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introduction — the electroweak mixing angle

the electroweak mixing (Weinberg) angle 8y, parametrizes the mixing between the SU(2)

and U(1)y sectors of the Standard Model. At tree level,
g/2

)
sin” By = ———,
w 2 +g2

where g and g’ are the SU(2); and U(1)y coupling respectively
® itis a free parameter of the Standard Model

® Z vector coupling v, =T, — 20, sin? G;ﬁ
® weak charge of the proton QpAp) ~ 1 —4 sin? Ow

the precise numerical value of sin’ Ow
depends on the renormalization scheme and on the energy scale

Marco C& (HIM, JGU Mainz) The hadronic contribution to the running of the electroweak mixing angle 17/06/2019

/13



the running — a precision test of the SM

experiments: at high Q?
® measurements at colliders
T at low 02, upcoming
[socen | } * MOLLER @ JLab
e N ® P2 @ MESA, Mainz (secker ot 2l 2015]
" h 7 = non-perturbative QCD effects

Ng‘ fLhc [talk by J. Wilhelm, Had. Struct., Fri. 15:00]

T — theory: running, in the MS scheme
o * sin® 0, = 0.238 68(5) in the

10 10." 132 m.‘ 1 10 11.72 11.)3 10* .
HiGev] Thomson limit [Erler, Ferro-Hernéandez 2017]
[PDG 2018]

0.245

® the running at scales < Aqgp is
affected by non-perturbative QCD

physics
and global fits to EW precision data

sin” Oy, (Q%) = sin® y[1 + Asin” Oy (0?)]
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https://dx.doi.org/10.1007/JHEP03(2018)196

the hadronic contribution
the leading hadronic contribution to the running of sin? Oy is [Jegerlehner 1986; 2011]

dna

g Sin® By, (0%) = — aped,  nyed =1 - o),

sin? Gy,

proportional to the subtracted hadronic vacuum polarization
z i . .
Q,0,-6,,0)I1%7(Q% = 11,/ (Q%) = / d*x @@ (j7(x)j{(0))
of the e.m. current and the vector part of the Z current

; 2_ 1- 1_ 2_
J,}; = guyﬂu - gdy”d - gsyﬂs + gcyﬂc,

1+ 1_ 1_
Zdyﬂd - Zsyﬂs + chﬂc,
.z _ .13 .2 .y
Ji =Jy —sin Owipus
® can be extracted from phenomenology using dispersion relations
® or can be computed ab initio on the lattice [Burger et al. 2015; Giilpers et al. 2015]

® similarly, the hadronic contribution to the running of aqgp is given by H;’{(QZ)
[next talk by M. T. San José Pérez]

i = Ly,
H 4 H
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https://dx.doi.org/10.1393/ncc/i2011-11011-0
https://dx.doi.org/10.1007/JHEP11(2015)215
http://pos.sissa.it/archive/conferences/251/263/LATTICE%202015_263.pdf
https://indico.cern.ch/event/764552/contributions/3420516/

the time-momentum representation (TMR) method

introduced for the HVP contribution to (g - 2)” [Bernecker, Meyer 2011; Francis et al. 2013]

Hfy(Qz) = /°° dxg G4 (x() [x(z) - é sin’ <%>],
0
G7(xp) = =% / &x Z<J,f<x>j,i(0)>,

= using correlators from Ny = 2 4 1 Mainz effort in computing (g — 2)HVP

[Gérardin et al. 2019; talk by A. Gérardin, Had. Struct., Tue. 14:40]

® non-perturbatively (9(a)-improved vector currents [Gérardin, Harris, Meyer 2018]

® two discretizations: local-local and local-conserved
® w.rt. the (g — Z)EVP case, the kernel has a shorter range
® expect 4y.4 sin’ Oy to be more sensitive at cut-off effects, especially at high 0’

® pbut much simpler large-distance systematic
= no loss of signal in the tail of the connected correlator
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https://dx.doi.org/10.1140/epja/i2011-11148-6
https://dx.doi.org/10.1103/PhysRevD.88.054502
https://arxiv.org/abs/1904.03120
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lattice correlators
with SU(3) £ notation, in the isospin-symmetric limit (light quark £: either u or d):

1 _ze¢
Gz%/(x) = ECMV (x),

1 sl
G0 = 2| 0+ 26000 + 2005 T )
1

73 , 20+5,6—
G = ——=| i 0 = G + D)
24/3
where the connected and disconnected Wick’s contractions are
i = (Te{ D71 (x. 0, D7 0.0, } ),

/") = (e D7 x. oy, } Te{ D700, } ),
the Zy correlator is given by
1 1

GOS, ny — G33 + —GSS,

1
Gzy=<——sm29 )G” -

where G7 is the e.m. current correlator, relevant for e.g. AhadaQED(Qz), a'vP
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ensembles
from the CLS initiative [Bruno et al. 2015, Bruno, Korzec, Schaefer 2017]
tree-level LUscher-Weisz gauge action, non-perturbatively O(a)-improved Wilson fermions, open BCs in time

Tla Lla a[fm] L[fm] m,[MeV] mg[MeV] m,L

H101 96 32 0.086 2.8 415 415 5.8
H102 96 32 2.8 355 440 5.0
H105* 96 32 2.8 280 460 39
N101 128 48 4.1 280 460 5.8
c1o1* 96 48 4.1 220 470 4.6
S400 128 32 0.076 24 350 440 43
N401* 128 48 3.7 285 460 53
H200 96 32 0.064 2.1 420 420 44
N202 128 48 3.1 410 410 6.4
N203* 128 48 3.1 345 440 5.4
N200* 128 48 3.1 285 465 4.4
D200* 128 64 4.1 200 480 4.2
E250% 192 96 6.2 130 490 4.1
N300 128 48  0.050 2.4 420 420 5.1
N302* 128 48 24 345 460 42
J303 192 64 32 260 475 4.2

* disconnected contribution available, § periodic BCs in time
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preli

E250:

minary results

physical meson masses, a = 0.064 26(74) fm
0 [GeV?]
0 2 4 6 8 10
0.08
- 33
0074 ~ 88, conn. —
~ 08, conn. l 5 5
0061 _— at O = 1GeV
0% ~ L. L.
0.04 4
33 0.03570(36)  0.03529(36)
0031 88  0.02600(12)  0.02559(12)
0021 08  0.00826(21)
0.014
0.00
0 1 2 3 4 5
1,0

—-0.002484(39) Q% =0.24GeV?
Apaq 5in? Oy (0%) = 3 —0.005 888(40) Q? = 1 GeV?
—0.010329(41) Q% =4.22GeV?
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preliminary results — including disconnected

N200: M, ~ 285MeV, a = 0.064 26(74) fm

0% [GeV?
0 2 4 6 8 10
0.08 : : : :
- 33
I QP =1GeV?
S 004 l.c. LI
=
33 0.03011(11)  0.02972(11)
0021 88 0.02540(5) 0.025 00(5)
oo 08 0.00393(6)
g 88  —0.00032(7)  —0.00032(7)
=0 ~ 85, disc. | 08  —0.00109(29)
= 08, disc.
0002 j 3 3 ; 3
1,0’

—0.002115(10) Q% =0.24GeV?
Apag Sin? Oy (0%) = 1 —0.005427(14) Q% = 1 GeV?
—0.009 874(15) Q? = 4.22 GeV?

connected only!
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preliminary results — including disconnected

N200: M, ~ 285MeV, a = 0.064 26(74) fm

0% [GeV?]
0 2 4 6 8
0.08 N A . h
- 33
— 88, conn.
0.06 1
— 08, conn.
kS
2 0.04
=
0.02
0mo0
kS
= oo ~ 88, disc.
— 08, disc.
—-0.002 T T T T T
1 2 3 4 5
1,0

—0.002138(13) Q% = 0.24GeV?

Apag Sin® Oy (0%) = {-0.005457(16) Q° = 1GeV?

—0.009905(17) Q2 = 4.22 GeV?

at 0% = 1GeV?
l.c. LI
33 0.03011(11)  0.02972(11)
88 0.02540(5) 0.02500(5)
08  0.00393(6)
88 —0.00032(7)  —0.00032(7)
08  —0.00109(29)
17/06/2019
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preliminary results — chiral and continuum extrapolation

at Q> = 1GeV?
M, [MeV]
140 200 240 280 315 340 370 395 420
0,05 ‘ y ‘ ‘ ‘ ‘ ‘ ‘ ‘
* 0.086fm
© 0.076fm
2 0.041 © 0.064fm
eIl > . « 0.050fm
N [
0.03 1 s B &
A T8> o . ‘ * Tt e
VA LR i) ‘ * .
= 0.02
o HgS = 0011 .
e
oo
0.00 o oee

00 01 02 03 04 05 06 07 08
¢, =8i,M;

Marco Cé (HIM, JGU Mainz) The hadronic contribution to the running of the electroweak mixing angle 17/06/2019

9/13



preliminary results — chiral and continuum extrapolation

at Q2 =1 GeVz, local-conserved only

M, [MeV]
140 200 240 280 315 340 370 395 420
e 0.036 1 * 0.086fm
61y > ! * 0.076fm
0.034 - © 0.064fm
¢ + 0.050fm
0.032 ¢ R
£ *e
Q
E“ 0.030 1 e N
o
0.028 1 *
- *
88 : A -
. B - -
Al = 0026 4 . X +
0.024 ‘ -

00 01 02 03 04 05 06 07 08
¢, =8i,M;,
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finite-size correction

added to the I = 1 correlator G33(t), with t; = (mﬂL/4)2/m,,

[Gérardin et al. 2019; talk by A. Gérardin, Had. Struct., Tue. 14:40]
t < t;: correction from scalar QED (a.k.a. NLO xPT)

[Francis et al. 2013; Della Morte et al. 2017]

72 2 =
0.1~ 6P (e ( B /& )3)k e
T

%2

t > t;: correction from GS model of F (w) [Gounaris, Sakurai 1968]

G33(z,oo)=/ dowp(@)e  p?) = 7 —‘ﬂ) | (@)

0
and the corresponding finite-volume correlator

[Luscher 1991; Lellouch, Luscher 2000; Meyer 2011]

B, L) = Z |An|26—wnt
n

with Lischer's w,, and LLs A,
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finite-size correction — an example

using the TMR kernel to compute (g — 2),,

xio-0 HI105, ML =39 NI101, M,L =538
T

t lattice correlator error
* scalar QED correction
¢ GS model correction

" _;.mnnHHUHHHIIIHHHW il

TR WHH

0 10 20 30 40 0 10 20 30 40
tla tla
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preliminary results — chiral and continuum extrapolation

at Q% = 1 GeV?, local-conserved only, without finite-size correction

M, [MeV]
140 200 240 280 315 340 370 395 420
L33 0.036 * 0.086fm
10 = i © 0.076fm
0.034 . 0.064fm
¢ + 0.050fm
0.0321 . .
< +
S
= 0,030 . .
o
0.028 1 -
- *
. N N
A T8 = o006] . . i P
Ay . . +
0.024 1 ‘ *
00 01 02 03 04 05 06 07 08
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preliminary results — chiral and continuum extrapolation

at Q2 =1 GeVz, local-conserved only, with finite-size correction

¢ :]713{3 >

(%)

L7788
ally =

M, [MeV]
140 200 240 280 315 340 370 395 420
0.036 1 i + 0.086fm
¢ 0.076fm
0.034 1 © 0.064fm
+ 0.050fm
+
0.032 1 .
+
0.030 t .
+
+
0.028 *
.- *
&‘ - -
0.026 s . .
. .
R .
0.024
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
¢z=870M§
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preliminary results — chiral and continuum extrapolation

at Q2 =1 GeVz, local-conserved and local-local, with finite-size correction

M, [MeV]
140 200 240 280 315 340 370 395 420
J + 0.086f
He¢ :H?S = 0.036 1 m
¢ 0.076fm
0.034 © 0.064fm
+
. + 0.050fm
0.032 1 : N
~ »
P .
< 0,030 (I .
= -
i .
0.028 1 :
- +
. - : * o+
. HSS v - “' >
v.ally = 0.026 1 4 . o i %
. H
0.024 ¢ '

00 01 02 03 04 05 06 07 08
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preliminary results — chiral and continuum extrapolation

at Q2 =1 GeVz, local-conserved and local-local, with finite-size correction

M, [MeV]
140 200 240 280 315 340 370 395 420

ne :H?QS = 0.036 ¢ 0.086fm
* 0.076fm
¢ 0.064fm

0.034 1
0.050 fm

0.032 1

0.030 1

Q%)

0.028 1

v, A :1718(8 = 0026 I L e <5

0.024 1

0.0 0.1 0.2 0.3 014 0.5 0.6 0.7 0.8
by = 81,M;

fit ansatz and preliminary results in the appendix
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preliminary results — chiral and continuum extrapolation

at Q2 =1 GeVz, local-conserved and local-local, with finite-size correction

M, [MeV]
140 200 240 280 315 340 370 395 420

0.05
© 0.086fm
¢ 0.076fm

2 0.041 0064 fm
me:lly > + 0.050fm

0.03

. 7788 —~
V., A AT R => b
= 0021

fit ansatz and preliminary results in the appendix

The hadronic contribution to the running of the electroweak mixing angle
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conclusions & outlook

the leading hadronic contribution to the running sin? Oy can be computed on the lattice
® with ~ 1 % errors, competitive with phenomenology
® including the disconnected contribution, with sub-percent determination
® |attice provides flavour separation = input for the dispersive approach

® correction for finite-size effects is essential

® include the valence charm contribution (correlators already available)
® investigate the systematics of the chiral continuum extrapolation

® isospin breaking effects [talk by A. Risch, Had. Struct., Tue. 14:20]
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thanks
for your attention!

=

questions?
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preliminatry fits
input: a*/ty, ¢, = 8tgM?2, py = 8to(M~ + M2/2)

L4 tO from CLS scale-setting paper [Bruno, Korzec, Schaefer 2017]

® aM, from Mainz Ny =2 + 1 (g — 2),, paper [Gérardin et al. 2019]

® aM form CLS scale-setting paper and dedicated (preliminary!) measurements
fit ansatz, at fixed QZ:

F(@1t0, 2, b3 Po» 51,62, 715 125 Vas Vo) = Po + 61@% g + 65(a*l19)?
+71(hy — 3) + r2(log by — log ) + 74(y — $)* + v9(bs — &)

® combined fit of the local-local and local-conserved discretizations

® no erroron az/to, ¢y = 8tOM,%, ¢y = 8t0(M12< + M,%/Z) contributing to the y? (yet)

preliminary results:

o fitof 732, with y, = 0: y*/#dof = 26.99/24 = 1.12, p-value = 0.30

o fitof IT5Y, with y, = 0: y*/Hdof = 73.40/24 = 3.06, p-value < 0.01

o fitof IT}, with 7, = 0: y?/#dof = 32.28/24 = 1.35, p-value = 0.12
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renormalization and (9(a) improvement

for the local current [Bhattacharya et al. 2006, [...], Gérardin, Harris, Meyer 2018]

V;43,R =Z(1+ 3l_JVam2V + bVamqf)V,f’I,

v - a(my p+2m, ;) 8,1 b 2a(m, p—mys) 0,1
wR = ZV <1 + 3bVam2V bV#)Vﬂ + < 3V fy)%l/ﬂ :|’
0 =Zyr 7 0,1 a(m, £m 95) 8,1
Vy,R 4 V[(l +Q@dy+ dy)am‘;‘l“’) V' + dV%VM ]

where
al _ 0,1 _ 4,0 . 0
VvV, = V”” + acV(?OT(;lﬂ, V,©w =V, tac V60T0M~

while for the conserved current
a _ ya cs a 0 _ 70 ~cs 0
VM,R =V, +acy, 60T0H, VM’R =V, +ac, aOTOM.
= we use only the conserved vector current for the flavour-singlet component, and we set

— =CS _ CS
fr=0, ¢y =cyp.
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finite-size correction — an example

using the TMR kernel to compute (g — 2),,

xio-0 H200, ML = 4.4 N202, ML =64
T

t lattice correlator error
34 . ‘. g * scalar QED correction
¢ GS model correction

0 0 10 20 30 40
tla

Marco Cé (HIM, JGU Mainz) The hadronic contribution to the running of the electroweak mixing angle 17/06/2019  3/3



	Appendix

