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| am having fun with my own faith, while
making a serious point



Light-quark mass dependence of QCD:

@ Light quark mass dependence of the baryon
spectrum

@ Hadron Electromagnetic Polarizabilities from
Lattice QCD
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This heralded the paradigm change in the relation between lattice QCD
and effective field theory at least for simple quantities



Light quark mass dependence of Mg

@ Chiral perturbation theory ( xPT) provides a complete
(but non predictive) description of low-energy QCD

@ The chiral logarithms (non-analytic dependence upon the
light quark masses) are the “predictions” of xP1' as they
encode long-range IR physics not contained in local
operators

@ For some (small) values of mq, yPT should provide a
precise and accurate description of low energy hadronic
phenomena

confidence in our understanding requires evidence of the
chiral logarithms from lattice QCD
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Heavy Baryon Chiral Perturbation Theory (HByPT')

E. Jenkins and A. Manohar PLB 255 (1991)

Expand about the static heavy baryon limit
L= Niv-ON +2ap NNtr(My) —TH[iv-0 — Ao| T, — 290 THT, tr (M)
—I—QQANS - AN + QQAATMS - ATM + gAN (T“AMN -+ NA’LLTM)

Ag = Ma — My phenomenologically A ~ 290 MeV

mqg=0
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nucleon mass to nlo
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nucleon mass to nlo

3/2 . . .
My ~ mq/ leading non-analytic chiral behavior

renders the chiral expansion less convergent
(than for mesons)
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| am not advocating this as
a good model for QCD!

LHP Collaboration arXiv:0806.4549



Light quark mass dependence of Mg

My (GeV)

My (GeV)

1.6 w

1.4

1.2 -

MILC: My = o) + ) my

T Py T

® NPLQCD
¢ MILC: coarse

10 ]
: i MILC: super fine
* ¢ LHP
08 ‘
0.0 0.2 0.4 0.6 0.8
my [ (2V2 7 fo)
, i
o)
14 B
12 p
I o 0
7 %
10+
f . i PACS-CS
* ¢ LHP
08T ‘
0.0 0.2 0.4 0.6 0.8

my | (V2 7 fy)

My (GeV)

M N (GGV)

Latt 2008, arXiv:0810.0663

N N

16 T a‘s
14l
12
10
- i RBC
i ? LHP
0.8~ S S —
0.0 02 0.4 0.6 0.8
my [ (2V2 7 fo)
16— e
%
14+ ﬁ%
120 ; %E
5 |
~ i 8 BMW: a~0.125 fm
10+ f
S ﬁ i BMW: a~0.085 fm
p - - # BMW: a~0.065 fm
0'%.0 0.2 0.4 0.6 0.8
My / (2 V 2 fO)



Light quark mass dependence of Mg

MILC: My = aj) + ay my,

16—
L &

14

>
D) I
Q 12
_ ® NPLQCD
§ i & MILC: coarse
10 - .
: 3 MILC: super fine -
? LHP
0.8 \\\\\\\\\\\\\\\
0.0 02 0.4 0.6 0.8
mg; [ (2V2 71 fo)

What does this teach us?

For these pion masses, there is a strong cancelation
between LO, NLO and NNLO yPT' contributions

perhaps should have been expected given poor
convergence (but just not a straight line!!!)
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What if we consider the octet and decuplet in the three flavor
theory!?

2 K, 2
My = My + aym, + aymi

T 37(D + F)’m + 5 (D = 3F)’m

)
+ ;T (5D% — 6DF + 9F2)m3.

8 2 ]
+§F(m7T7A7:u)_|—§F(mK7A7M)

Possible convergence is significantly challenged (fails) by kaon and
eta loops

LHP Collaboration arXiv:0806.4549
PACS-CS Collaboration arXiv:0905.0962
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figures: Jenkins, Manohar, Negele and AWL arXiv:0907.0529
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What is the status now (2012)?

s My = ag + aym, :
L4 — 938 £ 9 MeV :
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What is the status now (2012)?

My = ag + aym, :
— 938 £ 9 MeV :

’ ap = 802 £ 13 MeV

a1 = 0.99 = 0.03

ﬂ

* physical
‘ $  LHPC 2008
01 02 03 04 05 06 07
m, [/(2V2nf,)

Physical point NOT included in fit
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What is the status now (2012)?

physical _
LHPC 2008 ||
0.8l }  xQCD 2012 |

YQCD Collaboration uses Overlap Valence fermions on
Domain-Wall (RBC-UKQCD) sea fermions
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What is the status now (2012)?
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RBC-UKQCD Collaboration uses Domain-Wall valence
and sea fermions
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What is the status now (2012)?
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What is the status now (2012)?
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Taking this seriously yields
OrN — 67 £4 MeV
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What is the status now (2012)?
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Taking this seriously yields | am not advocating this as
o.N = 67+ 4 MeV a good model for QCD!




Light quark mass dependence of Mg M.Alberg, G. Miller PRL 108 (2012)
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To evaluate integral, used light cone coordinates



Light quark mass dependence of Mg M.Alberg, G. Miller PRL 108 (2012)

- = .y

4 N

This allows one to pick the contour such that the intermediate
nucleon (delta) is on shell - simplifying the numerator structure



Light quark mass dependence of Mg M.Alberg, G. Miller PRL 108 (2012)

expanding for small pion mass (/+) one recovers
the HBChiPT expression
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Large Ncand SU(3) Chiral Perturbation Theory

What can we do!?

@ Consider 2-flavor expansion for hyperons

Beane, Bedaque, Parreno and Savage nucl-th/03 11027

Tiburzi and AWL arXiv:0808.0482
Jiang and Tiburzi arXiv:0905.0857

Mai, Bruns, Kubis and Meissner arXiv:0905.2810
Jiang, Tiburzi and AWL arXiv:0911.4721
Jiang and Tiburzi arXiv:0912.2077
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What can we do!?

@ Consider 2-flavor expansion for hyperons

Beane, Bedaque, Parreno and Savage nucl-th/03 11027

Tiburzi and AWL arXiv:0808.0482
Jiang and Tiburzi arXiv:0905.0857
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@ Read the literature and apply an old idea to our new
problem

combine the constraints of large N. and SU(3) symmetries



Large Ncand SU(3) Chiral Perturbation Theory

Combined large N¢ and SU(3) symmetries

‘t Hooft 1974
Witten 1979
Coleman 1979

Dashen, Jenkins, Manohar 1993



Large Ncand SU(3) Chiral Perturbation Theory

@ theory is placed on solid theoretical foundation

lim MB — OO
N,.—00

controlled expansion in 1/N, (at least formally)

@ inclusion of spin 3/2 dof well defined field theoretically

1

@ naturally explains smallness of baryon octet GMO
relation

]\fcm‘z/2 x flavor-1

3/2

22 o< flavor-8

m

m3/? /N, o flavor-27 |eading correction to GMO



Large Ncand SU(3) Chiral Perturbation Theory

@ sives you “smarter” observables to measure/calculate

eg: Spectrum M = M0 + M3 4 pETO 4 pro40

1
VL0 — LON 1,0 9
1
8,0 _ 8 08 z 18 8,0 2 8
1 1
27.0 _ 27,0 8 8 270 L 3 (i G

=¢'(J'®1)q one-body spin operator

J
T*=¢'(1®T%q one-body flavor operator
G =q'(J' ® T*)q one-body spin-flavor operator



Large Ncand SU(3) Chiral Perturbation Theory

Jenkins and Lebed hep-ph/9502227

Label Operator Coefficient Mass Combination 1/N. | SU(3)
M 1 160 Ne ¢y 25(2N + A+ 3% 4+ 25) —4(4A +33* +22* 4+ Q) | N. 1
M, J? ~120 &+ g;; 5(2N + A 4 3% +28) —4(4A + 3% +22* 4+ Q) | 1/N. 1
M3 T8 20\/§e c(l) 5(6N + A — 3% —425) —2(2A —E* — Q) 1 €
My {J", G™®} —5vV3 5= € ¢y N+A-3Z+E 1/N. €
Ms {J2, T8} 30v/3 7 € c) (—=2N +3A — 92 + 82) + 2(2A — = — Q) 1/N? €
Ms {18, T8} 126 §- € ¢(y | 35(2N — 3A — X 4 25) — 4(4A — %" — 22" +3Q) | 1/N. e
M~ {T°,J°G*®} | —63 35 € Cl3) | TN —3A =X 428) —2(4A —5%% — 28" +3Q) | 1/NZ | &
Ms | {T°{T°,T°}} | 9V3 5 € Cls) A — 3% 4+ 32" — Q 1/N? €3
M A (T* = %) — (B - 5) 1/N? —
Mz T (Z4+22)—A—-2(A—=N) 1/N? —
Mc —2(2N —=3A -2 +428)+ 3 (A—-S*—-E"+Q) | 1/N; —
Mp —2 (A —=32"+3=* - Q) 1/N? —

R_S:iciMi € X Mg — My

Zi c;)




Large Ncand SU(3) Chiral Perturbation Theory
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Large Ncand SU(3) Chiral Perturb
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Evidence for non-analytic light quark mass dependence arXiv:|112.2658

_ _ 1 _ B
L =1Tr BU(U-D)BU—Z'T#(U-D)TUM—ZAO Tr BUBU—I—ZAO THT,

+ 2D Tr (B,SH{A,, B,}) + 2F Tr (B,SY [A,, By])

+C (T*A,B, + B, ATY) +2HTHSY AT, ,

+20p Tr (ByB,) TtMy — 207 THT, ,Tr M

+2bpTr (B, {M4, B, }) + 2bpTr (B, [My, By)) + 2br TH ML T, ,

Large Nc expansion simplifies operators: Jenkins hep-ph/9509433

1 1 1 3 5
bp = —b(2y, br = by + Z b2, br = — by — b
4 2 6 2 4
1 1 1 5
o = 5b0) + 1500 or = 5ba) + 15be) -
1 1 1
D = — == - |
53(1) > 30(1) T 42 ¢ = _2D.
3 3
C = —a(l) , H = —§Q(1) — ia@) 7‘[ — 3D — F



Evidence for non-analytic light quark mass dependence arXiv:|112.2658
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Evidence for non-analytic light quark mass dependence arXiv:|112.2658
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While SU(3) HBChIPT fails to converge with acceptable values of D, F H, C,
provides a quantitatively accurate description of finite volume corrections
(with acceptable D, F H, C)



Evidence for non-analytic light quark mass dependence arXiv:|112.2658
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Evidence for non-analytic light quark mass dependence arXiv:|112.2658
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b [NLO] = —6.6(5) , by[NLO| = 4.3(4) a,[NLO] = 1.4(1).
mlly D = 0.70(5) , F =0.47(3), C =—14(1), H=—-21(2)

First time axial couplings left as free parameters and:
values consistent with phenomenological determinations



Evidence for non-analytic light quark mass dependence arXiv:|112.2658
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mlly D = 0.70(5) , F =0.47(3), C =—14(1), H=—-21(2)

but still observe large cancellations between LO and NLO



Evidence for non-analytic light quark mass dependence arXiv:|112.2658

Work of Mathias Lutz and Alexandre Semke who fit the masses (not
mass splittings) of 4 different lattice QCD groups, and obtained
similar axial couplings
1.8 A —_—_—_—

R
.
.
.
A

Fit i:

each fit is to set of

BMW, LHPC, PACS-CS

none of the fits include

| QCDSF-UKQCD, who

| computed masses in SU(3)

I limit as well as SU(3)-broken
(with similar agreement)

[GeV]

% QCDSF-UKQCD | do not understand - but

oo~ ] this agreement is remarkable
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Evidence for non-analytic light quark mass dependence arXiv:|112.2658

Gell-Mann--Okubo Relation

o L S B v T

- SU(3) xPT | 0 SU(3) xPT }
8\ NLO Fita; = 0.92(17) | °f NLO Fixed a; = 1.4(1) |
e _. |

- SU(3) Vector f -1 SU(3) xPT |
°1 do(my — my)? + ds(m, — my)? ] o NNLO Fit

mlet [MeV] mlatt [MeV]

Only NNLO SU(3) naturally supports strong light quark mass dependence



Evidence for non-analytic light quark mass dependence arXiv:|112.2658

Gell-Mann--Okubo Relation

o L S B v T

- SU(3) xPT | 0 SU(3) xPT }
8\ NLO Fita; = 0.92(17) | °f NLO Fixed a; = 1.4(1) |
e _. |

- SU(3) Vector f -1 SU(3) xPT |
°1 do(my — my)? + ds(m, — my)? ] o NNLO Fit

mt! 8[OI\/IeV] mitt 8[OI\/IeV]
Combined with R3 and R4 - provides first compelling evidence of non-analytic
light quark mass dependence in the baryon spectrum



Light quark mass dependence of Mg

@ the more | study baryons, the more confused | get

@ there now seems to be un-ignorable evidence for entirely
unexpected light quark mass dependence in the nucleon
(baryon) spectrum, basically down to the physical pion mass

My = ag + aym,

@ combining large N¢ with SU(2) and SU(3) flavor symmetry is
showing promise - at least qualitatively

@ what is clearly (still) needed is high statistics study of baryons
with (with the aim of understanding chiral perturbation theory)

120 < m, <400 MeV



Hadron Electromagnetic Polarizabilities from Lattice QCD

@ clectric polarizabilites and magnetic moments of the
nucleon from lattice QCD

electromagnetic collaboration:
Will Detmold, Brian Tiburzi, AVWL




Hadron Electromagnetic Polarizabilities from Lattice QCD

@ Compass at CERN will measure pion and kaon polarizabilites
through Primakoff process

@ Compton MAX-lab (Lund) will extract neutron £M polarizabilities
from Compton scattering on deuterium

@ HIvS TUNL will make high precision measurements of proton and
neutron electromagnetic and spin polarizabilites



Hadron Electromagnetic Polarizabilities from Lattice QCD

comparison of experiment and phenomenological prediction

pion
two-loop ChPT prediction experimental determination
U.Burgi; NPB 479(1996), PLB 377(1996) Y.M.Antipov et.al.; PLB 121(1983), Z.Phys. C 26 (1985)
J. Gasser et.al.; NPB 745 (2006)
ap =24+0.5 ap=—0y =68+14+1.2
A =—-2.1+0.5 assumed (a% = —87)
nucleon
Polarizability Proton Neutron
o [10~* fm?] 11.9+14 125+ 1.7 €— measured
B[107* fm?] 1.240.9 2.7+1.8
1 [10~% fm*] 1.140.25 3.740.4
v [10~4 fm*] -1.540.36 -0.1£0.5 <€—— expected
v [10~* fm?] 0.2+0.24 0.4£0.5 (theoretical
74 [10_4 fm4] 33i011 2.3i0.35 disagreements)
Y [10~* fm?] —38.7+1.8 58.6 £ 4.0
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Prediction from Chiral Perturbation Theory (yPT):
Non-analytic dependence on the light quark masses

2 — 2Bm, [1 N Zqul (28mq> Iy Zqu

Polarizabilites:

£ 8ar.s. Lo + Lio

O 2 -~ LO xPT

N 0.5 gf‘ 1 + A-contributions NLO xPT (leading loop)

E= q02xf2 m. X
5’\’ _ Qs gf‘ 1 + A-contributions NLO xPT (leading loop)

5 = 384rf2 m X

2
1
7,’:_\’1 E = — ?g;; 2gf§ o~ + A-contributions NLO xPT (leading loop)
Evidence for this non-analytic light quark mass dependence is for being

in the chiral regime.
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For sufficiently low energy (w << m;), a spin 1/2 baryon has the
effective Hamiltonian

_ (B— QAY 1, w2
Heir = 51 + Q¢ 247‘(‘ af” + BB
YE; 515 . g X g —+ ’}//\/11/\415" . g X B -+ YM, Ezaigiij + ’YE1M2(7IBij5j>
where
1 1

Eij = 5 (Vi€ + V&) B = > (ViB; + V,B))

’YE1 E1 — _f)/‘l T 73 fYM-I M1 — 74

’YE1 M2 — fYS PYM-I E2 — 72 —|_ f)/4

For specific choices of A,,, one can isolate the various (spin)
polarizabilites
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For our calculation, we want Euclidean action which respects periodic
boundary conditions (hyper-torus)

o~ [ Az Fu PP _ oi [ d*xuz(E5-BY)
o JOXegFuwFu — o [ d*xe3(E3+5E)
In this way, the U(1) gauge links are given by a phase

U,(x) = g'@qA.(X)

Consequences:

M(Ey) = My — 2malsy + ... — M(Eg) = My + 2maEé + . ..
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On a compact torus, not all values of the field strength are allowed:
G. ‘t Hooft NPB 153 (1979)

0= =974 + b5 A =TL, — As
— exp{ig€A1} =exp{ig€ (TL; — As)} — 1 =exp{ig€TL;}

27T
TL,

Q¢ = n forn=1.,2,...
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Non-Quantized Quantized

n: Eq.(2),n=3 nV: Eq. (4), tsrc=52

| ! ! ! | ! ! ! | ! ! ! | ! ! ! | !
8 10 12 14 16

t/a
°n:3!tSTC:O On:3,t5r0252
Q n:3, tSfC:52 @ n=e, tSfC:52

aMeff(t) = |n (C(f(—?'l))
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In a background field, what do we expect the correlation functions to
look like?

J=0,Q=0; C(t,€) =) Zy(&)e &)
n

J=1/2,Q=0; C(t,£) =) Zn(E, pn)e &)
n

J=0,Q=1; C(t,&) =) Zn(&)G(En,E, 1)
n

J:1/270:11 C(tag):ZZn(gnun)G(En?gnunvt)
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Consider spin-less, relativistic particle of unit charge coupled to an electric
field

L=D,m"D,m+miyn’n, D,=0,+IiA,, A,=(0,0,-£t0)

iIntegrating by parts and changing variables

D' =p2+&272+ B2 =2 (H + lE,fL) ,

2
K
T:t—f, Ef =Ef — k2
solution
1 ®@)
D(',7) = 5/ ds{t’, s|r, O>e_SE’a/2
0

E E
/ _ - /2 2 h _ o
(1", 8|T,0) \/27r SnhEs exp{ 5 einh £e (7° +7°)cosh&s — 27 T]}
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TakeT:O,E:O:
C(r,&) =  Zy(€)G(r,E)

n
Y e E 1 > 5
G(7,&) = 5 /0 ds\/27T SnhEs exp{ 5 (87 coth&s + smeff)}

In the weak field limit

C(r,€) = Z(€) exp {—M(g)T - Mf i (%(M(g)f)?’ L (ME)T) + %(M(ﬁ)ﬂ) }

M(E) = My + 2ra&? + O(EY)

computing hadron deformations in background £M fields amounts to spectroscopy
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neutron in background electric field:

S = /d4X@(X) [@-F E(E) - %O—MVFNV P(X),

F.. =0.A —0,A,,
o Fuw = 2K - €, for background &-field and K = i
wE)=p+p'E+ ... anomalous magnetic coupling

motion of the quarks in the £-field gives rise to the magnetic coupling

with £ = £2, construct

G.(t,E) = tr[PLG(t,E)] = Z(€) (1 + 5&;?) exp [t Eos(E)]

p(E)2e?
WE

’
Py = 5 [1 + Kj5] Eer = E(E) —

M2 (amap— ) 4
= 5 TOE AN
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proton in background electric field:

— E
s= [ 00 | P+ E@©) - Lo i w00,
D,=0,+I1QA, uw= Q-+ ji(0)
boost projected correlation functions

&

G.(t,&) = Z(E) (1 + ) D (t, Eeor(E)? F os,g)

2 o _ [ Q< QEL E2s
D(t’E’g)_/o ds\/27rsinh(085)ex [ > COTh(C?g)—T
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Results | am going to present are from
@ mesons:
@ proton and neutron:
To date, we have set gsgqa = 0 (Quenched EM)

my; ~ 390 MeVv [ =25 fm

TABLE I: Propagators generated to date with our 2008-09 and 2009-10 USQCD allocations.

\%4 as as/ay atmg atmg M mrg Field  Ng.. X N¢pg| total # of
[fm] [MeV] [MeV] |Strength props(u, d, s)
203 x 128 0.123 3.5 —0.0840 —0.0743 390 546 0 15 x 200 6,000
+1 15 x 200 9,000
+2 10 x 200 6,000
+3 10 x 200 6,000
+4 10 x 200 6,000
243 x 128 0.123 3.5 —0.0840 —0.0743 390 546 0 10 x 195 3,900
+1 10 x 195 5,850
+2 10 x 195 5,850
+3 10 x 195 5,850
+4 10 x 195 5,850
323 x 256 0.123 3.5 —0.0860 —0.0743 225 467 0 7 x 106 2,226
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70 Mass Shift:

effective mas

- |o o pi0_nlR.dat||
o o pi0_n2R.dat|]
|0 o pi0_n3R.dat|
o pi0_n4R.dat

| mmfﬂﬂ % @@MM@M%%%
bRt
: | %

mm @ O

ST R S — S S T B

0015t
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7T Effective Mass

effective mass

O o pi+_n0.dat
§ § § § o pi+_nl.dat
| 0 ¢ pi+_n2.dat
0.25f o e i e N R o o pi+_n3.dat|]
H : : : : ! . B
3 3 3 : pi+_n4.dat |{
. . . . i Q -
: : : : 3 (]
: : % : o :
020 """""""""""""" """""""""""""""""""""""""""" """"""""""""" AR
: : : joi
z
—~ 5 5 2 5 p v 8t
=7 : : @© f f ¢
S| 0.5 v e e B TR RNE P Qoo
© : : © : ¢ @ ¢
— ; : o @ : ¢
E 3 o @ 3 o ¢ 3
¢ o o o o 9 o o ¢ :
s ¢ & o : b ¢ ¢ ¢ : :
IR T A | | s o o o O §
010 Dy oo T e e e e e S e
T8 5 % % 6 05 0 0 0 0 0 ® ® O @ : :
3 T ooy g 3
| TP 9033080008 E 0D g 00D om g og
00| T —— S— T— ——— —
i
0'000 5 10 15 20 25 30 35

C(r,&) = Z Zn(E)G(T,E)

n
1 [ E 1 5 5
G(7,€&) = 2/0 ds\/% SnhEs exp{ 5 (57 coth&s + smeff)}
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n n=0 7 n=1 nin=2
025 ‘ —
i 025 025
020} I
oS o 020f o 020
p— p—— p—
b b i b
L P
= o5 = 0.15] = 0.15F
N N [ N [
" 0.10 [ P o1l ~°
010 \ | >' |
L e e e 0.05:\ 0057\““\““\““\““\““\“

5 10 15 20 25 5 10 5 20 25 30 5 10 15 20 25 30
t/a t/a t/a
77 n=3 7 n=4

025 1 025
f .
gt 0.202— % 0.20:—
g 0.15F Eo 0.15F
S o x o INY i
0.10 0.10F
005 k. ‘ ‘ L ‘ L 005
5 0 5 20 25 30 5 0 5 20 25 30
t/a t/a

0 1 2 3 4

m(€) | 0.0691(4) 0.0702(6) 0.0718(8) 0.0733(16) 0.0497(129)
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0.070 - 0.100 -
0.069 | 0.099 |
0.068 | . 0.098 |
a4 i 1 i
~ 0.067 1 =~ 00970
S g 1S |
0.066 | 0.096 |
0.065 | 0.095 |
0.064 ¢t . 0.094 -
0.000 0.005 0.010 0.015 0.020 0.025 0 030 0.000 0.005 0.010 0.015 0.020 0.025 0.030

a,a;e &

: 0.100 |

0075 F i

E 0.098 |

0.070 f | i

: ] 0.096 -

3 0065 - 1 m ;

- : { & 00941

S o060 f S :

: 0.092 F

0.055 - i

i 0.090 -

0.050¢ 0.088 [
0000 0005 0010 0015 0020 0025 0030 0000 0005 0010 0015 0020 0025 0030

a,a;e & a,a;e &

m(&) = mo + af"E? + afies”

I ol K K™
ot | -2.6(5)(9) 18(4)(6) 1.5(4)(7) 8(3)(1)
a gt 1.8(5) 24(10) 0.6(5) 17(5)
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N:1
0,25 7\ T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T ‘7 0'240:
: 0.235 -
0241 0.230 -
~ -\ ‘
W o23¢ W 0225
[ 7 m 0220
S 0.22¢ < 0215
0.21 0.210
0.205
0'20 1 L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L 1 1 \7 0'200 |
0000 0005 0010 0015 0020 0025 0030 0000 0005 0010 0015 0020 0025 0030

a;a; €& a,as e &

lulatt( 8)

35¢ .
0.000 0005 0010 0.015 0020 0.025 0.030 0.000 0.005 0010 0015 0.020 0025 0.030

a,a; e & a,a;e &

GL(t, &) = Z(E) (1 4 %) D (t, E.(£)° F QE, 5)

D(t, E-, E) :/ ds _ exp | —
0 27 sinh(QEs)

2 =
coth(QEs) — T]
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N:1
0,257\wwww\wwww\wwww\wwww\wwww\wwww\wwi 0,240:\‘“‘\“"\““\““\““\““\“
j ] 0235
0.24¢ 1 0.230
~ 1 i
W 023 : K 0225
[ 7 m 0220
3 0221 ~ 0215;
0.21F 0.210¢
0.205
0‘20w“ww””w””w””w‘H‘wwww‘f 0200 e ]
0000 0005 0010 0015 0020 0025 0.030 0.000 0.005 0010 0015 0020 0025 0.030
a;a;€ & a,a; e &
—40 65
—45
~
w
= =50
= ®
3
55
_607“““‘“““““‘“““““““‘7 357\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\f
0.000 0.005 0010 0015 0020 0025 0.030 0.000 0005 0010 0015 0020 0.025 0.030
a,as e & a,as e &
latt ~ latt latt
N f fi %

neutron 40(9)(2) -52(2)(1) -52(2)(1)
proton 32(13)(1) 52(3)(1) 83.9(3)(1)

oY (my = 390 MeV) = —0.9(2.5)(.3)(4) x 10~* fm®  u¥ (my = 390 MeV) = 4.3(.2)(.1)(.1)[un]
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over the last few years, we have established a program to compute
polarizabilities of hadrons as well as magnetic moments, utilizing
background electromagnetic fields

@ e now have to address several systematics (which need more
computing time)

@ sea quark electric charges need to be “turned on”

@ light quark mass extrapolation - do we see 1/M; behavior?

@ ucleon spin polarizabilities (need field gradients - more difficult
quantization condition if any)

@ explicit magnetic background fields




Light-quark mass dependence of QCD:

‘ the era of physical quark mass lattice QCD calculations is just around
the corner - exciting time

‘ care must be taken to understand the light quark mass dependence of
observables - unique predictions from effective field theory - are
these predictions verified in the numerical simulations?

@ cffective field theory provides us with a deeper understanding of the
underlying physics

(I realize here | am preaching to the choir)






