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Hadronic Contributions

Fermilab 1.6                                  
J-PARC 4.3 (later ~1)

Aim at ~1%(10%) precision for QCD LO(LbL)
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Hadronic Contributions
LO HVP NLO HVP NNLO HVP HLbL



LO HVP

Computing Пμν(Q2) is text book exercise in principle — but %-level precision for  
aμ is very hard

Lautrup, Peterman, Rafael Nuovo Cim. A1 (1971) 238-242 
Blum PRL.91.052001 
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• Status of Lattice QCD
• Major difficulties in computing aμ 

1. Finite volume effects (FVE)
2. Statistical noise from MCMC 
3. Isospin breaking effects

In the following:

1. Simulation:      compute
2. Data analysis:  determine П(Q2) and integrate over Q2

⇧
µ⌫

(Q) = a

4
X

x

e

iQ·xhJ
µ

(x)J
⌫

(0)i

⇧
µ⌫

(Q) =

Z
d

4
xe

iQ·xhJ
µ

(x)J
⌫

(0)i = (�
µ⌫

Q

2 �Q

µ

Q

⌫

)⇧(Q2)

Jµ =
2

3
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Lattice QCD

• Lagrangian of massless gluons and almost massless quarks
• What experiment sees are bound states, e.g. mπ,mP ≫ mu,d

• Underlying physics non-perturbative

Free parameters:
• gauge coupling g → αs=g2/4π
• quark masses mf = u,d,s,c,b,t
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Path integral quantisation:
h0|O|0i = 1
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R
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finite volume, space-time grid (IR and UV regulators)
/ a�1/ L�1

→ Well defined, finite dimensional Euclidean path integral
→ From first principles, solve via MCMC

5

h0|O|0i = 1
Z
R
D[U, ,  ̄]Oe� Slat[U, , ̄] Euclidean space-time  

Boltzmann factor



State of the art of lattice QCD simulations
What we can do
• simulations of QCD with dynamical (sea)  

u,d,s,c quarks with masses 
as found in nature

• bottom only as valence quark
• cut-off 
• volume

Nf = 2, 2 + 1, 2 + 1 + 1

a�1  4GeV
L  6fm

action density of RBC/UKQCD physical point DWF ensemble
Parameter tuning
start from educated guesses and compute

• tune light quark mass aml such that  

• tune strange quark mass such that  

• determine physical lattice spacing 

am⇡

amP
=
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IMPORTANT: 
once the QCD-parameters  
are tuned no further 
parameters need to be fixed  
and we can make fully 
predictive simulations of 
QCD



HVP tensor on the lattice

• For most lattice actions there exists an easily implemented conserved vector  
current such that �⇤

µhJcons

µ Oi = h�Oi

• There is also a third choice —  
use only local (not conserved) currents to construct Пμν — there will be a  
contact terms when x→0 which needs to be dealt with — see later
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• There are now two possible choices:
•                    — this choice leads to a contact term on the r.h.s. of the WI
•                     →                                    (local current needs to be renormalised NPly — easy) 
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hjconsµ jloc⌫ i• Пμν(Q) from                   is automatically transverse up to cutoff effects  
which we remove by applying longitudinal projection resulting in (pi = 0) 



HVP - Wick contractions
It is useful to break computation up into components:
individual Wick contractions and Flavour contributions have their independent  
continuum and finite volume limit AJ, Della Morte arXiv:0910.3755, JHEP11(2010)154 

allows to fine-tune simulation strategies/precision per contraction/flavour
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Break up by Wick contraction

http://arxiv.org/abs/arXiv:0910.3755
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HVP - Wick contractions
Analytical considerations for Wick contractions:
• Disconnected contribution zero in SU(3) limit

• PQChPT NLO:
⇧disc

µ⌫ (Q)

⇧conn

µ⌫ (Q)
= � 1

10
AJ, Della Morte JHEP11(2010)154 

confirmed at NNLO
Bijnens, Relefors arXiv:1609.01573

Ignores ρ contribution to VP. ππ contribution estimated to be ~10%,  
would reduce to -1/10*0.1 = 1% effect HPQCD  PhysRevD.93.074509 (2016) 

→ Can be more relaxed about precision goal for disconnected contribution

Break up by flavour

Connected up/down — strange — charm contributions
                       90%                  8%                       2%
• Unfortunately high precision easier for heavy flavour contribs
• Disconnected contributions mix flavour at source and sink

http://dx.doi.org/10.1007/JHEP11(2010)154
http://arxiv.org/abs/arXiv:1609.01573
http://dx.doi.org/10.1103/PhysRevD.93.074509


From the HVP to aμ - I

There are essentially three different ways for extracting aμ:

• Traditional analysis:
• One difficulty is that in a finite volume the         cannot be computed from  
 

• Instead one extrapolates from larger Q2 to Q2=0 using fit  
ansätze — note that smallest momentum in finite volume ~2π/T

• Fit ansätze: conformal polynomials and Padé are widely used  

• Padé approximates provide a model independent description of the data  
and subsequent orders of Padé bracket the exact solution  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Aubin et al. PhysRevD.86.054509 

the problem. Thus, the continuum representation of the
rotation group according to whichΠμνðqÞ transforms would
reduce to even more representations of the even smaller
discrete subgroup. Of course, as has been observed before,
twisted boundary conditions do not necessarily reduce the
size of finite-volume effects at given values ofmπL andmπ .
Instead, they make the analysis of finite-volume effects
more complex.
This article is organized as follows. In Sec. II we discuss

general theoretical considerations based on the Ward-
Takahashi identity (WTI) and the irreducible representa-
tions of the cubic group, followed by a calculation of the
vacuum polarization in finite volume in lowest-order
(staggered) chiral perturbation theory (ChPT). In
Sec. III, we then compare lattice data for the vacuum
polarization with ChPT, and quantify the size of the
systematic error due to finite-volume effects on aLO;HVPμ .
We conclude in Sec. IV, and an appendix contains details of
the calculation of the finite-volume vacuum polarization in
ChPT (generalizing it to the case with twisted boundary
conditions).

II. THEORETICAL CONSIDERATIONS

In an infinite volume and in the continuum limit,
symmetry and current conservation implies that the vacuum
polarization takes the form (1.3). Current conservation
carries over to the lattice, but now a more general decom-
position of the vacuum polarization is possible, because the
symmetry is reduced. The WTI restricts ΠμνðqÞ to obey
(a is the lattice spacing)

X
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sin ðaqμ=2Þ: ð2:2Þ

Requiring ΠμνðqÞ to be symmetric in the indices μ and ν,4

and assuming an infinite, isotropic hypercubic lattice, the
WTI implies the most general form5
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P
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2
μ. WhileΠðqÞ is dimensionless,Π0ðqÞ has

mass dimension -2. That means that it has to vanish at least
quadratically with the lattice spacing a; for a → 0, the
expression in Eq. (2.3) has to reduce to Eq. (1.3). Here, we
are only interested in the vacuum polarization for very
small momenta, and we thus assume that we can ignore the
scaling violations on the second line of Eq. (2.3).
When we restrict ourselves also to a finite volume in the

form of a hypercubic box of dimensions L3 × T with
periodic boundary conditions, Eq. (2.3) is not the most
general form of ΠμνðqÞ if the hypercubic symmetry is
further broken by choosing L ≠ T, as we discuss next.

A. Group theory

When we go to a finite periodic volume L3 × T with
L ≠ T,6 two things happen. First, momenta are quantized,

qi ¼
2πni
L

; i ¼ 1; 2; 3; q4 ¼
2πn4
T

; ð2:4Þ

where the nμ are integers. The WTI (2.1) does not restrict
the vacuum polarization at zero momentum, and in general,
in a finite volume, Πμνð0Þ ≠ 0.7 Rather, rotational sym-
metry implies that it takes the form

Πμνð0Þ ¼ δμνðΠsð0Þ þ δμ4ðΠ4ð0Þ − Πsð0ÞÞÞ; ð2:5Þ

with Πsð0Þ and Π4ð0Þ being constants.8 For T ≫ L one
expects that Π4ð0Þ ≪ Πsð0Þ. It thus makes sense to con-
sider a subtracted vacuum polarization
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FIG. 1. Integrand of Eq. (1.1), in arbitrary units (q2 in GeV2).
The red points represent lattice data from the MILC asqtad
ensemble considered in this article, while the blue curve is the
product of the weight fðq2Þ and a typical smooth fit to the
subtracted vacuum polarization Π̂ðq2Þ.

4We always use only the Noether current in Eq. (1.3).
5See also Ref. [9].
6We always consider the case that T > L.
7This, and some of the other observations that follow, has also

been noted in Ref. [10].
8For an estimate using ChPT, see the appendix.

AUBIN, BLUM, CHAU, GOLTERMAN, PERIS, and TU PHYSICAL REVIEW D 93, 054508 (2016)

054508-2

Aubin et al. PhysRevD.93.054508 
(2016)

http://dx.doi.org/10.1103/PhysRevD.86.054509
http://dx.doi.org/10.1103/PhysRevD.93.054508


From the HVP to aμ - II
• finite order Padés provide an accurate  

description only over a limited range  
in Q2 → hybrid analysis

8/23

The Hybrid Method

Motivation

Systematic error of the parametrisation at low-q̂2 grows with cut.

Perturbation theory only valid at high-q̂2.

How are these reconciled? [Golterman, Maltman and Peris, 2014]

Variations

Parametrisations

q̂

2 cuts

Techniques to constrain
parametrisation (fits,
moments)

Numerical integration
method

Spraggs RBC/UKQCD Lattice 2016

Histogram over analyses with different  
Padés/Conformal Polynomials

Spraggs RBC/UKQCD Lattice 2016

• use various methods/cuts to estimate  
systematic error

• Traditional analysis (continued):



From the HVP to aμ - III
There are essentially three different ways for extracting aμ:
• Traditional analysis
• Time moments HPQCD PRD.89.114501 (2014)

⇧j = (�1)j+1 G2j+2

(2j + 2)!

• Moments allow to directly solve for coefficients of polynomial/Padé/…  
approximation for П(Q2) (no χ2-minimisation needed)

• t=0 absent → no contact term → can use local currents only
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From the HVP to aμ - IV
There are essentially three different ways for extracting aμ:
• Traditional analysis
• Time moments
• Sine Cardinal interpolation — use Fourier transform with continuous momenta  

HPQCD PhysRevD.89.114501

Feng et al. PhysRevD.88.034505, Bernecker, Meyer epja/i2011-11148-6 , Portelli, Del Debbio in preparation

Portelli
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Nice, since it covers the whole 
Q2 range. 
According to authors the systematic
is an exponentially suppressed
finite volume error

http://dx.doi.org/10.1103/PhysRevD.89.114501
http://dx.doi.org/10.1103/PhysRevD.88.034505
http://dx.doi.org/10.1140/epja/i2011-11148-6


Finite Volume Effects

2.5fm

3.3fm

5.0fm8.3fm

mπ~300MeV

BMW arXiv:1502.02172 

BMW’s finite volume scaling study for a!

http://arxiv.org/abs/arXiv:1502.02172


Finite Volume Effects in ChPT
Aubin et al. PhysRevD.93.054508 

• In finite volume with L≠T, rotation group broken down to group of cubic rotations
• Finite volume effects in ChPT as per irreducible representation (                                )

⇧µ⌫(Q) = ⇧µ⌫(Q)�⇧µ⌫(0)

Results:
•Пμν(0) ≠ 0 in finite volume (known before) — but subtracted VP tensor  
 
by an order of magnitude closer  
to infinite-volume points 
• confirms previous BMW study
• further benefit: Пμν(0)  and Пμν(Q2) highly  

correlated in MCMC data, subtracting zero  
significantly reduces stat. error

BMW arXiv:1502.02172 

Пμν(0) subtraction 
“zero mode subtraction” →
huge reduction of stat error

A1, A
44
1 , T1, T2, E

• even for mπL > 4 FSE can be of order 10%  

• Conservative estimate of finite volume errors:  
infinite volume result lies between result for two different irreps (             )A1, A

44
1

http://dx.doi.org/10.1103/PhysRevD.93.054508


Finite Volume Effects

BMW arXiv:1502.02172 

unsubtracted VP tensor

⇧µ⌫(Q) = ⇧µ⌫(Q)�⇧µ⌫(0)

tremendous reduction of FSE

data confirms small FVE for subtracted VP tensor

http://arxiv.org/abs/arXiv:1502.02172


Finite Volume Effects
Does ChPT agree with data?
ChPT only properly describes 2π contribution to FVE (not the ρ resonance contrib.)
→ consider differences of finite volume effects, e.g. different irreps: A1-A144  

       (differences of finite volume effects will be dominated by 2π effects)

Aubin et al. PhysRevD.93.054508 

Summary finite volume effects:
• good agreement between eff.  

theory and lattice data for  
differences of FVE

• can define estimate of FVE
• hope is that ChPT can be used  

to control FVE at 1% level but  
further testing necessary

http://dx.doi.org/10.1103/PhysRevD.93.054508


Signal-To-Noise

• Correlation function easy to compute  
but signal-to-noise deteriorates for small momenta.  
This is expected due to the understood exponential  
deterioration of the signal-to-noise ratio at  
large distance in the vector correlator
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Hartmut	Wittig Hadronic	contributions	to	(g–2)

Hybrid	Method	versus	Time	Moments
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Construct	Padé	approximants	either	from	fits	or	6me	moments
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Mainz

Hadronic	contributions	to	(g–2)Hartmut	Wittig

Low-momentum	region:	Twisted	BCs

9

m⇡ = 190MeV

Model-independent	fits	compromised	when	applied	to	Q2	≫	mμ2

Determina6on	of	Π(0)	may	be	biased	by	more	accurate	data	at	large	Q2	
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• This is really bad since the Kernel of  
 
 
 
receives dominant contribution from low Q2 region  
 

Mainz



Signal-To-Noise

• HVP automatically renormalised
• incorporates zero mode subtraction which significantly reduces the stat error on Пμν

• large-t signal-to-noise deteriorating (as expected)
• intense algorithmic investigations going on (use physics intuition)
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Let’s go to time-momentum representation (           )
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http://dx.doi.org/10.1140/epja/i2011-11148-6


Signal-To-Noise
Example for how we are currently dealing with signal-to-noise issue:
RBC/UKQCD’s computation of quark-disconnected contribution on Domain Wall Fermion  
ensembles with physical sea pions RBC/UKQCD PhysRevLett.116.232002  
(example for connected analysis later in C. Davies’ talk)

andconsider disconnected  
correlator:
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• Mainz group observed: stat. fluctuations of s- and u/d quarks anti-correlated  
→statistical error in difference of s and l quarks cancel Gülpers Lattice 2014  

Hartmut	Wittig Hadronic	contributions	to	(g–2)
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Minimising	stochas=c	noise
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Electromagne6c	current	correlator	with	u,	d,	s	quarks:

G(x0)	splits	into	connected	and	disconnected	parts:

�k� f (x0) ⇠,

�s(t)�`(t), �`(t) � �s(t)
[Gülpers	et	al.,	arXiv:1411.7592]

Hartmut	Wittig Hadronic	contributions	to	(g–2)
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Electromagne6c	current	correlator	with	u,	d,	s	quarks:

G(x0)	splits	into	connected	and	disconnected	parts:

�k� f (x0) ⇠,

�s(t)�`(t), �`(t) � �s(t)
[Gülpers	et	al.,	arXiv:1411.7592]

we use this by computing eigenmodes of Dirac operator up to the strange mass exactly  
(best use of correlations, contains dominant part of the signal)

http://dx.doi.org/10.1103/PhysRevLett.116.232002


Signal-To-Noise

Idea: use G(t) =

⇢
G(t)data, t  tcut

G(t)model, t > tcut

LT =
TX

t=0

w(t)G(t)

Consider partial sum up to  
time-extent T

• Signal-To-Noise issue clearly visible
• G(t) consistent with zero for t ≥ 15



Signal-To-Noise
• using isospin and flavour algebra we can write the light-disconnected contribution  

as a correlation function with a continuum and infinite volume limit
hV uu

µ V uu
⌫ i � hV ud

µ V du
⌫ i AJ, Della Morte JHEP11(2010)154 

• not possible for strange contribution but consider instead 
h
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m

cme�Emt

RBC/UKQCD PhysRevLett.116.232002 

c⇢e
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http://dx.doi.org/10.1007/JHEP11(2010)154
http://dx.doi.org/10.1103/PhysRevLett.116.232002


Signal-To-Noise

final result from T=20
aDISC = -9.6(3.3)⨉10-10

Systematics:
• Finite T effects
• Finite volume errors (ππ in ChPT)
• Cutoff effects
• Variations in fit range to C+Cs:

aDISC = -9.6(3.3)(2.3)⨉10-10

This is our result (Nf = 2+1) for physical 
pion mass!!!

• Eρ, E𝜙 from experiment, cρ, c𝜙 from fit
• central value for aDISC from LT

• systematic error due to cut from FTFT (r) =
t
maxX

t=T+1

w(t)
�
cr⇢e

�E⇢t + cr�e
�E�t � Cs(t)

�

strange quark
connected

LT =
TX

t=0

w(t)G(t)



Isospin Breaking Effects
• Most current simulations Nf = 2+1(+1) flavour  

mu=md, αEM

• QED effects in HVP expected to be ~1% — needs to be taken seriously

BMW Collaboration 
Science 347 (2015) 1452-1455 
arXiv:1406.4088

�N = (2.52(17)(24)� 1.00(07)(14))MeV
QEDQCD

Cancellation:

• aμ is special — no IR divergences  
 
 
should be doable modulo finite volume effects due to the photon (later)  

Carrasco et al. PRD 91 074506 (2015) arXiv:1502.00257

• L(QED+QCD) has become quite fashionable:
• post/predicting hadron  

spectra/mass splittings
• including QED for matrix elements  

theoretically/technically challenging —  
IR divergences (Bloch-Nordsieck)



Isospin Breaking Effects - FSE
Example: FV correction to mass of a spin-1/2 particle in QED

analytically compute the difference of the finite volume and infinite volume  
self energies Σ:

leading behaviour universal in 𝜅 (structure- and spin-independent)

BMW Collaboration 
Science 347 (2015) 1452-1455 
arXiv:1406.4088
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http://arxiv.org/abs/arXiv:1406.4088


Isospin Breaking Effects
Stochastic method Duncan PhysRevLett.76.3894 

• QCD+quenched QED
• generate U(1) gauge configs
• Promote SU(3) gauge links to U(3)  

U

U(3)
µ

(x) = e

iqemAµ(x)
U

SU(3)
µ

(x)

•γ zero-mode subtracted
• Feynman or Coulomb gauge 

Perturbative method Rome123 PhysRevD.87.114505 

• expand QCD+QED path integral in α, drop sea quark contribution
• O(α):  

• insert Feynman/Coulomb gauge photon propagator

The Southampton group is computing isospin breaking effects 
using both techniques (see Harrison’s and Gulper’s talks at Lattice 2016)

http://dx.doi.org/10.1103/PhysRevLett.76.3894


aμ x 1010 HPQCD RBC/UKQCD
light 598(11) work in progress

strange 53.4(6) 52.4(2.1)
charm 14.4(4) work in progress

disconnected 0(9) −9.6(3.3)(2.3)
all 666(6)(12) —

SM OK exp all 720(7) 720(7)

LO HVP

• strange, charm and bottom 
sufficiently precisely known 

• getting the disconnected  
in full LQCD was a big  
achievement (previously  
considered show stopper)

• first results (HPQCD) indicate tension confirmed
Need to concentrate on:
• stat. error on light contribution
• strong and elm. isospin breaking effects

arXiv:1601.03071 JHEP 1604 (2016) 063 arXiv:1602.01767  
arXiv:1512.09054

http://arxiv.org/abs/arXiv:1601.03071
http://arxiv.org/abs/arXiv:1512.09054


Results

Hartmut	Wittig Hadronic	contributions	to	(g–2) 43

Summary	on aµ
hvp

a(s) hvp
µ · 1010

a(c) hvp
µ · 1010

light	(u,d) ≈	90%
strange	(s) 	≈		8%
charm	(c) 	≈		2%

Individual	flavour	contribu6ons:

ahvp
µ · 1010
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Summary	on aµ
hvp

a(s) hvp
µ · 1010

a(c) hvp
µ · 1010

light	(u,d) ≈	90%
strange	(s) 	≈		8%
charm	(c) 	≈		2%

Individual	flavour	contribu6ons:

ahvp
µ · 1010

Plots from H. Wittig’s 
Lattice 2016 plenary



Light-by-Light Scattering

Several approaches on the market
• QCD + QED simulations
• QCD + stochastic/exact QED
• LbL 4pt function
• computation of sub-processes  ⇡0 ! �⇤�⇤

Feng et al. PhysRevLett.109.182001  Gérardin et al. arXiv:1607.08174 

Green et al. PhysRevLett.115.222003 

Blum et al. PhysRevD.93.014503 

Blum et al. PhysRevLett.114.012001 

http://dx.doi.org/10.1103/PhysRevLett.109.182001
http://arxiv.org/abs/arXiv:1607.08174
http://dx.doi.org/10.1103/PhysRevLett.115.222003
http://dx.doi.org/10.1103/PhysRevD.93.014503
http://dx.doi.org/10.1103/PhysRevLett.114.012001


LbL via exact photon propagators
Blum et al. PhysRevD.93.014503 

(gµ � 2)cHLbL~�s0s /
Z

d3r
h
~r ⇥ hµ(s0)| ~J(~r)|µ(s)i

i
• similar to HVP, moment based approach
• perturbative construction including (free) muon propagators

G

µ⌫

(x, y) =
1

V T

�

µ⌫

X

k,|~k| 6=0

e

ik(x�y)

k̂

2

• three Feynman Gauge photon propagators inserted explicitly

x y

• weighted stochastic sampling of x and y position with r=|x-y|

μ

Hartmut	Wittig Hadronic	contributions	to	(g–2)

Final	result:	sum	over	rela6ve	coordinates		|r|	≡	|(x	–	y)μ	|

Nf	=	2+1	flavours;	DWFs

QCD	+	Stochas=c	QED

49

Physical	pion	mass;		a	=	0.11	fm
[Luchang	JIN,	TUE	13:20]
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Preliminary
acHLbL
µ =

⇢
132.1(6.8)⇥ 10�11 m⇡ = 171MeV
116.1(9.1)⇥ 10�11 m⇡ = 139MeV

L. Jin @ Lattice 2016 

Preliminary result, connected only,  
further analysis needed

http://dx.doi.org/10.1103/PhysRevD.93.014503


LbL via exact photon propagators
Blum et al. PhysRevD.93.014503 

y

Hartmut	Wittig Hadronic	contributions	to	(g–2)

Disconnected	Contribu=ons	to	HLbL

50

Use	same	setup	to	determine	leading	disconnected	contribu6on

[Luchang	JIN,	TUE	13:20]

(Physical	pion	mass;		a	=	0.11	fm)(ahlbl
µ )disc = (�56.0 ± 12.6) · 10�11

68

Figure 5.1: Leading order diagram, survives in SU(3) limit.
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Figure 5.2: Next to leading order diagrams. O(ms �ml), vanishes in SU(3) limit.

a result, not much e↵ort is needed in order to control the error from the long distance region.

For disconnected diagrams, the signal has to come from a subtle gluon interaction between

the two quark loops, which only emerges after gauge averaging. As a result, although the

signal is still exponentially suppressed when |r| = |x � z| becomes large, the noise remains

constant for arbitrary |r|. Since the formula involves summation over r, one can expect that a

lot of noise will come from the large |r| region, and this noise will become larger if we increase

the volume. However, in terms of evaluating the diagram on the lattice, the independence of

these two loops also provide some benefit. The contraction at y position does not depend on

the position of z, allowing the M2 trick to be applied without recomputing the muon part.
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To	do:	compute	addi6onal	disconnected	diagrams;		
study	finite-volume	effects,	laUce	artefacts
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a result, not much e↵ort is needed in order to control the error from the long distance region.

For disconnected diagrams, the signal has to come from a subtle gluon interaction between

the two quark loops, which only emerges after gauge averaging. As a result, although the

signal is still exponentially suppressed when |r| = |x � z| becomes large, the noise remains

constant for arbitrary |r|. Since the formula involves summation over r, one can expect that a

lot of noise will come from the large |r| region, and this noise will become larger if we increase

the volume. However, in terms of evaluating the diagram on the lattice, the independence of

these two loops also provide some benefit. The contraction at y position does not depend on

the position of z, allowing the M2 trick to be applied without recomputing the muon part.
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To	do:	compute	addi6onal	disconnected	diagrams;		
study	finite-volume	effects,	laUce	artefacts

L. Jin @ Lattice 2016 Work on disconnected diagrams under way:

adHLbL
µ = �56.0(12.6)⇥ 10�11 (stat. error only)

There is a clear signal for LbL both connected and disconnected contribs,
further work on disconnected, finite volume etc. needed but on track…

http://dx.doi.org/10.1103/PhysRevD.93.014503


Summary
• The hadronic contributions to the muon g-2 are now a big topic in L(QCD+QED)  

• Physical quark mass simulations have allowed for a real breakthrough in  
reliability  

• Tremendous theoretical/algorithmic /computational progress has been  
made and the prospect of new experimental results keeps the pressure up  

• Most concerned about signal-to-noise (long distance) and finite volume effects  

• New techniques developed with impact on applications beyond g-2  

• 1%(10%)-level precision on LO HVP(LbL) are feasible and we will be able  
to go beyond

• Very exciting times!!!!!!


