Electromagnetic and spin

polarisabilities from
lattice QCD




Qutline

® Hadron polarisabilities




Hadron polarisabilities

® Hadron polarisabilities describe the deformation of a
particle in an external (EM) field

® Quadratic energy shifts from effective Hamiltonian:

T ' e PR N N EP Pl o R AR R 5 T NS L0 L T v i P 73 T SR e L oSSR o B A AR Y TR i SSIAAE Sl A S ey L DA R i W s “
T MIEghetic pol L TFIrStspin por e | '



Compton scattering

® p, d: Experimentally measured in the low frequency limit of
real Compton scattering

p %

® Thomson limit and Low—Gell-Mann—Goldberger LET
- determined by Born terms (charge and magnetic moment)
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Experiment

o MAMI, Saskatoon, |Lab, OOPS, ELSA, HIyS

® EM and 2 combinations of spin polarisabilities are
measurable for the proton but difficult experiments

® Neutron accessed via (quasi-)elastic Compton
scattering on the deuteron - even more difficult
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Pion polarisabilites

YPT prediction
° i i WEIGHTED AVERAGE
® A number of different I

(5.9+ 1.1)x10" cm®
measurements: most

involve nuclear targets Protving (esf= sporox)

® 30 disagreement ' “":\ZRK :
with two-loop ¥PT o
DM1
® Big improvements in PLUTO
future: COMPASS, Lebedev
JLab@12 GeV
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Further polarisabilities

® Higher orders in the frequency expansion gives
higher order polarisabilities [Holstein et al. ‘99]

® Virtual and doubly virtual Compton scattering leads
to generalised polarisabilities [Guichon, Liu & Thomas ‘95]
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Lattice approaches

|. Four point correlators: (0| x(x1)J*(y1)J" (y2)x(x2)|0)

* Analogous to experimental measurement

* Many disconnected contractions and doubly
extended propagators eg:

¢

e Extraction of magnetic/spin pols requires
momentum extrapolation

* Pols: used by Engelhardt with some success



Lattice approaches

2. Energy shifts in two point correlators in external
U(1) field

®* (QCD: external field must be known during gauge
field generation

e costly but multipurpose
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External field method

® Quenched external fields simple to apply:

V(@) = Up(@) - UP*@) U@ (@) = 494" @

i

Quantised for

® E.g.:magnetic field B = (0,0, B) it

® ook for shift in energy quadratic in |B|

Cyr(7, B) = ¥ _(0]x1 (&, £)x1(0)|0)

—

Magnetic polarisability
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Magnetic moment




Field constraints

® Field values are restricted by a number of constraints
® Perturbative in EFT: |eB], |eE| < m~

® Periodicity of box: e.g. magnetic field




Field constraints

® Field values are restricted by a number of constraints
® Perturbative in EFT: |eB], |eE| < m~

® Periodicity of box: e.g. magnetic field
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External field method

® Can study more than energy shifts - hadronic
correlator analysis = effective field theory

® matching behaviour of QCD correlator to
EFT correlator (not just in e-regime)

® E.g..proton in constant electric field (T=x)

o i Acceleration of proton
Css’ (T, E) E Z<O‘XS (337 t)Xs’ (O) ‘O>E / at large times
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Electric polarisability




External field method

® All meson/baryon polarisabilities can be calculated

® utilise all information in hadron correlators
including spin-flip matrix elements

® spin polarisabilities require space/time varying
U(1) fields:E.g. v 51




Quenched polarisabilities

® External field calculations of magnetic moments and
EM polarisabilities have a long history

® Martinelli et al., Bernard et al.: ;4 for n, p, A [83]

SRR, Fleblg et aI « for neutron [89]
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Quenched magnetic polarisabilities

[Lee et al., hep-lat/0509065]
® Use four (non-quantised)field values
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Quenched electric polarisabilities

® Also do calculations with four field values (pos/neg)

o Neutral.particles.n. >e. =8 AL S S b Lo o0 T




Quenched magnetic moments

[WD, Tiburzi, Walker-Loud]

® Use eight “weak” field values: spin difference




Quenched magnetic moments

® Use eight “weak” field values

1077 +1.34 B + 0.9 B? + 404 B®




Quenched magnetic polarisabilities

® Spin average
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Quenched pion polarisabilities

Pion Mass shift in B—field
0.00025 | By Gt

B =—6.4(1.1)
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Chiral perturbation theory

® Many studies of hadron polarisabilities in the
context of chiral perturbation theory

® pions and nucleons
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Nucleon polarisabilities

O P S




Nucleon polarisabilities
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Infinite volume results

® Proton electric polarisability at NLO [SU(4/2)]

Involve axial couplings and quark charges
/A;
e {5@% 1 M. | :

Awf? (1927 m,; 1927 m,;




Infinite volume results

® Proton electric polarisability at NLO [SU(4/2)]

Involve axial couplings and quark charges

/A
e {5(}*3 T

1927 m . 1927 my,;




¥PT at finite volume

® Volume dependence can be incorporated depending
on pion mass and volume




¥PT at finite volume

® Volume dependence can be incorporated depending
on pion mass and volume




Finite volume effects

® Polarisabilities are very sensitive to infrared scales
m Expect large FV effects in lattice calculations

® Easily included in EFT for large volumes

, e TR
® Quantised momenta: k = —n for n; € Z

L

® Momentum integrals = mode sums




Finite volume effects

® Polarisabilities are very sensitive to infrared scales
m Expect large FV effects in lattice calculations

® Easily included in EFT for large volumes

o e TR
® Quantised momenta: kK = fn for n; € 4
® Momentum integrals = mode sums
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Finite volume effects

® Polarisabilities are very sensitive to infrared scales
m» Expect large FV effects in lattice calculations

® Easily included in EFT for large volumes

, e TR
® Quantised momenta: k = —n for n; € Z

L

® Momentum integrals = mode sums
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Volume Dependence: Proton

*—*—% My =250 MeV |
s a4 m;=350MeV |
m, =500 MeV




Physical calculations

® Rigourous QCD results from unphysical calculations

® SU(3) electric charge matrix traceless:




Physical calculations

® Rigourous QCD results from unphysical calculations

® SU(3) electric charge matrix traceless:




Example: a,—a.,

i NALE) NNLO NLLO
o Qp = Ozloop o CVloop as oy S

® |[oop contributions are known functions of
quark charges: easy to fix unphysical charges

® NNLO c.t.s come from tree level insertions of




Physics from PQyPT

® [ndividual pion pols safe to N3LO
® also in SU(4|2)
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Preliminary QCD calcs

® Computing combinations of QCD polarisabilities
using USQCD resources

® [wo other groups in USQCD also using BF methods

® Clover on DWEF lattices from RBC/UKQCD:
163x32 (1.9 fm) m;=400 MeV

243x64 (2.7 fm) m,=330, 420 MeV

® Tunings done and various |63x32 external fields
run

® |nvestigate effects of nhon quantisation



nt+ polarisabilities

E=0.0736

° . E=0.0368

®

Acceleration!? slope linear in E, offset quadratic in E



Lattice polarisabilities

® AIll EM and spin polarisabilities can be measured with
external fields

[
| require large volumes and small masses
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