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Electromagnetic polarizabilities

» In the realm of nucleon properties, E&M polarizabilities represent crucial fundamental constants
akin to the size and shape of the nucleon
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» Polarizabilities offer insights into the distribution of charge and magnetism within nucleons,
revealing their response to external electromagnetic fields
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» Experimental determination of polarizabilities relies on Compton scattering, wherein external
E&M fields polarize the target nucleon or deuteron
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Nucleon polarizability and Compton scattering

» Nucleon E&M polarizability are most central quantities relevant for Compton scattering
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Generalized electric polarizabilities

» In real-virtual Compton scattering » Measured proton E&M structure deviates
from theoretical predictions
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Generalized electric polarizabilities

> Measured proton E&M structure deviates > Different viewpoints
from theoretical predictions
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Determination of electric polarizabilities

» For proton
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Determination of electric polarizabilities

> For neutron
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Determination of electric polarizabilities

» What is the primary source of discrepancy between lattice QCD and other studies?

(1) Lattice calculations are performed at unphysical pion masses, ranging from 227 - 759 MeV

—) Unphysical quark mass effects

(2) Background field technique is used, which converts 4pt function to 2pt function using Feynman-Hellman theorem

)  Hard to explore intermediate-state contributions and control systematics

Perform calculation at physical pion mass, using 4pt function



Why physical pion mass is important

» Pion cloud in nucleon polarizabilities » LOIn ypr:
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Numerical calculations

» Complicated quark field contractions with two current insertions
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Examination of 4-pt function: charge conservation
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Using the charge conservation to verify the contraction code



Examination of 4-pt function: charge radius
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Electric polarizability from 4-pt function

q H v
Lattice QCD input H*Y (x) p

THY = jd“x el d%(N|J*(x, t)JV(0)|N) = TEY — +

» Compton tensor
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Born
» Derive 3 formula to calculate ag

+ P=(M,0),q=(0¢): ag=—"2{d* x> (Hoo(x) - Hg(g)(x)) + ak
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Polarizability a; from H;;(x)
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Polarizability extraction ap = — jd
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Polarizability a; from H,-,-(x)

Polarizability extraction ayp = jd‘*xtzH”(x) + af

12M

- 100 [ 24D, At = 0.96fm
E | 32Dfine, At =0.86fm
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=
0.0 )
S | ) x ]

2.5
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However, lattice results are significantly below the PDG value.

Need new insight to turn the decent to the magic!
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Nucleon polarizabilities and N=n scattering

Structure of hadronic function J d*x t?H;;(x,t) = j dt t2 Z(plji(O)|k)e‘(Ek‘M)t(k|]i(0)|p)

k
GO0
- 42 (B — M)?

The dominant contribution is given by |k) = |[Nm) states

] - | |
i N=proton N contribution —— N7 contribution
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Must calculate Nmr contribution directly!
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Wick contraction of Nx rescattering

_ 1 =
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Wick contraction of N Rescattering

» 19 diagrams for N rescattering » 20 diagrams for N +y - Nm
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Results of N Scattering

» Nr scattering at m_=142 MeV

G
Y (OCF®)
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W|th AE — ENT[ - MN - MT[

» Scattering for different isospin channel

« [ =1/2,AE <0, attractive interaction
« [ =3/2,AE > 0, repulsive interaction
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1.04

Results of N Scattering

» Use Nx operators with 4
lowest momenta & apply

GEVP method
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Matrix elements of Ny—Nn

> Normalization for ;(Nz|j!" |N)
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Matrix elements of Ny—Nn

N in the center of mass frame with mom. mode (100)
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Matrix elements of Ny—Nn

Nt in the center of mass frame with mom. mode (110)
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Matrix elements of Ny—Nn

N in the center of mass frame with mom. mode (111)
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Matrix elements of Ny—N(p)n(-p) with 4 lowest mom modes

dim(I")

i . 5 3 5 | Ng Ll |N)]

[=%1% I'=G{,H- r=1 4=1,2,3
3000 3000
Proton [ Neutron 39Dfne
2500 } 2500 | i 24D
— xPT
~ 2000 } (000) ~ 20008 X
by ! Not convergent for yPT -
= 15001 e 3 1500
; I
= 1000 = 1000} . T
T
500 ¢ -' 500
) S
0 large gap . (011) . (111) . , . . .
0 005 01 015 02 025 0 0.05 0.1 015 02 025
5]/ GeV? P/ GeV™

For lattice, momentum modes are limited

Limitations in the comparison between lattice QCD and xPT: For xPT, photon is very timelike & yPT does not work well 26



Momentum dependence of A,

N(p1) +7"(k) > m(q) + N(p2)

Y m
/
7 1 B 1 1 N
s - &\\ s—MfV_EW+EN+MNw
N N

1 1 ]

= — ~ -2\ s
T S B s
(2E)(2E;)(En + Er — My)?

« Keep quasi-singular in denominator

« Taylor expansion in numerator

* (@+pr-p2)u __ _—bpo—

s T N N )
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Finite-volume effects

AL — 'LZ,N?TL _ m,Nwz_ em B co—
(L) ap (L) ap 3 My | L3 T (27)3 |(En + E, - My)?
— N=proton |- l
— N=neutron > Always p_ositive and thus only
[—4. 6f exponentially suppressed FV effects
--—-L=4.0Im

» Itis crucial to replace mom.
summation by mom. integral

i, Nn _ 1 Oem d315 Ao
o = —
B 3 M Jipia (27)3 (E+E, - M)3

A(L) x 1074 fm?

After replacement, residual FV
effects are estimated to be < 10 fm?3

L/fm 28



Numerical results

> Our results of ag, in units of 10™*fm?3

5.65(53) 6.5(1.2)
Proton
ag 10.0(1.3) 9.3(2.2) 11.2(4)
a}}’” 8.33(75) 9.8(1.5)
Neutron
ag 90.7(1.4) 10.1(2.4) 11.8(1.1)

« Confirm large contributions of Nr states

* Develop the methodology for lattice QCD computation of polarizabilities

« More sophisticated study to control systematic effects

Larger volume to have more momentum modes

mmm) < Excited-state contamination from initial and final states

. Finer lattice spacing for continuum extrapolations 29



Extended projects — threshold pion EW production

» Consider the process y"(k)+N(p,) — n(q)+N(p,)

> Threshold pion production means that in the y"N center of mass frame, pion is at threshold q,=(M,,0,0,0)

Vi = (N (0)m(0)[V,.|N (-k))

V = 4mi(1+ p)x {Eo. (11,v)6 + [Lot (1,v) - Bou (p,v) 1k 6 - k} xi

\ o/

« Multipole amplitude describes the transverse and longitudinal coupling of y* to the nucleon spin

M, k?

° I = I = mm———
Parameters are defineas u My MZ

30



Extended projects — threshold pion EW production

» Consider the process y"(k)+N(p,) — n(q)+N(p,)

> Threshold pion production means that in the y"N center of mass frame, pion is at threshold q,=(M,,0,0,0)

E(H_ X 1043/mﬂ—

30 T T T l 10 T T T
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25 I I 8 $ 2D, In,=3%11I,=1 %
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20 |- I | | 6 L ¥ 24D, Iy,=1I,=0
I
) | .
L 3 %
15 - . I . >~ 4r
I |
I = %
1
10— ! 32Dﬁne,IN,r:%,IJ=1— >j_ 2—
i 32Dﬁne, INﬂ- = % IJ =1 ._?
32Dfine, Iy, = 5,1, =0
5r § 24D, Iy;=5,I,=1 | ok
¥ 24D, Iy, =31,=1 T
¥ 24D, Iy, =3,1;=0 ¥
0 x _ : - 2+ )
x I
I .
5 1 L ! L | -4 ! I ! !
0.25 -0.2 0.15 0.1 -0.05 0 0.05 -0.25 -0.2 -0.15 -0.1 -0.05

K2/ GeV? k2/GeV?



Loy x 107°/m,

Extended projects — threshold pion EW production

» Consider the process W*(k)+N(p,) — m(q)+N(p,)

A, = (N(0)m(0)|ALIN(-k)) A-e=4mi(1+p)x" {eoLo. + € k Ho, +i5

5 T 7 T T 12
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{ ! & ar 1 £ 32Dfine, Iy,
-10 + | = B
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Conclusion

Nucleon E&M polarizability —> Nucleon structure
Nr rescattering ) Hadron spectroscopy
Pion EW production —> Lepton-nucleon inelastic scattering

An interesting journey to explore nucleon properties!

!

New frontiers, new methodology and new findings!
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