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isospin symmetry

the two lightest quarks, the up and the down, have different masses and different
electric charges, nevertheless

'ﬁld*"hu N
— <1, (ew —eqlef em K 1
Aqcp

thanks to isospin symmetry:
® hadrons can be classified according to the representations of “angular momentum" algebra
® hadronic processes can be studied, separately, in the different isospin “channels”, for example
1=0,1,2
Tr — 7T, [7n — 7w
N— —

forbidden

® the neutral pion two-point function has no quark disconnected diagrams

® unquenched simulations with light Wilson fermions are possible (without reweighting)

det (D[U] + 1myq) det (D[U]T + mud) >0

® etc. etc.



why isospin breaking?

isospin breaking is a small effect but generates a rich phenomenology:

N

® chemistry: hydrogen is stable because the electron capture reaction (Number of Neutrons)
p + e — n + v is forbidden

Mp — Mp = [Mp — Mp]9°P + (M, — M, )PP > 1,
—roor
<0

Type of

® flavour content of the hadrons: the mixing angles between {7r0, n, n’}
and {p, w, ¢} are very different, why?

® flavour content of the “new” X, Y, Z hadrons: [c¢][uu] would be a
neutral state with definite flavour and isospin quantum numbers: a “pure”

tetraquark!
A.Esposito, M.Papinutto, A.Pilloni, A.Polosa, N.T., arXiv:1307.2873
Y.lkeda talk
concerning matrix elements relevant in flavour physics
FALG Eur.Phys.J.C71 (2011)
FALG2 http://itpwiki.unibe.ch/flag
A.Kastner,H.Neufeld Eur.Phys.J.C57 (2008)
V.Cirigliano,H.Neufeld Phys.Lett.B700 (2011)
Ff"(o) =0.967(4) ~ 0.4% Fg/Fr =1.194(5) ~ 0.4%
+.0 xpt F.,/F xpt
FET™(¢%) [M 1 —  —0.0022(6)
_ = 0.029(4) Fr/Fr Qcp

KOr— (.2
Fy (a*) Qcop



isospin breaking on the lattice

QCD+QED is a renormalizable theory
that can be put on the lattice _ 2 9
g= (<2 0% mu.my, ms)

the direct simulation is possible if
each single determinant is positive = s dAe—SIA]l qu = BSIU] get (D[U, A; G]) O[U, A; §]
G.Schierholz poster m.,, g ~ mg (0)9 =

[ dAe—S[Al qu e=BSIUI get (U, A; )

but very expensive ...

i 2
3% = (0, (492, m%,, m0 _ m° . . )
s ud ud s
® much more practical to (re)use the gauge configurations

o generated in isosymmetric QCD
;0 [du e B SV det (DIU; 5°1) O[U; 5°)

(09 = ® this can be done by reweighting pure QCD ensembles

fau e=BOSIUY qet (prv; §0]) ) )
® the values of the bare parameters in the two theories
depend upon the renormalization prescriptions, more to
say later on this point. ..
_(8-p%)s[U) det (DU, A;§))

R[U, A; Gl = e det (D[U:§0]>

® in the electroquenched approximation sea quarks are
neutral w.r.t. QED:

<o>f7: ( z«:o>Av§0 R[U, A; 5] — 1
(R0



the first pioneering calculation: non-compact QED

® QED is treated in the non—compact formulation: the gauge potential

Duncan,Eichten, Thacker, Phys.Rev.Lett. 76(1996)
A, is the dynamical variable

og=-12
a= 08

04
00

s14] = 22; [V} Au @) - v Au@)]? <
Tip,v <

® the QED+QCD links are obtained by exponentiation

o or oz o
) A (2) (Mq + m) V)
ieped, (z | i
Uy (x) — " Up(x) FIG. 1. The mass squared M} (in GeV?) for neutral pseu-
doscalar meson vs latiice bare quark masses 11, + g (in GeV)
is shown for various quark charges ¢, = 0.0, ~0.4, 0.8, and
iy

® by imposing periodic boundary conditions on the gauge field and a gauge fixing (here Feynman), one gets

SeEp = 33, Au@) [-VoVE] Au@)
V;A“(z) =0

3 X5 A% (k) [2sin(ky /2)]% A, (K)

® without additional prescriptions, the photon propagator is infrared divergent and the Gauss’s law is inconsistent

Y, Fu (@) = Ju(2) 0= "V, Ei(t, @) =e> 8, F)=e



the first pioneering calculation: non-compact QED

® QED is treated in the non-compact formulation: the gauge potential Duncan, Eichten, Thacker, Phys.Rev.Lett. 76(1996)
A, is the dynamical variable

=12
= 08

sl =~ 3 [ViAv@) - Vi Au@)]?

e :

1
4

® the QED+QCD links are obtained by exponentiation

o o1 04

oz

. (mq + m3) GeV)

iereAy (x )

Uy(z) — €°f w(@) Uy (x) FIG. 1. The mass squared M} (in GeV?) for neutral pscu-
doscalar meson vs lattice bare quark masses m, + m (in GeV)
is shown for various quark chrges ¢, = 0.0, —0.. 0.8, and
-12.

® by subtracting the zero momentum mode, a residual gauge ambiguity, both problems are solved
SQED = %Zk;ﬁo A;(k)[QSi“(kU/Q)]Z A;L(k)

Vi [Au(z)+c] =0

= 13, Au@ [-vy Vi Pt AL
PLo(z) = d(2) — & T, 6(v)

— pt [V;F,“,(:c) - Jy(x)} =0

® it can be shown that this infrared regularization changes physical quantities by finite volume effects, no new ultraviolet
divergences: (large) FVE are unavoidable, QED is a long range interaction!



14+ 1+ 1 QED+QCD on the lattice

o (GeV)
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T.lzubuchi et al., Phys.Rev.Lett. 109(2012)
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® by splitting the ratio of determinants into several factors (nth—root trick,

mass/charge preconditioning) the T.lzubuchi et al. and PACS-CS
collaborations have been able, on volumes L ~ 3 fm, to take the
fluctuations of the reweighting factor under control!

® for g 7# M., reweighting see also
J.Finkenrath F.Knechtli B.Leder, arXiv:1306.3962
J.Finkenrath and B.Leder talks

® note: since isospin breaking effects are very small, the differences between
isosymmetric QCD, electroquenched and full QED results may be smaller

than the statistical fluctuations, back on this point later. ..

® home message: 1 + 1 + 1 QED+QCD lattice simulations are feasible!
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QCD vs. QCD+QED

BMW arXiv:1306.2287, A.Portelli talk

PACS-CS, Phys.Rev. D86(2012)
T T
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® 3 (trivial?) statement: QCD and QCD+QED are two different theories
(epe)? & . fmy —m$] —QR—
TH(2)J,,(0) — @i+ X [l @my + el @) dpep +eg (0GP
7

electromagnetic currents generate divergent contributions that redefine the vacuum energy, c1, the quark masses, cfn,

the quark critical masses (if chirality is broken), 057,, and the strong coupling constant (the lattice spacing), cg

® physics is QCD+QED: the PACS-CS collaboration, used
{MﬂJr,MKJr,MKO,Mﬂ,} . {mu,md,ms,a}

and, of course, the mass of the up and the mass of the down are different: that’s it!

® on the other hand, it is interesting (and useful in practice) to define differences as J\IEEDJFQCD — MPQCD: how?



matching QCD+QED and QCD

J.Gasser, A.Rusetsky, I.Scimemi, Eur.Phys.J. C32 (2003)
RM123, Phys.Rev. D87(2013)

the parameters g of isosymmetric QCD can eventually be fixed independently from g by performing “standard” QCD
simulations, for example

~0 ~0 0
(Mo v vy} — gm0}

on the other hand, when simulations of the full theory are performed, one can use the following matching condition

o Zi(p")

. ~ ~0 *
experiment — g; , Gi (1) =gy (u™) 9 = —o, 9 1B
Z) (1)

and define isospin breaking effects as AO = O(g) — O(gp) and Leading Isospin Breaking (LIB) effects as

a o o o
2 2 0,2 0 cr cr
a0 = \Foa ot - @] g tims mmig g il e



matching QCD+QED and QCD

J.Gasser, A.Rusetsky, I.Scimemi, Eur.Phys.J. C32 (2003)
RM123, Phys.Rev. D87(2013)

the parameters g of isosymmetric QCD can eventually be fixed independently from g by performing “standard” QCD
simulations, for example

~0 ~0 0
(Mo v vy} — @l ml %)

on the other hand, when simulations of the full theory are performed, one can use the following matching condition

0 Zi (1)
. ~ A0 * 0] 2
experiment — g; , Gi (1) =gy (n™) 9 = —5——9; — 1B
Z) (1)

and define isospin breaking effects as AO = O(g) — O(gp) and Leading Isospin Breaking (LIB) effects as

2 ,
9 Z lé) Zm ¢ ?]
2 .2 9s A0 N f .0 cr
AO = é —+ C - X — 4+ | — m — 4+ Am
262 [gb (ng gé) } 992 s 20, 1 amg f oms”

the counter—-terms in the perturbative expansion do arise because the renormalization constants (the bare parameters) of
the two theories are different

one could use a similar strategy to match the ny = 2 + x and ny = 2 + y theories in order to calculate quenching
effects



matching QCD+QED and QCD with xpt
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T.Blum et al., Phys.Rev. D82(2010)
T.lzubuchi et al., Phys.Rev.Lett. 109(2012)
S.Drury talk

riamd,

MILC, PoS LATTICE2012 137
MILC, arXiv:1301.7137
D.Toussaint talk R

J.Bijnens, N.Danielsson Phys.Rev. D75(2007) phys. ™ phys. K 4

M.Hayakawa, S.Uno Prog.Theor.Phys. 120(2008) Wgoo‘ — ‘0‘05‘ e L

0.10
(mytmyry x (Zp/2°°")

® all the terms allowed by symmetries are present in xpt formulae
2 B (o N L2 A 2
Miy = By +12) +é°Cler —e2)” + [+ ]
that can be reexpressed in terms of the parameters of isosymmetric QCD by redefining the low energy constants

i = (14 e26)md — M2, = Bl +m3) +e2C(er — e2)? + [ o+ &2Bm + 52m‘2’)]

® the matching is somehow “automatic” but the separation prescription has to be specified when quoting results for the
QED and QCD IB effects

® note: whenever lattice data are fitted by neglecting O [&em (1vg — 7724, )] terms, one is actually calculating LIB effects



LIB effects as a perturbation

RM123, JHEP 1204(2012)
RM123, Phys.Rev. D87(2013)

® LIB effects can be calculated directly by expanding the lattice path— integral w.r.t. Gem ~ (g — mu)/AQcD

_ (R Agl oW, a:g)* T ((1+R+) (0404

o= ; o) + a0
7 ( RIU, 4A; 9] )A’~‘70 (1+R+---) (3)

® the building blocks for the graphical notation, used here as a device to do calculations, are the corrections to the quark
propagator

A—— " =

erep S (epey j& — g — ) —@— F [ — mg] —@—
*€2€f Zef] M _ 62 Z 8?‘] @ _ 82 Z ei‘ 4; + 62 Z efle'fg N —
f1 f1 fi

fifz

+Z:&:[m§-’l‘ —m§ | —>—— + Z [mys, — m[}l] — + [q;‘) — ((12)2] —_— .
f fi




LIB effects as a perturbation

T.lzubuchi et al., Phys.Rev.Lett. 109(2012)

RM123, JHEP 1204(2012)
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® isosymmetric vacuum polarization effects, those that do not “read” the charge of the valence quarks, are expected to be

sizable (confirmed by T.lzubuchi et al.)

A—Ri:

(ese)? M + (ege)? EB} = [mg —m§] —@— F[m§ —mf’] —@—
—e; Y en M —ety e, Q —e2y e S — e e, ——
f1 fr

f1 fifa

> = mi ] Y [y, —m ] 4 [ - (o) ——
£ f1




LIB effects as a perturbation

RM123, JHEP 1204(2012) T.lzubuchi et al., Phys.Rev.Lett. 109(2012)
RM123, Phys.Rev. D87(2013) 410°F T T T T .
Vs e, (Tyeven) termin AM,* (Gev)? | ® @myamy) = (001,002
. . 3x10° A (am,, am,) =(0.01,0.03)
1+R+--- O+0+--- 5[ * (am,, am,) = (0.02, 0.03) []

-0 2x10
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O
0 13 2/3 413

1
q,-q,

® vacuum polarization effects proportional to the charge of the valence quarks are a flavour SU (3) breaking effect; can be
estimated by the knowledge of the leading order xpt QED low energy constant

A—%i:

(g S (e 5% g = m) —@— F m — ] —@—
ezefZehM 78226? — 76226?1 —_— +ezzeflef2 *‘
f1 f

fr fifa

v Q ..

Y tm —mg ] > + Y [my, —my ] [ (g0 .
f1 f1




hadron masses vs matrix elements

® consider a two-point correlator in the full theory (m,, # mg and er # 0)

g C t—1;g
Cunt:9) = (0g@) 0L©0)  — M= CHHEZLD g eps

Cuu(t; )

where Oy is an interpolating operator having the quantum numbers of a given hadron H

® if H is a charged particle, the correlator C'gy g7 (¢; §) is not QED gauge invariant; for this reason it is not possible, in
general, to extract physical informations directly from the residues of the different poles; to physical decay rates do
contribute diagrams as

® on the other hand, the mass of the hadron is gauge invariant and finite in the continuum and infinite volume limits,
provided that the parameters of the actions have been properly renormalized; it follows that the ratio
Cpp(t—1;3)/Crgpu(t; g) is both gauge and renormalization group (RGI) invariant

°

by applying the differential operator A to full theory correlators one gets

Cruu(t;g) AC(t;5%) )

AR - ZHRT = c—t(My — MY+ ...
Cru(t;3°) Cru(t:g%) "



hadron masses vs matrix elements

consider a two-point correlator in the full theory (m,, # mg and ef # 0)

g C t—1;g
Cunt:9) = (0g@) 0L©0)  — M= CHHEZLD g eps

Cuu(t9)
where Oy is an interpolating operator having the quantum numbers of a given hadron H

if H is a charged particle, the correlator C' gy ;7 (t; §) is not QED gauge invariant; for this reason it is not possible, in
general, to extract physical informations directly from the residues of the different poles; to physical decay rates do

contribute diagrams as

on the other hand, the mass of the hadron is gauge invariant and finite in the continuum and infinite volume limits,
provided that the parameters of the actions have been properly renormalized; it follows that the ratio
Cpp(t—1;3)/Crgpu(t; g) is both gauge and renormalization group (RGI) invariant

by applying the differential operator A to full theory correlators one gets

AC t; g0
—o; HH(;?)>+... = My — MY
Cup(t;g°)



LIB corrections to pion masses (i)

+
® in order to calculate the LIB p %
corrections to M and AMye = = eueac®d——— — (e, + )0, + 2mug =m0,

separately, to M:O one O O O

needs to determine the quark

(critical) masses and the

lattice spacing in the full

theory + (e + eq)e? Z epOy———— — (m +mg — 2m§")d;————— + [isosym. vac. pol.]

f=sea

@ % + < >

i : y el o, 2 2y 20 0 -

® since Mﬂ_+ — M7r0 is AMyo= — g O ———— — (eh +e)e’ O ———————————— + 2[mya — Myl ——
already an isospin breaking Q Q O

effect, many terms cancel in
the difference and one

<O

+ (ey + €q)€ Lfﬂt (m§ +mg —2mg") o,

f=sea
(eu — P,/ 5’%
O

4029, ——= = 4 [isosym. vac. pol .



LIB corrections to pion masses (ii)

PACS-CS, Phys.Rev. D86(2012)

0
K'toK" propagators
1041 4

there are no contributions proportional to 724 — 774, the pion mass difference at this order is a pure QED effect
note: sea quark effects are not neglected, they cancel in the difference!

the electric charge does not renormalize at this order (a problem that must instead be faced at higher orders) and the
previous expression is finite,

it can be shown (Dashen’s theorem, more to say later) that the disconnected diagram is of O(&em 1,,4) and it can be
considered, for physical quark masses, a higher order effect

for all these reasons the pion mass difference can be considered a “clean” theoretical prediction and a benchmarking
observable

it can be computed as done by the PACS-CS collaboration in the case of the kaon mass difference or by calculating
“directly” the diagrams (correlators) appearing in the formula ...



numerical calculation of the diagrams

RM123, Phys.Rev. D87(2013)

T.lzubuchi et al., Phys.Rev.Lett. 109(2012)
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® isospin breaking effects are small because very ® electromagnetic corrections can be calculated by introducing
small coefficients multiply sizable hadronic matrix real Zo noise vectors and two sequential quark propagator
elements inversions
B
(Bu(x)By ()" = Suv 6(z — y) -v2m=rl@
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(Buw)Cu1B:a)P = Dip (= — v)



LIB corrections to pion masses

® home message: leading isospin breaking effects can
also be calculated by expanding the lattice
path—integral

- 56
O

® the point now is: QED is a long range unconfined
interaction, how large are finite volume effects?

® for pseudoscalar meson masses these have been
estimated in xpt coupled to electromagnetism

M.Hayakawa, S.Uno Prog.Theor.Phys. 120(2008)
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large (or small) finite volume effects

2 (Ly: ;
BMW prel. A M (L): APortell talk T.Blum et al., Phys.Rev. D82(2010)

MILC, arXiv:1301.7137
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RM123, BMW, MILC: cutoff effects are reasonably small

the large (20-30%) finite volume effects predicted by xpt may be over-estimated and/or can be compensated by the

chiral logs; BMW (L € [1.9, 6] fm) is on the way to settle the question. ..

home message: finite volume effects are the issue! who is surprised?




LIB corrections to kaon masses
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® the kaon mass difference can be used to determine Arh, g = (hq — 74 )/2 and to separate QCD from QED isospin
breaking effects; first note

Amy, g

m m m,
- Lot = g5 Ay +
2Zmy 2Zmy, Zud
1 1
= - — 2y
2Zmy 2Zmy,
1 1 e2 —e2)e?
= — — (eq u) [6log(ap) + finite ] Z%w
2Zm,  2Zm, 3272



LIB corrections to kaon masses

= —2Amy g0t

My —Mgo =

7; —(Aamy" — AamG")o,

-
>

+ (2 —edeloy +(eu —eq)e? Y epoy
7

® the kaon mass difference can be used to determine Ari, 4 = (g — 1, )/2 and to separate QCD from QED isospin

breaking effects; then
2M 4 ; 2 ;;%

QED = ——4do, _F _ (AmS — AmT Yo ———— + (e2 — e2)e?o,

S S

QCD = —2A1m,,, z%w R 7;
® the QCD contribution is finite and RGI; the QED contribution is finite only if both counter-terms are present, though the
first has a very small numerical impact. what about the second?



tuning critical masses

T.Blum et al., Phys.Rev. D82(2010)

RM123, Phys.Rev. D87(2013) 0.0035
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® with (here Twisted Mass) Wilson and DMW fermions, the shift of the (residual) critical masses of the quarks, a linear
divergent counter—term, can be calculated by restoring the validity of chiral WT identities
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(the breaking of) Dashen’s theorem

® the electric charge operator is diagonal in flavour space

u (2 o0 0
= d Q=-( 0o -1 o
s 3 0 o0 -1

® if the down and the strange have the same mass (mq = mgs — My = mhg) we have
mqg = Mg M _4 = Mg
® in the chiral limit, to each flavour generator commuting with the electric charge corresponds a Godlstone’s boson, even

in the presence of electromagnetic interactions; in particular

[T°,Q] =0 — o [DivsyuTv] = o AL () = 0
My, = 1g =0 — M o =0
— M_o=Mpo=0

Ny = Mmg =ms =0

® note, since LIB corrections to the pion mass difference are a pure electromagnetic effect, one has

5 5 ]QED 5 5 1QED 5 5 1QED
M - M — M2, - M M - M
K+ KO ~t 0 K+ K9 . .
= ) , 1QED 1 4+ O [Amyg Gem]
{IVIW+ — ]Wﬂ_o]

= 2 2
M2, — M
~+ 70

O(ms dem)



Moy /1 q and €

® the value of £~ depends upon the renormalization prescription RM123, Phys.Rev. D87(2013)
used to separate QED from QCD IB effects 15
125
2 2 QED 2 2 QED }
o (M2, - M2,] - M2y - M2 ] ]
YT 2 2 T
M2, — M2, }H Pt bt
025
o 0 0 E) o 30 £l
® it is needed to calculate the light quark masses by starting from m Y (MeV)
QCD (74, # ") lattice simulations and using the QCD 2
contribution to the kaon mass splitting as “experimental” input 5
' % %x Y { W% %%T %
s s — ST
RBC-UKQCDstat. only | RBC-UKQCD pretl. |+
o 0 0 E) o 30 £}
MILC — FLAG 2 MILC H FLAG 2 nf=2+1 S (o)
FLAG 2 nf=2
BMW prel. H BMW prel. H
T.Blum et al., Phys.Rev. D82(2010)
RMiz3 — RM123 o} 08 005-02 ———
0.7 005-03 ———
0102 ——
0.6 I 01-03
0 0.250.50.75 1 12515 0.3 04 0.5 0.6 0.7 08 quen‘;vrn"\;;
€y m,/ my =
o
® the electroquenched uncertainty on £, can be estimated, at
present, by using xpt results, it is of the order of 10%
J.Bijnens, N.Danielsson Phys.Rev. D75(2007) "0 0005 001 0015 002 0025

M.Hayakawa, S.Uno Prog.Theor.Phys. 120(2008) et Mres




baryon masses

BMW arXiv:1306.2287, A.Portelli talk

2 T T T T i T
15 g 2r
1L
= tr ] 0 +
=z
= 05} -1y Lg LJ
] 2
C 12 st
g 05| %/ R = 4l
5 =
T J 5
5L { 1 7? [ = total
b “Tr @ QCp 2
_9 . . . . . . -8 | @ QED 5
0 20 40 60 80 100 120 =9 | e exp. : .
7 (MeV) AMy AMy AMz
the BMW collaboration has recently completed a calculation of the NPLQCD —
octet baryon mass splittings
RBC-UKQCD H
also in this case the dominant source of uncertainty may come from
finite volume effects, they can be as large as 80%!!! QCDSF-UKQCD —
the other uncertainties are still too large to draw conclusions BMW H
once QED and QCD isospin breaking corrections have been RMiz3 —
separated, one can calculate only the (simpler/cheaper) QCD
corrections (1Mq, # Mmg)...
see J.Zanotti talk Mev -5 -4 -3 -2 -1



QCD corrections

to matrix elements: FK+ /FW+

V.Cirigliano,H.Neufeld Phys.Lett.B700 (2011), RM123, Phys.Rev.

® the physical observable is the decay rate T[K T — £1v(~)]; this is ultraviolet
and infrared finite, gauge invariant, unambiguous

® it is only neglecting electromagnetic corrections that the hadronic and leptonic
tensors can be factorized

ol 50

® using the matching prescription defined above and by considering the A, 4
QCD corrections to kaons two point functions, we have the QCD RGI invariant

formula
0 ~ 0 0
25, 7; =— (am) 7 )7;

G2\ QCD
=5 ( K ) —taMECeP

)% 10°

— Aty g

2M g

® without factorizing the small coefficient Amgd, one can also calculate

“directly” the difference

® remember: pion two point functions do not get corrected at O(Amgd)

D87(2013), HPQCD, arXiv:1303.1670
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conclusions and outlooks

lattice calculation of QCD+QED isospin breaking effects on the hadron spectrum are feasible, even including the QED
unquenching effects

one can use reweighting and start from the full theory path integral. the fluctuations of the reweighting factor can be
kept under control: shown by T.lzubuchi et al. and PACS-CS on volumes L ~ 3 fm, scaling with the volume?

or expand the relevant correlators with respect to M4 — 14, and &eqm; here to avoid the electroquenched
approximation disconnected diagrams have to be calculated

cutoff effects are reasonably small, shown by the RM123, BMW and MILC collaborations that obtain results in the
continuum limit for pseudoscalar and baryon mass splittings

finite volume effects may be very large: this is not surprising, we are putting photons in a box! to settle this point we
should be able to significantly reduce the other uncertainties

on the other hand, thanks to the efforts of the different collaborations, we are now calculating not just guessing isospin

breaking effects! a large uncertainty on IB effects is a small and reliable uncertainty on the given observable

1% x 30% = 0.3%

lattice calculation of QCD+QED IB corrections to hadronic matrix elements are much more complicated: further
theoretical work is needed!

however, once a well defined prescription to separate QED from QCD IB effects has been implemented, the QCD
corrections to quantities such as the K ¢2 decay rate can be (and have been) obtained



BACKUP

collaboration  quark action n?CD n(fQED My (MeV) N, [(fm)] N, [(fm)] method
PACS-CS npSW 241 T+141 135 1,[0.09,0.09]  1,[2.9,2.9] cteAy
RBC-UKQCD ow 241 T+141 250 1,[0.11,0.11] 2, [1.8,2.7] eicAy
MILC Asqtad 241 0 233 3,[0.06,0.12] 5, [2.4,3.6] cicAy
BMW 2HEXHSW 2 41 0 120 5,[0.05,0.12] 17,[1.9, 6] eieAy
RM123 ™ 2 0 270 4,[0.05,0.10] 6, [1.6,2.6] (1 +ieA)U
NPLQCD Asqtad/DW 241 0 290 1,[0.12,0.12] 1, [2.5,2.5] U
UK-QCD-SF npSW 241 0 290 2,[0.06,0.075] 2, [1.8,2.4]

® at present several collaborations are providing lattice results including the effects of isospin breaking
see also A.Portelli, arXiv:1307.6056

® pure QCD projects, U, obtain results with 74 # 7, but neglecting electromagnetic interactions

® QED+QCD projects use different methods: (1 + ¢€A)U means that isospin breaking effects are treated at first order

with respect to Gem and (hg — ) /AQcD

® first results beyond the electroquenched approximation, ny

QED

# 0, have recently been obtained



