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Hadron polarizabilities (in units of 107% fm3)

Polarizabilities encode information on charge and current 1) Hadrons are stiff
distributions inside hadrons at low energies. compared to H-atom
An active community in nuclear physics is engaged in the effort (a=4.5 ay3)
(experiment, theory, lattice QCD) 2) QCD+QED

Charged pion ()  ag = 2.0(6)(7) =By, (PDG)
o = 2.93(5), By =—2.77(11) (ChPT)

ae =—0.40(18), By = 1.50 (27) (ChPT) Moinester and Scherer

Charged kaon (K*) o =0.58 =—f,,(ChPT) -
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Background field vs. Four-point function
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E or B field

Energy shift under weak fields:
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Only two-point functions

Works well for neutral hadrons (1%, K%, n)
Challenges for charged particles:
acceleration, Landau levels

Active field of study

Recent review by G Endrodi,
arXiv:2406.19780.

(zero momentum Breit frame)

Mimics the Compton scattering process on
the lattice

Instead of background field,
electromagnetic currents couple to quarks
All photon, gluon, and quark interactions
are included

Charged hadron manifests as elastic form
factors (charge radius).

Renewed interest in lattice community



Formulas:
Charged pion vs Neutral pion
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Charge radius can be extracted from
elastic part of the same Qqq
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4pt function also has access to form factors

Phys.Rev.D 108, 1, 014512 (2021)
Phys.Rev.D 108, 5, 054510 (2023)
Lee, Wilcox , Alexandru, Culver
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No elastic contributions for r°
Additional contributions from
disconnected loops



Proton formulas
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Operators
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Local current: Jpu =f Zvk (CIuﬂ%U + de’yud)
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Wick contractions
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Simulation details

Proof-of-concept simulation:

* Quenched Wilson action on 243x48 lattice with spacing a=0.085

fm.

* Dirichlet boundary condition in time, periodic in space.
* Quark mass parameter k=0.1520, 0.1543, 0.1555, 0.1565

corresponding to pion mass m_=1100, 800, 600, 370 MeV.

Analyzed 1000 configurations for each mass.

5 momenta q={0,0,0}, {0,0,1}, {0,1,1}, {1,1,1}, {0,0,2} per mass

Dynamical ensembles in progress: Label Ny x N2,x N, n  alfm] Netg  amy
£ 48x242x 24 1.00 0.1210(2)(24) 300  0.1931(4)
nhyp 2-flavor clover fermion £  48x24*x30 1.25 — - 0.1944(3)
+ Liischer-Weiz tion Es 48 x 24% x 48  2.00 — — 0.1932(3)
USCner-vvelz gauge actio Ei  64x242x24 1.00 0.1215(3)(24) 400  0.1378(6)
Es 64 x 24% x 28 1.17 — — 0.1374(5)
Es 64 x 24% x 32 1.33 — - 0.1380(5)

TABLE I. Details of the Ny = 2 ensembles used in this study.
Here 7 is elongation in the z-direction, a the lattice spacing,
Nctg the number of Monte Carlo configurations. Ensembles
81,52,53 have a pion mass m, ~ 315 MeV, while 54,55,86

have a pion mass m, ~ 220 MeV.



Four-point function Qu(q,t;,t;)

Four-point functions Q,, for o
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T —10/9 = 2(quqa + qq4 qd)

-0.2- %04 ..0’ ...l. !
- T, " Diagrama | (current conservation at q=0

—0.4:" Sggal e {0,0, 0} —

-0.6:— = {0,0,1} —

oai ¢ {0,1,1)

=2 f A{1,1,1 ]

-1.0¢ v {0,0,2}

1-0:_ 0080008000000 00000000¢0 _ <+ 10/9 — 2<ququ _|_ qdqd) o 2(q’l_1,qa + qd_qCZ)

(current conservation at q=0)

—

«— 10/9 = 2(ququ + qa94) = 2(qaqa + 9343)
(current conservation at q=0)

Diagram b and c have unphysical
contact interactions (we avoid t,=t,)




Four-point function Q4(q,t,t;)
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Signal is shaded area
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Time integrals

Extrapolation
from t=1 to t=0

Four-point function Q4
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Signal changes sign »



Extrapolation to q?=0 . —

- By
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m_ =370 MeV

n° polarizabilities (10‘4 fm3)

1
o
[X)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
q°(GeV?)



Chiral extrapolation
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Electric is consistent with ChPT.

Magnetic has large discrepancy.
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Neutral pion polarizabilities (10'4 fm3)

Neutral pion vs Charged pion

- 2a [*°
ap = ;12% a2 /0 dt Qa(q,1)
By = éiﬂ% %/0 dt {Qu(q,t) — Qll(oat)]

Electric is consistent with ChPT.
Magnetic has large discrepancy.

04<7“?3> 200 /oo l ]

= dt t)— Q5.7 (q,t
QF 3m. + a2 J; Q4(q, 1) 44 (g, )
a <T%} > 2 > inel inel |
Byv = — 3. + a2 ), dt | Q117 (q,t) — Q1] (07t)_

Chared pion polarizabilities (10'4 fm3)
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Electric is larger than ChPT.
Magnetic is consistent with ChPT.
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Conclusion

Four-point functions offer a clear picture of how
polarizabilities arise in QCD+QED.

— 1% has no charge radius contribution, but additional

disconnected terms, compared to t*
Only need 2pt and 4pt (but not 3pt) functions

Open issues

Extrapolation to t=0 (contact term)
Quenched approximation
Only connected contributions so far

Large discrepancy with background field method for
n® magnetic polarizability (By)

Outlook

Dynamical ensembles under way (two-flavor nHYP-
clover, 315 and 227 MeV, elongated geometries for
volume study and smaller g?)

Include disconnected contributions

(b)
(c)
(d)
(e)

()
(g)
(h)

PN

b
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