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Outline of the talk

@ Motivation & Introduction
o About twisted mass sea fermions coupled to photons

Q@ EM & strong Ux(1) anomalies
o QCD+QED with no 8 term at maximal twist

@ Maximal twist by symmetry recovery
e How to fix the critical mass beyond electro-quenching

© Strategy for leading isospin breaking (LIB) effects
e Mixed action and RM123 insertion method
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Motivation & Introduction

Q(C+E)D with maximal twisted mass (MTM) fermions: ' = (u, d)

SHCIP (B U E) = & 3 () |7 ¥ = sms Wer a4 7ae | 0(x)

-1
01 V=S Vi Vi), W= 23 ViV + M,
H H
1
o V() = 2 | U ((x + ai) = w(x)
1
Vb(x) = 2 [¥(x) — U (x - aiu(x - ai)]

f+m f—7m
U;L(X) = EM(X) UN(X)a EM(X) = 72 e iequp Ay (X) + 72 e ieqanA . (x)

Qup # Qan = flavour structure (11 = 73)/2 in both Py - V4 and ¢ W1

Note 1- Mass splitting with 73 and not = forced by gauge invariance

Note 2 - Q of an up-down doublet has the form e(11/6 + 73/2)

Frezzotti-Rossi-Tantalo (Roma - Tor Vergata) Unqueching QED

July 26, 2016 - Southampton 3/15



EM and strong Ua(1) anomalies

@ We want to analyze how EM and strong Ua(1) anomalies affect

o the form of the (continuum fermionic) effective action, FA“+HP
e its dependence on the vacuum 6-angle
@ We start from the general action (above we had 6, = —04 = 3)

SUCHEL(y, 5, U, E) = & Y | FFIe(x) + w(GG)lu(x) | +
a0 Bulx) [y VY e W 4 My u(x) +
+a* ) Pa(x) [7 Ve W + Md} Ya(X)

@ Phases can be moved to masses through singlet axial lattice rotations
Yu = eIWSOU/qu Py = Xuei750“/2
g = €2y g = xge0/?

@ Lattice rotations are not anomalous

@ SACEP s periodic in 6, and g
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Action and effective action

The action becomes (recall M, 4 > 0, Wilson terms W4 are critical)

SUCHE(y, 3, U, E) = a* Y | FFle(x) +u(GB)lu(x) | +
X
+a* ) Xu(x) [V VY W+ eiemM"} XulX) +

+a' Y X007+ V4 W+ €7 My xa(x)
X

ren ren

m
* d . Hua
Note: Mu,d COos ou,d = My,g ~ Zu , Mu,d sin gu,d = Mud = Zu
my. o Hu,d
* Actually mff“d =2Zm, d[m“ o1+ p% ) + md,uﬁ‘;;“] — see e.g. Horkel & Sharpe, Phys.Rev. D92 (2015) 7, 074501

Symmetries (see below) = continuum local effective action reads
[#] o™ =[x { FFla) +u(GG)g(x) |+
+ [ dtx {Ru00) [+ DY + @0 My | xul(6) + RaX) |7 - DY + €7l o)}

Mo = Z§%5 1 /(misn)? + ()2, 6,0 = arctan ( "v.d tan g, d)
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Continuum Ujx(1)-rotations and anomaly

F, cont

Recall SQCHEIP — / d*x x(x) [ry D+ e u] x(x) =
= /d“x;‘((x)e"%% {7 : D+u} eMniy(x) =

— SUGPP = a0+ u]u) +

iz / d*x|2FFl4(x) + g?ulGGlg (x)]]
e Continuum theory property above implies in our case

sACED / ot x { FFL(0) +1(GG)ls(x) } +

/ d*X Pu(x) DU+MU] 00 + [0 Ta(x) [+ D9 W) +
bige & B+ 0a) / X E g (B + 0a) / d x| GG(x)]

e Note: 0y =—0s=73 (MTM) < Oy =—0y=2 (no P—breaking)
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A few observations

@ W, = My = 0 — only the trivial topological sector contributes
B, + 64 = 0 — all sectors contribute with equal weight

@ No CP-breaking term if §, = —64. Indeed, one could set to zero
both mass phases with a non-anomalous axial-73 rotation

© MTMcase (0, = —6y = /2 or py >0, g <0, myg — 0F)
amounts to 0, = —0y = 7/2 (in all renormalization schemes)
= MTM quarks well suited for QCD+QED via RM123 approach

Agreement with findings by Horkel & Sharpe iphys.Rrev. pe2 (2015) 7, 074501 and 9, 094514]

Incidentally: within lattice QCD the action
S¥P(p, 9, U) = a*y  w(GG)|u(x) +
X

+at > D)7 Ve W+ Mu(x)

was shown to lead to SZ°P with 9-vacuum (Seiler&Stamatescu '81)
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Form  of FACHED: gketch of the proof

Setting Mfcosef my, Mfsm O = fir the thesis reads
#] o = Jdx{ FFLa(x) + w(GG)lg(x) | +
+ [ d*x { > tmu.g XF(X) [7' D" + My + iysfiy }X:‘(X)}

with iy < ZSP Zy,my, fir = ZE"Z,,, 1ur . Other d = 4 terms:

e sy - D'xs s ruled out by charge conjugation

® XfY5Xf s tr(éG), FF are ruled out by P x (pr — —pr)

o >, X yuDlixs  are excluded by P x (us — —pr) and H(4)

while a~ " xrxr is allowed & canceled by ML, xrx;. Here we defined

P xi(X) = voxi(xp), xr(X) = Xi(xp)r0, Xp = (X0, —X)
Uo(x) — Us(xp), Uk(x) — Uf(x — ak)
Eo(x) — Eo(xp), Ex(x) — Ej(x — ak)
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Critical mass M%“ in Q(C+E)D with MTM quarks

Recall QCD+QED action for two distinct flavours: o' = (u, d)

SECIP (s, U, E) = &> d(x) |7+ V = insma Wer + pu + 73| 0(x)
X
= 1 * a *
W.VEEZ%(VM%-V“), Wcrz—ézvuvﬂ—i-/\ﬂcr
u 1

Complex quark determinant = LIB effects via RM123 method
Here we discuss convenient conditions to fully fix MY and M2

1l f1— .
M. = Mgr —;Ts + Mg, 5 s = Mgt + Merms
Ey 2
Mer = Mg + aem# + O(aZm)

~ g m 2
Mer = aem# + O(Oézem)

2
where  m5%P = "9 4w (gP)Aaco + O(a)
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LIB effects a la RM123 [JHEP 1204(2012), Phys.Rev. D87(2013)]

@ Leading Isospin Breaking (LIB) effects can be calculated directly by expanding
the lattice path-integral in powers of  aen and (Mg — my)

(AW AG O AGYT ((1+R+.)(0+0+.))
0@@) = B | » )
) ( RIU, A g] Y% A+R+.) g)+A

@ sea quark e.m. effects via (noisy) fermion disconnected diagrams

(et S

oy, 20 ©) o Q-0

2 2 2 2 2 ,
—e Zcfl+ —e Zch —> +e Zehu,_, —
fi fi fuf:

+lese)? = [y = m§] —@— Fmf —mi’] —@—

— Z +[m§, —m§] —>— + Z [my, — m‘[}'] — + [gf — (92)2}
f1 fr
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M., determination — Non-singlet chiral WTls

@ QCD+QED continuum chiral WTls (09 = Qup — Gan)
9,V3=0 OpAS —2uP? —2¢P° =0
V) +edqALIVE+2¢iS? =0  0,A], +edqALiA, —2uP' =0
Oy Vﬁ - eéqA/,,iV; —2¢iS'=0 8uAi - eéqA“iAL —2uP? =0
with e.g. P® = ys7sv and p + 1se = diag(My, My)
@ A way to fix M%“ could be to impose two continuum WTIs, e.g.
(0 V) (x)P?(0)) + ie dq (A,, Vi (x)P?(0)) + 2ie(S*(x)P?(0)) = 0
(0,A,(x)8'(0)) — iedq (A,.A5(x)S'(0)) — 2u(P"(x)S'(0)) = 0

with .4,, = photon. Need chiral-covariant renormalized operators ...
In the conditions above all relevant correlators are parity-violating

@ Another way to fix M%:
imposing one chiral WTI [RM123, 2013: electroquenched approximation]
& minimizing m: wrt bare m, 4 [Horkel & Sharpe, 2015]
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Critical mass from parity/flavour restoring in tmLQCD

Inspiration from Wilson twisted mass lattice QCD: its effective

action, M. , contains a local term 3", [W0 %) — Mo][Pivsmav](X)

plus further parity(P)-breaking local terms withd =5,7,... —

Enforcing P-restoration in correlators fixes My = m:2°P up to O(a)

E.g.impose > (Vg (x)P?(0)ii =0 (for all xo > a: optimal m)

Lattice theory @ M, ~ m,, described by a continuum effective action

Stk = [ dY{LEP(y) + [a ' w(g®) — Mo] [dinsad](y) + als(y) + ...}
s.t. lattice correlators admit formal expansion in a and My — m., e.g.
(Ve (x)P2(0))iy = (V§(x)P?(0))|" + O(a) +

+ (Mo — Mo) [d*y (Vg (x)P?(0)[birsma](¥))|™
Note: L4 is P-invariant. Here My — m., limit to be taken before a — 0 limit.
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Critical mass from parity restoring in tmLQ(C+E)D

@ Need to eliminate a~'yiys73¢) and a~ 'ivysep from rECO+AED

@ P-restoration fixes my — me & My — Mer in My = metl + My3
@ Impose Y 5 (Vg(x)P?(0))jiit =0 and >":(S'(x)P'(0))j =0
Latt. theory @ ¢ = 0, (mo, Mo) ~ (Mer, Mer) described by cont. LEL

LZP TRy )+ [mer — mo] [ins sy ](y) + [er — o] [insw](y) + als(y) +
s.t. correlators admit a formal expansion in a, my — mer, My — Mg, €.9.

(Vo (x)PP(0))ihs = (me?+cema " dem—mo) / d*2(V3 (x)PP(0)ins s (2))|= +
Hawna San— ) [d 23 (0P(O)Firsv(@)“ + O

(8" ()P (O = (aena " on— ) [02(S' ()P O)nsw(2))|+
HmEE tana ™ bom ) [a'2(S' ()P OV s+ O(a)

QCD+QED
Ly

P-invariance (isospin symm. as aem — 0) of was (can be) used
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RM123 approach for Ny = 2+1+1 MTM LQ(C+E)D

Action with two-flavours Dirac operators Dgf D —ivysT3 + fihe + €neTs
e is necessary to preserve e.m. gauge invariance
e in general has complex fermionic determinant

The RM123 method for LIB effects allows to extract physical info from correlation
funcions (with suitable operator insertions) evaluated

* in isosymmetric lattice theory for Ny = 2: real fermionic determinant
* in a mixed action lattice theory withe = ¢, =0for Nf =2+ 1+ 1:
Shix = Q’gfle:q:o + (7,/_1;576&, [v- 6 — Iysms W + pun + €h7'1]1/1fs76a) le=0+
+Sahost(Ph; 1th + €n73)|e=0 has real fermionic determinant too

Suitable operator insertions in correlators reproduce all LIB effects due to
e # 0 and aem > 0, included those from electro-unquenching (which need
fermion disconnected diagrams evaluation) with only O(&?) lattice artifacts

[Proof along the lines of Phys.Rev. D87 (2013) 11, 114505 (RM123) & JHEP 0410 (2004) 070 (Frezzotti-Rossi)]
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Thank you

Frezzotti-Rossi-Tantalo (Roma - Tor Vergata) i July 26, 2016 - Southampton 15/15



