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Hadron Electromagnetic (EM) form factor

< H(P)|J,|H(P,y) > = (P, + P,),Fy(Q°)

¢ Insights into hadron structure, i.e. on the charge distribution

¢ Together with PDF produces General Parton 0.61
Distribution (GPD), i.e. a 3-d image of hadron -~ o
S 0.4 SR TR
;.% MC:XH) % —— F,, monopole form
o | « F, EicC50 b
0.2 Fy, EicC 50 fb™
. . . i v F, EIC-US 20 fb™
v¢ Experiments: Jlab, EiC, EicC _ b 12 Gov ME
- e JLab 6 GeV data
: 0 10 20 30
v¢ DSE, QCD sum rules, lattice QCD... 0 (GeV?)

EicC white paper, arXiv:2102.09222
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Pion/kaon EM form factors
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Small O limit: hadronic picture a =0.076 fm
— 0.5F -
/ : _ : = i -l s
¢ Vector Meson Dominance -> Charge radius = odf EI:: b
6(1/Fx(Q%) — 1) o 1 L1
2 2 — O’ 0.3+ L == = 4
reff(Q ) Q)? ' = Gao et al., PRD 104 (2021) 114515
ool ® n,=1 n,=3
(r2) = 0.42(2) fm?, (r2) pp; = 0.434(5) fm* ¥ =2 ¥ n,=4
T , , %-9.0 0.1 0.2 0.3 0.4 0.5
Large O“ limit: partonic picture 02(GeV?)
2 2\~ 2N £2 2 2 2 2\ 2(M2 20M2 Lepage & Brodsky, 79’, 80’
Q°F(Q°) ~ l?ﬂaS(Q ) iy @3(QF), @ (Q7) = ega)gl(Q )+ e,w,(Q°) Efren%ov&Radyu}s’hkin 80’
wp=— | dxqx)dy(x. 07 ing-twi stribution ampl
f 3 f M\ leading-twist parton distribution amplitude (DA)
0

¢ Asymptotic DA: ¢,,(x, 0* — o0) = 6x(1 — x)

¢ DA from LQCD: pion & kaon etc. J. Huaetal. [LPC], Phys Rev.Lett. 129 (2022) 13

Gao et al.. PRD 106 (2022) 074505. G. Bali et al., JHEP 08 (2019) 065, ...
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Current status: pion/kaon EM form factors from Lattice QCD

1.000
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Current status: pion/kaon EM form factors from Lattice QCD

1.000

\ Pion EM 1.0| 4

AN Most recently published 4 =
"\W form factor - Kaon EM form factor i
< o | | Based on LQCD simulations with B
= oo | . M. =265 MeV, M, = 530 MeV R&B
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{ Experimen g~k - ,
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smeamsnonash | gttice QCD prediction of EM form factors at up to
1.0F . . 5 30
an unprecedented large (intermediate) Qz:
o Kaon ~28 GeV*, Pion ~ 10 GeV- |
" osy } Many computations on the pion form factor,
2P but much less on kaon
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T'he Lattice QCD

¢ Lattice simulations of QCD give first principle results
QCD Lagrangian

e grhus B alrou-ion)-m) & But need to have control of “Goal”
—:C'I".‘.: - =If|'li=—
" £ o Thermodynamic limit V=2n~4fm V= oo
1< A Y b o
NI e ¢ Continuum limit a=0.1~0.04 fm a— 0
® quark & gluor % Chiral extrapolation M_~ 500 — 200MeV M, = 140 MeV
(Physical Point)
% Statistical errors Neonr ~ O(1000) N,y = 0

¢ Fast computers and algorithms are essential

1% EM form factor of Kaon: < K(P))|J,|K(P,) > = (P, + P,),F(Q?)
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Kaon at nonzero momentum

¢ Two point kaon correlation function
Cop(P, 1) = ([K(P, t)][K(P,0)]")

ik K(P.n)= ) S(X. Dysu(x, e
(O,P) (2, P) X
2r
P=—nu
N

0

¢ Determine energy of states from the energy decomposition:

N

state_1
CZpt(Pa ts) — Z ‘ <Q ‘ KS ‘ I/l, P> |2 (e _Ents _|_ e_En(aLt_tS))

n=_0
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T'hree point correlation function

2 1
Op = (it = 57,5) | -
Cy(P/ P, 7, 1) = ([Kg(P, 1,)]Op(q, 1) [K5i(P,0)]")

source sink Pi — Pf —

(0,P) (t., P) |
Q2 — (Pz _ Pf)2

C3pt(Pf P 7,1) Z (2| K| m; P/)(m; P/ | O | n; P')(n; PI\KT | Q) x e 0B, o=k,

m.,n

EM form factor:

Bare matrix element of kaon ground state F5(Q?) = (0; P/ Or | 0O; 2
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Extraction of bare form factor

¢ Construct the ratio between 3 and 2-pt corr.:

f i ; l- 172
20EVES ¢, (P, P 7,1  [[Contts = 7 PICop 5 P 1, )

R'P,P1,t) = , . .
Eg T E(l) CZpt(tsa Pf) CZpt(ts — 1, Pf) CZpt(Ta PZ)CZpt(tsa Pl)
. T
¢ Bare form factor:
source sink
F5(0% = 1lim R'YP P,1,t1) (0,PY) (t., P)

T—00,[,— 0

¢ Form factor: F(Q*) = FPx Z,
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Lattice setup

€ Ni=2+1 QCD on 643x64 lattices with a=0.076 & 0.04 fm ([HotQCD] configurations)

Sea quark: Highly Improved Staggered Quark (HISQ) action
Valence quark: Wilson-Clover action

¥ At the physical point: M_. = 140 MeV, M. = 497 MeV

¢ Boost smearing with the corresponding signs of the quark momenta at
source & sink

 Pion: up to 10 GeV2 with a = 0.076 fm
» Kaon: up to 28 GeV2 with a = 0.076 & 0.04 fm
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ak,

Kaon at large momentum

Dispersion relation E(p’) = \/m1%+ + 7 P up to ~3GeV
0.75} Dispersion relation
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Lattice data of R ~ Csp/ Copt

02 = 2.34 GeV?> Q* = 28.37 GeV*
Pi = (0,0, 0.76) GeV, P =(0, 0, -0.76) GeV Pi = (0, 0, 2.91) GeV, P/ = (0, 0, -2.42) GeV
0.035F ' - - - - - - —
B § o T ifa=8 L ila=1s
i : : 0.030 | % t;/la=10 i t,/a=16 _
. - t/la=12
 a ® & | | |
¥ = i 0.025 T 4{ iL T | _‘( -!- ‘
e _ e “'a: 0.020 | l ! | sL sL ‘ | $
v = i 0.015} 7 e
© o 9 R ?é % % % % ST‘
¥ U o & ¥ 0.010
¥ i ; Vi A\ 0.005 | l
4 > 0 5 A 4 -3 -2 - 0 i > 3 4
(t—1/2)]a ( — 1,/2)/a
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Extraction of the form ftactor

Nyare = 2: Rz, 1) = [[Ogod+ —101 £ 74F + \/‘LTl
0% = 2.34 GeV-
Pi = (0, 0,0.76) GeV, P/= (0,0, -0.76) GeV
e = =
0.25 A E — — E E
+ 7 & = & 7 - Perform a 4-parameter fit to the ratio R’ to
.5“ 0.24 & &@@ AN FB
a¥ A ¥z v extract
- g A Use the values of E_and amplitud
A 023 éﬁggg | - Use the values of energy L, and amplitude
&= % E?Z . A, extracted from C, ,
0.22
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Extraction of the form ftactor

Nrare = 2 Rﬁ(f’ ) = c
0’ = 2.34 GeV?
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Bare form factor as a function of Q*

@ T a = 0.076 fm
1.0} B o=004fm -
& B 2.
05l * F” decreases as (J“ increases
2 0.6} o A
= = Renormalization: F = F” X Z,,
04} H
0.2} 77! = <0\ @\0) — 1.048,1.024
0.0, ) , , - | — | _E X. Gao et al., Phys.Rev.D 104 (2021) 11
0 5 10 15 20 25
Q* (GeV?)
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Kaon form factor up to Q* ~ 28 GeV?*

0.3
% 0.6
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0.0 & ! !
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DSE: Gao et al., PRD 96(2017)034024
Pole form: Q%/(1 + Q*(rz)/6)

DA, Lat: Bali et al., JHEP 08 (2019) 065
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Kaon form factor up to Q* ~ 28 GeV*

0.8
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Pion form factor up to Q* ~ 10 GeV?*

i DA ® This work
0.8 |
VMD < F; collaboration

T 06 1 BNL21 B B
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DA: Gao et al., arXiv:2206.04084

VMD: Q?%/(1 + Q*(r2)/6)

BNL21: Gao et al., PRD 104 (2021) 114515

F”* collaboration: Huber et al., PRC 78 (2008) 045203
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Pion form factor up to Q* ~ 10 GeV?*

i DA ® This work 08F " Instanton DA, Asymp
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DA: Gao et al., arXiv:2206.04084
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DA, Asymp: ¢p(x) = 6x(1 — x)
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Pion form factor up to Q* ~ 10 GeV?*
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Summary

M A first LQCD prediction of Kaon and Pion electromagnetic form factors with Q2 up
to ~28 and 10 GeVz, respectively

Q 2FK+ [G@Vz]

0.8 08t DA Zz This work
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e 0.6 BNIL21 N
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Q. Shi et al., work in progress
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Up and strange quark components of
kaon EM form tactor

0.4 F +
S 03f 3= OK: - -
E; : =NNLE-: :Z il
= § ; Fg=—<t,+<F;

0.2F
e 3 3
o 1 @Q*-2/3F,, a=0.076 fm

017 B 02 2/3F,, a=0.04 fm -

D Q?-1/3F;, a=0.076 fm
o.o-é @® O’ 1/3F;, a=0.04 fm _
0 é 1IO 1I5 2IO 2I5
Q* (GeV?)

18/16



