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Aim;

systematically determine nucleon structure
from ab initio quantum chromodynamics (QCD) calculations
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Aim: systematically determine nucleon structure from ab initio

quantum chromodynamics (QCD) calculations
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Aim: systematically determine nucleon structure from ab initio
quantum chromodynamics (QCD) calculations

nucleon mass
axial charge
form factors and structure functions
parton distributions

transverse momentum and generalised parton distributions
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Aim;

systematically determine nucleon structure
from ab initio quantum chromodynamics (QCD) calculations

Proposal:

modify the operator product expansion

CJM & K. Orginos, PoS(Lattice2014) 330
CJM & K. Orginos, PRD 91 (2015) 074513
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Physical motivation

lattice quantum chromodynamics (QCD)
parton distributions (on the lattice)

Modifying the operator product expansion
Wilson coefficients

Renormalisation group

Nonperturbative calculations




QCD is the SU(3) gauge theory of the strong force

Socn = / Ao D (i) — m) b — EGWGW

Here
Dytb = (O +igA) 0 Gy = 0uAy — By A, +iglA,, A
Phenomenologically rich and mathematically complicated
« confinement

« asymptotic freedom
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o e'¢ jets & shapes (res. NNLO)
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QCD ag(M,) = 0.1185 + 0.0006
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Nonperturbative QCD on the lattice

image: KEK lattice group/JICFuS
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Nonperturbative QCD on the lattice

Soco = [ dte {T D~ m)v - 16,0}

Slatt = Z {E <Z'YMAM+m> ¢+Z(3P;w)}

T nu<v

Here

Dyt = (O +igAu) ¢

!

1
A,uw = % (U,uw(x + ﬂ) — U—W(fﬁ - ﬂ)



http://www.physics.adelaide.edu.au/cssm
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Path integral

(QO102[2) 54, =

) 0o [®]e S|P / D[® (iS[®
Wick rotate

(Q010:[Q) ¢, = = /D 101[®) Os[®] e 51 Z¢, :/D[@]GSFP]
4



Path integral

(Q|010:|2) 14

Wick rotate

(Q]0,0,9),, =

Recall:

D] Oy [D]e 05[]

D|P | Oa]
254 / |O1][@] Oz [P]le

— 5[]

Boltzmann weight

]
)= 77 2 O™




Path integral

(Q0102|2) vy, =

02 ] S|P / D 'LS
Wick rotate

(Q010:[Q) ¢, = = /D 101[®) Os[®] e 51 Z¢, :/D[cp]es[@]
4

Generate field weighted configurations with probability e=*%!

[|
<Q‘(9102’Q>84 = N Z 01 [q)weighted] 02 [q)weighted]

CI)Weighted
Measure correlation function N times

(QIO-()OL0)|Q)e, B [(7]OR]Q)[2e ™t 4 ..

(With care) can extract excited spectrum
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Physical motivation

lattice quantum chromodynamics (QCD)
parton distributions (on the lattice)

Modifying the operator product expansion
Wilson coefficients

Renormalisation group

Nonperturbative calculations




Deep inelastic scattering




Deep inelastic scattering Decompose cross-section

do et
= "YW,
dQdE’  16m2Q4 a

Hadronic tensor

1

Winp.) = 1= [ 400X | 1(0). 3o @)] .2

Express in terms of structure functions F,F, g, g,

2

F.@) = [aye (f Q—2) oy ()

¥y H

(Light cone) parton distributions universal

fon(2,Q%) = i/ dy~ e~ P (N |90, y~,00)7,. Uy, 0) 4(0) | N )

AT J_



Relate hadronic tensor to forward Compton amplitude

1
WNV = %Im{T}W}

Operator product expansion generates “twist” (dimension - spin) expansion
Twist-2 operators dominate in Bjorken limit

— <= <=
VY s D oy -+ Dy, 310 — traces

Mellin moments
1
@ = [ doa” (o)

Wick rotation of moments is trivial

... however...



Rotational symmetry broken to cubic symmetry

|

Physical results require continuum limit \

.
é_
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|

(Ocont (1, 7)) = Olbi_r>r(l)<01att<a,u, r/a)) /L

%ﬁﬁ
N

Operators mix under renormalisation on the lattice

gluon quark

(Ocont () = lim > (O} (aps, z/a))
J

Power divergent mixing between operators of different mass dimension

(Ocons) ~ = (B) + = (T1* D) + (FD* Do) + ..

Limits lattice calculations to first four moments

Detmold et al., Eur. Phys. J. C 3 (2001) 1
Detmold et al., Phys. Rev. D 68 (2001) 034025
Detmold et al., Mod. Phys. Lett. A 18 (2003) 2681
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Aim:
systematically determine nucleon structure

from ab initio QCD calculations

Clarified aim:
systematically determine parton distributions
from ab initio lattice QCD calculations with a formalism that

removes power-divergent mixing in the continuum limit

Proposal:
Dawson et al., Nucl. Phys. B 514 (1998) 313

modify the operator product expansion Detmold & Lin, Phys. Rev. D 73 (2006) 014501
Lohmayer & Neuberger, PoS(LATTICE 2011)


http://arxiv.org/abs/hep-lat/9707009
http://arxiv.org/abs/hep-lat/9707009
http://arxiv.org/abs/hep-lat/9707009
http://arxiv.org/abs/hep-lat/9707009
http://arxiv.org/abs/hep-lat/0507007
http://arxiv.org/abs/hep-lat/0507007
http://arxiv.org/abs/1110.3522
http://arxiv.org/abs/1110.3522

“Smearing” partially restores rotational symmetry: suppresses operator mixing

Widely used lattice technique

Construct operators with improved
continuum limits, i.e. reduced systematic

uncertainties

Precisely identify hadronic excited states

Dudek et al., Phys. Rev. Lett. 103 (2009) 262001
Dudek et al., Phys. Rev. D 82 (2010) 034508
Edwards et al., Phys. Rev. D 84 (2011) 074508
Meinel, Phys. Rev. D 85 (2012) 114510
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Davoudi & Savage, Phys. Rev. D 86 (2012) 054505


http://arxiv.org/abs/1204.4146
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http://arxiv.org/abs/0909.0200
http://arxiv.org/abs/0909.0200
http://arxiv.org/abs/0909.0200
http://arxiv.org/abs/0909.0200
http://arxiv.org/abs/1004.4930
http://arxiv.org/abs/1004.4930
http://arxiv.org/abs/1004.4930
http://arxiv.org/abs/1004.4930
http://arxiv.org/abs/1104.5152
http://arxiv.org/abs/1104.5152
http://arxiv.org/abs/1104.5152
http://arxiv.org/abs/1104.5152
http://arxiv.org/abs/1202.1312
http://arxiv.org/abs/1202.1312

Narayanan & Neuberger, JHEP 0603 (2006) 064

Smearing implemented via the gradient flow !
Liischer, Commun. Math. Phys. 293 (2010) 899

Deterministic evolution of fields in “flow time” 7 toward classical minimum
0 — 277 - ~ —rp2 7
o) =00na)  Br=0m)=ox)  o(r.p) =TT

Here exact solution possible with Dirichlet boundary conditions

— d4 . 2 2
5(r,a) = f a'y / eI gfy) = : / dty e/ 67) g )

- 167272

Smearing radius Sy = V8T
Interactions occur at zero flow time (i.e. in the original “boundary” theory)

Renormalised boundary theory requires no further renormalisation

Liischer & Weisz, JHEP 1102 (2011) 51
Makino & Suzuki, arXiv:1410.7538


http://arxiv.org/abs/1101.0963
http://arxiv.org/abs/1101.0963
http://arxiv.org/abs/1410.7538
http://arxiv.org/abs/1410.7538
http://arxiv.org/abs/hep-th/0601210
http://arxiv.org/abs/hep-th/0601210
http://arxiv.org/abs/0907.5491
http://arxiv.org/abs/0907.5491

Smearing implemented via the gradient flow:

removes power-divergent mixing provided the

flow time is kept fixed in physical units in the continuum limit



Consider twist-2 operators

Ty, (@) = &(x)0, - .. 0,, ¢(x) — traces
Example: continuum matrix element

(Q]6*(0) - $(0)8,,8,(0) | 2) = 0

On the lattice

(2162(0) - HO0)V, Vu6(0) | 2) = — 22+ O(a, )

[quantum corrections do not affect scaling]

Davoudi & Savage, Phys. Rev. D 86 (2012) 054505


http://arxiv.org/abs/1204.4146
http://arxiv.org/abs/1204.4146

Consider twist-2 operators

ﬁl..-un (:E) — ¢(x)a,u1 e aﬂn¢(x) — traces
Example: continuum matrix element

(Q[¢%(0) - $(0)0,0,9(0) | Q) =

On the lattice
0,
(2] 6(0) - H(O)V, V0 4(0) | 2) = — 2 +Oa’, )
With smeared degrees of freedom
- _ _ -
(Q3°(7,0) - (r,0)V,,V,3(r,0) | Q) = +0(a, \)

256772



Aim:
systematically determine nucleon structure

from ab initio QCD calculations

Clarified aim:

S

systematically determine parton distributions
from ab initio lattice QCD calculations with a formalism that

removes power-divergent mixing in the continuum limit

Proposal:
Dawson et al., Nucl. Phys. B 514 (1998) 313

modify the operator product expansion Detmold & Lin, Phys. Rev. D 73 (2006) 014501
Lohmayer & Neuberger, PoS(LATTICE 2011)
Clarified proposal:
systematically connect nonperturbative, smeared lattice
calculations to continuum physics by modifying the
operator product expansion to account for new scale

CJM & K. Orginos, PoS(Lattice2014) 330
CJM & K. Orginos, PRD 91 (2015) 074513
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Physical motivation

lattice quantum chromodynamics (QCD)
parton distributions (on the lattice)

Modifying the operator product expansion
Wilson coefficients

Renormalisation group

Nonperturbative calculations




Wilson’s idea: operator product expansion (OPE) Wilson, Phys. Rev. 179 (1969) 1499

nonlocal operator ~ (perturbative) coefficients x local operators

For example, in free scalar field theory
1
6(2)$(0) = —all + cg2 ¢*(0) + O(a)

[here the OPE is just a Laurent expansion]


http://journals.aps.org/pr/abstract/10.1103/PhysRev.179.1499
http://journals.aps.org/pr/abstract/10.1103/PhysRev.179.1499

Wilson’s idea: operator product expansion (OPE) Wilson, Phys. Rev. 179 (1969) 1499

nonlocal operator ~ (perturbative) coefficients x local operators

For example, in free scalar field theory

H)B(0) = gl + e 6(0) + O(a)

Interactions modify Wilson coefficients

b(2)$(0) = 1:52 (14 arlog(e®4?) .. )T+ (1 + ag log(x2u2) .. )62(0) + ...

... but not their leading-x behaviour

(Formally) convenient to separate leading-x behaviour

x—>0 de ckx,u(’)()(o ,LL)
Operator relation

(Q10(@)b(p1) . .- blpa)|Q) R de ez, 1) (21O (0, ) d(p1) . . . Hpx) Q)


http://journals.aps.org/pr/abstract/10.1103/PhysRev.179.1499
http://journals.aps.org/pr/abstract/10.1103/PhysRev.179.1499

Replace local operators

nonlocal operator ~ (perturbative) coefficients x local operators

x—)O Z dk Ck T, ,LL O%C)(O,,u)

with locally smeared operators

nonlocal operator ~ (perturbative) coefficients x locally smeared operators

T K
~ de e, 1, 7)OR (0, 1, 7)



Replace local operators

nonlocal operator ~ (perturbative) coefficients x local operators

x—>0 de )er(z, 1) O ()(O,,u)

with locally smeared operators

nonlocal operator ~ (perturbative) coefficients x locally smeared operators

T K
~ de e, 1, 7)OR (0, 1, 7)

Our example

5(2)$(0) = %cﬂ[ + 52 62(0) + O(x) —> d(2)6(0) = %aﬂl + 2526 (1,0) + O(z)
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lattice quantum chromodynamics (QCD)
parton distributions (on the lattice)

Modifying the operator product expansion
Wilson coefficients

Renormalisation group

Nonperturbative calculations




Calculate Wilson coefficients in standard manner:

H(D)6(0) = 5Bl + 7 3°(7,0) + O(a)

Rearrange sOPE and work at tree-level and expand to order m”

o = 22{ (216(@)8(0) | ) — (218" (r.0)|2) ]

to O(m?)

[Or graphically]

So

20) _ 2 / dik [ eihr e
T )t | k2 +m2 k2 +m? to O(m?2)



We obtain
2 .92

2 2
_(0) 1 x mex X
- - h-Z “14log (£
“@ 472 [ ST * 4 IVE 108 (87‘)] ]

Compare to the Wilson coefficient in the original OPE

2,.2 2,.2
(0) 1 mx =T
= — |1 142 1

Beyond tree-level things get only slightly trickier...



One loop calculation proceeds similarly

_ -,

otV = 22{(Q]6(@)e(0) | )V - (215 (7,0 2)"}
[Or graphically]

to O(m?2)

Thus

E(l) B xQ 1/ d4k‘1 1 / d4k2 eikg-aj B 6—2]{337'
- 2/ @mrki+m2 ) @)t (k3 +m?)? (k3 +m?)?] ], ome

2 2 .2 2
_(1):i1_.r MR a1 -
1 472 [ 81 Ty [’YE ™08 8T




For the leading connected contribution

el = {(216(@)0(0) dr(p1)on(p2) | 2) = (2167(7,0) dr(p1)om(p2) | 2) }

to O(mY)

[Or graphically]

() _ 1 A [ dYk ik-a (K +¢%)r
T w3+ m?) {_5 / (2m)* [(k2 +m2) (g +m?) (k2 +m2)(q® + mz)] }to O(m0)




1) _ L {_/\ / d*k [ ¢t L e ”
T Am) i+ m) L2 ot LR+ m?) (¢ +m?) (R +m2) (@ +m2) [ S ogmo)

Derivative:

,Xj/ Ak g(eF v — o= (K +a))T)
(2m)* (k? +m?)(¢* + m?)

Convergent: small spacetime limit is well-defined and vanishes if

4 ik-x _ —(k*+q°®)r? x>
lim)‘/de(e : ) _ g
250 @t (R m?) (@ + m?)
or
d*k g(e®* —1)
lim A =040
0 / 2n)t 2+ m2) (@ v ) O



1) _ L {_/\ / d*k [ ¢t L e ”
T AmA) i+ m2) L2 Qo) LR +m2) (@ +mP) (K4 m2)(@® +mP) ] g ome)

Derivative:

A/ Ak g(eF v — o= (K +a))T)
(2m)* (k? +m?)(¢* + m?)

Convergent: small spacetime limit is well-defined and vanishes if

4 ik-x _ —(k*+q°®)r? x>
nmA/qu(e : ) _ g
2—0 (2m)% (k%2 +m?)(q® + m?)
or
d*k g(e®* —1)
lim A =
70 / (2m)* (k2 +m?)(¢% + m?) 0+0()




At two loops

7R QR

A T
2 2,2y _ R
dy2 (2”7, u"2%) = 1+ 35,2 [wE—l—l—log (8_7)]

Leading to

Renormalised boundary theory remains renormalised at non-zero flow time



Makino & Suzuki, PTEP (2015) 033B08
Makino et al., PTEP (2015) 043B07
AoKi et al., JHEP 1504 (2015) 156
Kikuchi & Onogi, JHEP 1411 (2014) 094

— [69 = wi(r, ) (7, 2)] PPnd(r, ) ni(r = 0,1) = n'(x)

Gradient flow in 2D 0(3) model

on'(r, z)
oT

n'(r,z) = n'(r,2) for i=1,2  n3(r,2) = /1 — 7i(t, 2)7i(T, 7)
Exact solution no longer possible: generate iterative tree-level expansion

2 T .
ni(T, T) = /d2y/ (;1 p2 e'P(7-Y) [6_7p2ni(y) —/ ds e_‘SpgR’(s, y)]
) 0

R'(s,y) = n'(s, y)/ (s, 2)0° 0/ (s, )

Interactions occur in the bulk, i.e. at non-zero flow time, but no closed loops


http://arxiv.org/abs/1410.7538
http://arxiv.org/abs/1410.7538
http://arxiv.org/abs/1412.8218
http://arxiv.org/abs/1412.8218
http://arxiv.org/abs/1412.8218
http://arxiv.org/abs/1412.8218
http://arxiv.org/abs/1412.8249
http://arxiv.org/abs/1412.8249
http://arxiv.org/abs/1412.8249
http://arxiv.org/abs/1412.8249
http://arxiv.org/abs/1408.2185
http://arxiv.org/abs/1408.2185

Consider

b
m(2)m(0) = ﬁﬂ + bp2m?(7,0) + baux“8MW2(T, 0)+...

One loop calculations (almost) as straightforward as 4D ¢* scalar field theory

Two loops - interactions complicate the picture

. quantum interactions 2. tree interactions but still no flow loops

209 @ X
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Renormalisation group equations for connected Green functions

0

Y Rc‘?mR

d

d_9 0

+5ﬁ

AamR

M TR ,U’aA

Then

i+ 80| (9211 (o) [92) = O

[H% +Nv—wm} (O[O dr(pr) . drlon) |2 = 0

Applying [M% + (N + 2)7] to our example OPE

(2 Pr(p1) .- Sr(PN+2) [ Q) = o { Q] [*(0)]R PR (P1) - - - o (PN) | Q) + O(2)
we obtain

d
— 42 m)| o2 =0
[udﬂ+ (Y +7m) | o



For the sOPE we first write

Liischer & Weisz, JHEP 1102 (2011) 51

[0%(0)]r = Zy2 (T, MQ)EQ(T, 0) + O(1) Suzuki, PTEP (2013) 083B03
Makino & Suzuki, PTEP (2014) 063B02
where

d

g, 108 (Zg2 (7, 14%)) = 29m

To one loop

Za(rp?) =1— 1+ + log(274%)] + O(X?, 7)

3272


http://arxiv.org/abs/1101.0963
http://arxiv.org/abs/1101.0963
http://arxiv.org/abs/1304.0553
http://arxiv.org/abs/1304.0553
http://arxiv.org/abs/1410.4772
http://arxiv.org/abs/1410.4772

d d
We now apply {Md,u TR T (N + 2)7] to our example sOPE

(QGr(D1) - .- PR (PN42) | Q) =Cp2( Q]G (1,0) gr(p1) - .- PR (PN) | Q) + O()

to obtain

d d _
where
d 3.5 .9
Cp2 = A log (22 (k°2%, 1)) = 2vm
[Recall]
d uod
i (v +ym) | ¢ Y > dn og(mr)

Analogous equations apply to the matrix elements
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Nonperturbative calculation in 2D ¢* scalar field theory

implemented in C++

experimented with 3 update algorithms and different combinations
- Metropolis
- microcanonical Morningstar (2007) hep-lat/0702020
- embedded Wolff cluster Wolff, PRL 62 (1989) 361
and might implement multigrid method for fun

currently running on scalar processor
- few seconds to tens of minutes for L = 2" (n = 4...8) for configurations

- measurements < few seconds

primarily a dry-run test case for 2D O(3) model (code sort of exists)


http://arxiv.org/abs/hep-lat/0702020
http://arxiv.org/abs/hep-lat/0702020
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.62.361
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.62.361

Distribution of ¢

(@)
O

a’m? = —1.00 a*q = 1.00

al = 96
al = 64
al =48
L= 32

(@1
<

B
o)

Number of ¢ values
o
=

(]
=

!—j inan _ Distribution of ¢
10} a’m? = —1.00 a’g = 1.00
= Bl L =9
0 - ol —
—0.15  —=0.10 —0.05 0.00 0.05 —
bin 4r —

Number of ¢ values
oo

]

—
T

o

—0.4 —0.2 0.0 0.2 0.4
Loinaz & Willey, PRD 58 (1998) 076003 T


http://arxiv.org/abs/hep-lat/9712008
http://arxiv.org/abs/hep-lat/9712008

Time series: ¢
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Monte Carlo time step

Monte Carlo time step
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2D and 4D ¢* scalar field theory

o illustrative perturbative and nonperturbative calculations complete

2D non-linear sigma model

o code (sort of) written (not debugged!)
« determine:
- finite volume running coupling
- twist-2 matrix elements
- finite volume step-scaling procedure to match to...
« 2-loop perturbation theory for twist-2 matrix elements (underway)

QCD
« nonlinear flow equations Na}"ayanan & Neuberger, JHEP 0603 (2006) 064
Liischer, Commun. Math. Phys. 293 (2010) 899
. extra fermion renormalisation required Liischer & Weisz, JHEP 1102 (2011) 51

' ' ' i Liischer, JHEP 1304 (2013) 123
« flow time evolution still classical tischer, J (2013)


http://arxiv.org/abs/hep-th/0601210
http://arxiv.org/abs/hep-th/0601210
http://arxiv.org/abs/0907.5491
http://arxiv.org/abs/0907.5491
http://arxiv.org/abs/1101.0963
http://arxiv.org/abs/1101.0963
http://arxiv.org/abs/1302.5246
http://arxiv.org/abs/1302.5246

Aim:
systematically determine nucleon structure

from ab initio QCD calculations

Clarified aim:

systematically determine parton distributions R,

from ab initio lattice QCD calculations with a formalism that

removes power-divergent mixing in the continuum limit

Proposal:

modify the operator product expansion

Clarified proposal:
systematically connect nonperturbative, smeared lattice
calculations to continuum physics by modifying the
operator product expansion to account for new scale

CJM & K. Orginos, PoS(Lattice2014) 330
CJM & K. Orginos, PRD 91 (2015) 074513


http://arxiv.org/abs/1410.3393
http://arxiv.org/abs/1410.3393
http://arxiv.org/abs/1501.05348
http://arxiv.org/abs/1501.05348

Operator product expansion Smeared OPE

perturbative coefficients x local operatorsgeefiitatisinid @ (elor:1 1A ¢ 1=l HoJ oIl @A K0} 4

spacetime dependence of perturbative Y eEIEIaliilRe(Jo]ele [slel-Ke) FelIWutIg e RALS
coefficients dictated by operator mass coefficients dictated by operator mass
dimension dimension

single scale: spacetime separation two scales: spacetime separation
smearing radius

renormalisation group equations govern for small smearing radius
scale-dependence renormalisation group equations govern
scale-dependence

still requires renormalisation beyond
leading order
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Extras




Range of lattice calculations

Meson distribution amplitudes
Martinelli & Sachrajda, Phys. Lett. B 1 (1987) 184

quenched Martinelli & Sachrajda, Nucl. Phys. B 306 (1988) 805
unquenched Best et al, Phys. Rev. D 56 (1997) 2743
Nucleon Edwards et al, Phys. Rev. Lett. 96 (2006) 052001

axial Charge Capitani et al, Phys. Rev. D 86 (2012) 074502
Horsley et al, Phys. Lett. B 732 (2014) 41
unpolarised Gockeler et al, Phys. Rev. D 53 (1996) 2317

polarised Gockeler et al, Phys. Rev. D 53 (1996) 2317
higher twist contributions Capitani et al, Nucl. Phys. B (Proc. Suppl.) 79 (1999) 179

transverse momentum distributions Musch et al, Phys. Rev. D 83 (2011) 094507
generalised parton distributions Gockeler et al, Nucl. Phys. B (Proc. Suppl.) 140 (2005) 399


http://www.sciencedirect.com/science/article/pii/0370269387906010
http://www.sciencedirect.com/science/article/pii/0370269387906010
http://www.sciencedirect.com/science/article/pii/0370269387906010
http://www.sciencedirect.com/science/article/pii/0370269387906010
http://www.sciencedirect.com/science/article/pii/0370269387906010
http://www.sciencedirect.com/science/article/pii/0370269387906010
http://www.sciencedirect.com/science/article/pii/0370269387906010
http://www.sciencedirect.com/science/article/pii/0370269387906010
http://arxiv.org/abs/hep-lat/9508004
http://arxiv.org/abs/hep-lat/9508004
http://arxiv.org/abs/hep-lat/9508004
http://arxiv.org/abs/hep-lat/9508004
http://arxiv.org/abs/hep-lat/9508004
http://arxiv.org/abs/hep-lat/9508004
http://arxiv.org/abs/hep-lat/9508004
http://arxiv.org/abs/hep-lat/9508004
http://arxiv.org/abs/hep-lat/0409162
http://arxiv.org/abs/hep-lat/0409162
http://arxiv.org/abs/hep-lat/0409162
http://arxiv.org/abs/hep-lat/0409162
http://arxiv.org/abs/hep-ph/9906320
http://arxiv.org/abs/hep-ph/9906320
http://arxiv.org/abs/hep-ph/9906320
http://arxiv.org/abs/hep-ph/9906320
http://arxiv.org/abs/hep-lat/0510062
http://arxiv.org/abs/hep-lat/0510062
http://arxiv.org/abs/hep-lat/0510062
http://arxiv.org/abs/hep-lat/0510062
http://arxiv.org/abs/1205.0180
http://arxiv.org/abs/1205.0180
http://arxiv.org/abs/1205.0180
http://arxiv.org/abs/1205.0180
http://arxiv.org/abs/1302.2233
http://arxiv.org/abs/1302.2233
http://arxiv.org/abs/1302.2233
http://arxiv.org/abs/1302.2233
http://arxiv.org/abs/hep-lat/0409162
http://arxiv.org/abs/hep-lat/0409162
http://arxiv.org/abs/hep-lat/0409162
http://arxiv.org/abs/hep-lat/0409162

Nucleon axial charge
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Edwards et al, Phys. Rev. Lett. 96 (2006) 052001 Capitani et al, Phys. Rev. D 86 (2012) 074502


http://arxiv.org/abs/hep-lat/0510062
http://arxiv.org/abs/hep-lat/0510062
http://arxiv.org/abs/hep-lat/0510062
http://arxiv.org/abs/hep-lat/0510062
http://arxiv.org/abs/1205.0180
http://arxiv.org/abs/1205.0180
http://arxiv.org/abs/1205.0180
http://arxiv.org/abs/1205.0180

Consider

b
m(2)m(0) = ﬁﬂ + bp2m?(7,0) + baux“8MW2(T, 0)+...

One loop calculations (almost) as straightforward as 4D ¢* scalar field theory

2
boo(2?/T)=1— 5—05@k57l [7]3 + log (
T

2

)]



