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hadronic corrections to electroweak observables

» observables that enter in the consistency tests of the Standard Model
in the electroweak sector

> QED coupling : a(Mz)

» observables that can be probed in low-energy experiments
> sin 0y, (Q%)

> (9—-2). [talk by Taku Izubuchi]



running of QED coupling
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» vacuum polarisation: charge screening ~~ running of QED coupling

» Standard Model (SM) precision tests and sensitivity to new physics
requires precise knowledge of AagED(QQ) . input parameter of SM

experimental evidence of the running of a(Q?) : LEP

differential cross-section of Bhabha scattering
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AaQED
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> AaQED(Qz) receives contributions from leptons and quarks :

OPAL : Bhabha scattering

[OPAL, Eur.

Phys.

J.

C 45

Aagep =
Aalep(’\/,Z) = 0.03150
20l (My) = 0.02771(11)
Aatop(MZ) = —000007(1)

Ratio Data / Theory (Au=0)

(2006) 1.]

OPAL

Aayep + A(xfa)d + Aatop

OPAL fit

retical predictions

- A=A,
o MG = MGy, + Aty g

(Gev?)

[PDG,

2014]



A«

had

QED
Py
&) = 7= Aogen(Q2)
> o= 1/137.035999074(44) [0.3 ppb] [PDG, 2013]
> o(M2) = 1/128.952(14) [1074]  ~» 10%less accurate ...
[M. Davier et al., 1010.4180]
» hadronic effects : (&) depends strongly on & at low energies

hadronic uncertainties propagate . ..

. @ :
had

uncertainty in Aajiy, (M2) is comparable to that of sin® 0y, (MZ)
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AQ) = 7= Aagen(Q2)

» leading order (LO) contribution
« . /\/\@ Q\/\f

/ d'x € (4, (x) 4 (0)) = (Q.Qu — @ 6,,) ()

Ne
JH(X) = Z QfEf(X)"/be(X)

f=1
& € {~1/3,2/3}

> (&%) : photon vacuum polarisation function (VPF)
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2
o) = 1 — Aagep(&?)

» leading order (LO) contribution

/d X € (J,() b (0)) = (9.Q, — & 6,,) ()

Ny

= > @ () yur(x)
= Q € {—1/3,2/3}

» (&%) : photon vacuum polarisation function (VPF)

Dogep(Q) = 4ra (n(@Q) - n(O)) = draNg(QP)

> Aderfunction D(&):  p(a?) 192 (P
@ ~ 7 Tag
3 d had , 2

= _;quAagED(q ) &=-
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> the VPF N(€%) and the Adler function D(&) ~ Aafs,(€°) and  al©

» phenomenological approach :

dispersion relation + optical theorem + (ete™ — hadrons) cross section
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compared fo a}*®, low-energy regions contribute less w0
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theoretical prediction that relies on experimental data 1 5 /5[GeV ]

» lattice QCD



Aoy, and a°
» phenomenological approach :

dispersion relation + optical theorem + (et e~ — hadrons) cross section

value (error)?
oo 7 0 mn mn
gfio (amu )2 / as’ Ruaa(s") K(s) . 26
= g ——~ 2 7 .
" 37T 32 had,LO VP
ame, a7 09
@ 7 Rnaa(s')
2 (@) = -2 /ds'ai
0 () 37 S5 — Q2)
am2.
At = (694.91 £ 8.72cxp £ 2.10raa) - 107'° [0.6%] Aoy M2

£ (M2) = (276.26 +1.38) - 107" [0.5%]

[Hagiwara et al., 1105.3149]

» low energy:

2ol (@ =3.2Gev?) = (56.50 + 0.78) - 107 [1.4%]

[PDG, 2014]

> use of PT: @ ~ (2.6 GeV)? [Hagiwara et al., 1105.3149]
@ ~ (1.8GeV)? [M. Davier et al., 1010.4180]



Global electroweak fit of the SM

» combine measurements of electroweak precision observables to overconstrain the
electroweak sector ~» test of SM

» backin2011:

ENo.oss;H‘.H,.s”(‘_)‘”””uHHHH‘HH
& %0032 P
g = > 2 " f & eyl
Q = o 5| 68%,95%,99% CL it contours incl. Acy, (M2}
0.031 > s 2 =
£ ] ]
S g E
0.03 - E
68%, 95%, 99% CL fit contours incl. 7
5 |
0.020 Auw(mg) and direct Higgs searches 3
0.028 16 band for Ao M)
0.027 -
0.026 E\ 3
E [177/68%.95%, 99% CL fit contours exch Aaf;(M;‘[
0.025 Dt | S - Ly 1 BN B A 1 L
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[Gfitter, M. Baak et al., 2011]

Dol (My) = (276.8£22)-107% ~ (2749 +1.0). 107

[Hagiwara et al., 2007; Davier et al., 2010]

My =840 Gev  ~ 9678, Gev



Global electroweak fit of the SM

Free

w/0 exp. input

Parameter Input value e Fit Result N

in fit in line
My [GeV] 125.14 4+ 0.24 yes 125.14 4+ 0.24 93+%
My [GeV] 80.385 + 0.015 - 80.364 + 0.007 80.358 -+ 0.008
M; [GeV] 91.1875 4+ 0.0021  yes 91.1880 4 0.0021 91.200 £ 0.011
sin 0%; 0.2324 £0.0012 - 0.23150 4+ 0.00006  0.23149 + 0.00007
ALD 0.0992 £0.0016 - 0.1032 + 0.0004 0.1034 + 0.0004
me [GeV] 1.27 4997 yes 1.27 75, -
my, [GeV] 420%%Y yes 420791 -
my [GeV] 173.34+£0.76  yes 173.81+0.85 177.073%
A (M2)[107°] 2757 £10[0.4%]  yes 2756 + 10 2723 + 44 [1.6%]
as(Mz) - yes 0.1196 +0.0030 [2.5%]  0.1196 + 0.0030

sin2 6
€l

[Gfitter, 1407.3792]

(rrac, 1310.8555)0 as(Mz) = 0.1184(12) [1%)]

¢+ related to the effective vector and axial couplings of the Z boson fo leptons at the Z pole



Global electroweak fit of the SM

mm Global EW fit

& Measurement
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(Gfitter, 1407.3792]

3

agreement between
direct & indirect determinations :
p-value = 21%

no individual value > 3 &

AL with 2.5 &
unpolarized Z-pole forward-backward

asymmetry: @5 and g8
indirect determination :
sin® 64, = 0.231488(70) [0.03%]

where Aol (M2) contributes

to 50% of the uncertainty



Global electrowedak fit of the SM : prospects

Exp. input [+ Toexp] Indirect [+ 10exp, £ 10theo]
Parameter Present ILC/GigaZ Present ILC/GigaZ
My [GeV] 0.4 <0.1 e, TR e 12
My [MeV] 15 5 6.0, 5.0 1.9, 1.3
M; [MeV] 2.1 2.1 1, 4 26,10
m; [GeV] 0.8 0.1 2.4, 0.6 0.7, 0.2
sin® 04, [1079] 16 1.3 45, 4.9 2.0, 1.0
2al® (M2)[10-9] 10 4.7 42,13 5.6, 3.0
as(Mz) [1074] - - 40, 10 6.4, 6.9

prospects for ILC/GigaZ : uncertainty on AalY) (M2) and M,
~~ largest contribution to uncertainty in My

[Gfitter, 1407.3792)

improved precision on the theoretical determination of Aaﬂd(l@) will be needed



Mainz : electroweak couplings

A. Francis, V. Gulpers, G. H., G. von Hippel, H. Horch, B. J&ger, H. Meyer, H. Wittig

» [Mainz, 1112.2894]

a? [fm? + [fm~1]
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Nr = 2 O(a) improved Wilson fermions [CLS]
strange and charm are quenched : sg ., Cg 1000 -+ 4000 meas. per ensemble

quark connected + disc. confributions scale from fx [(aLpHA, 1205.5380)



lottice VPF

Local current

JED(x) = 2 p(x) v (%)

conserved-local correlator

N,

(35 (@) 3 (00 4 10) )

=1
nuu(é) _ OAZer‘Q(x+a;1/2)<J2)s)(X) Jf})(m) — n(é??)
X
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Adler function

the Adler function D(&?) is related to the vacuum polarization by

an(&?
D(@) =127 & (&)
ae?

compute the Adler function :

» analytic derivative:
fit a function fo M(&?) and compute its derivative
Padé ansatz :

P P3
Me(€%) = N(o @2<7 7)
(&) =NO)+ 2t @ it

d P1P2 P3P
@ —nNu(e) =& +
aez (&) (P2 + @) (pa+ @)

» numerical derivative:

apply linear or quadratic fits of varying ranges to determine the derivative of I'I(QQ)



Adler function :

~I(Q?)
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D(&?) = 1272

a =~ 0.066 fm, Mpg~ 185MeV =i

0.01
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dlog @2
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Adler function : combined fit

Adler function:
dn(&?)

2 ~2
D) =127° @ s

» fit form:

D(&?) = Padé(€%) [1 + discr. + mass]

D(Q?) = @2 P1 Ps )
) ((P2+Q2)2 " (pa + @2)? )

[1+ (@ a+arioan+ (g ) (Mg~ 1) + (&) (Mis - M2)']

» consider 11 ensembles with different a, Mps
» consider also variations over these fit forms

> (u,d), 59 and Co



Adler function

. combined fit &2 ¢

[0.5, 4.5] GeV?

_ 3 d had |, ~2
D) = T Fisgra Ao (@)
2.0 u, d
1.9 |
1.8 F
v %éi?%@ iy IIII||“'i“'
& @ 03
= g P T
1.5 E
a = 0.049 fm 5~
1.3 a ~ 0.066 fm re+ 1
a =~ 0.076 fm re
12 I I I I I I I I
05 10 15 20 25 3.0 35 40 45
Q* [GeV?]
Padé [1,2] with O(a) lattice artefacts and quadratic form in Mgs x?/d.o.f=0.93



Adler function: Mps dependence

% _d
a dlog(&?)

D(&) = Dogin (@)

2.1
2.0
1.9
1.8 |
1.7
516
8 s
14 F 14 F 1
13 Q2=0.95CeV? C.L. R 13 Q?=330CeV? CL.
’ a =~ 0.049 fm e~ : a =~ 0.049 fm e~
1.2 a ~ 0.066 fm = 1 12 a~ 0.066 fm et N
1.1} a~0.076fm e | 11k a~0.076 fm ]
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
M [GeV?] M3 [GeV?]

Padé [1,2] with O(a) lattice artefacts and quadratic formin M2g x?/d.o.f = 0.93



Aaln(Q?)

A (Q%): systematic effects

3 d had

u,d scale from fr HE
Mq

D) = = ——— Aot (&
(@) = T ey obih(@)
0.006 0.006
0.005 0.005
0.004 o 0.004
<
<8
io
0.003 S 0003
0.002 f 0.002 ff
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a < 0.07fm W
0001 1 L L L L L L L 1 0001 1 L
05 1.0 15 20 25 30 35 4.0 45 0.5 1.0
Q*[GeV?)

Padé [1,2] with O(a) lattice artefacts and quadratic form in
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Aaln(Q?)

A (Q%): systematic effects

3 d had

D(Qz) = W(QQ)AO‘QED

(@)

u,d:; a—0; JMphys

0.006 0.006
0.005 0.005
0.004 o 0.004
<
<8
io
0.003 3 0.003
0.002 0.002
u,d Mpg < 500MeV HE u,d Padé [1,2] HE
Mps < 390MeV Padé [2,2]
0001 1 L L L L L L L L 0001 1 L L L L L L L 1
05 1.0 1.5 20 25 3.0 35 4.0 45 05 1.0 1.5 20 25 3.0 35 40 45
Q2 [GeV? Q2 [GeV?

O(a) lattice artefacts with quadratic form in Mg



Adler function:

S 025
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0.15

0.10

D(@Z): 3

e

d

A had 2
Jlog(@?) “een(&)

Mps ~270MeV C.L. 1H
a =~ 0.049 fm =+

a =~ 0.066 fm e~
a = 0.076 fm e

05 1.0 15 2

.0 25 3.0 35 40 45

Q?[GeV?]

Padé [1,2] with O(a) lattice artefacts and linear form in MSS

strange quark &2 < [0.5, 4.5] GeV?

Sg

x?/d.o.f = 0.87



Adler function: strange quark

37 d had 5
D)= —— A (@
(&) o diog(d) gen(9)
Sg
0.40 0.40
0.35 | 1 0.35
1 ] i - B = T -
0.30 | ] 0.30 s B PR

4 0.25 1

@)
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0.25 zk P

£ s - .
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0.15 ‘ ‘ ‘ ‘ 0.15 ‘ ‘ ‘ ‘
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Padé [1,2] with O(a) lattice artefacts and linear form in M2y x?/d.o.f = 0.87



Adler function: charm quark &2 € [0.5, 4.5] GeV?

3 d had [ ~2
D =———— A«
(Qz) o dlog(@?) agen(Q)
0.6 ‘ ‘ ‘ ‘ ‘ Cq
Mpg ~270MeV C.L. IH
05 L a = 0.049 fm re-
a = 0.066 fm re-
a = 0.076 fm re-
0.4
S 03
Q
0.2
0.1
00 1 1 1 1 1 1 1 1
05 10 15 20 25 3.0 35 40 45
Q? [GeV?]
Padé [1, 1] with O(a) lattice artefacts and linear form in MSS x?/d.o.f = 1.42

Mps < 390 MeV



Adler function: charm quark

3 d had , ~2
D)= — __pdl (@
(@) = = Fiogr@) An(€)
0.4 T T ; T 0.4 T T T T
Q?=0.85Gev? C.L. I
a =~ 0.049 fm e~
a =~ 0.066 fm
0.3 - a~0.076fm i 1 03 | ,
S 02| i S 02 [F - i
Q Q
. P
01 L i 01l Q>=270GeV? CL. I |
. o - a~0.049 fm e
e - a~ 0.066 fm e
a = 0.076 fm ——
0.0 s s s ‘ 0.0 s ‘ s s
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.2
M2y [GeV?] M3 [GeV?]
Padé [1, 1] with O(a) lattice artefacts and linear form in Mgs x?/d.o.f = 1.42

Mps < 390 MeV
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Adler function : flavour contributions

3 d

D _ o A had 2
(@) = T Fog@ 2oen(@)
oo 3.0 o u,d, sy, Cq
Cq
M7prhys SQ
25 u,d i
2.0 | ——————————
S 15f / 1
IS /
1.0 |/ .
; u,d,s,...
0.5 -m-u_i_m-n-“-'“-"-u /\f<>J\f
00 / 1 1 1 1 1 1 1 1 1
00 05 1.0 1.5 2.0 25 30 3.5 4.0 4.5

Q*[GeV?]

[PRELIMINARY ]



Adler function : flavour contributions

3 d

_on had 2
D) = T Fiog@ Aoen(@)
3.0 u,d, sy, S
a—0
M7prhys
2.5 +
2.0 F
S 15}
Q /
1.0 b/ .
j u,d,s, ...
05 1 u,d, s, ¢, Il
u, d, s, C
4 wu,d
00 1 1 1 1 1 1 1 1 1

0.0 05 1.0 1.5 20 25 30 35 40 45
Q?[GeV?]

[PRELIMINARY ]



running QED coupling: Acdid,(Q?)

%)

<

Aa léaéiD (

pheno. u, d:

0.007

0.005

0.003

0.001

pheno. u,d, s, c, b:

a(@2)=

e
1 — Aagep(&?)

pheno. alphaQED wu,d,s,c,b ——

[PRELIMINARY]

u,d, 8, ¢ M
u,d, s,
u,d 7

pheno. u,d +
(shift) lead. pQCD —
05 10 15 20 25 3.0 35 40 45

Q? [GeV?]

[Bernecker & Meyer, 1107.4388]
[alphaQED package, F. Jegerlehner]



ETMC ensembles

e fermionic latftice action: Wilson twisted-mass
o Np=2: u,d
e Ny=2+1+4+1: u.d.,sc

0.20
a[fm] ETMC Ne=2 &
(clover) ETMC Ny=2 v
ETMC Ni=2+4+141 o
I (experiment) @
0.15
0.10
v v v
AGhO GO A0AIO0 A
o @ © 0o
g A A i A
0.05
0.00 . 4
100 200 300 400 500 600
Mps [MeV]

e quark connected contribution to Aagh

e conserved current af source and sink

e physicalinput: M, My, fr

1/1.25

1/L [fm~1]

1/2.5

1/5

100 200 300 400 500 600

Mps [MeV]

[ETMC, 1505.03283]



ETMC analysis

5 1 4
ntot(QQ) _ 7|—|ud(Q2) + 7|_|S(Q2) + 7|-IC(Q2)
9 9 9
with
£, ~2 f 2 2 2 f 2
M) = (1 - (& — Quien)) Mo (&) + (& — Qaien) My ()
where
Pm? N-—1
2y Y 2\
I_Ilow(Q ) Z Z c’l(@ )
m2 + =
B—1 c—1
f 2 2) 2y 4 vNi
Mhen(Q°) = 109(€°) > b (@) + >~ c(@)'.
k=0 =0
with @2 cn = 2GeV? & Q@2 . = 100 GeV?
0.007
A
0.006 | i T A mﬂl[ e
{1t
0.005 | IIIHIHIHH » continuum limit and chiral exir. :
e I
< oot s
B ool ¥ | Do (@) [Mps, o] = A+BMsg+C o
. i MIN2B3C1 ——
I MIN4B4C1
0.002 + ; MIN2B4Cl — A
T MIN2B3C2
. MIN2B4C2 ——
o e
0 ‘ ‘ | M2N2BACT —— » standard fit : MTN2B4C1
0 2 4 6 8 10
Q? [GeV?|

[ETMC, 1505.03283)



hvp,ud [ 32
orh (@7

Aq,

ETMC : Aakad (@?)

rescaling in the light sector:

0.007

0.006 |

0.005 |

0.004 |

0.003 |

0.002

0.001 |

0

Vohys

A (Q?) = ana . | @ M
aQED( ) = 4ma g

0.01
A
ﬁﬁﬁﬁi 0.008 L -
A |
!
ﬁlﬁh 0.006 | ]
i
#
III 0.004 - 4
i
H 4
N 0.7, 1.3] fn ——— 0.002 | f ’
0.6,1.3] fm — y
= 0.7,1.2] fm —— /[ Tattice data Tinearly extrapolated to m, in CL —e—
. . . 0.6,1.2] 1"m 0 o from Jegerlehner’s alphaQED package
0 2 4 6 8 10 0 2 4 6 8 10
Q* [GeV?] Q% [GeV?)
2o (2Gev?) = 4.916(61) - 1073 [1.2%]  [alphaoED package]

Do) (2Gev?) = 4.993(102)(144) - 107° [3.5%]  [ETMC]

[ETMC, 1505.03283]

see also : HVP from magnetic susceptibilities (c. sa1i & 6. Endrodi, 1506.08638]



Ahadgin? g, (Q2)



0.245 T T T T T
— SM
+ published
ongoing
0.240| © planned Qu(e) NuTev i
SLAC
2
Ncng Q(Cs)
c 0235 ,
@
T QP
Mainz ITevalron
il
0.230 - FQu(Ra) 1@ 1 i~ :
JLab eDIS -
CMs
EQu(€) T
JLab
0.225 | L L L L
0.0001 0.001 0.01 0.1 1 10 100 1000 10000
u[Gev]
non-perturbative effects in the SM curve : [Erler & Su, 1303.5522]

» dispersive approach would require separation of up and down type quarks . ..
> MS: use threshold quark masses by imposing o (Mg) = o (Mq)
~» pheno. estimates: M, = Mg ~ 180MeV and m; ~ 305MeV
no connection to other schemes in PT
» assume isospin and absence of singlet contributions

» ... lattice QCD



APadsin? ,,(Q?)

sin? 0y (&%) = sin? oy (@2 = 0) (1 — Asin? GW(QQ))

with sin? 8y (@2 :0) = a/ay = 0.23871(9)
[Kumar et al., 1302.6293]

» LO hadronic conftribution to the SU(2), coupling as

A Y

Jo= 8 —sin® (0w) I
1 _ -
Jp = 3 22 (G (1 = 98)r = G (1 = 5)ck)
;
> AMsin? 0,(Q%) = Ao (&%) — A (&)

» forinstance, (u, d) connected confribution at LO :

9
AN SN2 0y(@%) = Ao (D) <1 - 7%)
«



APad g5in2 9, (Q2)
u,d, sg, Cg

[PRELIMINARY]

(stat.) Mainz [

ETMC e

-0.002 |

-0.004

Abad gi;,2 O (Qz)

-0.006

-0.008 L | | | | |
05 10 15 20 25 3.0 35 40 4.

Q*[GeV?|

u,d,s,C: [(ETMc, 1505.03283]



mixed (fime-momentum) representation

[D. Bernecker & H. Meyer, 1107.4388]

Ny = = /00Q axo G (x0) {xg - é sin’ (%Q)@)}

67 () = - [ R (L)L )

z a 1 (4
Giicl0) = 5 G 00)

» ¢ =(u,d) and s disconnected contributions :

where

72
fo:cAs)( “x0 — yo) *V < <Z Tr I:’YkD (x,x) + AvD; ' (x, x)}) X

(ZTr [%O; (v, v) = wD; (v, y)]> >
v

with

V. Glilpers et al., lattice 2015]



mixed representation: disconnected confribution

» a=0.063fm; M, =455MeV; L/a=232; T=2L

» 3 stochastic sources and generalized hopping parameter expansion

[G. Bali et al., 0910.3970; V. Glilpers et al., 1309.2104]
0.0002 5 disce P E5 connected —a—
5 disconnected +—#— 0.001 E5 total
0.00015 error on disconnected ———
0.0001 0.0001
= 5= i # H i 105 .
oLk 1 TIlllT* rrelriny Ny 1 LI
L Tl T T TT & le—06 i .
; T

|
o
g
|
K
&
——
——
——
—0i
]

le — 0T ‘ ; .
~0.0001 | ‘ S
.
' H | ] l;
—0.00015 le—08 | i 11
~0.0002 le — 09 i i ;
0 4 8 12 16 20 24 28 32 0 5 10 15 20 2% 30
tla t/a

[V. Glilpers et al., lattice 2015]

see also recent studies :
[G. Bali & G. Endrodi, 1506.08638]
[lattice 2015: BMW, HPQCD]



mixed representation: disconnected confribution

> split Jﬁ(x) and J; into isoscalar and isovector pieces :

~ G (x) = G7%x) + G (x)

where

_ 1 1 1 1 4 1 _
o= — @ ey (7 o« 7) 4 (7 o« 7) e ﬂfegf;“”‘“ B)
ay 18 @ an 9

» spectral representation

G (x) = /{;x dw w? 7 (w) Pl
> w<3M;: p%w)=0
» asymptotic behaviour: xo — oo

G(£+As),(2—s)(xo)

disc

1
Grr(xg) -

V. Glilpers et al., lattice 2015]



mixed representation: disconnected confribution

> xg — oo

disc

G(Z+As),(l—s) (XO)

— 1
Grr(xp)
3
3
’ 0.08 , .
data —a— relative difference =
) 0.07 \-
l 006 e
1 IS ",
N l S 005 s
S I = ey
s 0 —= T = 0.04 fooe taigs
< L] S L
S N 003 nEn
-1 1 51
0.02
-2 0.01
-3 0 8
0 5 10 15 20 0 2 oL 8 10
t/a @/GeV

4% : conservative estimate for systematic error from neglecting
disconnected contribution at & ~ 4 GeV?

[V. Giilpers et al., lattice 2015]



conclusions

» Ilattice determination of the LO hadronic contribution to

the running of the QED coupling and of sin? 6y,

> Adlerfunction ~ Aafg (&), A™sin® ow(Q). as. a®

> AMdgin? 9,,(Q%) : quark-disconnected diagrams
> ag‘;D(QZ) . further improvements are needed to reach the accuracy of pheno. results

» AMdsin? 9,,(Q%): needed to confront SM with ongoing experiments

» oblique parameter: S



	running QED
	running of sin2W

