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Schlessinger, PR 167 (1968)

LARGE DATASETS

randomly choose 4 < M < N/2 points
reduce (binomial) number of interpolators
introducing physical constraints

(albsence of poles)
Chenetal., PRD 99(2019)

IN THE PRESENCE OF ERRORS?

direct interpolation does not work

SPM proton radius

extraction

Four ep scattering datasets:
PRad @ 1.1 (N=33), 2.2 [GeV] (N=38),
and combined (N=71)

A1 collaboration @ low-Q2? (N=40)
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smooth each replica with associated optimal
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LARGE DATASETS

randomly choose 4 < M < N/2 points
reduce (binomial) number of interpolators
introducing physical constraints

(albsence of poles)
Chenetal., PRD 99(2019)

IN THE PRESENCE OF ERRORS?

direct interpolation does not work

SPM proton radius

extraction

Four ep scattering datasets:
PRad @ 1.1 (N=33), 2.2 [GeV] (N=38),
and combined (N=71)

A1 collaboration @ low-Q2 (N=40)
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show you can replicate it
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build elastic form factor replicas of known radius r*,
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SMOOTHING If you want to disprove large radius,

VALIDATION

show you can replicate it

build elastic form factor replicas of known radius r*,

GE, GENERATORS

Use generators from a variety of models

functional forms (3): monopole, dipole, Gaussian
parametrisations of experimental data (5)
“real-world” calculations (1)

Yan etal., PRC98(2018)

EXAMPLE: 1.1GeV kinematics

DIPOLE, M=6
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Gaussianity of rp distribution
robustness of rp, extraction

bias Root Mean Square Error

standard deviation

I'p extraction robust if
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RMSE independent from generator

experimental kinematics:
PRad (3), A1 low-Q2 (1)

generators
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interpolators/replica

M

X X X X

total interpolators 24 Ks10M00]0N00]0
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SMOOTHING If you want to disprove large radius,

VALIDATION

build elastic form factor replicas of known radius r*,

show you can replicate it

GE, GENERATORS

Use generators from a variety of models
functional forms (3): monopole, dipole, Gaussian

parametrisations of experimental data (5)
“real-world” calculations (1)

Yan etal., PRC98(2018)
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SMOOTHING If you want to disprove large radius,

VALIDATION

build elastic form factor replicas of known radius r*,

show you can replicate it

GE, GENERATORS

Use generators from a variety of models
functional forms (3): monopole, dipole, Gaussian

parametrisations of experimental data (5)
“real-world” calculations (1)

Yan etal., PRC98(2018)
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Gaussianity of rp distribution
robustness of rp extraction
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standard deviation
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EXAMPLE: 1.1GeV kinematics

DIPOLE, M=6
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AND s it robust’ V M/generators/kinematics:
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SMOO G show you can replicate it Gaussianity of rp distribution
VALIDATION robustness of r, extraction
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parametrisations of experimental data (5)
“real-world” calculations (1) o] < o total interpolators | ZUEALILO0IOH

Yan etal., PRC 98 (2018) RMSE independent from generator

15F y=0.849  _ My=9

“—L
mEIE
B8 oo

M

I'p extraction robust if

S ¥ Voropoe .1) I Y Kelly (b.1) D> G Prad 1.1 GeV Prad 2.2 GeV Prad all Mainz low-Q2

. q vd Alarcon (c.1) o B o
]

orp [fM]
o
[

Bin counting

=
3-
= o020 B Bk
=<
==
=O=|
5%

Or [fm]

0.01F

PRad combined i

i Mainz low-Q2 0 -

0.02f

0.01F

of

’\\‘be\,\\(b RRANEN ’\\Q){&’\\Q) N NN ’\\‘D%\’\\Q) RO
T (TGO O © 00T (P& (OO0 © 00T @@ (@0 00 0
¥ \\‘be}\*v@o ¢ W » F @S P FF S S @ ‘\Q’
{\OQ Q \L“ (\(0 ?\(& (\OQ Q\Q QOJ \QQ> KQQ}
& T W SIRECE S RS

i,

/o

075 0.80 085 0.90 095 075 0.80 0.85 0.90 0.95
rp [fm]




S P M does it really work? v CHECKS -
AND IS it robust? J - S
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show you can replicate it Gaussianity of rp, distribution
VALIDATION robustness of r, extraction

build elastic form factor replicas of known radius r*,

experimental kinematics: a > A
PRad (3), A1 low-Q2 (1)
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bias Root Mean Square Error
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Proton

SPM RADIUS

‘ PRad oama

lowest yet achieved
momentum transferred

2.1 x107* < Q?/[GeV?] <6 x 1072

two datasets at different energy beams
1.1 and 2.2 [GeV]

L1 = 0.842 £ 0.008¢a¢ [fm]

p

r22 = 0.824 & 0.003sa¢ [fm]

p

rPRad — (0.838 4 0.00544a; [fin]




Proton

SPM RADIUS

‘ PRad oama

lowest yet achieved
momentum transferred

2.1 x107* < Q?/[GeV?] <6 x 1072

two datasets at different energy beams
1.1 and 2.2 [GeV]

L1 = 0.842 £ 0.008¢a¢ [fm]

p

r22 = 0.824 & 0.003sa¢ [fm]

p

rPRad — (0.838 4 0.00544a; [fin]

@ A1 para

extends toward low-QZ2
3.8x107°% < Q?/[GeV?] < 1

use first 40 low-Q2 data

pAL=lowQ™ — (0.856 + 001454, [fm]

all data yield

A = 0.857 4 0.021 400 [fin]
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‘ PRad oama

lowest yet achieved
momentum transferred

2.1 x107* < Q?/[GeV?] <6 x 1072

two datasets at different energy beams
1.1 and 2.2 [GeV]

ril = 0.842 4 0.008,44¢ [fm]

r22 = 0.824 4 0.0034a; [fm]

rPRad — (0.838 4 0.00544a; [fin]

@ A1 para

extends toward low-QZ2
3.8x107°% < Q?/[GeV?] < 1

use first 40 low-Q2 data

pAL=lowQ™ — (0.856 + 001454, [fm]

all data vyield

A = 0.857 4 0.021 400 [fin]

PROTON RADIUS PUZZLE SETTLED?

UH spectroscopy

H spectroscopy

PRad
H Lamb shift

H spectroscopy

uD spectroscopy

=O=
——{ ——
* H spectroscopy
—\——=
*

CODATA 2014

ep scattering

H spectroscopy

ep scattering

SPM [PRad] =
SPM [A1, low-Q2] - A .
| | | | | | | | | | | | | | | | | | | | | | | | | |
0.80 0.82 0.84 0.86 0.88 0.90 0.92
I [fm]

P.J. Mohr et al. Rev. Mod. Phys. 88, 035009 (2016)

ep average from P.J. Mohr et al. Rev. Mod. Phys. 88,
035009 (2016)

H spectroscpopy average from P.J. Mohr et al.
Rev. Mod. Phys. 88, 035009 (2016)

H. Fleurbaey et al., Phys. Rev. Lett. 120, 183001 (2018)

J.Bernauer et al., Phys. Rev. Lett. 105, 242001 (2010)

R. Pohl et al., Nature 466,213 (2010)

A. Beyeretal., Science 358,79 (2017)

W. Xiong et al., Nature 575, 147 (2019)

N. Bezginov et al., Science 365, 1007 (2019)

A. Grinin et al., Science 370, 1061 (2020)

R. Pohl et al., Science 353, 669 (2016)




SPM RADIUS
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two measurements ('84, ’86) of the negative pion em form factor

0.014 < Q*/[GeV?] < 0.26
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on [fm]
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Deuteron
SPM RADIUS

o NO Low-a2paTA YET

projected DRad measurements
2.1 x107* < Q*/[GeV?] <6 x 10

bin-to-bin uncertainties: 0.02% —0.07% (statistical)
and 0.06% —0.16% (systematic)



Deuteron
SPM RADIUS

o NO Low-azpata ver

projected DRad measurements
2.1 x107* < Q*/[GeV?] <6 x 10

bin-to-bin uncertainties: 0.02% —0.07% (statistical)
and 0.06% —0.16% (systematic)

Bias (fm)

Zhou et al., arXiv: 2010.09003
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Zhou et al., arXiv: 2010.09003
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SPM RADIUS

Proton

SPM RADIUS

‘ PRad —I;ATA*

rPRad — 0,838 + 0.00544a¢ [fm]

o NO Low-a2patA YET

projected DRad measurements
2.1 x 107* < Q*/[GeV?] < 6 x 102

bin-to-bin uncertainties: 0.02% —0.07% (statistical)
and 0.06% —0.16% (systematic)

@ A1 para
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CODATA 2014
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