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Isospin Breaking (IB) Effects. l&g_g H

SU(2)y isospin symmetry is an almost exact property of QCD,
but it is mildly broken by:

*Qnuyémca (f)(md_m’“)f\,ymo *(eu#ed) O (ctem) ~ 1/137

Agcep
Strong Electromagnetic

The precision reached in lattice calculations of some flavour observables is
such that EM corrections and strong IB effects cannot be neglected anymore.
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The RM123 method = lia . T

QED and strong IB (SIB) effects treated as perturbations to the iso-symmetric theory:

N . ™
Pioneering papers:

= [pEosymem g @ QED + 0m Longs | oo

G.M. de Divitiis et al., JHEP 04 (2012) 124 %

G.M. de Divitiis et al., PRD 87 (2013) 114505
62: 47 /137.036 om = (Mg — my)/2 \_ o | ) **J

v no need to generate new gauge ensembles, X more vertices and correlation functions to be
no Gem extrapolation required computed (also disconnected diagrams!)

e Expand the QCD+QED path integral with respect to isosymmetric QCD:

g g’
(0 =(0)" + AO
A > + (epe)? + (efe)? — [my — m(}] —&— F|
4 M 2 . @ —e’
—e efZefl ¢ Zefl € Ze
absent in Af1 f1 f1
quenched QED < Q @
aPPI’OXimation "‘Zi[mj{ o m(c)r] > + Z [mfl — m(}l] — +
. T f
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G ”
Mo = TQV‘;‘” (G2 vu(L—5)q1] [Ze " (1 —75) £]

» Renormalization corrections
must be included

» Large cancellation of
renormalization corrections

» NP renormalization in QCD
and in QED (at first order)

» NP renormalization in QCD +
perturbation theory for QED

O(ar) O(aem) OlpH,)

N. Carrasco et al., PRD 91 (2015) 074506
D. Giusti et al., PRL 120 (2018) 072001
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Leptonic decay rate at O(aem)lfgg .”
IR finite ( O) IR divergent IR divergent
F(ng) — FP (1 —+ 5Rp) — FO(P — éug) -+ Fl(P — ﬁVg”y)

F. Bloch & A. Nordsieck, PR 52 (1937) 54

RM123 strategy: :
o I'\ (P — lupy) ~ T (AE,) for sufficiently soft photons AE., ~ O(20 MeV)

IR finite IR finite

e ['(Pp) = lim (To(L) —TH (L)) + lim (T§'(m,)+ TV (AE,, m,))

L— o0 m~ —0

. N.Carrasco et al,, PRD 91(2015) 074506 V. Lubicz et al,, PRD 95 (2017) 034504  D. Giusti et al., PRL 120 (2018) 072001 -

SRp = 6R%" + SRE™

contribution from QED corrections to: contributions from SIB and QED
+ matching between lattice and corrections to the diagrams

- : o et
W-renormalization scheme ©< <
o . ot Tt --»-
¢ mixing between lattice operators y 7 vy
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From Standard Model to Laggtice';?ﬁg ¥

W-re
Gr o M o W) W-Regularization:
Hor = V(14220 (32) i@ v = v9) @] [7ey* (L= ns) €35 1 - 0w

k2 k2 — M2, k2 — M2 k2
OUR GOAL

A. Sirlin, NP B196 (1982) 83 E. Braaten & C.S. Li, PRD 42 (1990) 3888

(M . . Renormalized operator:
ZW-Rl ( W:“S(N%O‘em) = ZW-Rl (QS(MW)aaem) URI (MWaNa@em) p
7

e on the lattice: all orders in Qg
up to order & first order in Qigp

RI' _ RI' . .
o ] U™ =r(as, aem) U Qem s (1) In (M, /11°) e takes into account the (possible)
mixing of lattice operators

k two-loops calculation
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RI’-MOM in QCD+QED :

For Wilson-like fermions and left-handed neutrinos:

Z [[Zo CLMJ Obare

RI'
O (

= 71 F )], ® (1 =),

(1F7), @ (1 +75),

= [ouw(1 +75)] ® [0 (1 +75)],

(1—|— — AZO ZQCDJ?

—

\

f

CD
AZQ — —ZQ AFO 5 AZf
f I
~— RI-MOM SCHEME )
) Fo(ap) = It [AO(CLP)PO] : ﬁSf L(ap)
7 I — 1 Ze(ap) = ——Tr
o @ Pl =1 i Tz 205
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IHD

-------------------------------------------------------------------------------------------------------------

! = (efe)Qig + (ege)? — [mp —my] —@— F[m§ —m§] —@—
Basic Ingredients: ~ » Two simulations:
@ E ( : ----------- 0T TS |\
! | acoae 2D ﬁ§mg@% 5
prop E 1 e L ! W :
QED - § BE e
- T N
\_ . } COERe Y

L) Sequential propagators with stochastic photon fields
(the same in QCD+QED and QED):
- p

£ R\ T Ty ey
(L) —

;‘ ; \_ J

-----------------------------

1
1
1
1
1
: tadpole
:
1
1
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Numerical procedure: creation

J5

1. Create vertices from the ingredients in QCD+QED and pure QED, compute
the correction to the RC’s according to the RI'-MOM condition

1
_ _Qcp
AZo =28 PATo + 5 ) S AZ,

f
0.01 ‘ —0.1 ‘
QCD + QED +—e— QCD + QED o
QED —e— —0.12 QED —e—
0.008 + }{ i —0.14 | L s @8
@
—0.16 | ¢’
0.006 | Yy, ] —0.18 | s
Ve, s N [ ) *
{ N —0.2 ¢ 1]
- < ‘ﬁ ;2
0.004 | —0.22 -ii
(]
33§§§§§§§§ﬁ!!... _0-24*% ;iii!i:
& g P - .
0.002 f Tctee L oae) My, gemettt
—0.28 +
0 ‘ | ‘ | —0.3 | | | ‘
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
(ap)* (ap)” '\
ap, = Slﬂ(apu) see numerical impact e.g. on g-2 in

D. Giusti’s talk on Monday 17th
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Chiral extrapolation

MU

2. Chiral extrapolation, subtracting the Goldstone boson contamination

(if present)
_ | | data —e— | 0.4 F 7 data —e— |
0.0068 chir. exté". e data w/o GB
t fit
—0.007
A=
~a —0.0072 | S t
51 + 11 03 by §
> —0.0074 t ca 0. g
) ¢ E
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N _0.0076 S
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—0.008 1 0.2 | 1
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P
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Non-factorizable part of RC's

o -
-
-

1
.
-
-

o

e s
R 1 |
Gl I EL A

3. Computation of the non-factorizable part of the RC's

[ n=AZo - AZFP  R=(Z29P)1Z0(29P) T =14 =

[3]

0.01 ‘ 0.008 ‘
QCD + QED +—o— correlated —eo—
QED —e— uncorrelated +—e—
0.008 | ! 0.006 |,
0.006 | %% pratREte g . 0.004 | T "il
= bee T Al T -
N = ®
0.004 ; 0.002 | '"i". °
< it i g
mﬁﬁ% Ti é% ga: o g : LR %l
® @ @ ® @ o ° Llle
0.002 - H 0 H| T4l L
..~
O I ! ! ! ! _0002 - ! ! !
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
(B0 e eeeeeremeeeeeeenm e erenm e rennnnan  (ap)’
. Statistical uncertainty reduced by a factor :
. of ~5 using correlated stochastic photons
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Evolution and extrapolation of

= \ ¥

4. Evolution to a reference scale (u = 1/a) with the residual mixed
anomalous dimension of order O(a.was) computed analytically

5. Extrapolation of the RC's at zero (M1) or fixed momentum (M2)

0.006 o
n(1a) —— Method M1
0.005 - N : . >
— extrapolation to (ap)® — 0
0.004 | 1 fitting in the region (ap)? > 1.0
2 0,003 |
0.002 |
0.001 |
O ‘ ‘ ‘ ‘ ‘ ° ° ° ° °
0 0.5 1 1.5 2 25 (coincide in the limita — 0 )
(ap)*
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Construction of the renormalized o

= _

6. Construction of the complete electromagnetic correction to the RC’s

AZo =NAZ3"° + 1

one-loop QED contribution
N. Carrasco et al., PRD 91 (2015) 074506

| O—»‘RIv _ |:1 | Kem (AngD —|—77)i| chD 6bare

47

OV "8 (My) = ZVR (M, as(1/a), dom) ORY'(1/a)
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T

subtracting

\:\ OQCD (ZQCD Obare) A

{ axlal amplituc
A(O) (0172707501 |P'?)

complete correction:
6Rp = 6RE" + R
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Final results

ITTHY

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
*

004 — o f=1.90,L/a=20 @® B =1.90, L/a =20 (FVE corr. ) #7#7 continuum limit [ | :
[ | Op=1.90,L/a=24 W ¢ =1.90, L/a = 24 (FVE corr. ) -—fitatp=1.90 XPT/PDG 5R7-[-:|: — 0.0176 (21) 5RK:|: — 0.0064 (24) E
: O p=1.90,L/a=32 @ p=1.90, L/a =32 (FVE corr. ) - —fitatp=1.95 1 X K
0.03 L A B=1.90,L/a =40 A B =1.90, L/a = 40 (FVE corr. ) -—fitatp=2.10 | ] Yt Es s R RN NN RSN NN NN NN NSNS N NN R NSNS NNEERENEENEEEEENERRRRREE?
"7 | Op=195L/a=24 W p-1.95 L/a=24 (FVE corr.) X physical point | |
| O p=1.95L/a=32 @ B =1.95 L/a=32 (FVE corr. )
L | & p=2.10,L/a=48 @ B =2.10,L/a = 48 (FVE corr. )

0.0153 (16) s¢a¢ (10) sy s
0.0153 (19)

0.0024 (6) stat (8)syst
—  0.0024(10)

0.03 — 0 $-1.90,L/a=20 ® § - 1.90, L/a = 20 (FVE corr.) %/, continuum limit [
[ | Op=1.90,L/a=24 MW g = 1.90, L/a = 24 (FVE corr. ) -—fitat g =1.90
| | O p=1.90,L/a=32 @ 5 =1.90, L/a =32 (FVE corr. ) -—fitatp=1.95 | |
0.02 _ A $=1.90,L/a =40 A p=1.90, L/a = 40 (FVE corr. ) --fitatp=2.10 | |
| | Op=1.95L/a=24 M B =1.95, L/a =24 (FVE corr.) X physical point i
| | ©p=1.95L/a=32 @ §=1.95, L/a =32 (FVE corr. )
@ p=2.10,L/a = 48 (FVE corr.

BRI CRERE Y SE DL Tt I L EEEEEEEEE

| [Va|? = 0.99988 (46) 1

T e e e e [F 15t row unitarity
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Conclusions and future perspe 1,

® We presented a strategy to compute renormalization corrections on the lattice,
they reduce significantly systematic uncertainties on the decay rate

® The introduction of the mixed anomalous dimension reduces the error in the
matching from O(aemas(1/a)) to O(aemas(Mw)) . Greater precision can be achieved
with a three-loop calculation of diagrams of order O(aema?)

S

® The renormalization corrections are related to the operator and not to the process.

Therefore, they are valid also for semileptonic decays
[Talk by C. Sachrajda on Wednesday 19th]

® The NP procedure can be easily extended to other renormalization schemes such
as RI-MOM and RI-SMOM

® The calculation of disconnected diagrams would reduce the systematical error
related to quenched-QED approximation

® A non-perturbative calculation of the real emission amplitude is ongoing
[Talk by G. Martinelli on Monday 17th]
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Detailed Lattice setup

ETMC configurations with Ny = 4 in isosymmetric QCD

sea |

sea

sea

val

| ap ampac amy 6= ap amysac

B =1.90 (L =24, T = 48)
Adm 0.0080 -0.0390(01) 0.0285(01) -1.286(01) {0.0060, 0.0080, 0.0120, -0.0142(02)
Adp 0.0398(01) | 0.0290(01) | +1.291(01) 0.0170, 0.0210 ,0.0260} +0.0147(02)
Alm | 0.0080 | -0.0273(02) | 0.0207(01) | -1.174(03) £0.0060, 0.0080, 0.0120, -0.0163(02)
Alp +0.0275(04) 0.0209(01) +1.177(05) 0.0170, 0.021 0,0.0260} +0.0159(02)

B=1.95 (L =24, T = 48)
Blm 0.0085 -0.0413(02) 0.0329(01) -1.309(01) {0.0085, 0.0150, 0.0203, -0.0216(02)
Blp 10.0425(02) | 0.0338(01) | +1.317(01) 0.0252, 0.02 98} 10.0195(02)
B7m 0.0085 -0.0353(01) 0.0285(01) -1.268(01) {0.0085, 0.0150, 0.0203, -0.0180(02)
B7p 10.0361(01) | 0.0285(01) | +1.268(01) 0.0252, 0.02 98} 10.0181(01)
BSm | 0.0020 | -0.0363(01) | 0.0280(01) | -1.499(01) {0.0085, 0.0150, 0.0203, -0.0194(01)
BS&p 10.0363(01) | 0.0274(01) | +1.498(01) 0.0252, 0.02 98} 10.0183(02)
B3m 0.0180 -0.0160(02) 0.0218(01) -0.601(06) {0.0060,0.0085,0.0120,0.0150, -0.0160(02)
B3p +0.0163(02) 0.0219(01) +0.610(06) 0.0180,0.0203, 0.0252,0.0298} +0.0162(02)
B2m 0.0085 -0.0209(02) 0.0182(01) -1.085(03) {0.0085, 0.0150, 0.0203, -0.0213(02)
B2p 10.0191(02) | 0.0170(02) | +1.046(06) 0.0252, 0.02 98} 10.0191(02)
B4m | 0.0085 | -0.0146(02) | 0.0141(01) | -0.923(04) | {0.0060,0.0085,0.0120,0.0150, | -0.0146(02)
B4p 4+0.0151(02) 0.0144(01) +0.940(07) 0.0180,0.0203, 0.0252,0.0298} +0.0151(02)

B =210 (L =32, T = 64)
C5m | 0.0078 | -0.00821(11) | 0.0102(01) | -0.700(07) £0.0048,0.0078,0.0119, -0.0082(01)
Cbp +0.00823(08) 0.0102(01) +0.701(05) 0.0190,0.0242 ,0.0293} +0.0082(01)
C4m | 0.0064 | -0.00682(13) | 0.0084(01) | -0.706(09) {0.0039,0.0078,0.0119, -0.0068(01)
Cdp 10.00685(12) | 0.0084(01) | +0.708(09) 0.0190,0.0242 ,0.0293} 10.0069(01)
C3m 0.0046 -0.00585(08) 0.0066(01) -0.794(07) {0.0025,0.0046,0.0090,0.0152, -0.0059(01)
C3p +0.00559(14) 0.0064(01) +0.771(13) 0.0201,0.0249 ,0.0297} +0.0056(01)
C2m | 0.0030 | -0.00403(14) | 0.0044(01) | -0.821(17) | {0.0013,0.0030,0.0080,0.0143, | -0.0040(01)
C2p +0.00421(13) 0.0045(01) +0.843(15) 0.0195,0.0247 ,0.0298} +0.0042(01)

N. Carrasco et al. [ETMC], NP B887 (2014) 19

-1!""

.

b~

* Out of maximal twist:
pairs of ensembles have opposite
twisting angle. O(a*) improvement
achieved averaging on the angles.

- Lattice spacings:

{0.0885(36), 0.0815(30), 0.0619(18)} fm

- Boundary conditions:
antiperiodic (no zero modes)

150 gauge ensembles

Two simulations:
QCD

action: lwasaki
gauge: Landau
massive quarks

FREE THEORY

QCD links = off
gauge: Landau
massless quarks
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Using a different Vg4 -

4 N

We have used: New proposed value:

Via = 0.97420 (21) Vg = 0.97370 (14)
from superallowed from dispersion relations and

ﬁ-decays neutrino scattering data

J. Hardy & I. S. Towner, PoS CKM 2016 (2016) 028 C.Y. Seng et al, PRL 121 (2018) 241804

\ C.Y. Seng et al., arXiv:1812.03352 [nucl-th] /

e Impact on V5

. . compatible within
Vis = 022538 (46) Vi, = 0.22526 (46)  “orPotivie wi
e Impact on 15t row unitarity : !
¢ ~3.950
V,|? = 0.99988 (46) V,|2 =0.09885 (34)  tensionwith

unitarity
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Error budget = |H§ N g

—.8 N

5R7T = 0.0153 (16)stat—|—ﬁt (4)z'nput (S)Ch’i’f’ (6)FVE (Q)discr (6)qQED
5RK = (0.0024 (6)stat—|-ﬁt (S)input (1)chir (S)FVE (z)discr (G)qQED

stat + fit induced by both the MPUL " from the uncertainties of
statistical errors and the the input parameters
fitting procedure of the iso-QCD analysis
hi - - :
cver from the inclusion or VG from the subtraction of O(1/L)
exclusion of the chiral “universal” FVE only or also the
logaritm in the fit Ansatz O(1/L?) “point-like” FVE
discr from the inclusion or qQED " from using in the fit Ansatz
exclusion of a discretization the chiral log coefficient
term O(a®) in the fit Ansatz evaluated in QED or in qQED
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OYV—reg(MW) — ZW-RI' (T7as(u),@em) {Zo(au)ébare( )_

aem [ _ !
e [ FWRE L AZSPP(1/a) + 1 (0s(1/a)

Qem

47

FWRE — 9 (1 - 2 log (aM3,) — 57825 + 1.2373¢
AZZP(1/a) = —9.7565 — 1.2373¢ , AZSFP = —0.5357

(01 Tr |01 (Mw) Bro (L = )| [PO)
0] Tr [0F (@) Tyo (1 = 35)v] [PO) 7"

5A7I°Den _ ZW—regAg)) —

and therefore we can compute the correction to the decay rate
I (PI — EII/K[’Y]) — I‘ﬁ—_(,)) [1 + 5Rp]
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Combined sea quark extragg

M1

2

UiP)

0.0055
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0.0045
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0.004
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B=1.90 —e—
B=1.95 —e—
| B e 210 —— |
Am
L . i
Bm {
} ] A4dm {
B Cm@ B4m Bom }Bsm - Blm 4+
C2m
- C:%}mCim { e -
CbHm
Om
0 01 02 03 04 05 06 07 08
(Mp")* [GeV?]
=190 —e—
B=1.95 —e—i
i B=210 —e—i -
[ A}4p
| Lo
Ap % } B}2p { {B'?p
= B4p B8p i
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% Cap Cb5p
r ) C3p I B
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Cp @ 9
i ! ! ! ! ! p ]
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(Mp“)* [GeV?]

03 04 05 06 07 0.8
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