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In Eqs. (4), (6), and (8)—(11) we have neglected
relativistic corrections.
For tt=sr/2 the relations (2) and (9) vanish whereas

(10) and (11) become identical. There remain therefore
six independent relations between the coeKcients
b(sr/2)= —c(sr/2), d(sr/2), and e(sr/2), i.e., between
five real parameters which determine the transition
matrix T(sr/2, «b) except for an absolute phase factor.
For angles 0&t7&sr/2, one can obtain eleven relations
for nine parameters. The experimental quantities are
of course not single-valued functions of these param-
eters, but the ambiguities may be reduced by comparing
solutions for diGerent angles and energies. At lower
energies also a phase shift analysis can be helpful. A
more complete discussion, especially of the correlation
experiments, will be published later.
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We have found that deviations in excess of Mott
scattering are readily apparent at large scattering
angles. The early results (reported at the Seattle
meeting, July, 1954) at smaller angles showed the
expected agreement with the Mott formula within
experimental error. Deviations from the Mott formula
such as we have found may be anticipated at large
angles because of additional scattering from the mag-
netic moment of the proton. ' We have observed this
additional scattering but in an amount smaller than
predicted by theory.
The experimental curve at 188Mev is given in Fig. 1.

It may be observed that the experimental points do not
fit either the Mott curve or the theoretical curve of
Rosenbluth, ' computed for a point charge and point
(anomalous) magnetic moment of the proton. Further-
more, the experimental curve does not fit a Rosenbluth
curve with the Dirac magnetic moment and a point
charge. The latter curve would lie close to the Mott
curve and slightly above it. Similar behavior is observed
at 236 Mev.
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ELECTRON SCATTERING
FROM HYDROGEN
188 MEV (LAB )

where N(P, «) is the number of events in which the spin of the
"scattered" proton is in the direction p and the spin of the
"recoil" proton in the direction q.'L. Wolfenstein, Phys. Rev. 96, 1654 (1954). The author is
indebted to Professor Wolfenstein for sending him a copy of this
paper.' H. P. Stapp, Bull. Am. Phys. Soc. 29, No. 8, 19 (1954); the
author wishes to thank Dr. Leona Marshall for showing him a
preprint of this paper.
'These are practically quadruple scattering experiments, but

they might be somewhat easier than straightforward quadruple
scattering.
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ITH apparatus previously ttesrribetl, 's we have
studied the elastic scattering of electrons of

energies 100, 188, and 236 Mev from protons initially
at rest. At 100 Mev and 188 Mev, the angular distri-
butions of scattered electrons have been examined in
the ranges 60'—138' and 35'—138', respectively, in the
laboratory frame. At 236 Mev, because of an inability
of the analyzing magnet to bend electrons of energies
larger than 192 Mev, we have studied the angular
distribution between 90' and 138' in the laboratory
frame. In all cases a gaseous hydrogen target was used,
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LABORATORY ANGLE OF SCATTERING (IN DEGREES)

FrG. 1. The figure shows the experimental curve, the Mott
curve, and the point-charge, point-magnetic-moment curve. The
experimental curve passes through the points with the attached
margins of error. The margins of error are not statistical; statistical
errors would be much smaller than the errors shown. The limits
of error are, rather, the largest deviations observed in the many
complete and partial runs taken over a period of several months.
Absolute cross sections given in the ordinate scale were not
measured experimentally but were taken from theory, The
radiative corrections of Schwinger have been ignored since they
afFect the angular distribution hardly at all. The radiative cor-
rections do influence the absolute cross sections. Experimental
points in the figure refer to areas under the elastic peaks taken
over an energy interval of %1.5 Mev centering about the peak.
The data at the various points are unchanged in relation to each
other when the energy interval is increased to &2.5 Mev about
the peak; the latter widths include essentially all the area under
the peak.

[Phys. Rev. 98, 217 (1955)]

✦ 1950’s first ep 
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and photons, whereas the GEM detector is mostly insensitive to neutral 
particles. The GEM detector also helped to suppress position-depend-
ent irregularities in the response of HyCal. A plot of the reconstructed 
energy versus the reconstructed angle for e–p and e–e events is shown 
in Fig. 2 for the 2.2-GeV beam energy.

The background was measured periodically with an empty target cell. 
To mimic the residual gas in the beam line, H2 gas at very low pressure 
was allowed in the target chamber during the empty target runs. The 
charge-normalized e–p and Møller scattering yields from the empty 
target cell were used to subtract the background contributions. The 
beam current was measured with the Hall B Faraday cup with an uncer-
tainty of <0.1%21. Further details on the background subtraction can be 
found in the Supplementary Information.

A comprehensive Monte Carlo simulation of the PRad setup was 
developed using the Geant4 toolkit22. The simulation consists of two 
separate event generators built for the e–p and e–e processes23,24. Inelas-
tic e–p scattering background events were also included in the simula-
tion using a fit25 to the e–p inelastic world data. The simulation included 
signal digitization and photon propagation, which were critical for the 
precise reconstruction of the position and energy of each event in the 
HyCal. The details are described in the Supplementary Information.

The e–p cross-sections were obtained by comparing the simulated 
and measured e–p yield relative to the simulated and measured e–e 
yield (see Supplementary Information for details). The extracted 
reduced cross-section is shown in Fig. 3a. The e–p elastic cross-section 
is related to GE

p and the proton magnetic form factor, GM
p , by the Rosen-

bluth formula19. In the very low Q2 region covered by the PRad experi-
ment, the cross-section is dominated by the contribution from GE

p. 
Thus, the uncertainty introduced from GM

p  is negligible. In fact, when 
using a wide variety of parametrizations5,26–28 for GM

p , the extracted GE
p 

varies by about 0.2% at Q2 = 0.06 GeV2/c2, the largest Q2 accessed by the 
PRad experiment, and by <0.01% in the Q2 < 0.01 GeV2/c2 region. The 
largest variation in rp arising from the choice of GM

p  parametrization is 
0.001 fm. G Q( )E

p 2  as extracted from our data is shown in Fig. 3b, using 
the Kelly parametrization26 for GM

p .
The slope of G Q( )E

p 2  as Q2 → 0 is proportional to r p
2. A common practice 

is to fit G Q( )E
p 2  to a functional form and to obtain rp by extrapolating to 

Q2 = 0. However, each functional form truncates the higher-order 
moments of G Q( )E

p 2  differently and introduces a model dependence 
that can bias the determination of rp. It is critical to choose a robust 
functional form that is most likely to yield an unbiased estimation of 
rp given the uncertainties in the data, and to test the chosen functional 
form over a broad range of parametizations29 of G Q( )E

p 2 . To simultane-
ously minimize possible bias in the determination of the radius and 
the total uncertainty, various functional forms were examined for their 
robustness in reproducing an input rp used to generate a mock dataset 
with the same statistical uncertainty as the PRad data. The robustness, 
quantified as the root-mean square error (RMSE), is defined as 

δR σRMSE = ( ) +2 2, where δR is the bias or the difference between the 
input and extracted radius and σ is the statistical variation of the fit to the 
mock data29. Previous studies29 show (see Supplementary Information)  
that consistent results with the smallest uncertainties can be achieved 
using a multi-parameter rational function, which we refer to as 
Rational(1, 1):

f Q nG Q n
p Q

p Q
( ) = ( ) =

1 +

1 +
(1)2

E
p 2 1

2

2
2

where n is the floating normalization parameter, p1 and p2 are fit param-
eters and the proton charge radius is given by r p p= 6( − )p 2 1 . The G Q( )E

p 2 , 
extracted from the 1.1-GeV and 2.2-GeV data, was fitted simultaneously 
using the Rational(1, 1) function. Independent normalization parameters 
n1 and n2 were assigned for the 1.1-GeV and 2.2-GeV data, respectively, to 
allow for differences in normalization uncertainties, but the Q2 depend-
ence was identical. The parameters obtained from fits to the Rational(1, 1) 
function are n1 = 1.0002 ± 0.0002stat ± 0.0020syst; n2 = 0.9983 ± 0.0002stat 
± 0.0013syst; and rp = 0.831 ± 0.007stat ± 0.012syst fm. The Rational(1, 1) func-
tion describes the data very well, with a reduced χ2 of 1.3 when considering 
only the statistical uncertainty. The values of rp for a variety of functional 
forms fitted to the PRad data are shown in Supplementary Fig. 15.

To determine the systematic uncertainty in rp, a Monte Carlo technique 
was used to randomly smear the cross-section and G Q( )E

p 2  data points for 
each known source of systematic uncertainty. The value of rp was extracted 
from the smeared data and the process was repeated 100,000 times. The 
root-mean square of the resulting distribution of rp is recorded as the 
systematic uncertainty. The dominant systematic uncertainties of rp are 
those that are Q2-dependent, which primarily affect the lowest Q2 data: 
the Møller radiative corrections, the background subtraction for the 

1.1 GeV data

PRad fit rp = 0.831(7)stat (12)syst fm
Ref. 30, rp = 0.844(7) fm
Ref. 5, rp = 0.883(8) fm
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Fig. 3 | The measured cross-section and form factor. a, The reduced cross-
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electron beam energy, E′ is the energy of the scattered electron, Mp is the mass 
of the proton and Ω is the solid angle subtended by the scattered electron 
detector), for the PRad e–p data. Dividing out the kinematic factor inside the 
square brackets, σreduced is a linear combination of the electromagnetic form 
factors squared. The bands at the bottom of the plot are the size of the 
systematic uncertainties, for 1.1 GeV (red) and 2.2 GeV (blue). The error bars 
show statistical uncertainties. b, GE

p as a function of Q2. The data points are 
normalized by the parameter n in equation (1) for the 1.1-GeV and 2.2-GeV data, 
labelled as n1 and n2, respectively. The error bars show statistical 
uncertainties. The bands are the systematic uncertainties as in a. The solid 
black curve shows G Q( )2

E
p  as a fit to the function given by equation (1). Also 

shown is the fit from a previous e–p experiment5, giving rp = 0.883(8) fm 
(green dashed line) and another previous calculation30 giving rp = 0.844(7) fm 
(purple dot-dashed line).

[NY Times, July 12 (2010)]

[Nature 575, 147–150 (2019)]

✦ Recent resolution 
of the proton 
radius puzzle
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✦Magnetic Moment of 𝛥 dominated by model unc. 
[Phys. Rev. C 64, 065202 (2001),Phys. Rev. Lett. 89, 272001 (2002)] 

✦Beam spin asymmetry ep scattering. 
[Phys. Rev. D 96, 113010 (2017)]
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✦Chiral EFT calculation of 𝜌 FFs.  
[Phys. Lett. B 730, 115–121 (2014)] 

✦Lattice calculations 
[Phys. Rev. D 91, 114501 (2015), Phys. Rev. D 75, 094504 (2007)] 

✦From e+e− BaBar data. 
[Int. J. Mod. Phys. A 30, 1550114 (2015)] 
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LQCD Path Integral: Wick rotated: Euclidean spacetime.

Finite Volume.

e�SQCD

<latexit sha1_base64="uiK5A1euVFPsoBKRPU53UOnEN0Q="></latexit>

Finite Lattice spacing.

=) hO1(⌧1) · · · On(⌧n)i

<latexit sha1_base64="5Y0OWM6BmeECiwJHOGe7DHNLR9A="></latexit>



<latexit sha1_base64="B3P0drx1uB1vNCDqv4kC+DVVqFM="></latexit>

GHP @ April 2021        Felipe Ortega-Gama

Physics in a Finite Volume

!5

a

L

LQCD Path Integral: Wick rotated: Euclidean spacetime.

Finite Volume.

e�SQCD

<latexit sha1_base64="uiK5A1euVFPsoBKRPU53UOnEN0Q="></latexit>

Finite Lattice spacing.

=) hO1(⌧1) · · · On(⌧n)i

<latexit sha1_base64="5Y0OWM6BmeECiwJHOGe7DHNLR9A="></latexit>



<latexit sha1_base64="B3P0drx1uB1vNCDqv4kC+DVVqFM="></latexit>

!6
GHP @ April 2021        Felipe Ortega-Gama

✦ D. Wilson plenary [Tue 12pm]: 
✦ Two-pion systems.
✦ Multiple two-particle channels.
✦ Multiple partial waves and spin.  

C. Johnson talk [Wed 2:10pm]
✦ Channels with exotic 

resonances, e.g. 1−+. 
J. Dudek talk [Tue 3:30pm]
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<latexit sha1_base64="0u1Fz9x04TohMaLNEQOyFxiuevE=">AAACJHicbVDLSsNAFJ3UV62vaJduBkvBVUlKRXFVdONGqGAf0IQymUzaoZNMmJkIIfRb3In+iztx4cYPceWkzcK2Xhg4nHMfZ44XMyqVZX0ZpY3Nre2d8m5lb//g8Mg8PulJnghMupgzLgYekoTRiHQVVYwMYkFQ6DHS96a3ud5/IkJSHj2qNCZuiMYRDShGSlMjs+qESE0wYvAeXsOmozhsjsya1bDmBdeBXYAaKKozMn8cn+MkJJHCDEk5tK1YuRkSimJGZhUnkSRGeIrGZKhhhEIi3WxufgbrmvFhwIV+kYJz9u9EhkIp09DTnblVuarl5H/aMFHBlZvRKE4UifDiUJAwqL+YJwF9KghWLNUAYUG1V4gnSCCsdF5LV+JJKimWekWBKnXH48zPb+qw7NVo1kGv2bBbjYuHVq19U8RWBqfgDJwDG1yCNrgDHdAFGKTgGbyCN+PFeDc+jM9Fa8koZqpgqYzvX+mwo88=</latexit>

700 900 1100

30

60

90

120

150

180

0

30

60

[Phys. Rev. Lett. 123, 042002 (2019)]

Determination on the P-wave 
pion-Kaon scattering.

det
�
F�1(En, L) +M(En)

�
= 0
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Lüscher formalism
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[R. Briceño, M. Hansen (2015)] 
[A. Baroni, R. Briceño, M. Hansen, FO (2019)]
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−

1. Finite → Infinite Volume 

2. Amplitude → Form-Factors

https://doi.org/10.1103/PhysRevD.94.013008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.034511
https://arxiv.org/abs/2012.13338
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[AB, RB, MH, FO (2019)]

Poles at 
FV free 
energies.

Threshold 
singularity.

Triangle 
singularity.
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<latexit sha1_base64="/ui2ZGvsFqG+b/SeQhKfdkazP0U=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdCMU3bgRKtgHtEPJpLdtaCYzJplCGfodblwo4taPceffmGlnoa0HAodz7uWenCAWXBvX/XZWVtfWNzYLW8Xtnd29/dLBYUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo9vMb45RaR7JRzOJ0Q/pQPI+Z9RYyeedkJohoyK9n153S2W34s5AlomXkzLkqHVLX51exJIQpWGCat323Nj4KVWGM4HTYifRGFM2ogNsWyppiNpPZ6Gn5NQqPdKPlH3SkJn6eyOlodaTMLCTWUa96GXif147Mf0rP+UyTgxKNj/UTwQxEckaID2ukBkxsYQyxW1WwoZUUWZsT0Vbgrf45WXSOK94bsV7uChXb/I6CnAMJ3AGHlxCFe6gBnVg8ATP8Apvzth5cd6dj/noipPvHMEfOJ8/0YqSHQ==</latexit><latexit sha1_base64="/ui2ZGvsFqG+b/SeQhKfdkazP0U=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdCMU3bgRKtgHtEPJpLdtaCYzJplCGfodblwo4taPceffmGlnoa0HAodz7uWenCAWXBvX/XZWVtfWNzYLW8Xtnd29/dLBYUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo9vMb45RaR7JRzOJ0Q/pQPI+Z9RYyeedkJohoyK9n153S2W34s5AlomXkzLkqHVLX51exJIQpWGCat323Nj4KVWGM4HTYifRGFM2ogNsWyppiNpPZ6Gn5NQqPdKPlH3SkJn6eyOlodaTMLCTWUa96GXif147Mf0rP+UyTgxKNj/UTwQxEckaID2ukBkxsYQyxW1WwoZUUWZsT0Vbgrf45WXSOK94bsV7uChXb/I6CnAMJ3AGHlxCFe6gBnVg8ATP8Apvzth5cd6dj/noipPvHMEfOJ8/0YqSHQ==</latexit><latexit sha1_base64="/ui2ZGvsFqG+b/SeQhKfdkazP0U=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdCMU3bgRKtgHtEPJpLdtaCYzJplCGfodblwo4taPceffmGlnoa0HAodz7uWenCAWXBvX/XZWVtfWNzYLW8Xtnd29/dLBYUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo9vMb45RaR7JRzOJ0Q/pQPI+Z9RYyeedkJohoyK9n153S2W34s5AlomXkzLkqHVLX51exJIQpWGCat323Nj4KVWGM4HTYifRGFM2ogNsWyppiNpPZ6Gn5NQqPdKPlH3SkJn6eyOlodaTMLCTWUa96GXif147Mf0rP+UyTgxKNj/UTwQxEckaID2ukBkxsYQyxW1WwoZUUWZsT0Vbgrf45WXSOK94bsV7uChXb/I6CnAMJ3AGHlxCFe6gBnVg8ATP8Apvzth5cd6dj/noipPvHMEfOJ8/0YqSHQ==</latexit><latexit sha1_base64="/ui2ZGvsFqG+b/SeQhKfdkazP0U=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclRkRdCMU3bgRKtgHtEPJpLdtaCYzJplCGfodblwo4taPceffmGlnoa0HAodz7uWenCAWXBvX/XZWVtfWNzYLW8Xtnd29/dLBYUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo9vMb45RaR7JRzOJ0Q/pQPI+Z9RYyeedkJohoyK9n153S2W34s5AlomXkzLkqHVLX51exJIQpWGCat323Nj4KVWGM4HTYifRGFM2ogNsWyppiNpPZ6Gn5NQqPdKPlH3SkJn6eyOlodaTMLCTWUa96GXif147Mf0rP+UyTgxKNj/UTwQxEckaID2ukBkxsYQyxW1WwoZUUWZsT0Vbgrf45WXSOK94bsV7uChXb/I6CnAMJ3AGHlxCFe6gBnVg8ATP8Apvzth5cd6dj/noipPvHMEfOJ8/0YqSHQ==</latexit>

<latexit sha1_base64="wYN5vsEOBVMAFZaX0D1xZPRQY38="></latexit>

k

<latexit sha1_base64="uzgELVWG2xu+DzldIsEKhBdHBEA="></latexit>

P � k

<latexit sha1_base64="XFPMm6MQq+lTrTqBzaUJxM9RwKE="></latexit>=
<latexit sha1_base64="ZBvoiIGZhyfMvSlaYU93ZPk+DY4="></latexit>

+
<latexit sha1_base64="wxG4coID8wsW/h0ms4pzwDmIn/w="></latexit>

j
<latexit sha1_base64="A1xaMCe9UkJ1dca00dx1KjNZVfY="></latexit>

j + 1
<latexit sha1_base64="wxG4coID8wsW/h0ms4pzwDmIn/w="></latexit>

j

<latexit sha1_base64="AIRX9RaSvcg07kGCZFSAqHGp8AI="></latexit>⇢

Split s channel loops depending on analytic properties

iM = iK 1

1� i⇢K

<latexit sha1_base64="pI8gHmB5vI4t0wHiqUSqBlgN0Hk="></latexit>

TBD dynamic (analytic) function
GHP @ April 2021        Felipe Ortega-Gama



<latexit sha1_base64="YqDmIrh17zipmn4o+cNC4nGGxlI="></latexit>

!11

Infinite volume analytic structure:

+=<latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit><latexit sha1_base64="DmNMk2YXYyTv+zN0rWXYwO/YuLg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfywUwS9CM6lDzkjBorNW765Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2m0eRxFO4BTOwYMrqME91KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AIzNjME=</latexit> + +

W : 2 + J ! 2

<latexit sha1_base64="o66DVKlsov2yewEuWBWyAWk9eyE=">AAACMXicbVBNS8MwGE7n15xfVY9egmMgCKMdE8XT0It4muA+YC0jTbMtLG1Kkgql7Oqv8Sb6X3YTr/4DT6ZbBbf5QODJ834/XsSoVJY1NQpr6xubW8Xt0s7u3v6BeXjUljwWmLQwZ1x0PSQJoyFpKaoY6UaCoMBjpOONb7N454kISXn4qJKIuAEahnRAMVJa6pvQCZAaYcRgB17D2vnvN72fQEdxWOubZatqzQBXiZ2TMsjR7Jvfjs9xHJBQYYak7NlWpNwUCUUxI5OSE0sSITxGQ9LTNEQBkW46u2QCK1rx4YAL/UIFZ+rfihQFUiaBpzOzReVyLBP/i/ViNbhyUxpGsSIhng8axAzqEzNboE8FwYolmiAsqN4V4hESCCtt3sKUaJRIiqVukbNSxfE487OZ2ix72ZpV0q5V7Xr14qFebtzkthXBCTgFZ8AGl6AB7kATtAAGz+AFvIF349WYGh/G5zy1YOQ1x2ABxtcPQ+KpHg==</latexit>

<latexit sha1_base64="vkV3gz85YoR7qH/OCy2L+A/qhBc="></latexit>

Pf
<latexit sha1_base64="bffAHEmMBszl9jRKXbTexircTE4="></latexit>

Pi

++++ +

New type of singularity structure in s channel loops

[RB, AJ, FO, KS (2020)]

GHP @ April 2021        Felipe Ortega-Gama

https://arxiv.org/abs/2012.13338


<latexit sha1_base64="YqDmIrh17zipmn4o+cNC4nGGxlI="></latexit>
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Infinite volume analytic structure: W : 2 + J ! 2

<latexit sha1_base64="o66DVKlsov2yewEuWBWyAWk9eyE=">AAACMXicbVBNS8MwGE7n15xfVY9egmMgCKMdE8XT0It4muA+YC0jTbMtLG1Kkgql7Oqv8Sb6X3YTr/4DT6ZbBbf5QODJ834/XsSoVJY1NQpr6xubW8Xt0s7u3v6BeXjUljwWmLQwZ1x0PSQJoyFpKaoY6UaCoMBjpOONb7N454kISXn4qJKIuAEahnRAMVJa6pvQCZAaYcRgB17D2vnvN72fQEdxWOubZatqzQBXiZ2TMsjR7Jvfjs9xHJBQYYak7NlWpNwUCUUxI5OSE0sSITxGQ9LTNEQBkW46u2QCK1rx4YAL/UIFZ+rfihQFUiaBpzOzReVyLBP/i/ViNbhyUxpGsSIhng8axAzqEzNboE8FwYolmiAsqN4V4hESCCtt3sKUaJRIiqVukbNSxfE487OZ2ix72ZpV0q5V7Xr14qFebtzkthXBCTgFZ8AGl6AB7kATtAAGz+AFvIF349WYGh/G5zy1YOQ1x2ABxtcPQ+KpHg==</latexit>

<latexit sha1_base64="/RGyQ2KWOKixecJuLD2WAsbsDGE="></latexit>

Pf � k
<latexit sha1_base64="KTvZiyHmJczMvnBntmq5mfgAI7Q="></latexit>

Pi � k

<latexit sha1_base64="vkV3gz85YoR7qH/OCy2L+A/qhBc="></latexit>

Pf
<latexit sha1_base64="bffAHEmMBszl9jRKXbTexircTE4="></latexit>

Pi

f · G =

<latexit sha1_base64="lHncMAdsFHuBygxEt+0/SVlSZqQ=">AAACJHicbVDLSgMxFM3UV62v0S7dBEvBVZkRRTdC0YUuK9gHdErJZDJtaCYZkowwDP0Wd6L/4k5cuPFDXJlpZ2FbDwQO59ybezh+zKjSjvNlldbWNza3ytuVnd29/QP78KijRCIxaWPBhOz5SBFGOWlrqhnpxZKgyGek609uc7/7RKSigj/qNCaDCI04DSlG2khDuxp6OBDai5AeY8Syuym8Hto1p+HMAFeJW5AaKNAa2j9eIHASEa4xQ0r1XSfWgwxJTTEj04qXKBIjPEEj0jeUo4ioQTYLP4V1owQwFNI8ruFM/buRoUipNPLNZB5SLXu5+J/XT3R4NcgojxNNOJ4fChMGtYB5EzCgkmDNUkMQltRkhXiMJMLa9LVwJR6nimJlvihYpe75ggX5TVOWu1zNKumcNdzzxsWDU2veFLWVwTE4AafABZegCe5BC7QBBil4Bq/gzXqx3q0P63M+WrKKnSpYgPX9CzuXpSk=</latexit>

<latexit sha1_base64="wYN5vsEOBVMAFZaX0D1xZPRQY38="></latexit>
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<latexit sha1_base64="YqDmIrh17zipmn4o+cNC4nGGxlI="></latexit>
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Infinite volume analytic structure: W : 2 + J ! 2

<latexit sha1_base64="o66DVKlsov2yewEuWBWyAWk9eyE=">AAACMXicbVBNS8MwGE7n15xfVY9egmMgCKMdE8XT0It4muA+YC0jTbMtLG1Kkgql7Oqv8Sb6X3YTr/4DT6ZbBbf5QODJ834/XsSoVJY1NQpr6xubW8Xt0s7u3v6BeXjUljwWmLQwZ1x0PSQJoyFpKaoY6UaCoMBjpOONb7N454kISXn4qJKIuAEahnRAMVJa6pvQCZAaYcRgB17D2vnvN72fQEdxWOubZatqzQBXiZ2TMsjR7Jvfjs9xHJBQYYak7NlWpNwUCUUxI5OSE0sSITxGQ9LTNEQBkW46u2QCK1rx4YAL/UIFZ+rfihQFUiaBpzOzReVyLBP/i/ViNbhyUxpGsSIhng8axAzqEzNboE8FwYolmiAsqN4V4hESCCtt3sKUaJRIiqVukbNSxfE487OZ2ix72ZpV0q5V7Xr14qFebtzkthXBCTgFZ8AGl6AB7kATtAAGz+AFvIF349WYGh/G5zy1YOQ1x2ABxtcPQ+KpHg==</latexit>

<latexit sha1_base64="/RGyQ2KWOKixecJuLD2WAsbsDGE="></latexit>

Pf � k
<latexit sha1_base64="KTvZiyHmJczMvnBntmq5mfgAI7Q="></latexit>

Pi � k

<latexit sha1_base64="vkV3gz85YoR7qH/OCy2L+A/qhBc="></latexit>

Pf
<latexit sha1_base64="bffAHEmMBszl9jRKXbTexircTE4="></latexit>

Pi

f · G =

<latexit sha1_base64="lHncMAdsFHuBygxEt+0/SVlSZqQ=">AAACJHicbVDLSgMxFM3UV62v0S7dBEvBVZkRRTdC0YUuK9gHdErJZDJtaCYZkowwDP0Wd6L/4k5cuPFDXJlpZ2FbDwQO59ybezh+zKjSjvNlldbWNza3ytuVnd29/QP78KijRCIxaWPBhOz5SBFGOWlrqhnpxZKgyGek609uc7/7RKSigj/qNCaDCI04DSlG2khDuxp6OBDai5AeY8Syuym8Hto1p+HMAFeJW5AaKNAa2j9eIHASEa4xQ0r1XSfWgwxJTTEj04qXKBIjPEEj0jeUo4ioQTYLP4V1owQwFNI8ruFM/buRoUipNPLNZB5SLXu5+J/XT3R4NcgojxNNOJ4fChMGtYB5EzCgkmDNUkMQltRkhXiMJMLa9LVwJR6nimJlvihYpe75ggX5TVOWu1zNKumcNdzzxsWDU2veFLWVwTE4AafABZegCe5BC7QBBil4Bq/gzXqx3q0P63M+WrKKnSpYgPX9CzuXpSk=</latexit>

<latexit sha1_base64="wYN5vsEOBVMAFZaX0D1xZPRQY38="></latexit>
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<latexit sha1_base64="YqDmIrh17zipmn4o+cNC4nGGxlI="></latexit>
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Infinite volume analytic structure: W : 2 + J ! 2

<latexit sha1_base64="o66DVKlsov2yewEuWBWyAWk9eyE=">AAACMXicbVBNS8MwGE7n15xfVY9egmMgCKMdE8XT0It4muA+YC0jTbMtLG1Kkgql7Oqv8Sb6X3YTr/4DT6ZbBbf5QODJ834/XsSoVJY1NQpr6xubW8Xt0s7u3v6BeXjUljwWmLQwZ1x0PSQJoyFpKaoY6UaCoMBjpOONb7N454kISXn4qJKIuAEahnRAMVJa6pvQCZAaYcRgB17D2vnvN72fQEdxWOubZatqzQBXiZ2TMsjR7Jvfjs9xHJBQYYak7NlWpNwUCUUxI5OSE0sSITxGQ9LTNEQBkW46u2QCK1rx4YAL/UIFZ+rfihQFUiaBpzOzReVyLBP/i/ViNbhyUxpGsSIhng8axAzqEzNboE8FwYolmiAsqN4V4hESCCtt3sKUaJRIiqVukbNSxfE487OZ2ix72ZpV0q5V7Xr14qFebtzkthXBCTgFZ8AGl6AB7kATtAAGz+AFvIF349WYGh/G5zy1YOQ1x2ABxtcPQ+KpHg==</latexit>

<latexit sha1_base64="/RGyQ2KWOKixecJuLD2WAsbsDGE="></latexit>

Pf � k
<latexit sha1_base64="KTvZiyHmJczMvnBntmq5mfgAI7Q="></latexit>

Pi � k

<latexit sha1_base64="vkV3gz85YoR7qH/OCy2L+A/qhBc="></latexit>

Pf
<latexit sha1_base64="bffAHEmMBszl9jRKXbTexircTE4="></latexit>

Pi

f · G =

<latexit sha1_base64="lHncMAdsFHuBygxEt+0/SVlSZqQ=">AAACJHicbVDLSgMxFM3UV62v0S7dBEvBVZkRRTdC0YUuK9gHdErJZDJtaCYZkowwDP0Wd6L/4k5cuPFDXJlpZ2FbDwQO59ybezh+zKjSjvNlldbWNza3ytuVnd29/QP78KijRCIxaWPBhOz5SBFGOWlrqhnpxZKgyGek609uc7/7RKSigj/qNCaDCI04DSlG2khDuxp6OBDai5AeY8Syuym8Hto1p+HMAFeJW5AaKNAa2j9eIHASEa4xQ0r1XSfWgwxJTTEj04qXKBIjPEEj0jeUo4ioQTYLP4V1owQwFNI8ruFM/buRoUipNPLNZB5SLXu5+J/XT3R4NcgojxNNOJ4fChMGtYB5EzCgkmDNUkMQltRkhXiMJMLa9LVwJR6nimJlvihYpe75ggX5TVOWu1zNKumcNdzzxsWDU2veFLWVwTE4AafABZegCe5BC7QBBil4Bq/gzXqx3q0P63M+WrKKnSpYgPX9CzuXpSk=</latexit>

<latexit sha1_base64="wYN5vsEOBVMAFZaX0D1xZPRQY38="></latexit>
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<latexit sha1_base64="YqDmIrh17zipmn4o+cNC4nGGxlI="></latexit>
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Infinite volume analytic structure: W : 2 + J ! 2

<latexit sha1_base64="o66DVKlsov2yewEuWBWyAWk9eyE=">AAACMXicbVBNS8MwGE7n15xfVY9egmMgCKMdE8XT0It4muA+YC0jTbMtLG1Kkgql7Oqv8Sb6X3YTr/4DT6ZbBbf5QODJ834/XsSoVJY1NQpr6xubW8Xt0s7u3v6BeXjUljwWmLQwZ1x0PSQJoyFpKaoY6UaCoMBjpOONb7N454kISXn4qJKIuAEahnRAMVJa6pvQCZAaYcRgB17D2vnvN72fQEdxWOubZatqzQBXiZ2TMsjR7Jvfjs9xHJBQYYak7NlWpNwUCUUxI5OSE0sSITxGQ9LTNEQBkW46u2QCK1rx4YAL/UIFZ+rfihQFUiaBpzOzReVyLBP/i/ViNbhyUxpGsSIhng8axAzqEzNboE8FwYolmiAsqN4V4hESCCtt3sKUaJRIiqVukbNSxfE487OZ2ix72ZpV0q5V7Xr14qFebtzkthXBCTgFZ8AGl6AB7kATtAAGz+AFvIF349WYGh/G5zy1YOQ1x2ABxtcPQ+KpHg==</latexit>

<latexit sha1_base64="/RGyQ2KWOKixecJuLD2WAsbsDGE="></latexit>

Pf � k
<latexit sha1_base64="KTvZiyHmJczMvnBntmq5mfgAI7Q="></latexit>

Pi � k

<latexit sha1_base64="vkV3gz85YoR7qH/OCy2L+A/qhBc="></latexit>

Pf
<latexit sha1_base64="bffAHEmMBszl9jRKXbTexircTE4="></latexit>

Pi

f · G =
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<latexit sha1_base64="/RGyQ2KWOKixecJuLD2WAsbsDGE="></latexit>

Pf � k
<latexit sha1_base64="KTvZiyHmJczMvnBntmq5mfgAI7Q="></latexit>

Pi � k

<latexit sha1_base64="vkV3gz85YoR7qH/OCy2L+A/qhBc="></latexit>

Pf
<latexit sha1_base64="bffAHEmMBszl9jRKXbTexircTE4="></latexit>

Pi

f · G =

<latexit sha1_base64="lHncMAdsFHuBygxEt+0/SVlSZqQ=">AAACJHicbVDLSgMxFM3UV62v0S7dBEvBVZkRRTdC0YUuK9gHdErJZDJtaCYZkowwDP0Wd6L/4k5cuPFDXJlpZ2FbDwQO59ybezh+zKjSjvNlldbWNza3ytuVnd29/QP78KijRCIxaWPBhOz5SBFGOWlrqhnpxZKgyGek609uc7/7RKSigj/qNCaDCI04DSlG2khDuxp6OBDai5AeY8Syuym8Hto1p+HMAFeJW5AaKNAa2j9eIHASEa4xQ0r1XSfWgwxJTTEj04qXKBIjPEEj0jeUo4ioQTYLP4V1owQwFNI8ruFM/buRoUipNPLNZB5SLXu5+J/XT3R4NcgojxNNOJ4fChMGtYB5EzCgkmDNUkMQltRkhXiMJMLa9LVwJR6nimJlvihYpe75ggX5TVOWu1zNKumcNdzzxsWDU2veFLWVwTE4AafABZegCe5BC7QBBil4Bq/gzXqx3q0P63M+WrKKnSpYgPX9CzuXpSk=</latexit>
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<latexit sha1_base64="/RGyQ2KWOKixecJuLD2WAsbsDGE="></latexit>

Pf � k
<latexit sha1_base64="KTvZiyHmJczMvnBntmq5mfgAI7Q="></latexit>

Pi � k

<latexit sha1_base64="vkV3gz85YoR7qH/OCy2L+A/qhBc="></latexit>

Pf
<latexit sha1_base64="bffAHEmMBszl9jRKXbTexircTE4="></latexit>

Pi

f · G =
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<latexit sha1_base64="wYN5vsEOBVMAFZaX0D1xZPRQY38="></latexit>
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Pf � k
<latexit sha1_base64="KTvZiyHmJczMvnBntmq5mfgAI7Q="></latexit>

Pi � k

<latexit sha1_base64="vkV3gz85YoR7qH/OCy2L+A/qhBc="></latexit>

Pf
<latexit sha1_base64="bffAHEmMBszl9jRKXbTexircTE4="></latexit>
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f · G =
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Infinite volume analytic structure: W : 2 + J ! 2

<latexit sha1_base64="o66DVKlsov2yewEuWBWyAWk9eyE=">AAACMXicbVBNS8MwGE7n15xfVY9egmMgCKMdE8XT0It4muA+YC0jTbMtLG1Kkgql7Oqv8Sb6X3YTr/4DT6ZbBbf5QODJ834/XsSoVJY1NQpr6xubW8Xt0s7u3v6BeXjUljwWmLQwZ1x0PSQJoyFpKaoY6UaCoMBjpOONb7N454kISXn4qJKIuAEahnRAMVJa6pvQCZAaYcRgB17D2vnvN72fQEdxWOubZatqzQBXiZ2TMsjR7Jvfjs9xHJBQYYak7NlWpNwUCUUxI5OSE0sSITxGQ9LTNEQBkW46u2QCK1rx4YAL/UIFZ+rfihQFUiaBpzOzReVyLBP/i/ViNbhyUxpGsSIhng8axAzqEzNboE8FwYolmiAsqN4V4hESCCtt3sKUaJRIiqVukbNSxfE487OZ2ix72ZpV0q5V7Xr14qFebtzkthXBCTgFZ8AGl6AB7kATtAAGz+AFvIF349WYGh/G5zy1YOQ1x2ABxtcPQ+KpHg==</latexit>

TBD dynamic function

<latexit sha1_base64="ZBvoiIGZhyfMvSlaYU93ZPk+DY4="></latexit>

+
<latexit sha1_base64="ZBvoiIGZhyfMvSlaYU93ZPk+DY4="></latexit>

+
<latexit sha1_base64="ZBvoiIGZhyfMvSlaYU93ZPk+DY4="></latexit>

+=

Wdf = M(A22 + f · G)M

<latexit sha1_base64="7Sz4+0UJsqhMp9ejs4ItRTPtldM="></latexit>

+ Wdf

<latexit sha1_base64="YeRhlzQR6IoVGZe84JtLlv2tfWA=">AAACL3icbVDLSgMxFM3UV62vUZeCBEtBUMqMVHRZdOOygn1Ap5RMJtOGZh4kd8QydOfXuBP9F3Ejbv0FV2baWdjqCYHDOffm3hw3FlyBZb0bhaXlldW14nppY3Nre8fc3WupKJGUNWkkItlxiWKCh6wJHATrxJKRwBWs7Y6uM799z6TiUXgH45j1AjIIuc8pAS31zcMT7JxmBzsBgSElIm1P+g6wB0g9f9I3y1bVmgL/JXZOyihHo29+O15Ek4CFQAVRqmtbMfRSIoFTwSYlJ1EsJnREBqyraUgCpnrp9B8TXNGKh/1I6hsCnqq/O1ISKDUOXF2ZLasWvUz8z+sm4F/2Uh7GCbCQzgb5icAQ4SwU7HHJKIixJoRKrnfFdEgkoaCjm5sSD8eKU6WfyFmp4riR8LKZOix7MZq/pHVWtWvV89tauX6Vx1ZEB+gIHSMbXaA6ukEN1EQUPaIn9IJejWfjzfgwPmelBSPv2UdzML5+AAn7qSc=</latexit>
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Form factors of resonances

<latexit sha1_base64="ixfwHPCrQlx/SlINBJtaL43Yrko="></latexit>si, sf ! sR
<latexit sha1_base64="LNrU3IURJpAF2E5ic0c7WH3pZzk="></latexit>

ifR!R

<latexit sha1_base64="4XnOe04oGS/uAfD0I1XMPU64BrU="></latexit>s ! sR

<latexit sha1_base64="nf7RENnhvwABdHmJrNvz8+42t3c="></latexit>

ic

<latexit sha1_base64="lsGhrRAATpdga84hwT1GDpjLKiE="></latexit>

i

s� sR

Knowing the analytic structure of the 
amplitudes allows a rigorous extraction of 

the resonance properties
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Summary and overview

!15

 LQCD formalism to calculate two-body transitions. 

Consistency checks: NW-limit, bound states, and WT 
identities.  
[Phys. Rev. D 100, 114505 (2019), [Phys. Rev. D 101, 094508 (2020)] 

The isovector channel is the most amenable for a proof 
of principle calculation. 

Characterize scalar resonances by their response to 
external currents. 

How do we generalize for external spinors and vectors?

�

<latexit sha1_base64="CLEgEviSydrKag5WgAHbG9atZiA="></latexit>

⇢

<latexit sha1_base64="MaiPqcKmpF6/8TKWyUmj3GxV1Zs="></latexit>

d

<latexit sha1_base64="3GhapRIY7ii76H9Q6Ya1i5kZJW8=">AAACHHicdVDLSsNAFJ34rPVVdelmsBRchaSNbZdFNy4r2Ae0oUwmk3bo5OHMRAih3+FO9F/ciVvBX3HlJI1gRS8Mczj3cQ7HiRgV0jA+tLX1jc2t7dJOeXdv/+CwcnTcF2HMMenhkIV86CBBGA1IT1LJyDDiBPkOIwNnfpX1B/eECxoGtzKJiO2jaUA9ipFUlD12QuaKxFcfdCeVqqE3Glar0YaG3mrWm5aRAcusNwxo6kZeVVBUd1L5HLshjn0SSMyQECPTiKSdIi4pZmRRHseCRAjP0ZSMFAyQT4Sd5qYXsKYYF3ohVy+QMGd/bqTIF5kzNekjORO/exn5V28US69tpzSIYkkCvBTyYgZlCLMEoEs5wZIlCiDMqfIK8QxxhKXKaUUlmiWCYqFOFKhcywPLNFVY34nA/0G/rpuWfnFjVTuXRWwlcArOwDkwQQt0wDXogh7A4A48gCfwrD1qL9qr9rYcXdOKnROwUtr7F5Nqot8=</latexit>
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<latexit sha1_base64="NHWfOpeUe4+m5OPvuLS70NkRIE0="></latexit>

f · G =

<latexit sha1_base64="lHncMAdsFHuBygxEt+0/SVlSZqQ=">AAACJHicbVDLSgMxFM3UV62v0S7dBEvBVZkRRTdC0YUuK9gHdErJZDJtaCYZkowwDP0Wd6L/4k5cuPFDXJlpZ2FbDwQO59ybezh+zKjSjvNlldbWNza3ytuVnd29/QP78KijRCIxaWPBhOz5SBFGOWlrqhnpxZKgyGek609uc7/7RKSigj/qNCaDCI04DSlG2khDuxp6OBDai5AeY8Syuym8Hto1p+HMAFeJW5AaKNAa2j9eIHASEa4xQ0r1XSfWgwxJTTEj04qXKBIjPEEj0jeUo4ioQTYLP4V1owQwFNI8ruFM/buRoUipNPLNZB5SLXu5+J/XT3R4NcgojxNNOJ4fChMGtYB5EzCgkmDNUkMQltRkhXiMJMLa9LVwJR6nimJlvihYpe75ggX5TVOWu1zNKumcNdzzxsWDU2veFLWVwTE4AafABZegCe5BC7QBBil4Bq/gzXqx3q0P63M+WrKKnSpYgPX9CzuXpSk=</latexit>

analytic structure


