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Motivation

Understanding structure of pion and kaon important for describing QCD dynamics

Useful in studying SU(3) symmetry breaking

Pion and kaon less studied than proton

Most experimental, theoretical, and lattice studies on pion form factor

Important to understand pion and kaon from first principles
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Pion and kaon (x*) from lattice QCD and PDF reconstruction
from Mellin moments

Scalar, vector, and tensor form factors for the pion
and kaon from lattice QCD
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Theoretical Setup

- Form factors obtained from matrix elements of ultra-local operators

O.=yly O, =gyr'y O =jpo™y

- Matrix elements decompose to usual form factors

(ts, Xg) 7

o pH
(M(p)| 0!, |M(p)y = —i M.f
' VIEPED) "

1
(M(p")| O, | M(p)) = F
’ VAE(PEQRP) °
PMQU _ PUQ'M F]M,f
my/4E(p)E(p’)
- Two methods to extract ground-state contribution

(M(p) | 6% | M(p)) = i

fit plateau region to a constant value

perform a two-state fit on three-point function

« Form factors are frame independent

« Non-perturbative renormalization (MS at 2 GeV)




Theoretical Setup

- Form factors obtained from matrix elements of ultra-local operators

O.=yly O, =gyr'y O =jpo™y

- Matrix elements decompose to usual form factors

(ts, Xg) 7

o pH
(M(p)| 0!, |M(p)y = —i M.f
' VIEPED) "

1
(M(p")| O, | M(p)) = F
’ VAE(PEQRP) °
PMQU _ PUQ'M F]M,f
my/4E(p)E(p’)
- Two methods to extract ground-state contribution

(M(p) | @j;| M(p)) =i F+(0) cannot be accessed directly

fit plateau region to a constant value

perform a two-state fit on three-point function

« Form factors are frame independent

« Non-perturbative renormalization (MS at 2 GeV)




Lattice Details

- Two ensembles of twisted-clover fermions and Iwasaki improved gluons (c. aexsndrou st al., pro 104, 074520 (2021

Parameters
Ensemble B a(fm) | L3 xT Ny m.(MeV) | L(fm)
cA211.30.32 | 1.726 | 0.094 | 323 x 64 | 2+1+1 265 3.0
cB211.25.48 | 1.778 | 0.079 | 483 x 96 | 2+ 1+1 250 3.79

- Boosted frame gives access to a denser range of -t
—t=0Qp a=q — (EP) - Ep))*

— —)/

2
. Kinematic frame: =—(+1 +1,x1), p=p' —gq

(matrix element for all values of q are obtained at once (sequential method) )

27

q = T(_I_ wEn,x n) n, ny,n, € [0,8]
Statistics
Ensemble | Frame p(2n/L) ts/a ts (fm) confs | src pos. | Total
cA211.3032 | R (0,0,0) | 12, 14, 16, 18, 20, 24 | 1.13, 1.32, 1.50, 1.69, 1.88, 2.256 | 122 16 1,952
cA211.30.32 B (1,41, +1) 12, 14, 16, 18 1.13, 1.32, 1.50, 1.69 122 136 132,736
cB211.2548 | B | (£1,41,+1) 14, 16, 18, 20 1.11, 1.26, 1.42, 1.58 45 6 2.160




Pion Form Factors
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Kaon Form Factors
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Kaon Form Factors
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Parameterization

- Form factors can be used to extract important physical quantities, most notably the radii

- We parameterize the -t dependence using the monopole Ansatz depicted by the Vector
Meson Dominance Model (VMD)

F(0)
Fr(Q%) =—;
1+
W7
+ Radius defined as (.0 IO 6
F0) 002 M
0*=0

- Examined several values of -t included in fit (~0.5 GeV2, ~1 GeV?2, ...)

« A-ensemble results

(r’T=0.28028)fm (r*)7 =0.31722)fm (r*)Z=0.360(41)fm (r*)§ =0.138(3)fm (r*)§ =0.0982(19) fm (r*)§ =0.3093)fm (r*)X =0.445(5)fm (r*)5 =0.279(3) fm

- B-ensemble results (preliminary)

(r’T=0.17831) fm (r*)% =0.323(17)fm (r*)2=0.45338)fm (r*)§" =0.140(10)fm (r*)¥ =0.0896(71)fm (r*)K =0.254(10)fm ()X =0411(11)fm ()X = 0.257(7) fm
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Tensor Anomalous Magnetic Moment k-
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Tensor Anomalous Magnetic Moment k-
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00 02 04 06 08 1.0
—t (GeV?)
0.85 . o | OO e More complicated picture for kaon
0.80m s & 0.80- ;
. 0.751 ® . 0.75 : . -
< P e . < . Slope still smaller but not insigniticant
~.0.70- o J ~0.70® ¢
" ® X . .
£ 0.65- < 0.65- Behavior believed to be due to SU(3)
0.60- 0.60- symmetry breaking
0.55 0.55

00 02 04 06 0.8 1.0
—t (GeV?)

00 02 04 06 0.8 1.0
—t (GeV?)




Tensor Anomalous Magnetic Moment k-
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SU(3) Flavor Symmetry Breaking

« Ratios of fitted data

s ) .
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SU(3) Flavor Symmetry Breaking
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Transverse Spin

- Vector and tensor form factors can be used to probe transverse spin structure
« Form factors Fourier transformed into impact parameter-space using continuum parametrization

- Density of transversely polarized quarks defined as

1 [ M2 F(0) sieib! M3 F(0)
pby,s;) = 5[ K0<MV\/ bi) + — K—1<MT bi)]

2 m 47y [ D7
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Transverse Spin

- Vector and tensor form factors can be used to probe transverse spin structure
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Conclusions

- Additional ensemble allows us to study discretization effects

« Finite-a effects more prominent in scalar form factor
« Role of up quark similar in pion and kaon

« SU(3) flavor symmetry breaking of about 20% observed in up quark contribution of kaon
compared to strange quark

- Boosted frame useful to obtain form factors for dense range of -t
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Future Work

- Kinematic setup designed to access generalized form factors up to 3-derivative operator

» Higher statistics and study of systematic uncertainties required for new ensemble

. Extension of analysis to (x"*) and generalized form factors

- Addition of two ensembles with finer lattice spacing for continuum limit
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