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e Basically summary of the results published this year
D.D. et al. Phys.Rev.Lett. 132 (2024) 21, 21 e-Print: 2309.07491 . .
D.D. et al. Phys.Rev.D 109 (2024) 9, 9 e-Print: 2309.06590 /
D.D. et al. Phys.Rev.D 110 (2024) 1, 1 e-Print: 2309.17232

 Which draws on Methods/Results

established earlier

Agadjanov, D.D. et al. Phys.Rev.Lett. 131 (2023) 26, 26 e-Print: 2303.08741

D.D. et al. Phys.Rev.D 106 (2022) 7, 074503 e-Print: 2207.03440 i —
D.D. etal. Phys.Rev.D 103 (2021) 9, 094522 e-Print: 2102.07460 o
D.D. et al. Phys.Rev.Lett. 123 (2019) 21, 212001 e-Print: 1903.12566

* Which started much earlier (Nf=2) eI OIS

Capitani, D.D. et al. Phys.Rev.D 92 (2015) 5, 054511 e-Print: 1504.04628

§§%%

* Based on ensemble (start) generation in
Bruno, D.D. et al. JHEP 02 (2015) 043 e-Print: 1411.3982
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Impact of LQCD for Form Factors
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Nucleon Form Factors
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Lattice — Oneslide Intro

| Discretize Space Time T 1+

I Pathintgeral rotated to Euclidean time \ L L | e ‘_‘l
P = /

| Lattice action ’ |
Vb0 & 15 [ 1 [ #s 4 /--*,T*_‘l“‘ﬂ
(()&.ﬁc) *()*+ (,)(*+’_)_y'./ [O' 1+]201! -

Il (I ) evaluated statistically (MC-HMC)
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Sources of Error
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Sources of Error

MHS%E (Y( B+ FH -+ IPO&(H( PH&O+S.
SOEH- $ $+- 28 945+ De&(Y( $

+-+ B+ -+ [D&IE)6 S F+,- B&'('S
) $7 P&O+E. B,S+,%%- 2$95%B(J( $ W
)4.,$5+*+,-+ $+*+,-+_ $$A)8$+'_ $' $,+;0/$ Rumsfel.dc.iuri.ngaPentagon &
*+,- $. $’+;%+’_ 2 news briefing in February 2002

I"H#$%&' (JF+$$,%,-+.,/0 | 10/20$ 3040/20%

Known ME can be calculated using Statistical Errors, Dealing
Lattice - Pathintegral with Correlations
Unkknown Systematics — excited ?

states, finite lattice
spacing, finite volume,
chiral, continuum
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Lattice Setup

ID affm] T/a Lia M [MeV] M L tgglfm] N cfg

H102 9 32 35 490 635 043,052, 06 069) 290
H105 96 32 | 280 3.03 1027

0.086 0.78, 0.86, 0.95, 1.04, 1.12,

c101 96 48 | 228 473 |15 920,095 17 2000
N101 128 48 | 281 5.01 (21 1.3, 1.38, 1. 1596
S400 128 32 | 350 433 , 2873
Nas1 | | 128 48 | 28¢ 531 (0.31, 046, 0.61, 0.76, 0.92, 1011
Daso | & 128 64 | 216 535 [1.07, 1.22, 1.37, 1.53 500
D452 128 64 | 15 3.79 - J 1000
N203 128 48 | 346 5.41 1543
N200 128 48 | 281 4.39 1712
D200 | 0.064| 128 64 | 20 4.22 8'56'10629101'21’102'84'1%7’ 2000
E250 192 96 | 12 404 (02 193 116, 129, 1AL 400
S201 128 32 | 29 3.08 2003
N302 128 48 | 348 122 [ 2201

J303 10050 192 64 | 260 419 8'5’ 2‘3’101'4’102'5’10?;6’103;; O?' 1073
E300 192 64 | 17/ 42y (991, 11,12,13, 1 570

1 6,/)"3& (7),3" 0,
| (A#,%-#"7.%-'&2-)- (#,-"%*0-%%#,
| CHO3>/R)9'( 2-)-%2-%p-03$"5 (s
| (DO9*" (#:(2#0".'2(0&)8-'& (H(' 14
| =>0%"F E (7-")8#/)-Yo# (8H22%*/'
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— Signal to noise
deteriorates for large

times

my (t)/m y

— Need to control excited
states
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3pt Functions 2 Distances

tsep

I In 3pt-functions we have two distances between
I Source and current insertion time (t)
I Source and sink time (or source-sink separation) (t;)
I Very hard to make both large at the same time
| Excited-state problem is exacerbated
I Additional problem from Quark Disconnected Diagrams
(notoriously hard to evaluate)
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Direct Determination

o 5#%%/05/K"$
— Sequential Source

— Zero Momentum at sink

Co(t;p) = 1 €S 4(x,1)" - (0)%

Cs(t,ts;q) =1y | €¥S 4(X,t)Os(y, t)" - (0% Use
o 7% 0#%%/0$8("$&
— Loops All-to-All: OET+HPE+HP
— Still Noisy: o~

I Additional two-point functions

C§(t,t5;0) =!Ls(0,20) ! Ca(P', Yo, x;" )" " IL5(0,20)" 1 Co(P', Yo, %; " )"
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Form Factors on the Lattice

» S5#86+$($*#%(.&9"(8/&#"&&IS
¢ <%/&n0ll), &

— Plugin the desired current

— Deal with the result

I Extract ground-state matrix elements
Cg,Vu (q1 Zg, p", Yo, I %)
C2(p", Yo)

Ca(p", Y0)C2(p", 20)C2(p"-q, Yo-20)
C2(p"-0,Y0)C2(p™-d, 20)C2(p", Yo-20)

I Perform CCF extrapolation

RY, (20,9:Y0,P';! o9 =
&

| Give best estimate of the error from the above
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Excited States — Summation
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BCO*$8$($/, &B+88($*#%RC(86./80(.(" &9
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BCO*$8$($/, &B+88($*#%RC(86./80(.(" &9

) [MeV]
[
+OH

S(ts

.8 1. 0.8
ts [fm] ts [fm]

| Excited State Fits need priors for gap " (like explicit 2-state-Fit)
I Linear Fits:
I Not trustworthy for small #,
I Error increases with larger starting #
I Several possibilities
I Choose one or use weights e.g. AIC, p-values, ...
| Define a window in physical units and average
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Excited States — Contamination Example scalar FF

100 % 100 <
X

80 - § § 80 - i
= o 0O . = 00504500
) g o 60 =0
s o = 0! SEe)
= =
& 401 O %bk 401993 O 0

0 0

0.4 0.6 0.8 1.0 ~10 -5 0 5 10
£ [fm] (t=%)/a

I Left: Blue data is linear fits to summation data at starting at t indicated on x-axis
Black profile is window function

W = %tanh tS!! tt'o ! %tanh ts: :”p
Blue band is weighted average of profile and data point
I Right: Effective FF data for different source-sink separations
Black band is explicit two-state fit

I Have two separate ways for extracting the matrix element
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EM FF of the Proton

e Effective FF (isoscalar E300)

_ '.::‘.:;*;; Bl . C3v, (a,20;p",Yo;! %)
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o | &I"2#"88&*8+.$(%/H+ R*$BH. . &I UR
G5H!18%0.+)* /P $H#" &/ #%,
* /&) &30S 2(0%
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Akaike Information Criterion

» PR(,/) &Y@+..N(ORR/*N./&*LI"F/%O0/
AIC= $2InP+2k
o O#'8I(,$ CS+(" Q*$$*%F |
AIC = %B(@&) +2k — B
o P%0.+)*8B( &./05*#%

# Cut datapoints
AIC = 9B(8)+2k +2ds e,
+ FHS, &'/ &I*FHRHE N g
— Better fits |

— Less fit parameters

— More Data used
- HIM HEWMHOLTZ o ain:



AlC Averages

o <UORMFHSE &(.0+.(3/)&I+* 1579

y n
PX(y) =1 " wiN(y%x;,! F)dy”
'II I

PSHAPSRIFHS/) &+8 &L/ & (+,,*(%, R#&
V22U %S ($HH%,
* AN (NEHBTIRSBHE - £ o =
8#). QU'F) &+$ -
o 1/"0/%%*./D"'#", & -
SH#$/) &, B#). QLI"(F/) =
B"'#"

Method from: S. Borsanyi et al., Nature 593, 51
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FF of the Nucleon

Simultaneous fit to all ensembles using BChPT
ammended with terms for continuum and
finite volume

10 —— BXPT it
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Comparison to others em FF

Proton Neutron
CSSM/QCDSF/ | 1 I ] ] 1 | e
UKQCD14
PACS19+
ETMC19 { +er q & 1< E ——<—H 4 e i ——
ETMC20q = . . i | I
Experiment/PDG A x e 1 L HOH 1 3 11 x - v
Mainz21(u — d) | . | ol | dd
+ exp.(n)
This work(u —d) | ju) -
+ exp.(n)
This work - M . ] . v | 1} ] N
Q‘(%Q.%QQ.%% Qo g% 9 29 /Q.xQ /Q.Q‘.) Q0 QD /\’_q‘o /ng
P
S A - (r2)" [fm?) (ri)" [t i

#2 % = (0.672+ 0.014 (stat) + 0.018 (syst)) fm?,
#2 ¥ = (0.658+ 0.012 (stat) + 0.008 (syst)) fm?,
uP, =2.739+ 0.063 (stat) + 0.018 (syst)

#2Z$ = (%0.115+ 0.013 (stat) = 0.007 (syst)) fm?

#2 ¢ = (0.667+ 0.011 (stat) + 0.016 (syst)) fm?,
Uy = %1.893+ 0.039 (stat) + 0.058 (syst). (
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Comparison to others FF

Proton Neutron
CSSM/QCDSF/ | 1 I ] ] 1 | e
UKQCD14
PACS19+
ETMC19 { +er q & 1< E ——<—H 4 e i ——
ETMC20q = . . i | I
Experiment/PDG A x e 1 L HOH 1 3 11 x - v
Mainz21(u — d) | . | ol | dd
+ exp.(n)
This work(u —d) | ju) | -
+ exp.(n)
This work - M . ] . v | 1} ] N
Qﬂ%Q%QQ.%b Qo g% 9 29 /Q.xQ /Q.Q‘.) Q0 QD /\’_q‘o /X?‘)Q
P
V() [fm] (rin)?” lfm] - (r2)" [fm?) (ri)" [t i

I Electric radius and magnetic moment consistent with experiment and others
I Some tension for magnetic radius with experiment
I Magnetic properties accessible in spectroscopy measurement of HFS

b_ .4 dQ GG (@), GG O

LT e Q0 oy I Zemachradius
_,2 ' 4@ TGR(Q)GH ()
=HT o ™ #1 .
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Zemachradius

. PY%SIF 0@, &+ &(%FRYE#S/%S$+8

. 38##SH. RY6$/"6#.(FN/$?//% &5H! 8%6)&O
IC6(%,*#%

$ , %& # $

Q2 ! cut " 2 1

2 2 %&
Q ! cut FZ(QZ)’

F(Q2)=% 1! tanh 1oz

Antognini et al. 2013 |
(wH HFS)
weighted Hagelstein et al. 2023 |
 ByPT (BxP'I: + pH HFES)
Hagelstein et al. 2023 |
(BXPT + H HFS)
Volotka et al. 2005 |
0.6 1 (H HFS)
Distler et al. 2011 |

0.4 1 (A1 ep scatt.)
Borah et al. 2020 |

B 0.2 (z-exp. ana. of ep scatt.)
Lin et al. 2022 |

(disp. ana. of ep scatt.)

This work

0.00 0.25 0.50 tO.;BZ 1.00 1.25 1.50 1.0 111 2.'25 2.'50 2':75
0 i

ry [fm] (rf)fy [fn’]

Z-exp.
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Zemach and Friarradius

110 =

p
r> [fm]
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1001 . ] ;

1.40
T 135 e - )
:I_L.L »-;“// —+ I — ,)H‘H
«— 1.30 /” b ' ,,/'
125\ g
078 080 082 084 08 088 070 0.75 0.80 0.85
©IrZUP [fm] ©IrZ P [fm]
@' dg Jercok N
gty = — oy (GE(Q))?# (GEO)*# —5—% Q7 rP= 3 p3p
0 Q % (g% Q2=0 - =@
0
24" ' d@? b 2y 2 1
- o —I 2llp 2
! 0 (Q2)5/2 (GE(Q )) # 1+ 3'rE Q .

HI

This work
Antognini et al. 013

Hagelstein et al. 02
(B! PT + uH HFS)

Hagelstein et al. 62
(BI'PT + H HFS)

Dipole form factor
Distler et al. 011

Borah et al. 020

Lin et al. 622
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o 1"/0* *#%B(.0+.($*#HBR6+0./HBIR HESGHAE.
($$*OLL(*.(N./ K&060.+)*GF#" &+)F/$

o I+-- /A

— Proton radius puzzle s(olv/urviv)ed?
This time around a slight tension for the
magnetic radius between lattice and dispersive
approaches

— Lattice reaching a precision for the pion-nucleon
sigma term where a slight tension between lattice
and dispersive approach is visible
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