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Starting from hadron charge radius




Muonic hydrogen

® Eleciron & > 2010, proton charge radius from pH
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Proton Proton ! %’.""""‘""“ - . * Precision 10 times better than before
~ ‘ 4 * 4% smaller radius
Muonic A \
Hydrogen Hydrogen

, _ 5o deviation — Proton size puzzle
Muon mass i1s about 200 times of electron

* Bohr radius for uH is 200 times smaller than H

® e-p scattering ® H spectroscopy ® uH spectroscopy
CODATA 2018 CODATA 2010
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Direct lattice QCD calculation of charge radius

uH 2013 CODATA 2010
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» Charge radius is the derivative of form factor

Charge radius [fm]

—

still hard to achieve ~1% accuracy



Direct lattice QCD calculation of charge radius

» Various systematic effects, especially the model dependence

()4 H(o1)) = 8pe) [ i (@) + T Fa(@) | uen), 6 = (pr - pi)?

* Momenta p; and p; on the lattice are always discrete: 2T”n =) modeling of q2-dependence to extract charge radius

1 E T ' g g g ]
Dipole Isovector
— Kelly
095 O Isovector,t /a={14,16} . Fit type qgm [GeVZ] [sep/a /<r2E> [fm] ,{’z/dOf
O Isovector, tsep/a={ 12,14,16}
09 ke n Linear 0.013 {1{21434161}6} 8;82%2;
< , :
Z 085k . (12,14, 16} 0.785(17) 1.2(8)
O Dipole 0:102 (14,16} 0.80626)  0.6(6)
08} . (12,14,16}  0.785(19) 1.0(8)
adrae LA (14,16} 0.78330)  0.7(7)
0751 z-exp .10 {12,14, 16} 0.776(28) 1.2(9)
I (k. = 3) ' {14, 16} 0.796(37) 0.8(8)
0 0.05 0.1
2 [GeV?] [PACS Collaboration used a (10.8 fm)* lattice, PRD 2020]

* Model dependence could cause a 3% shiftinr,, e.g. 0.806(26) — 0.783(30)
* Twisted boundary condition can help, but requires more computational resources and still a fit functional form

*  Why not calculate the charge radius directly at g>=0 mm) A model-independent approach to extract charge radius
XF, Y. Fu, L. Jin, PRD 101 (2020) 051502



Charge radius in the infinite volume

We start with a Euclidean hadronic function in the infinite volume
H(x) = (0]A4(x)J4(0)|m(0))

The spatial Fourier transform of H(x) yields

™ y i B
H(t,p) ~ §(E+ mx)Fr(q*)e Ft

@ The derivative of H(t,5) at |p]> =0 leads to

2
=--"31;: f d3% [RPH(x)

|B[2=0
@ The derivative of the R.H.S. yields
D(t) 1 mgt

A(t,0) 4 2

m2

with ¢; = Z=(r2) from

™



Significant finite-volume effects

-1.5

Large finite-volume effects:

_ D(3) +l_mwt
H(t,0) 4 2

[

0

10 20 30
t/a

m2|X|°H(x) ~ m2|X|* exp(-m; VX2 + t2) ~ 0.53
with VX2 + t2 » |X| ~ L/2=2.5 fm




Treat with finite-volume effects

In a finite box with a size L

2

DOE) = == 5 KEH=(x),
* Xell3

I:I(L)(t,(_j) - Z Hlatt(x)
xel.3
The ratio is now written as
D) (¢ g
( ) = Zﬂ,(,L)(t) Cn

H(L)(t,ﬁ) n=0

with the coefficients ﬁ,(,L)(t) known explicitly through
> FV effects incorporated in the weight function
ik (x)

2
DD = -3 ¥ W

" Xel3

/| E+m q2 4 —(E-m;)t s S
Is(e)= E;;r o (m%) e cos(p - X)



Systematic effects

The ratio i1s now written as

D(L)(t) 00

. f = (D () ¢,
A0 (2.0) Z%ﬁn (t)

m2 2

with ¢; = —Gﬂ(rw)

Note that when a — 0 and L — oo, all the coefficients ﬁ,(,L) for n > 2 vanish

We can consider the contamination from c,, terms as the systematic effects

In the vector meson dominance model, ¢, is given by (%=)"
p

For n > 3, ¢, is estimated to be less than 0.1% of ¢,



Error reduction

Define e k o L
By = (1) - VR - e 6

@ Choose the integral range £L to reduce the statistical error

D,((L’S)(t) are related to c, through

D(/— 5)(t) i
H(L)(t,O) nz;)ﬂk (t) Cn

@ Use Dl(L’g) and D2(L’€) to remove the contamination from ¢

le(l— Q(t) ik D(L 5)(1')
HWL (t,0)

fi, f> and h are chosen to remove the ¢y and ¢, terms

10



Results

XF, Y. Fu, L. Jin, PRD 101 (2020) 051502
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Traditional method
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Comparison

New Traditional
(Y] | (2 w7 cv [fm]
m, =141 MeV, a=0.19 fm, L=4.7 fm | 0.476(18) 0.466(30) -0.002(2)
m, = 141 MeV, a=0.19 fm, L=6.2 fm | 0.480(10) 0.479(15) 0.001(1)
m, =143 MeV, a=0.14 fm, L=4.6 fm | 0.423(15) 0.409(28) 0.001(2)
m, =139 MeV, a=0.11 fm, L=5.5 fm | 0.434(20) 0.395(32) -0.002(3)
m, =341 MeV, a=0.19 fm, L=4.7 fm | 0.3485(27) | 0.3495(44) 0.0015(2)

PDG 0.434(5)

Ensemble

@ At m, ~ 140 MeV, the statistical errors of (r?) range from 2.1% to 4.6%

@ At m, ~ 340 MeV, the statistical uncertainty is 0.8%
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Short summary

» We propose to calculate a physical quantity through the summation
0 =) w(H)HD(Z,1)
X
® Hadronic function H (L)(x) from lattice QCD

® Weight function a)()'c’ o1 ) 1s analytically known and contains all the non-QCD information

* In the infinite volume, the weight function is as simple as |x?|

OH(t, p) m?
2 ) R 321212
0 8|f5|2 = 3| fd X|X| H(X)

D(t)=m

|B[>=0

e Consider the finite-volume effects

D(L)(t) 0o

= A, D () e,
AO(t.0) nZ:;)Bn (t)

Design the specific weight function to incorporate the FV effects

14



QED self energies

0, v

xr

U

15



Long range photon on the lattice

0,v

m+ = 0 = long-range propagator enclosed in the lattice box
= power-law finite-size effects

Various methods proposed to treat photon on the lattice

@ QED;:, and QEDy, [Hayakawa & Uno, 2008; S. Borsany et. al., 2015]
@ Massive photon [M. Endres et. al., 2016]

@ C* boundary condition [B. Lucini et. al., 2016]

Change photon propagators to make it suitable for lattice

16



Remove zero mode - QED,

Infinite volume propagator = finite-volume propagator

d*p e’PX 1 1 e o
SHb= == s 51
Sea(X) = [ (27r)4 e RIS gt o BN

So
~
-
-~ -
-~
-
-~
------
————————
—————————————

0 0.2 0.4 0.6 0.8 1.0
r/L

[Davoudi, Savage, PRD90 (2014) 054503]

Power-law (1/L") finite volume effect as lattice volume L increase

17



Starting from QED,,
XF, L. Jin, PRD 100 (2019) 094509
QED self energy

@ We start with infinite volume [QED.. method, used in HVP & HLbL]

1
T=: f d*xH,,(x)S] (%)
where #,, ., (x) is the hadronic function
Hpw(x) = My (t,X) = (PIT[Ju(t, %) 1, (0) ]| P)
5. ,(x) is the photon propagator in the infinite volume
O

4772 x2

S0 (x) =
® Propose to replace #,,,(x) by H}* (x)

However, this still leads to power-law FV effects

18



Analysis of hadronic function
@ We have proposed to replace H,, ,,(x) by H}ity(x)
" Hlat

Wj(x) mainly differs from #, ,(x) at x ~ L

@ The hadronic part H, . (x) is given by
Hpuw(x) = Hpuw(t,X) = (P T[Ju(t,X)4,(0)]|P)

» J,(t,%)4,(0) - e MVEH o exp. suppressed
» (P|J,(t,%) - eM = exp. enhanced

For small |t|, we have exponentially suppressed FV effects:

-M(VE+z2-t) o~ MI%]

Huo(t,X) ~e =  Exponentially suppressed FV effects

For large |t|, we shall have:

/ = 22
g5 X )1 % e_M( R s e M ~0(1) = Pow-law suppressed FV effects

19



Infinite volume reconstruction method

Realizing at large t > t; we have ground state dominance:

(P (£ 4 O1P) = [ 55 (PLULOIP(RNP(R)I (0)]P)e it Mg v

@ Reconstruct H,, ., (t,X) at large t using H, . (ts,X) at modest t;

HM,V(t ) fd3)?7'tu V(ts,X)f (27r)3 ’kx _(E”—M)(t ts) —"555'

Replace
Huw(6%) = Huo(tsX) = HE(8,5)

The replacement only amounts for exponentially suppressed FV effects




Master formula

To sum up, we split the integral Z into two parts
T e TS i)
76 - f [ 54,087, (%)

70 = f f B33 H,. (x)SY,(x)
t, ;

= [d3)?Hu,u(tS7)?)LN,V(t57)?)

where L, , (ts,X) is known

Ly (s ) S

[ g SO

27r2 2(p+ E, - M)[]

At t < ts,
Huo(t:X) = HE(t,%)

Ground-state dominance can be verified by the t; dependence

21



Example: Pion mass splitting
XF, L. Jin, M. Riberdy, PRL 128 (2022) 052003

M+ — M0

type 1 type 2

Isospin breaking effects: EM (a.) + strong (%) contributions

2
@ Strong IB breaking appears at O ((M) ) = dominated by EM effect

Aqcp

@ Previous calculation by RM123, 2013
M2, — M2, = 1.44(13)gtat (16) chiral X 103 MeV?

including type 2 diagram only

22



Using infinite-volume reconstruction

Volume |a™" (GeV)|L (fm) | M, (MeV)
481 | 48°x96 | 1.730(4) | 5.5 135
641 |64° x 128| 2.359(7) | 5.4 135
24D | 24° x 64 [1.0158(40) | 4.7 142
32D | 32° x64 [1.0158(40)| 6.2 142
32Dfine| 32° x 64 | 1.378(7) | 4.6 144
24DH | 24° x 64 [1.0158(40)| 4.7 341

24D Feynman Gauge Total (I(S’L) —I—I(l’L)) —o—|
24D Feynman Gauge Short (Z(51))
> List of gauge ensembles used, DWF @ phys. Pion mass 39D Feynman Gauge Total (Z (L) L T (l,L)) —&—

32D Feynman Gauge Short (Z(:1))

Am, Contribution (MeV)

4.4
4.2

4
3.8
3.6
3.4
3.2

3

[
=

=

2

| I I I

“tepgpengea
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FV effects from scalar QED
FV error with t;, = L/2 ——

1 = | | [ I I I [ [
2 0.1k .
2
- )
S 0.01 E
< &
0.001 L L1

|1
1 2 3 4 5 6 7 8 9 10
L (fm)

FV error exponentially suppressed

24



Pion mass splitting

XF, L. Jin, M. Riberdy, PRL 128 (2022) 052003
Feynman Gauge +—&—

Coulomb Gauge +H—<—

Physical Mass Shift

Reference Myr —mo0(MeV)
16 L L RM123 2013 [5] 5.33(48)stat(59)sys
' R. Horsley et al. 2016 (7] 4.60(20)stat
4.55 RM123 2017 [9] 2.21(23) 500 (13) ays
4.5 This work 4.534(42)stat(43)sys

4.45
4.4
4.35
4.3
4.25
4.2

» Pion mass splitting with a percent-level uncertainty,
which 1s about 5-10 times smaller than previous
lattice QCD calculations

Am, (MeV)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
a? (GeV) ™2

25



Two-photon exchange contribution to Lamb shift

26



Various contributions to pH Lamb shift

Experiment Theory
E2P == E2S = AEQED £ AEproton size

202370.6(2.3) = 206033.6(1.5) - 5227.5(1.0)(r2) + 33.2(2.0) peV

k ok
T,
p rop

kl

+ AETpe

k .

k

> Exp.vs Theory mmm) r, =0.84087(39) fm mmm) Proton size puzzle

» Largest theoretical uncertainty from two-photon exchange (TPE)

» Uncertainty for structure independent contribution is further reduced
AEqep = 206034.7(0.3) peV
Upgrade of CREMA@PSI can reduce Exp. error by a factor of 5

Leaving TPE the important source for uncertainty!

» Theoretical prediction for TPE relies on data + models and
ranges from 20 to 50 peV

Our target: obtain TPE from first principles mmmm) Lattice QCD

Disp. Rel. + Regge fit
Tomalak 2019

NRQED + OPE

Hill & Paz 2017

HB: PT
Peset & Pineda 2015

Disp. Rel. + Sum rule
Gorchtein et al. 2013

Disp. Rel. + HB: PT
Birse & McGovern 2012

Disp. Rel.

Carlson & Vanderhaeghen 2011
L | L 1

10

20
AEp [ueV]

1
30

50

27



Challenges from TPE (1): IR divergence

- Electron

- ~.® Muon
- L N )
/ d
// Proton Proton
Muonic
Hydrogen Hydrogen

» Binding energy of uH serves as a natural IR cutoff

‘ Bound-state QED

‘ Proton treated as point-like particle
+ charge radius correction

No divergence, but rich structure information lost

» QCD+QED: complete information of proton structure
‘ Loop integral sensitive to hadronic scale — highly NP

‘ Bound lepton — free lepton — IR divergence

Solution: subtract the divergence

Point-like particle Charge radius 28



Challenges from TPE (1): IR divergence

Loop integral
. g o Leptonic part: Luv(¢) — Analytically known ) pImee
. d'q
g Tq > AE™>® = (2T)4 L (9)Hyw(q)
| p _._@_ p | Hadronic part: H,, (9) — Provided by LQCD
(statistical errors) _/ — / d*z L sl ) Hp ()
IR subtraction
k > > > k { ]
p
divergence - divergence - divergence = finite

Key technical problem

Three diagrams contain diff. stat. errors mmm)  How to maintain the error cancellation?

If signal cancels and error does not, then signal i1s completely hidden by error
29



Challenges from TPE (1): IR divergence

To solve IR divergence: infinite-volume reconstruction method

Basic idea: low-energy structure information is contained in the long-distance part of hadronic function

Use H,,(x) to reconstruct the quantities such as charge radius

T 0 at large x ; g ) S

» Find the appropriate weight functions LE5"™ and L™ for the subtraction terms, yielding

— /d4$ Lﬁglikc(fE)Huu(af) [ ] — /d4$ L’Zaydius(x)pr(x)

» Cancellation of IR divergence is rigorously fulfilled via the subtraction of weight functions

sub pt-like radius
) L[5)=0L, — L™ — L

A EIR-finite _ / diz LZﬁb(w)H sl ‘ Error decreases coherently as signal. IR divergence is solved cleanly! 30



Challenges from TPE (2): Signal-to-noise problem

T 0 Property of lattice data:
As T increases, proton matrix element H,,(z) decreases as e~ Mplz|

3
However, error decreases as ¢~ 2 M|zl

0

-0.1

02| i

03] i

04|

05| \ y
o o5 1 15 2 25 3 35 4 6

Ix] [fm] x| [fm]
Weight function ijﬁb(w).increases fast, as T increases Model estimate: Combine leptonic and hadronic part
Conclusion: take = as large as 5 fm |:> Require a 10 fm lattice for simulation

to guarantee no information lost Decrease of S/N ratio seems an inevitable problem 31



Challenges from TPE (2): Signal-to-noise problem

To solve S/N problem: optimized subtraction scheme
Trick: A=(A-B)+B
Define the reduced weight function

L('r) (m) — Lsub(x) - Lpt-like(m) = ¢ LradiuS(m)

* Choose €0 ¢r to minimize L") (z) in the region of 1-3 fm

« Using L") (z), (A-B) part is illustrated by the red curve

E
>
(O
)
= _
‘F&n
: ] !
= i
g
6
Ix| [fm]
« Total contribution is AE = AE™ + ¢y + ¢, - (r ;2;>

Use optimized subtraction scheme in realistic calculation

Lo sEiiEELEA

g oH
R ¢
< 20+ @
Il §
8 a0} % _ _
> .
)
= o
'7‘6 -60 | % % ;S
o o}
% L 6 9 ‘
gob| © L4H,
= LPH,
-100 ) 1 ) 1 i 1
0 1 2 3

R [fm]
Integral within the range R:

using L (), error reduced by a factor of 6!

S/N problem is solved

32



Challenges from TPE (3): Computation of 4-point function

TPE - hadronic part from a typical 4-point function

1 4

Perform the volume summation for each point

2,

X€EL3

From 3-point to 4-point function

X1 X3 X4 X
=< D>

4-point: L° summation

X1 X3 X2

< >

3-point: L® summation

Increasing each point, computational cost
increases by 104-10° times!
Cannot be solved by increasing resources ...

Solution : Field sparsening method

‘e
:

—>

b3

BRAI

* Less summation points may lead to lower precision
* It is not the case because of high correlation in lattice data
m)  102-103 times less points yields similar precision

* Used for diff. physical system to confirm the universality

Utilize field sparsening method

* Reduce the computational cost by a factor of 102-103
with almost no loss of precision!

33



Challenges from TPE (3): Computation of 4-point function

» Complicated quark field contraction for nucleon 4-point function — 10 types of connected diagrams

\ / ra o

_typel type 2 type 3 type 4
type 6 type 7 type 8 type 9

» There are also disconnected diagrams — notorious for high cost and bad S/N ratio

Q O OO
-0 -0 00

Our calculation contains both connected and the main disconnected diagrams

~ typeds

type 10

34



Challenges from TPE

13 F

type 3

Trz
07k

i

13|

1k

type 4

0.7 |

13 F

1+

type 8

0.7 |

13 F

1+

type 9
%]

0.7 |

13 F

1+

type 10
HH

0.7 |

t [fm]

1.4

Two currents inserted in one quark line

Using the conditions such as charge conservation to verify the contraction code

(3): Computation of 4-point

function
1.3- ll v 1 v 1 v 1
o 4L
s [T T %
0.7- I
1.3-| I I ' I ' il I I
N
S = 3
Tork i
1.3-| 1 1 v 1 1 1 1
Yo}
(0] L
sy & 1
xat l
1.3-| I I v I I v J.I I
©
% T3 [] {
0.7 | 1
1.3-| I I ' I ' I I I
N~
s 'rt @ i
}
0 0.2 04 . 0.6 0.8 1.2 . 1.4
t [fm]

Two currents inserted in two quark lines
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Lattice results

» Gauge ensemble used — nearly physical pion mass

Ensemble m, [MeV]| L/a T/a a [fm] Ncons
24D 142 24 64 0.1943(8) 131

27.6(4.5) peV, connected part,
AFE, =42.1(2.1) peV,  disconnected part,
29.7(4.9) peV, total contribution.

» The total TPE contribution is given by
AETpE = 0.77+93.72-(r2) - AE

« Matching A Erpg with Exp. measurement, one gets
& /(rg) =0.84136(65) fm.
consistent with 0.84087(39) fm quoted by uH Exp

* Using uH value of charge radius as input, one gets

AEtpE = 37.4(4.9) eV

AE,,; [neV] (connected)

AE,,, [neV] (disconnected)

= t. =2a t. = 3a
A t.=4a t, = 5a
i1

36



Lattice results

» Compared with other theoretical work

" |
Disp. Rel. + Regge fit
Tomalak 2019

NRQED + OPE
Hill & Paz 2017

HB:t PT
Peset & Pineda 2015

Disp. Rel. + Sum rule
Gorchtein et al. 2013

Disp. Rel. + HBt PT
Birse & McGovern 2012

Disp. Rel.

This work

Carlson & Vanderhaeghen 2011

* First lattice result (@ m,=142 MeV

* Need to increase statistics and control systematic
effects

20 | 30 | 40 | 50
TPE contribution [ueV]

Y. Fu, XF, L. Jin, C. Lu, PRL 128 (2022) 17, 172002

Outlook: to help answer the question — what is the exact size of proton

37



nl—e+e- decays

38



First look at m0—yy

@ Step 1 - Calculate hadronic matrix element in position space

~

=R () = OO

/
@ Step 2 - Choose on-shell momentum for the two photons

p=(ime/2,B), P =(ime/2,-B), q=(ims,0), |B=mn/2.
Perform Fourier transform
e (dipsp )= f dix e P H ., (b)
We have
fﬂy(q,p, P,) = EuvaﬂpaqﬁFW'y'y(mmeaO)

@ Step 3 - Obtain a Lorentz scalar amplitude

I = Euyaﬁpaqﬂ[d4xe_ipruy(X)

Y OH ulx)
& & Ipx Hv
« ,[ GixE . 65 I

N =
-~

Lorentz scalar




First look at m0—yy

@ Step 4 - Average over the spatial direction for p

e D
T = mﬂfdtem”t/zfd3>?e"pxewao iy (x)
O0X,,
My - 20 m7r|)?| aH V(X)
= mwfdte t/2[d3XJO( 2 )g,uvon ng

B
= fdtem“t/2[d3x 2|;|j1( 2| |)5puaoxa’Huu(X)

@ Step 5 - Master formula

i 2

Foimm(m=y0;0) =
L [5p,l/a,3poz q,B] [5uup0ppqa]

=_miiz=fd4xw(X)H(X)

Weight function w(x) is known analytically

Key quantity required from lattice QCD is H(x) = €uva0XaH pv (X)

40



Results for m0—yy

Perform the integral in the region of Vt?2+ X2 < R

mmmmmm§§§§§§§§§§uneuuﬂeeﬁu““""""

2
an(mn 0,0)/ F g
S =
o o0
I I
)

S
~
|
®

02 o

0 10 20 30 40 50
R/a



Move to t0—ete-

» Decay amplitude

A= / a*w (O {J,(5) 1 (—2) } ")

dp _, Gy v’ _
—1ip-w ol i U k_,h ,
/ @m)+ (pt5)4— iJ l(p — o)f— iJ L

N

, Hadronic function from lattice QCD

7P+ 5 — ki) +me
P _ : 5 2 _ - ’YV”U(k-Hh’)
0+ L — ko)t +ml—ic

Analytically known weight function

42



Singularity of weight function

Im(p°)

b <.

m

Lo

> Express the weight function in position space with coordinates w

A= / d*w L, (w) H,p (w)
» Weight function contains both imaginary and real part

Re(p()) o g

-

. ormea? . 1— B M,

X

[ =

V5 — k)2 +m2

A\ Contour C

"+ 1P
with 8 = y/1 — 4m2/m2 ’

n i (75 )
x m2B 1+ 2 U 7

n'—yy part
yy—e€'e part

Ju(, up) Ju(U,v9) 70

. .

A4
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Results

» List of gauge ensembles used, DWF @ phys. Pion mass

241D | 32ID |32IDF| 481 | 641

a”' (GeV) 1.015(1.015| 1.37 |1.73|2.36

M, (MeV) 140 | 140 | 143 | 135 | 135
Configuration separation| 10 10 10 10 | 20
Configurations 47 | 47 61 32 | 49
point sources 1024 | 2048 | 1024 |1024|1024

At 10 10 14 16 | 22

ReA (eV)

25 A

20

15

10 A

—— Experimental result
Experimental error
241D a~! = 1GeV
32ID a"! = 1GeV
32IDF a7 = 1.37GeV
48l a~! = 1.73GeV
64l a~! = 2.36GeV

ko o o o e

0.5

1.0 1.5 2.0 2.5 3.0
Time Cutoff (fm)

(a) Imaginary part

=

x

=
is

Sy

XEsw

e - - o
I;IIIIiIfII

3

1:31; ;ii:s;;;i It

—— Experimental result
Experimental error
241D a~! = 1GeV
32ID a7t = 1GeV
32IDF a~! = 1.37GeV
48l a~! = 1.73GeV
64l a~1 = 2.36GeV

bl Fof e o oo

0.5

1.0 1.5 2.0 2.5 3.0
Time Cutoff (fm)

(b) Real part
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Results Uf
35 4
|
» List of gauge ensembles used, DWF @ phys. Pion mass 37
g
= 33 7 .
241D |32ID |32IDF | 481 | 641 A by
a~! (GeV) 1.015(1.015| 1.37 |1.73|2.36 = g ‘o
M, (MeV) 140 | 140 | 143 | 135|135 al ! ® continuum
Configuration separation| 10 | 10 | 10 | 10 | 20 0o 01 02 (;is | 04 05 06
a%(Gev—2
Configurations A7 | AT 61 | 32 | 49 e
point sources 1024 | 2048 | 1024 (1024|1024 (@) Imaginary: part
At 10 | 10 | 14 | 16 | 22 26 1
24 A
3 22
» Lattice result is 1.8 o below experimental value, P
where radiative corrections have been removed 20 1 | —— Experimental result
Experimental error
® 64
I ® a8
18 ® Continuum
010 Ojl 012 0j3 0i4 Oj5 016
a%(Gev?)

(b) Real part



Conclusion

Hadron charge radius

Two photon exchange

0 =) wiHHD(X,1)

x, U

0, v

QED self energy

n’—e*e decays
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