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The Standard Model after the Higgs discovery

* Standard Model fully established but cannot account for:

e Mass and scale hierarchies:
11
’r77J1:()1)/777J1/e > 10 MHiggs < MPlanck
e Dark matter and dark energy

e Amount of CP violation to sustain matter/antimatter asymmetry

o-&Mr-vn'-Gt-OM .

‘05['_TYT T 1 YIIVY‘IIIII'le TYTY'j

10

=)
n

o
&

-
o

n
o
=]
LELELAN BLELELELES BLA I 2w L i Ll S

(ocd ot CL»09%)

.‘-srllllllll'illl Loos ol RSy
-1.0 -05 0.0 0.5 10 15 20

p

Hartmut Wittig The Mainz (g-2) project



The Standard Model after the Higgs discovery

* Standard Model fully established but cannot account for:

e Mass and scale hierarchies:
11
'rntop/r'nl/63 > 10 MHiggs < MPlanck
e Dark matter and dark energy

e Amount of CP violation to sustain matter/antimatter asymmetry

* Explore the limits of the Standard Model

e Search for new particles and phenomena at higher energy
e Search for enhancement of rare phenomena

e Compare precision measurements to SM predictions
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Control over hadronic uncertainties
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Precision Tests of the Standard Model

Anomalous magnetic moment of the muon: a, = %(g —2),
~ [ 116592 080(54)(33) - 10~ Experiment
“v 71 116591 802(2)(42)(26) - 10~ SM prediction

g

Dispersion theory: Model estimates:

{ (105 £ 26) - 10~

aVt = (692.3+£4.2+0.3)-10"1° atPh =
(116 +39) - 10~ !

p I

based on Rexp(e*e™ — hadrons)
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Precision Tests of the Standard Model

Running of electroweak mixing angle

|||||||||||||||||||||||||||||

Maa 7 = 100 MeV 1

v—DIS 1
Miark 7z = 200 MeV i

Qweak (first)

: #4
0.232 i Moller

MESA
Qweak ¢
0.230+ "Anticipated sensitivities" SLAC
.............................
-3 -2 -1 0 1 2 3

* Running of sin“Ow at low energies discriminates between different
scenarios for “New Physics”

* Challenge for theory: hadronic contributions
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The Mainz (g—2). project

Collaborators:

L E

THE LOW-ENERGY FRONTIER

N. Asmussen, A. Gérardin, J. Green, O. Gryniuk, G. von Hippel,

H. Horch, H. Meyer, A. Nyffeler, V. Pascalutsa, A. Risch, HW OF THE STANDARD MODEL
M. Della Morte, A. Francis, B. Jager, V. Gulpers, G. Herdoiza :
(D PRISMA
Topics:

* Hadronic vacuum polarisation
* Light-by-light scattering
* Running of aem and sin?Bw

* Determination of as from vacuum polarisation function
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Lattice QCD approach to HVP

* Convolution integral over Euclidean momenta: [Lautrup & de Rafael; Blum]

QIVP — 44 / " dQ? £(Q) {11(Q?) — 11(0))
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* Lattice momenta are quantised: (), = 7
3

* Determine VPF I1(Q?) and additive renormalisation I1(0)

* Statistical accuracy of [1(Q?) deteriorates as Q — 0
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Lattice QCD approach to HVP

* Convolution integral over Euclidean momenta: [Lautrup & de Rafael; Blum]

QIVP — 44 / " dQ? £(Q) {11(Q?) — 11(0))

* |ntegrand peaked near Q% ~ (V5 — 2)mi
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Lattice QCD approach to HVP

* Convolution integral over Euclidean momenta: [Lautrup & de Rafael; Blum]

QIVP — 44 / " dQ? £(Q) {11(Q?) — 11(0))

0
* |ntegrand peaked near Q% ~ (V5 — 2)mi
L=20fm m 10fm 5fm
ol T 1T @ —
0.08 3 3 : i i 1

Accurate determination
requires large statistics
on large volumes!
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Lattice QCD approach to HVP

% ”Hybrid” method: [Golterman, Maltman & Peris, Phys Rev D90 (2014) 074508]

—I1(Q%) :
Padé
approx.
: numerical
interpolations

> ()2
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Lattice QCD approach to HVP

%k ”Hybrid" method: [Golterman, Maltman & Peris, Phys Rev D90 (2014) 074508]

—I1(Q%) 4
Pade :
approx.
: numerical
interpolations

: > ()?
~0.1 GeV?

* Determine II(0) from Padé approximation in small-momentum region

Hartmut Wittig The Mainz (g-2) project



Lattice QCD approach to HVP

%k ”Hybrid" method: [Golterman, Maltman & Peris, Phys Rev D90 (2014) 074508]

—I1(Q%) 4
Pade :
approx.
: numerical
interpolations

)QZ

~0.1 GeV?

* Determine II(0) from Padé approximation in small-momentum region

* Requires sub-percent accuracy in u,d-part for Q% = 0(0.1 GeV?)
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Lattice QCD approach to HVP

Main issues:

* Statistical accuracy at the sub-percent level required

* Reduce systematic uncertainty associated with region of small Q?
& accurate determination of I1(0)

* Perform comprehensive study of finite-volume effects

* |nclude quark-disconnected diagrams

O

* |nclude isospin breaking: my # mg, QED corrections
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Low-momentum region of I1{Q?)

* Apply twisted boundary conditions to access low-0Q? regime:

- 2 0
. ’1,9 . | 2
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[Della Morte, Jdger, Jiittner, H.W., JHEP 1203 (2012) 055; PoS LATTICE2012 (2012) 175]
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Low-momentum region of I1{Q?)

* Apply twisted boundary conditions to access low-0Q? regime:
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[Della Morte, Jdger, Jiittner, H.W., JHEP 1203 (2012) 055; PoS LATTICE2012 (2012) 175]
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Low-momentum region: Time moments
* Expansion of VPF at low-Q*: I1(Q%) = 11y + Z QY11
* Vacuum polarisation for Q = (w,0) :

Hkk L a4 Z TWwTo Z Jk

* Spatially summed vector correlator: G(zg) = — —q° Z (Ji(x
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Low-momentum region: Time moments
* Expansion of VPF at low-Q*: I1(Q%) = 11y + Z QY11
j=1
* Vacuum polarisation for Q = (w,0) :

Mk (w) = a* ) e Z (Jx ()3 (0))

* Spatially summed vector correlator: G(zy) = —a” Z (Ji(x)J(0))

* Time moments: [Chakraborty et al., Phys Rev D89 (2014) 114501]

) N 8271, R
ng — GJZCE% G(CU()) — (_1) Oo2n {wQH(wQ)}w2:O
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Low-momentum region: Time moments
* Expansion of VPF at low-Q*: I1(Q%) = 11y + Z QY11
j=1
* Vacuum polarisation for Q = (w,0) :

Mk (w) = a* ) e Z (Jx ()3 (0))

* Spatially summed vector correlator: G(zy) = —a” Z (Ji(x)J(0))

%* Time moments: [Chakraborty et al., Phys Rev D89 (2014) 114501]
592Tl ~
_ 2N _(_1\n 2 2
Gan = ay 23" Glzo) = (—1)"5— {w (e )}wQZO
L0
* Expansion coefficients:  II(0) = I = 1G I, = (—1)7*+ Gaj2
I (27 +2)!
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Time-Momentum Representation

* Integral representation of subtracted VPF  TI(Q?) = II(Q?) — II1(0)

1
o
G(Qfo) — —/d333 <Jk (.CE)Jk (O)> [Bernecker & Meyer, Eur Phys J A47 (2011) 148]

I1(Q*) — 11(0) /OOO dro G(xp) [QQx(Q) — 4 sin? (%QCBO)]

[Francis et al. 2013; Feng et al. 2013; Lehner & Izubuchi 2014, Del Debbio & Portelli 2015,...]

* ()’ is a tuneable parameter

* No extrapolation to Q = 0 required; related to time-moments

* Must determine [ = 1 vector correlator ((xo) for xo — 00

— Include two-pion states to capture long-distance behaviour
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Time-Momentum Representation

1
Q2

Glao) = — / 82 (T (2).1(0))

I1(Q?) — 11(0)
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Current data sets and statistics

* Nr= 2 flavours of O(a) improved Wilson fermions
* Three values of the lattice spacing: a =0.076, 0.066, 0.049 fm
* Pion masses and volumes: m?in = 18 MeV, m L >4

* 1000-4000 measurements per ensemble

To be processed:

* Nr=2+1 flavours of O(a) improved Wilson fermions; tree-level
Symanzik gauge action; open boundary conditions

* Five values of the lattice spacing; physical pion mass
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Comparison: Fits versus Time moments

* Construct Padé approximants either from fits or time moments

0.16
0.15
0.14 H
| ]
0.13 H
5 |
N 0.12 +
0

0.11

0.1 ¢

0.09

0.08

Hartmut Wittig

m, = 185 MeV

Padé [1,1]: Fit
VPF data —=—

Iy —e— A

0.1

0.2

Q* [GeV?|

0.3

0.4

0.5

Fit Padé [1,1] for
QL .. S 0.5GeV?
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Comparison: Fits versus Time moments

* Construct Padé approximants either from fits or time moments

0.16

Padé [1,1]: Fit
VPF data —=—

My —e— -

Fit Padé [1,1] for
QL. S 0.5GeV?

~11(Q?)

0.08
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Q? |GeV?]
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Comparison: Fits versus Time moments

* Construct Padé approximants either from fits or time moments

0.16

Padé [1,1]: Fit
Padé [1,1]: Time-moments m—
VPF data —=— 1

Fit Padé [1,1] for
QL .. S 0.5GeV?

~11(Q?)

0.08

0 0.1 0.2 0.3 0.4 0.5
Q? |GeV?]
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Comparison: Fits versus Time moments

* Construct Padé approximants either from fits or time moments

0.16

Padé [1,1]: Fit
Padé [1,1]: Time-moments m—
VPF data —=— 1

Fit Padé [1,1] for
QL .. S 0.5GeV?

~11(Q?)

0.08

0 0.1 0.2 0.3 0.4 0.5
Q? |GeV?]

* Low-order Padé approximants consistent for Q% < 0.5 GeV?

* Apply trapezoidal rule to evaluate convolution integral for Q% = 0.5 GeV?
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Comparison: TMR versus fits

* |nterpolate G(xo) by cubic spline
for xo < X0,cut

0.01 H-
0.001 +
0.0001
1 le — 05 -
le — 06 -
le - 07
le — (OR8 1 17 1 1 I
0 5 10 15 20 25 30
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Comparison: TMR versus fits

* |nterpolate G(xo) by cubic spline
for xo < X0,cut

0.01
0.001 -
0.0001 —
le <05 ~
le — 06 ..

le - 07

le — 08
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Comparison: TMR versus fits

* |nterpolate G(xo) by cubic spline
for xo < X0,cut

0.01 ;'
0.001 -
0.0001 5
le <05 %
le — 06 %-~ -~»é

Le — 07 bt o ]

' 0 5 10 15 2 25 30
t/a
—mvT
ToGut  Gwg) = Aggre VT

* Mild dependence on Xo,cut
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Comparison: TMR versus fits

* Interpolate ((xo) by cubic spline
fC)rlYO'<:AHLcut

0.01

0.001

0.0001 ;

4'-:; le = 05 -
O .

1(—()() .

le — 07 _ .......

le — 08 ¢

L0,cut G(CEQ) — Aeff e~ MVTo

* Mild dependence on Xo,cut

Hartmut Wittig

* Comparison with a

(ud)hvp
L

determined from Padé fits

600 |G " TMR, a = 0.066 fm e
550 | ~ TMR, a =0.049 fm —e—
. - PI111],a=0.076 fm —e—
| | P|1,1], a = 0.066 fm —o—
500 g jWWWWWWf” P’lq_,a::(lQ49 fm : .
S R S
o
400 f g *$ rrrrr Q rrrrrrrrrrrrrrrrrrrrrrrrr kwwwwwwwwwww{ rrrrrrrrrrrrrrrrrrrrrrrrrrr
R 15 | SR S Y, S e
% ' e
300 R R e
| | 3
250 R
200 | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3
m?r [GeVQ]
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Comparison: TMR versus fits

* |nterpolate G(xo0) by cubic spline * Comparison with ag"’d)h"p
for xo < Xo,cut determined from Padé fits
0.01 600 _aﬁUd)th TMR» a=0.076 fm —e—
TMR, a = 0.066 fm —e—
: o ~ TMR, a = 0.049 fm —e—
0.001 ¢ - P|(1,1|, a = 0.076 fm —e—
~ P[1,1], a = 0.066 fm —o—
500 | i """ 0 P[], @ =0.049 fm
0.0001
S - o Wl
5 » v
‘;i;: le =05 e e g 400 b _— & P — S ——
le — 06 L il - 350 % """""""" ¢ 4“1 """"""""""""""
[ - wo . —
le - ' ' 3
250 o e e e ——
le — 08 | _ 1 - .: : :_ - 200 | | | | |
" " ‘ i 0 005 01 015 02 025 03
m2 [GeV?]

L0,cut G(CEQ) — Aeff e~ MVTo

* Consistent results with similar

* Mild dependence on xo,cut accuracy
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Chiral and continuum extrapolations

* Use collection of different functional forms, e.g.

00 up, down T — Fit A:
S — 5 5 5
S & a=0.0
2 o0 L0 bo + bymZ + bom: In(m?2) + bsa
EX 500 .
5 Fit B:
400
bo + bym?2 + bom= + b
| | | , 0 +b1m_ + 02m_ + b3a
0 0.05 0.1 0.15 0.2 0.25
m2 [GeV?|
56 | ' ' ' @ = 0.0755 fm ]
O BE Aty * Perform cuts in pion mass and

92

lattice spacing

46

- * Lattice spacing effects clearly

42 +

0 - - - - resolved for larger quark masses

0 0.05 0.1 0.15 0.2 0.25

™ x 1010
s ot
oo jen)
@4
-
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Chiral and continuum extrapolations

* Use collection of different functional forms, e.g.

700

a5 1010

300 |

16

14 +

af™P x 1010

Hartmut Wittig

600

500 |

400

up, down R — Fit A:
0018t —— 5 5 5
20 bo + bymZ + bom: In(m?2) + bsa

Fit B:
bo -+ blTTL72T -+ bgmi + bgCL

12 +

10 |

0 0.I05 Ol.l O.I15 0I.2 0.25

m2 [GeV?|

charm | | =00 e | . .
=008 In —— * Perform cuts in pion mass and
- | lattice spacing
* Lattice spacing effects clearly

; — - — -~ - resolved for larger quark masses

m2 [GeV?|
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h
Summaryona, "

* Final errors estimated via “extended frequentist method”

a(ud)hvp . .
g . . Pade fit * Different methods consistent at
—— Time moments the Ievel Of 10
- . TMR
500 b - §oo - * Time moments statistically most
a(s)hvp .
g —— Pade fit precise
P ' Time moments
— - * Strange quark contribution
50 55 60 65 70 consistent with other recent
(c)hv
@t s results
—— Time moments ]
. TMR * Qverall accuracy dominated by

n 12 1B 14 15 16 1 18 19 u, d contribution
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Disconnected Contributions

* Electromagnetic current correlator with u, d, s quarks:

st(azg) = —/d3:1: <J£S(az)J,§S(O)>, Jﬁs = %ﬂ’yku — %E%d — %E%s
* |dentify connected and disconnected contributions:

G*(20) = §Glon(w0) + §Gon(20) — §Gh(20)

GdISC( 0) = /dga: {Tr [Se(az,x)’yk] — Tr [Ss(az,x)fyk]} x {x — 0}

Hartmut Wittig The Mainz (g-2) project



Disconnected Contributions

* Electromagnetic current correlator with u, d, s quarks:

st(azo) = —/d?’az <J£S(az)J,§S(O)>, Jﬁs = %ﬂ’y — %E d— %E%s
* |dentify connected and disconnected contributions:

Ges (:B ) — 5GfﬁOH( ) —|_ Ggon( ) o _GfifSC(:EO)

GdlSC( 0) = /dga: {Tr [Se(az,x)’yk] — Tr [Ss(x,x)fyk]} x {x — 0}

0.0004 light »—a—
t g )
0.0003 l
0.0002 ¢ I l '.
"
Y el : I. - ] R
0.0001 19 " :
~ s 1t ifn 1811111, 11 114 1
ob- Tyl et ssls sedglt 48 118111
3 IR ™

| | 2 bot
0.0001 |-+ # : R TR R SN
0.0002 +

0.0003

0.0004

[Glilpers et al., arXiv:1411.7592; V. Glilpers, PhD Thesis 2015]
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Disconnected Contributions

* Electromagnetic current correlator with u, d, s quarks:

G (x0) := —/d?’az <J£S(x)J,§S(O)>, Jﬁs = 2Uypu — sdyed — 35S
* |dentify connected and disconnected contributions:

G*(20) = §Glon(w0) + §Gon(20) — §Gh(20)

GdlSC( 0) = /dga: {Tr [Se(az,x)’yk] — Tr [Ss(x,x)fyk]} x {x — 0}

0.0004 light ~—a— Qe — 5 |rsnrsnes — H— s l,gl,t,,,,,d stra g ——
t 4 : :
0.0003 I (R o - o R . s S S
0.0002 } I l ! ! P NN . (AP SO SN . SN
8 iI) is & | ! . { U I o
0.0001 !?i'-, ‘ e o T' 5 — 06 b * AAAAAAAAAAAAAAAAAA R— ; *H+ AAAAAAAAA —
O TetaetlIeTi(T1Y.e || l ] & 3 3
3 of Tol toslisd]L sdielt o8 11881 o 0'*'+***{** '*******{*
" B { ' 4 [T8§ 13 = | 9 23 ; ‘ : :
< ‘ ity | 1 ; | el J119811L4 : * 3 ; { 5 1 { :
0.0001 ¢+ &} 4 SRR T T Y R & - —5e — 06 [9---*- SO N — - — 1 S el
' o l wey | : 3 | | : |
0.0002 -I | i i —1le—05 k- ........ e ........ ......... .......... ......... e _
0.0003 S [ ORNY 1) IRURSNSS NRURRPRIL FUFISN SNSPUR WSTSRR FRINREN. [N
0.0004 | ) P | |9 Eoeeem _________ ......... ......... ......... ......... ......... s

0 4 8 12 16 20 24 28 32
t/a

[Glilpers et al., arXiv:1411.7592; V. Glilpers, PhD Thesis 2015]
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Disconnected Contributions

* Non-zero disconnected contribution can be resolved:

le — 06
10 SOUTOOS s

k] (1]
ok . x B . 111
“’i § ¥ T 00 1.

L]

'.'I!l |’:'

le =06} ’
S i

% Disconnected contribution for xg — oo:

1 Gfl?sc _ GES o G,Op 1 1 QGgOH Lo 1
9 Ger — GPP 9 Gl 9

* Failure to resolve non-zero signal provides systematic error estimate

[Glilpers et al., arXiv:1411.7592; V. Glilpers, PhD Thesis 2015]

Hartmut Wittig The Mainz (g-2) project



4 )

Running of electroweak

couplings
_ > A




Running of & — phenomenological approach

* Fine structure constant: a(Q?) = -
| 1 — Aa(Q?)

* Hadronic contributions — phenomenological approach:

> a@Q? [ Rpaa(s) oo LEP
A&had(Q ) — 3 dS 5 1/a=constant=137.04
T Jamz (s —Q7) 135 |
c.f. <
e > ~ 130
JHVP _ (amu)Q/ e Rhad(s)K(s)
B 2
ST/ Jamz : fa g on
125 B 12.25GeV® <-Q° < 3434GeV L3
] 1800GeV? < -Q% < 21600GeV’L3
— QED

Ao (M32) = (276.26 + 1.38) - 10~*

2 3 4
1 10 10 10 10
-Q? (GeV?)

* Error on Aanag limits accuracy of Standard Model tests
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Running of & — Euclidean approach

* Vacuum polarisation function:  Aap.q(Q?) = 4o (H(QQ) — H(O))

. dII(Q?) 3nm d
* Adler function:  D(Q?) = —1277 = Anad (Q°
er function (Q?) im0 T o dlngE e a(Q7)

3.0
) s 0.007 |
2.0 b
. S 0.005 F
= | :c; u,d,s,,c, R |
1.0 k! u, d, S
0.003 w.d
0.5 ;E u,d,s.,.c., R | pheno. alphaQED u,d,s,c,b
| u,d, s, pheno. u,d -
u, d (shift) lead. pQCD
0.0 P S S S S S— 0000 b
00 05 1.0 15 20 25 3.0 35 40 45 0.5 1.0 15 20 25 30 35 40 45

O? [GeV?) Q? [GeV?|

[H. Horch, G. Herdoiza @ Lattice 2015]

* Lattice QCD: similar accuracy as phenomenological approach
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Running of sin%0w

* Definition:

sin2 By (Q?) = sin2 H(0) (1 _ Asin? GW(QQ))

N——
0.23864
0.245 L ) B 1 B L ) B L AR
— SM
+ published
= ongoing

0 240 [ ] planned

=2
@3 Q,,(Cs)
“c 0.235
(/)]
7 QP
Mainz ITevatron
0.230 §Q,(Ra) IQw(p K SLD
JLab eDIS <€ cMS4
TQle) <
JLab 1
02 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII | wepem) |||
001 o 001 0.01 0.1 1 10 100 1000 10000
u[GeV]

[Erler & Su, PPNP 71 (2013) 119]

* Dispersive approach requires separation of contributions from
up/down-type quarks
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Running of sin%0w

* Euclidean approach: 70 .VM’)

LZ(Q) = [ @@ (V7 (2)7(0))

V7 =V7] —sin’Ow J)

Vj — i (ﬂyuu — Ewud — SYuS +cyuc+ .. )

177(Q%) = T3(Q%) — sin® T (Q?)

62

Apaa sin? Oy (Q2) = (H’YZ(QQ) _ H”Z(O)>

sin? 6,

* Spin-off of calculation of running of Aahad
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Running of sin%0w

* Preliminary results:

Connected contributions:

| |
Mainz B

_0002 L ETMC —A— |
S
= -0.004
>
=
'Um
£
<
-0.006
_0008 ] ] ] ] ] ] ] ] ]

06 10 15 20 25 80 35 40 45
Q* [GeV?]

[H. Horch, G. Herdoiza, V. Glilpers @ Lattice 2015]
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Running of sin%0w

* Preliminary results:

AP gin? Oy (Q?)

Connected contributions:

-0.002 |

-0.004

-0.006 |

_0008 1 1 1 1 1 1 1 1 1
s 180 15 20 25 80 356 40 46

Hartmut Wittig

Mainz B
ETMC =~ |

Q* [GeV?]

Disconnected contributions:

le — 05

Se — 06
Ge — 06 |
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2¢ — 06
0
—~2¢ — 06
~4e — 06
Ge — 06
~8e — 06
—le — 05

E5 disconnected »—a—

[H. Horch, G. Herdoiza, V. Glilpers @ Lattice 2015]
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Running of sin%0w

* Preliminary results:

-0.002 |

A2 gin? Oy (Q?)

-0.006 |

_0008 1 1 1 1 1 1 1 1 1
s 180 15 20 25 80 356 40 46

Connected contributions:

-0.004

Mainz B
ETMC =~ |

Q* [GeV?]

Disconnected contributions:

le — 05

Se - 06 F
Ge — 06 F

de — 06 F

—

—  2e—006 |

As)(l=5)

W[4

o

—~4e — 06 |
Ge — 06 |

—8e¢ — 06 F

—le — 05

0 F

= —2e — 06 }

E5 disconnected »—a—

0

* Long-distance behaviour of total correlator limited by accuracy of disconnected
contribution —>» systematic error estimate
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[H. Horch, G. Herdoiza, V. Glilpers @ Lattice 2015]
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_ Hadronic Light-by-Light Scattering
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Lattice approaches to HLbL

* Several different methods, e.g. QCD+QED

y
e
simulations [T. Blum et al., 2008-...] @
QS

%
* Here: compute HLbL amplitude from Euclidean ; K1 3 A'z?zé
four-point function of the vector current " i

E : _
Huluzusm (Pa; Pr, Pr) =

/d4371d4332d43?4€_i2a Fata <Ju1 (ﬁl)Juz (372)Ju3(0)<]u4 (374»

* Pilot study: compute forward scattering amplitude of transversely

polarised virtual photons:
4
e

MTT(_Q%7 _an V) — Z R,LL1M2R,LL3M4H51M2M3M4(_Q2; _Qla Ql)

[J. Green, O. Gryniuk, G. von Hippel, H.B. Meyer, V. Pascalutsa, PRL 115 (2015) 222003]

The Mainz (g-2) project

Hartmut Wittig



Lattice approaches to HLbL

* Relate forward amplitude to cross section for v*~+* — hadrons
MTT(_Qi _ng U) T '/\/lTT(_€2%7 o %7 O)
oo

:/VO dv'... [og(V') + oo(V')]

[J. Green, O. Gryniuk, G. von Hippel, H.B. Meyer, V. Pascalutsa, PRL 115 (2015) 222003]
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Lattice approaches to HLbL

* Relate forward amplitude to cross section for v*~+* — hadrons
MTT(_Q%7 _Q§7 U) T MTT(_Q%a _an O)
= |l + o)

BRI 74 D

[J. Green, O. Gryniuk, G. von Hippel, H.B. Meyer, V. Pascalutsa, PRL 115 (2015) 222003]
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Lattice approaches to HLbL

* Relate forward amplitude to cross section for v*~+* — hadrons

MTT(_Q%v _ng U) _ MTT(_Q%7 _Q%7 O)

10_X10_5, | | ImW:i’I)ZZL MeIV, Q%I=O.37I7 GeVi — / dy/ o [O_O(I//) _|_ UQ(V/)]

V0
i SRR
T Q D qQ

Morr(—QF, —Q3,v) — Mrr(—Q3, —Q3,0)

00 05 10 15 20 25 30 35 40 45
Q3 (GeV?)

[J. Green, O. Gryniuk, G. von Hippel, H.B. Meyer, V. Pascalutsa, PRL 115 (2015) 222003]

Hartmut Wittig The Mainz (g-2) project



Lattice approaches to HLbL

* Relate forward amplitude to cross section for v*~+* — hadrons
MTT(_Q%7 _ng U) T MTT(_Q%7 _an O)

oo
. _><10_5| | | Im7r = ??24 MeIV, Q? .: O.37I7 GeVi — / dy/ o [O_O (l//) _|_ T (V/)]
2

Ubd
QDQ

* Comparison with phenomenological
model for op and o2

Morr(—QF, —Q3,v) — Mrr(—Q3, —Q3,0)

00 05 10 15 20 25 30 35 40 45
Q3 (GeV?)

[J. Green, O. Gryniuk, G. von Hippel, H.B. Meyer, V. Pascalutsa, PRL 115 (2015) 222003]
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Summary

Hadronic vacuum polarisation

* Major effort within Lattice QCD community; focus on reducing overall
uncertainty to the sub-percent level

* Several complementary formalisms

* TMR, time moments readily carry over to Lattice QCD with open
boundary conditions

* Good progress in computing quark-disconnected contributions
Hadronic light-by-light scattering
* Several concepts are being explored

* Aim for 20-30% overall accuracy

Hartmut Wittig The Mainz (g-2) project



