi,,, . © wk, .

~
det DHS»XvaZ = | | wHS»XvaZ = | | ‘w’{svxa)/az
w

OSarg(wh—,S‘x’y)Z )<m

250

using that MDF have imaginary eigenvalues w;, . in chiral limit
and demanding that quark masses are positive (mg®® > |m3*"| > 0)
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Backup slides
(o] o}
Quark determinant in QCD

Quark mass dependence

o Use positivity, expand determinant as square root

det D}

Ks,x,y,z

det ENS,WZ = \/det D det an,x,y,z = \/det D

Ks,x,y,z Ks,x,y,z

@ Sort in x, i.e. sort even and odd terms under action of X

~

D :XE+5, E:moermgl\/}l7 6:)?+syp\7+szr2

Ks,x,y,z

e Expand determinant in E and O

det Dysyz = |/ det(xE + O) det(xE — 0) = \/det E2det(1 — [E-10]2)

assuming that E~' exists (both quarks are massive) = x cancels
= detDy,,,. = d(my, m3,ymsmo;syp,szr,&; B, Es)
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Backup slides
ooe
Quark determinant in QCD

su(2) transforms

e Transform with A: cancel sign y (= average combinations of m3 and s)

w = Q_SKS'X’Y”X \D X:\\qﬁns’x’y’z =w
Ks,x,y,z — w Ks,x,y,z w - NSvX;_YvZ
—— ———

:D’”’s,x,—y,z

= Wheytyz = Wrey ., (though different eigenvectors)

o Transform with ¥: cancel sign z (= averaging with the k, = Z modes)

_ IRsxyz 29 0 99 ARsxyz
Wrsy: = PO Dk, 0 000" = Wy
—— ——

3
$,X,¥, —Z

= Weeyyir = Wreyy _, (though different eigenvectors)

= det Dnsyx‘y‘z - d(mg7m§7r27p2aspm3m0;£;/87€/3)

Invariance of the vacuum under all discrete symmetries is demonstrated
for ms = 0 or mp = 0. Arbitrary quark masses require one further step. ..
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Backup slides
L]
Even-odd structure of quark propagators

Chiral - structure of quark propagators

o Introduce chiral projectors Py = 1 (1 + )
— Sort quark matrix and propagator by ﬁ%even-odd structures
Bﬂs,x,y,z = XE + 5, E = mp + ym3l\/h7 0= 5\( + syp? + szr?
L=x55 459 5F= (E - 6?‘16) 1 59=_SFOE!

. L L x—OE™') (xE+O) E_OE-10
SD:(xsE+50)(xE+o):< ~ A>A( . >:A — =5
E—OE-10 E—-OE-10
o SF and S© connect different sets of chiral projectors Af = % (1 +~s)
R P* — PESEPE. PG B BETODB
Py Suey.Px = PLS PY, P{Sk.,,.Pl =P S7P]
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Backup slides
L Je]
Generic meson correlation functions

Projection operator formalism

@ Meson two-point function has quark-disconnected & -connected parts

Cry i, (m0) = X [((FoTsvo) (daTun) )]
_ znj [(S00Ls) (Sunls )], = [(SnolsSonli)]

o Insert 1 = /I5C+ + ﬁc_ into the traces, use cyclic property, e.g.
(SE) = 3 (Pe5"Pal, + sPE5"P:" L)

o=%+1
-y <§n P F,PZ 455 ﬁc—vaﬁg>
o—t1 H/—/ W—/

@ Sort kernels fa,b of interpolating operators by symmetries, e.g.

(I = {135, ivuwst, AT} = {ws i}
@ Quark propagators linked to interpolators through even-odd structure
(SR = 3 (§FPe+s5°Tepe ) = (770 )+ (S°T%)
o==+1
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Backup slides
o] ]
Generic meson correlation functions

ﬁé‘ projections

@ Quark-disconnected contribution:

c (n0) = E [<5 of”> <§;z;,;7> + (S0l (Si1)],

B (m) =Y = [(SloTySE.Iy) + (SialySenly )]

— [(SnoT5S. T8 ) + (Sialy Sl )|
— s [(Sro Ty S5als ) + (Siol380, 05 )]
[<5:0f;}557np"> + <§:0F§°§5J,nfg>}u

e Terms o s are ~ O(a), vanish for symmetric I, , = no C or 7 violation
e Vacuum is ignorant of s = +1 = averaging correlators for s = +1 and
s = —1 on same configurations legitimate, no change of continuum limit
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Backup slides
(]
Pseudoscalar mesons

Flavored pseudoscalar mesons

Pseudoscalars with fa,b = {95,7, 1, i70ys} (for 40,1 as parity partners)

Livoys € {I"}, % € {I"°}, € {I“°}

~s-channel:

__ (con disc
G5 5 (m0) = G755 (o) + 55755 (o)

iy [ - <snmsSows>}

+m

W

<5"o’7555’,,75>+< S5 7S >]

Y m <§a€%><§;ﬁ%>]
n U

o Quark-disconnected part at leading order O(m3), zero in isospin limit
o Compare with e.g. SU(2) ChPT @ NLO [1. Gasser, H. Leutwyler, 1984]

2
b (x-)? = k [2Bo(mg — m,)]? (*Im U)
o Characteristic quark-disconnected term =- ground state is neutral pion
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Backup slides
(]
Pseudoscalar mesons

Flavored pseudoscalar mesons

Pseudoscalars with fa,b = {95,7, 1, i70ys} (for 40,1 as parity partners)

Livoys € {I"}, % € {I"°}, € {I“°}

“Yo-channel:
Copol0) = €557, (o)

——2271:{ [< 0755"E75> <5n07550n’75>]u
—m3 [<S"075§32'ys> - <§,“,f§75§5f575>} } x (=1)™
U

o No quark-disconnected term at all (charged pion)
o Leading power m3 in numerator has opposite sign (different flavors)

(x=x—) = [2Bo(mg — m,)]? (r*Im U7*Im U)°

— Lg and H> terms of SU(3) ChPT @ NLO [3. Gasser, H. Leutwyler, 1985]
o Opposite sign of O(&?) terms of numerator (different tastes)
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(]
Pseudoscalar mesons

Flavored pseudoscalar mesons

Pseudoscalars with fa,b = {95,7, 1, i70ys} (for 40,1 as parity partners)

Livoys € {I"}, e {I"°}, ~€{I*°}
“Yo-channel: flip s — —s for only one propagator

Cping(m0) = €552 (o)
-2 { [<§;{’§75§g’§w> + (5161555 vs>]

—m3 {<§;],8’Y5§$7’2’75> + <§5J,g’75§5f,’;:75>} } x (—1)"
U

u

o No quark-disconnected term at all (charged pion)

o Leading power m3 in numerator has opposite sign (different flavors)
(x-x-) = [2Bo(mg — my)]* (r*Im Ur*Im U)
— Lg and H> terms of SU(3) ChPT @ NLO [3. Gasser, H. Leutwyler, 1985]

° Same sign of O(&?) terms of numerator ( same tastes)
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Pseudoscalar mesons

Flavored pseudoscalar mesons

Pseudoscalars with fa,b = {95,70, 1, iv07s} (for 70,1 as parity partners)

Livoys € {I™}, 4 € {I"°}, 0 € {I*°}

1 -channel (iyoys = 70):

Cua(m) = G (o)
iy { [<§;{’g¢0§g{§m> (S8 @}
n U

,mg |: <§:,gfo,5\g,g7'0> - <§:L:g7'o’5\6‘f7'0>:| } x (=1) + ...
U

No quark-disconnected contribution for pseudoscalar (charged pion)
Same pattern of O(m3) and O(&?) terms as yo-channel

o NB: The different interpolating operators (i.e. 7o, 1) for charged pions
are needed for decays with three-point functions (e.g. po — 777, ...)

NB: Scalar states in 1-channel receive quark-disconnected contribution
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Pseudoscalar mesons

Flavored pseudoscalar mesons

Pseudoscalars with fa,b = {95,7, 1, i70ys} (for 40,1 as parity partners)

Linoys € {I"}, % € {I"°}, 0 € {I*%
ivoys-channel (iyoys = 7o):

Croro(M0) = €% (m0) + CH5E (no)

=— % Z <§g,€T0§aETo> + <§;J,0 TQ/S\(‘J’J’,, 7—0>}
" U

+...

2 <enO__ &nO SwE _ QwE
+m3 | (51078 9m0) + (SifroSimo )
L U

3| (S8 (St
n L U

@ Quark-disconnected part is O(1), nonzero in chiral & continuum limit

= peudoscalar flavor singlet, i.e. ground state is the eta meson
o NB: Quark-connected part is indistinguishable from a neutral pion.
o NB: Scalar states exist in quark-connected part of the iyoys channel
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