Evaluation of using low-Q? scattering data to
extract the proton radius.
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Fits of low-Q? form factor data give widely different

estimates of the proton radius.
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-
The Perils of Extrapolation

« Can we really determine the proton radius from electron
scattering data?

« If so, why are reasonable physicists getting such different
answers?
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Rule of thumb: absolute cross 100k Co = 0.994(2), Re = 0.84(2) fm -
sections can be measured to 1% \ Co = 1.000, Rg = 0.88(2) fm ]
and relative cross sections to I AN )
0.1% — normalization uncertainty : ) ]
needs to be taken into account. . 0Q95r 7\ y
~ - .
w i + -
Necessity demonstrated in Mainz @ L i
(1975), whose researchers 090l S ]
introduced bias into their ' 3 4
extraction by forcing the fit F }

through Gg(0) = 1. 0 03 05 5 07 09

q2 in fm
F Borkowski, G. G. Simon, V. H. Walhterand R. D.

Wendling. Nuc. Phys. B93,Issue 3, pp461-478 (1975).
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Generated psuedodata 0.82
from the dipole form factor
with a range of simulated 0.81-
normalizations: g
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« x? plays a central role in all experimental fitting procedures.

« Over-reliance on achieving a fit with y4/dof = 1is dangerous
and can lead to overconfidence in extractions.

X2 :Z <GE (Qz) _f(Qi)>

: g;
VA
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When low-Q? is not
sufficiently constrained, the
relative proportion of linear
and quadratic terms at low-
Q2 is not well determined.

It is possible to extract very
different radius values from
a data set even with similar
2 values.
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x?/dof for a second order 0.90
polynomial compared to the Mainz
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Studying the 2 distribution is
potentially more useful than
finding one fit with a good x2.

51—%

T2
251 (5)

fla k) =

It is possible a large y? value
is consistent with a good fit.
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Frequency

Fits to data generated from a linea

function with 15 points and then
smeared with Gaussian statistics.

f(x2, 13)

r
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If the error bars are over- 0.101~ {H m* g:;g : (1)38
estimated (green 0.08 I { o'/o=1.15

squares) or under-
estimated (red triangles)
it may not even be
accurate to say a poorly
reconstructed y?2
distribution indicates a 0.02
bad extraction.
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The distribution of y2 values
can be described by a y?2
distribution with k' degrees
of freedom. Monte Carlo
simulations show that the
uncertainty on the radius is
modified by the square root
of k'/k.
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Three functions were chosen
as benchmarks to estimate
bias in our fitting functions.

2
G (o (@) = exp (£ Q?)

2 N2\ 2
Gg (dip)(Q2) = (1 + R%Q )

1

G 2y =
B Q) =
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Pro(@Q%) =co (1+ X1, c;Q%)

c Polynomials
2\ 0 n=1,2,3,4
PO,n(Q ) — n 2%
1+ 21:1 Cz’Q
, co Too few parameters cannot
CFy(Q7) = | e reproduce the shape but too
1+c2Q? 5 Co many lead to fitting unphysical
, ¢o 1+ L uctuations.
CF3(Q ) — c 2 1+ c3 Q2
1+ LQ R oer.
14529 !

l+cg3 Q2
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extracted radii over all possible Q2 upper bound values.
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Fitted Radii for 20t Century Results

Data Set Fit Function | Q2Range (GeV)? | Rg (fm)

Hand et. al (1963) | Pq (0.012,0.062) 0.809(30)(33)
Yerevan (1972) Po (0.008,0.019) 0.820(19)(13)
Saskatoon (1974) | Pg (0.006, 0.031) 0.864(24)(17)
Mainz (1975) Po+ (0.014, 0.066) 0.892(27)(36)
Mainz (1980) Po1 (0.004, 0.032) 0.894(16)(17)

Weighted average radius from the
20t century data sets is 0.857(13) fm.

0-95 H-Lamb Shift
CODATA
0.901 ‘
z ‘ *
~— 0.85[
=
m ‘
0.801
0.75 ] ] ] ] ]
1960 1970 1980 1990 2000 2010 2020
Year
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Optimal fit of the Mainz HON Re = 0'8678|((,2/?(=0?)5f3r%
(2010) data is the CF, out to '
0.074 GeV2 which returnsa V99
radius of 0.868(3) fm. C\é)
= 0.90F
Consistent with our 20t O
century result but in-between 0.85
the muonic-Lamb shift and '
CODATA results. 0.80 | | | | | | L
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Q" (GeV?)
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Why are the results between
the small (0.84 fm) and large
(0.88 fm) radius results?

If we consider the total
uncertainty (quadrature sum
of bias and variance) there
are many results with similar
small uncertainties; which
ones are preferred?
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Attempted to include the
contribution from every possible fit
by defining the quantity,

P(Rg) =) N(Rg,o'),

where N/ are the Gaussian
distributions whose means are the
radii from many fits and whose
error bars have been scaled by
studying the x2 distribution.
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Attempted to include the
contribution from every possible fit
by defining the quantity,

P(Rg) =) N(Rg,o'),

where N/ are the Gaussian
distributions whose means are the
radii from many fits and whose
error bars have been scaled by
studying the x2 distribution.

0 P(Rg) for Mainz (1980)
Re =0.838(24) fm
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Combined 20t century data set:

62 maximum Q2 values x 11 fit P(Re) for 20% Century
Re = 0.831(18) f
functions = 682 Gaussian 0.8F (16) fm
distributions defined by 10,000 fits
= 7 million fits. 8 0.6
& 0.4

Two competing peaks are visible
but the most likely gives a radius 0.2
of 0.831(18) fm — consistent with | /|

: : 0.0
the muonic-Lamb shift. 0.70 075 080  0.85 090  0.95
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1422 maximum Q2 values x 11 fit 1.0
functions = 15,642 Gaussian

distributions defined by 10,000 fits 0.8
~ 156 million fits.

)

P(Rg) for Mainz (2010)
Rg =0.840(1) fm

3 0.6

The ten closest fits to the centroid %f/ 0.4
of the peak comprise five different '

fit forms and have a weighted
uncertainty equal to the shown
Gaussian.

i
N
N
0.2+ I
}\

| A |
00 0.825 0.850 0.875 0.900

0.0
0.8

7/26/18 The Proton Radius Puzzle and Beyond 22




Examined the A(Q?) data from
Simon et. al (1981) and Platchkov
et. al (1990).

Two peaks within 1% of each =
other — resolved by taking a oyl
weighted average which gave a

radius of 2.092(35) fm.

Result consistent with muonic-
dueterium, but with large errors.

0.27P(Re) for S&P A(Q?)
Re = 2.092(35) fm,
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« For a given data set and fit function, we made 10,000 fits
with the data points fluctuated within their errors.

« This produced a full y2 distribution and a Gaussian
distribution of extracted Rg. This Rg distribution was
scaled by the square root of k'/k to reflect the uncertainty

In that radius extraction.

« The sum of all Rg distributions were added in order to
find the maximum likelihood for the radius.
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« The most likely radius peak for each data setis
consistent with muonic-Lamb shift results.

Mainz (2010), 9.840(1) fm 20t Century A(Q?), 2.092(35) fm
@
20t Century Gg(Q?), 0.831(18) fm Consistent
¢ Results
. D, 2.12 fi
Consistent = Ef(s) "
uH, 0.84087(39) fm Results
CODATA, 2.142(2) fm
CODATA, 0.875(6) fm o
I —]
| | | | | | |
0.81 0.83 0.85 0.87 0.89 2.05 2.07 2.09 2.11 2.13 2.15
Proton Rg (fm) Deuteron Rg (fm)
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Extra Slides
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V. HISTORICAL DATA

A. Proton

We examined 5 early ep scattering data sets. The
first, Hand et al. (1963) [1] gave a review of scatter-
ing data before 1963. We use the published values of
GEg below 0.116 GeV? (3 fm~2) for a loose definition of
“low-Q2.” These data were comprised of points from 5
different experiments and the Gg values were derived
from a Rosenbluth separation of the cross section data
for Q2 > 0.078 GeV? and by implicit assumption that
Gy = pGE for values with Q2 < 0.078 GeV2. The
next two data sets were Yerevan (1972) [2] and Saska-
toon (1974) [3] whose published Gg values were calcu-
lated from a Rosenbluth separation. The fourth data
set was Mainz (1975) [4] which included published Gg
values derived via Rosenbluth separation from experi-
mental cross section values listed in that work and in
Ref. [5]. The final 20th century ep data set was Mainz
(1980) [6] which published values for Gg calculated as-
suming Gy = uGEg.
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Reevaluated 20t century historical
results from P(Rg).

20t century historical results from
the original algorithm.

Data Set Fit Function | Q2Range (GeV)? | Rg (fm) Data Set Re (fm)

Hand et. al (1963) | Pg 4 (0.012,0.062) 0.809(30)(33) Hand et. al (1963) | 0.830(47)
Yerevan (1972) Po.1 (0.008,0.019) 0.820(19)(13) Yerevan (1972) 0.804(30)
Saskatoon (1974) | Py 4 (0.006,0.031) 0.864(24)(17) Saskatoon (1974) | 0.832(51)
Mainz (1975) Po.1 (0.014, 0.066) 0.892(27)(36) Mainz (1975) 0.890(34)
Mainz (1980) Po 1 (0.004, 0.032) 0.894(16)(17) Mainz (1980) 0.838(24)
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Deuteron A(Q?2

in which M is still the proton mass, uq is the magnetic
dipole moment [31] and Qg is the electric quadrupole
moment [32]. The deuteron charge radius is determined

from the slope of the charge form factor at Q? = 0: 1 O
2 __gdGc "|Rg =2.1256(8
Ry = 6400 ot (16) E (8)
or equivalently, using the slope of A(Q?) at Q% =0,
s L dA 63,0 0.8
By =30 7 ar)
in which
— 0.6
G%0) 2 €2
gz 00163 fur (18) o
C. Deuteron Scattering A 0.4
For the deuteron we focused on fitting A(Q?) from
two low-Q? data sets: Simon et al. (1981) [28], which 0.2
published A(Q?) values calculated directly from the
cross section for Q% < 0.04 GeV? and via Rosen-
bluth separation for Q% > 0.04 GeV? and Platchkov et | | | |
al. (1990) [29] where we used published A(Q?) values be- 0.0
low Q% = 0.116 GeV? that were calculated by subtract- 1.95 2.00 2.05 2.10 2.15 2.20
ing B(Q?) contributions from the cross section using a
fit of existing B(Q?) measurements. RE (fm)
(28] G. G. Simon, Ch. Schmitt and V. H. Walhter. Nuc. Phys. ] 0
A364, pp. 285-296, (1981). FIG. 12. P(RE) for the combined deuteron A(Q*) data set.
[29] S. Platchkov, A Amroun, S. Anuffret, et al. Nuc. Phys. There are two peaks within 1% of each other’s heights at 2.079
A510, pp. 740-758, (1990). and 2.104 fm that combine to make a broad distribution.
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