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•Nucleon FFs parametrize the transition matrix elements of local 
operators between nucleon states.
•Provide information about the nucleon internal structure.
•Can be related to the spatial distribution of the properties encoded 
in the operator (transverse densities)       Moment of the GPD.
•A deeper knowledge of the FFs is needed in order to understand 
the properties of the nucleon in terms of its QCD constituents.
•Scalar FF:

•Encodes the response of the nucleon under scalar probes.
•Essential input in EFT of DM detection. [Bishara, et al.,  JCAP 1702 (2017)]

•Electromagetic FF:
•Encodes the response of the nucleon under electromagnetic probes.
•Related to the “Proton Radius Puzzle”.
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more, the two-loop contributions, Eqs. !11" and !14". The
upper dotted line shows the empirical isoscalar scalar spec-
tral function m#

4 Im$N(t)/t2 of Ref. %23&. It has been deter-
mined on the basis of the ##→N̄N s-wave amplitude f!

0 (t)
%18& and ##-scattering data tied together with Roy equa-
tions, etc. %see Eq. !3" in Ref. %23&&. One observes a substan-

tial improvement when including the next-to-leading order
c1,2,3 term and the two-loop contributions. The major effect
comes evidently from the large isoscalar ##NN-contact
couplings, in particular from c3. The height of the peak at
t!5m#

2 is, however, still underestimated by about 20% in
the two-loop approximation. Higher order ##-rescattering
effects, etc., are necessary in order to close this remaining
gap. Given the pattern in Fig. 3, one can expect significant
effects !in the right direction" already from the two-loop dia-
grams with one vertex proportional to the !numerically large"
second-order low-energy constants c1,2,3,4 . Note that com-
plete calculations of elastic #N scattering to chiral order
four, which include the pertinent one-loop diagrams with one
c1,2,3,4 vertex, have recently been performed in Ref. %33& us-
ing the heavy baryon framework and in Ref. %34& employing
the so-called infrared regularization scheme of fully relativ-
istic baryon chiral perturbation theory. For comparison, simi-
lar deficiencies of the two-loop approximation of chiral per-
turbation theory have been observed in Ref. %35& for the
imaginary parts of the pion scalar and charge form factors.
Next, we show in Fig. 4 the spectral function ImGE

V(t) of
the isovector electric form factor of the nucleon weighted
with 1/t2. The dashed-dotted line gives the one-loop result,
Eq. !7". The dashed line includes in addition the c4 /M term
in Eq. !10" and the full line includes, furthermore, the two-
loop contributions, Eqs. !12" and !15". The upper dotted line
corresponds to the empirical isovector electric spectral func-
tion ImGE

V(t)/t2 of Ref. %18&. Modulo a kinematical factor
Q3/8M!t , it is determined by the product of the ##→N̄N
p-wave amplitude f!

1 (t) %18& and the !timelike" pion charge
form factor measured in the reaction e!e"→#!#" %see Eq.
!7" in Ref. %22&&. In the case of the isovector electric spectral
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FIG. 3. The spectral function Im $N(t) of the isoscalar scalar
form factor of the nucleon multiplied with m#

4 /t2. The dashed-
dotted line gives the one-loop result, Eq. !5". The dashed line in-
cludes in addition the c1,2,3 term in Eq. !9" and the full line includes,
furthermore, the two-loop contributions, Eqs. !11" and !14". The
upper dotted line shows the empirical spectral function m#

4

Im $N(t)/t2 of Ref. %23&.
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FIG. 4. The spectral function ImGE
V(t) of the isovector electric

form factor of the nucleon divided by t2. The dashed-dotted line
gives the one-loop result, Eq. !7". The dashed line includes in ad-
dition the c4 /M term in Eq. !10" and the full line includes, further-
more, the two-loop contributions, Eqs. !12" and !15". The upper
dotted line shows the empirical spectral function ImGE

V(t)/t2 of
Ref. %18&.
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FIG. 5. The spectral function ImGM
V (t) of the isovector mag-

netic form factor of the nucleon divided by t2. The dashed-dotted
line gives the one-loop result, Eq. !8". The dashed line includes in
addition the c4 term in Eq. !10" and the full line includes, further-
more, the two-loop contributions, Eqs. !13" and !16". The upper
dotted line shows the empirical spectral function ImGE

V(t)/t2 of
Ref. %18&.
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•Higher order calculations become necessary           Unpractical
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four, which include the pertinent one-loop diagrams with one
c1,2,3,4 vertex, have recently been performed in Ref. %33& us-
ing the heavy baryon framework and in Ref. %34& employing
the so-called infrared regularization scheme of fully relativ-
istic baryon chiral perturbation theory. For comparison, simi-
lar deficiencies of the two-loop approximation of chiral per-
turbation theory have been observed in Ref. %35& for the
imaginary parts of the pion scalar and charge form factors.
Next, we show in Fig. 4 the spectral function ImGE
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the isovector electric form factor of the nucleon weighted
with 1/t2. The dashed-dotted line gives the one-loop result,
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Q3/8M!t , it is determined by the product of the ##→N̄N
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4 /t2. The dashed-
dotted line gives the one-loop result, Eq. !5". The dashed line in-
cludes in addition the c1,2,3 term in Eq. !9" and the full line includes,
furthermore, the two-loop contributions, Eqs. !11" and !14". The
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netic form factor of the nucleon divided by t2. The dashed-dotted
line gives the one-loop result, Eq. !8". The dashed line includes in
addition the c4 term in Eq. !10" and the full line includes, further-
more, the two-loop contributions, Eqs. !13" and !16". The upper
dotted line shows the empirical spectral function ImGE

V(t)/t2 of
Ref. %18&.
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•For t < 1GeV2:      
•     is calculated in ChEFT and used to reconstruct             .
•Linear combinations of          and          provide         and        . 

J1
±

J. M. Alarcón (UAH)
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<latexit sha1_base64="A9WLegnCu9sTFHqF084QoYIpd/4=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KkkR9FgURG8V7Ae0MWy2m3bpZhN2J8US8k+8eFDEq//Em//GbZuDtj4YeLw3w8y8IBFcg+N8Wyura+sbm6Wt8vbO7t6+fXDY0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB2Mrqd+e8yU5rF8gEnCvIgMJA85JWAk37Z7wJ4gu4vyGz+r5Y8t3644VWcGvEzcglRQgYZvf/X6MU0jJoEKonXXdRLwMqKAU8Hyci/VLCF0RAasa6gkEdNeNrs8x6dG6eMwVqYk4Jn6eyIjkdaTKDCdEYGhXvSm4n9eN4Xw0su4TFJgks4XhanAEONpDLjPFaMgJoYQqri5FdMhUYSCCatsQnAXX14mrVrVdaru/XmlflXEUULH6ASdIRddoDq6RQ3URBSN0TN6RW9WZr1Y79bHvHXFKmaO0B9Ynz+YW5Od</latexit><latexit sha1_base64="A9WLegnCu9sTFHqF084QoYIpd/4=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KkkR9FgURG8V7Ae0MWy2m3bpZhN2J8US8k+8eFDEq//Em//GbZuDtj4YeLw3w8y8IBFcg+N8Wyura+sbm6Wt8vbO7t6+fXDY0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB2Mrqd+e8yU5rF8gEnCvIgMJA85JWAk37Z7wJ4gu4vyGz+r5Y8t3644VWcGvEzcglRQgYZvf/X6MU0jJoEKonXXdRLwMqKAU8Hyci/VLCF0RAasa6gkEdNeNrs8x6dG6eMwVqYk4Jn6eyIjkdaTKDCdEYGhXvSm4n9eN4Xw0su4TFJgks4XhanAEONpDLjPFaMgJoYQqri5FdMhUYSCCatsQnAXX14mrVrVdaru/XmlflXEUULH6ASdIRddoDq6RQ3URBSN0TN6RW9WZr1Y79bHvHXFKmaO0B9Ynz+YW5Od</latexit><latexit sha1_base64="A9WLegnCu9sTFHqF084QoYIpd/4=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KkkR9FgURG8V7Ae0MWy2m3bpZhN2J8US8k+8eFDEq//Em//GbZuDtj4YeLw3w8y8IBFcg+N8Wyura+sbm6Wt8vbO7t6+fXDY0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB2Mrqd+e8yU5rF8gEnCvIgMJA85JWAk37Z7wJ4gu4vyGz+r5Y8t3644VWcGvEzcglRQgYZvf/X6MU0jJoEKonXXdRLwMqKAU8Hyci/VLCF0RAasa6gkEdNeNrs8x6dG6eMwVqYk4Jn6eyIjkdaTKDCdEYGhXvSm4n9eN4Xw0su4TFJgks4XhanAEONpDLjPFaMgJoYQqri5FdMhUYSCCatsQnAXX14mrVrVdaru/XmlflXEUULH6ASdIRddoDq6RQ3URBSN0TN6RW9WZr1Y79bHvHXFKmaO0B9Ynz+YW5Od</latexit><latexit sha1_base64="A9WLegnCu9sTFHqF084QoYIpd/4=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KkkR9FgURG8V7Ae0MWy2m3bpZhN2J8US8k+8eFDEq//Em//GbZuDtj4YeLw3w8y8IBFcg+N8Wyura+sbm6Wt8vbO7t6+fXDY0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB2Mrqd+e8yU5rF8gEnCvIgMJA85JWAk37Z7wJ4gu4vyGz+r5Y8t3644VWcGvEzcglRQgYZvf/X6MU0jJoEKonXXdRLwMqKAU8Hyci/VLCF0RAasa6gkEdNeNrs8x6dG6eMwVqYk4Jn6eyIjkdaTKDCdEYGhXvSm4n9eN4Xw0su4TFJgks4XhanAEONpDLjPFaMgJoYQqri5FdMhUYSCCatsQnAXX14mrVrVdaru/XmlflXEUULH6ASdIRddoDq6RQ3URBSN0TN6RW9WZr1Y79bHvHXFKmaO0B9Ynz+YW5Od</latexit>

9/20EM Form Factors of the nucleon in DIχEFT



•For t < 1GeV2:      
•     is calculated in ChEFT and used to reconstruct             .
•Linear combinations of          and          provide         and        . 

•For t > 1GeV2: 
• We parametrize the contribution from this region with effective poles

J1
±

J. M. Alarcón (UAH)

DI  EFT�

ImGV
E,M

<latexit sha1_base64="lOsIbJ1gJu4ZCs+q9NefqGIL0aQ=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkoigi6LIupCqGAf0MYwmU7aoZMHMzfSEvIrblwo4tYfceffOG2z0NYDFw7n3Mu993ix4Aos69soLC2vrK4V10sbm1vbO+ZuuamiRFLWoJGIZNsjigkesgZwEKwdS0YCT7CWN7yc+K0nJhWPwgcYx8wJSD/kPqcEtOSa5S6wEaS3QXbtplfHd9lj0zUrVtWaAi8SOycVlKPuml/dXkSTgIVABVGqY1sxOCmRwKlgWambKBYTOiR91tE0JAFTTjq9PcOHWulhP5K6QsBT9fdESgKlxoGnOwMCAzXvTcT/vE4C/rmT8jBOgIV0tshPBIYIT4LAPS4ZBTHWhFDJ9a2YDogkFHRcJR2CPf/yImmeVG2rat+fVmoXeRxFtI8O0BGy0RmqoRtURw1E0Qg9o1f0ZmTGi/FufMxaC0Y+s4f+wPj8AcSilD4=</latexit><latexit sha1_base64="lOsIbJ1gJu4ZCs+q9NefqGIL0aQ=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkoigi6LIupCqGAf0MYwmU7aoZMHMzfSEvIrblwo4tYfceffOG2z0NYDFw7n3Mu993ix4Aos69soLC2vrK4V10sbm1vbO+ZuuamiRFLWoJGIZNsjigkesgZwEKwdS0YCT7CWN7yc+K0nJhWPwgcYx8wJSD/kPqcEtOSa5S6wEaS3QXbtplfHd9lj0zUrVtWaAi8SOycVlKPuml/dXkSTgIVABVGqY1sxOCmRwKlgWambKBYTOiR91tE0JAFTTjq9PcOHWulhP5K6QsBT9fdESgKlxoGnOwMCAzXvTcT/vE4C/rmT8jBOgIV0tshPBIYIT4LAPS4ZBTHWhFDJ9a2YDogkFHRcJR2CPf/yImmeVG2rat+fVmoXeRxFtI8O0BGy0RmqoRtURw1E0Qg9o1f0ZmTGi/FufMxaC0Y+s4f+wPj8AcSilD4=</latexit><latexit sha1_base64="lOsIbJ1gJu4ZCs+q9NefqGIL0aQ=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkoigi6LIupCqGAf0MYwmU7aoZMHMzfSEvIrblwo4tYfceffOG2z0NYDFw7n3Mu993ix4Aos69soLC2vrK4V10sbm1vbO+ZuuamiRFLWoJGIZNsjigkesgZwEKwdS0YCT7CWN7yc+K0nJhWPwgcYx8wJSD/kPqcEtOSa5S6wEaS3QXbtplfHd9lj0zUrVtWaAi8SOycVlKPuml/dXkSTgIVABVGqY1sxOCmRwKlgWambKBYTOiR91tE0JAFTTjq9PcOHWulhP5K6QsBT9fdESgKlxoGnOwMCAzXvTcT/vE4C/rmT8jBOgIV0tshPBIYIT4LAPS4ZBTHWhFDJ9a2YDogkFHRcJR2CPf/yImmeVG2rat+fVmoXeRxFtI8O0BGy0RmqoRtURw1E0Qg9o1f0ZmTGi/FufMxaC0Y+s4f+wPj8AcSilD4=</latexit><latexit sha1_base64="lOsIbJ1gJu4ZCs+q9NefqGIL0aQ=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkoigi6LIupCqGAf0MYwmU7aoZMHMzfSEvIrblwo4tYfceffOG2z0NYDFw7n3Mu993ix4Aos69soLC2vrK4V10sbm1vbO+ZuuamiRFLWoJGIZNsjigkesgZwEKwdS0YCT7CWN7yc+K0nJhWPwgcYx8wJSD/kPqcEtOSa5S6wEaS3QXbtplfHd9lj0zUrVtWaAi8SOycVlKPuml/dXkSTgIVABVGqY1sxOCmRwKlgWambKBYTOiR91tE0JAFTTjq9PcOHWulhP5K6QsBT9fdESgKlxoGnOwMCAzXvTcT/vE4C/rmT8jBOgIV0tshPBIYIT4LAPS4ZBTHWhFDJ9a2YDogkFHRcJR2CPf/yImmeVG2rat+fVmoXeRxFtI8O0BGy0RmqoRtURw1E0Qg9o1f0ZmTGi/FufMxaC0Y+s4f+wPj8AcSilD4=</latexit>

ImGV
E

<latexit sha1_base64="IrU9ZmgOlI95Saz/fwYLbvLBQAY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GNRRL1VsB/QxrDZbtqlm03YnRRLyD/x4kERr/4Tb/4bt20OWn0w8Hhvhpl5QSK4Bsf5skpLyyura+X1ysbm1vaOvbvX0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB2MLqd+e8yU5rG8h0nCvIgMJA85JWAk37Z7wB4hu43yaz+7yh9avl11as4M+C9xC1JFBRq+/dnrxzSNmAQqiNZd10nAy4gCTgXLK71Us4TQERmwrqGSREx72ezyHB8ZpY/DWJmSgGfqz4mMRFpPosB0RgSGetGbiv953RTCcy/jMkmBSTpfFKYCQ4ynMeA+V4yCmBhCqOLmVkyHRBEKJqyKCcFdfPkvaZ3UXKfm3p1W6xdFHGV0gA7RMXLRGaqjG9RATUTRGD2hF/RqZdaz9Wa9z1tLVjGzj37B+vgGtuqTsQ==</latexit><latexit sha1_base64="IrU9ZmgOlI95Saz/fwYLbvLBQAY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GNRRL1VsB/QxrDZbtqlm03YnRRLyD/x4kERr/4Tb/4bt20OWn0w8Hhvhpl5QSK4Bsf5skpLyyura+X1ysbm1vaOvbvX0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB2MLqd+e8yU5rG8h0nCvIgMJA85JWAk37Z7wB4hu43yaz+7yh9avl11as4M+C9xC1JFBRq+/dnrxzSNmAQqiNZd10nAy4gCTgXLK71Us4TQERmwrqGSREx72ezyHB8ZpY/DWJmSgGfqz4mMRFpPosB0RgSGetGbiv953RTCcy/jMkmBSTpfFKYCQ4ynMeA+V4yCmBhCqOLmVkyHRBEKJqyKCcFdfPkvaZ3UXKfm3p1W6xdFHGV0gA7RMXLRGaqjG9RATUTRGD2hF/RqZdaz9Wa9z1tLVjGzj37B+vgGtuqTsQ==</latexit><latexit sha1_base64="IrU9ZmgOlI95Saz/fwYLbvLBQAY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GNRRL1VsB/QxrDZbtqlm03YnRRLyD/x4kERr/4Tb/4bt20OWn0w8Hhvhpl5QSK4Bsf5skpLyyura+X1ysbm1vaOvbvX0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB2MLqd+e8yU5rG8h0nCvIgMJA85JWAk37Z7wB4hu43yaz+7yh9avl11as4M+C9xC1JFBRq+/dnrxzSNmAQqiNZd10nAy4gCTgXLK71Us4TQERmwrqGSREx72ezyHB8ZpY/DWJmSgGfqz4mMRFpPosB0RgSGetGbiv953RTCcy/jMkmBSTpfFKYCQ4ynMeA+V4yCmBhCqOLmVkyHRBEKJqyKCcFdfPkvaZ3UXKfm3p1W6xdFHGV0gA7RMXLRGaqjG9RATUTRGD2hF/RqZdaz9Wa9z1tLVjGzj37B+vgGtuqTsQ==</latexit><latexit sha1_base64="IrU9ZmgOlI95Saz/fwYLbvLBQAY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GNRRL1VsB/QxrDZbtqlm03YnRRLyD/x4kERr/4Tb/4bt20OWn0w8Hhvhpl5QSK4Bsf5skpLyyura+X1ysbm1vaOvbvX0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB2MLqd+e8yU5rG8h0nCvIgMJA85JWAk37Z7wB4hu43yaz+7yh9avl11as4M+C9xC1JFBRq+/dnrxzSNmAQqiNZd10nAy4gCTgXLK71Us4TQERmwrqGSREx72ezyHB8ZpY/DWJmSgGfqz4mMRFpPosB0RgSGetGbiv953RTCcy/jMkmBSTpfFKYCQ4ynMeA+V4yCmBhCqOLmVkyHRBEKJqyKCcFdfPkvaZ3UXKfm3p1W6xdFHGV0gA7RMXLRGaqjG9RATUTRGD2hF/RqZdaz9Wa9z1tLVjGzj37B+vgGtuqTsQ==</latexit>

ImGV
M

<latexit sha1_base64="iZG40vka423fQpeQ6VlgNAbzebg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GPRg3oQKtgPaGPYbDft0s0m7E6KJeSfePGgiFf/iTf/jds2B60+GHi8N8PMvCARXIPjfFmlpeWV1bXyemVjc2t7x97da+k4VZQ1aSxi1QmIZoJL1gQOgnUSxUgUCNYORpdTvz1mSvNY3sMkYV5EBpKHnBIwkm/bPWCPkN1E+ZWf3eYPLd+uOjVnBvyXuAWpogIN3/7s9WOaRkwCFUTrrusk4GVEAaeC5ZVeqllC6IgMWNdQSSKmvWx2eY6PjNLHYaxMScAz9edERiKtJ1FgOiMCQ73oTcX/vG4K4bmXcZmkwCSdLwpTgSHG0xhwnytGQUwMIVRxcyumQ6IIBRNWxYTgLr78l7ROaq5Tc+9Oq/WLIo4yOkCH6Bi56AzV0TVqoCaiaIye0At6tTLr2Xqz3uetJauY2Ue/YH18A8Mik7k=</latexit><latexit sha1_base64="iZG40vka423fQpeQ6VlgNAbzebg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GPRg3oQKtgPaGPYbDft0s0m7E6KJeSfePGgiFf/iTf/jds2B60+GHi8N8PMvCARXIPjfFmlpeWV1bXyemVjc2t7x97da+k4VZQ1aSxi1QmIZoJL1gQOgnUSxUgUCNYORpdTvz1mSvNY3sMkYV5EBpKHnBIwkm/bPWCPkN1E+ZWf3eYPLd+uOjVnBvyXuAWpogIN3/7s9WOaRkwCFUTrrusk4GVEAaeC5ZVeqllC6IgMWNdQSSKmvWx2eY6PjNLHYaxMScAz9edERiKtJ1FgOiMCQ73oTcX/vG4K4bmXcZmkwCSdLwpTgSHG0xhwnytGQUwMIVRxcyumQ6IIBRNWxYTgLr78l7ROaq5Tc+9Oq/WLIo4yOkCH6Bi56AzV0TVqoCaiaIye0At6tTLr2Xqz3uetJauY2Ue/YH18A8Mik7k=</latexit><latexit sha1_base64="iZG40vka423fQpeQ6VlgNAbzebg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GPRg3oQKtgPaGPYbDft0s0m7E6KJeSfePGgiFf/iTf/jds2B60+GHi8N8PMvCARXIPjfFmlpeWV1bXyemVjc2t7x97da+k4VZQ1aSxi1QmIZoJL1gQOgnUSxUgUCNYORpdTvz1mSvNY3sMkYV5EBpKHnBIwkm/bPWCPkN1E+ZWf3eYPLd+uOjVnBvyXuAWpogIN3/7s9WOaRkwCFUTrrusk4GVEAaeC5ZVeqllC6IgMWNdQSSKmvWx2eY6PjNLHYaxMScAz9edERiKtJ1FgOiMCQ73oTcX/vG4K4bmXcZmkwCSdLwpTgSHG0xhwnytGQUwMIVRxcyumQ6IIBRNWxYTgLr78l7ROaq5Tc+9Oq/WLIo4yOkCH6Bi56AzV0TVqoCaiaIye0At6tTLr2Xqz3uetJauY2Ue/YH18A8Mik7k=</latexit><latexit sha1_base64="iZG40vka423fQpeQ6VlgNAbzebg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GPRg3oQKtgPaGPYbDft0s0m7E6KJeSfePGgiFf/iTf/jds2B60+GHi8N8PMvCARXIPjfFmlpeWV1bXyemVjc2t7x97da+k4VZQ1aSxi1QmIZoJL1gQOgnUSxUgUCNYORpdTvz1mSvNY3sMkYV5EBpKHnBIwkm/bPWCPkN1E+ZWf3eYPLd+uOjVnBvyXuAWpogIN3/7s9WOaRkwCFUTrrusk4GVEAaeC5ZVeqllC6IgMWNdQSSKmvWx2eY6PjNLHYaxMScAz9edERiKtJ1FgOiMCQ73oTcX/vG4K4bmXcZmkwCSdLwpTgSHG0xhwnytGQUwMIVRxcyumQ6IIBRNWxYTgLr78l7ROaq5Tc+9Oq/WLIo4yOkCH6Bi56AzV0TVqoCaiaIye0At6tTLr2Xqz3uetJauY2Ue/YH18A8Mik7k=</latexit>

ImFV
1

<latexit sha1_base64="v+40ZMT//FNO2Oa4X+8SAgAVBao=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgqSQi6LEoiN4q2A9oY9hsN+3S3U3YnRRLyD/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwoQzDa77bZVWVtfWN8qbla3tnd09e/+gpeNUEdokMY9VJ8SaciZpExhw2kkUxSLktB2Orqd+e0yVZrF8gElCfYEHkkWMYDBSYNs9oE+Q3Yn8Jsi8/LEV2FW35s7gLBOvIFVUoBHYX71+TFJBJRCOte56bgJ+hhUwwmle6aWaJpiM8IB2DZVYUO1ns8tz58QofSeKlSkJzkz9PZFhofVEhKZTYBjqRW8q/ud1U4gu/YzJJAUqyXxRlHIHYmcag9NnihLgE0MwUczc6pAhVpiACatiQvAWX14mrbOa59a8+/Nq/aqIo4yO0DE6RR66QHV0ixqoiQgao2f0it6szHqx3q2PeWvJKmYO0R9Ynz+W1JOc</latexit><latexit sha1_base64="v+40ZMT//FNO2Oa4X+8SAgAVBao=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgqSQi6LEoiN4q2A9oY9hsN+3S3U3YnRRLyD/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwoQzDa77bZVWVtfWN8qbla3tnd09e/+gpeNUEdokMY9VJ8SaciZpExhw2kkUxSLktB2Orqd+e0yVZrF8gElCfYEHkkWMYDBSYNs9oE+Q3Yn8Jsi8/LEV2FW35s7gLBOvIFVUoBHYX71+TFJBJRCOte56bgJ+hhUwwmle6aWaJpiM8IB2DZVYUO1ns8tz58QofSeKlSkJzkz9PZFhofVEhKZTYBjqRW8q/ud1U4gu/YzJJAUqyXxRlHIHYmcag9NnihLgE0MwUczc6pAhVpiACatiQvAWX14mrbOa59a8+/Nq/aqIo4yO0DE6RR66QHV0ixqoiQgao2f0it6szHqx3q2PeWvJKmYO0R9Ynz+W1JOc</latexit><latexit sha1_base64="v+40ZMT//FNO2Oa4X+8SAgAVBao=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgqSQi6LEoiN4q2A9oY9hsN+3S3U3YnRRLyD/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwoQzDa77bZVWVtfWN8qbla3tnd09e/+gpeNUEdokMY9VJ8SaciZpExhw2kkUxSLktB2Orqd+e0yVZrF8gElCfYEHkkWMYDBSYNs9oE+Q3Yn8Jsi8/LEV2FW35s7gLBOvIFVUoBHYX71+TFJBJRCOte56bgJ+hhUwwmle6aWaJpiM8IB2DZVYUO1ns8tz58QofSeKlSkJzkz9PZFhofVEhKZTYBjqRW8q/ud1U4gu/YzJJAUqyXxRlHIHYmcag9NnihLgE0MwUczc6pAhVpiACatiQvAWX14mrbOa59a8+/Nq/aqIo4yO0DE6RR66QHV0ixqoiQgao2f0it6szHqx3q2PeWvJKmYO0R9Ynz+W1JOc</latexit><latexit sha1_base64="v+40ZMT//FNO2Oa4X+8SAgAVBao=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgqSQi6LEoiN4q2A9oY9hsN+3S3U3YnRRLyD/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwoQzDa77bZVWVtfWN8qbla3tnd09e/+gpeNUEdokMY9VJ8SaciZpExhw2kkUxSLktB2Orqd+e0yVZrF8gElCfYEHkkWMYDBSYNs9oE+Q3Yn8Jsi8/LEV2FW35s7gLBOvIFVUoBHYX71+TFJBJRCOte56bgJ+hhUwwmle6aWaJpiM8IB2DZVYUO1ns8tz58QofSeKlSkJzkz9PZFhofVEhKZTYBjqRW8q/ud1U4gu/YzJJAUqyXxRlHIHYmcag9NnihLgE0MwUczc6pAhVpiACatiQvAWX14mrbOa59a8+/Nq/aqIo4yO0DE6RR66QHV0ixqoiQgao2f0it6szHqx3q2PeWvJKmYO0R9Ynz+W1JOc</latexit>

ImFV
2

<latexit sha1_base64="A9WLegnCu9sTFHqF084QoYIpd/4=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KkkR9FgURG8V7Ae0MWy2m3bpZhN2J8US8k+8eFDEq//Em//GbZuDtj4YeLw3w8y8IBFcg+N8Wyura+sbm6Wt8vbO7t6+fXDY0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB2Mrqd+e8yU5rF8gEnCvIgMJA85JWAk37Z7wJ4gu4vyGz+r5Y8t3644VWcGvEzcglRQgYZvf/X6MU0jJoEKonXXdRLwMqKAU8Hyci/VLCF0RAasa6gkEdNeNrs8x6dG6eMwVqYk4Jn6eyIjkdaTKDCdEYGhXvSm4n9eN4Xw0su4TFJgks4XhanAEONpDLjPFaMgJoYQqri5FdMhUYSCCatsQnAXX14mrVrVdaru/XmlflXEUULH6ASdIRddoDq6RQ3URBSN0TN6RW9WZr1Y79bHvHXFKmaO0B9Ynz+YW5Od</latexit><latexit sha1_base64="A9WLegnCu9sTFHqF084QoYIpd/4=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KkkR9FgURG8V7Ae0MWy2m3bpZhN2J8US8k+8eFDEq//Em//GbZuDtj4YeLw3w8y8IBFcg+N8Wyura+sbm6Wt8vbO7t6+fXDY0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB2Mrqd+e8yU5rF8gEnCvIgMJA85JWAk37Z7wJ4gu4vyGz+r5Y8t3644VWcGvEzcglRQgYZvf/X6MU0jJoEKonXXdRLwMqKAU8Hyci/VLCF0RAasa6gkEdNeNrs8x6dG6eMwVqYk4Jn6eyIjkdaTKDCdEYGhXvSm4n9eN4Xw0su4TFJgks4XhanAEONpDLjPFaMgJoYQqri5FdMhUYSCCatsQnAXX14mrVrVdaru/XmlflXEUULH6ASdIRddoDq6RQ3URBSN0TN6RW9WZr1Y79bHvHXFKmaO0B9Ynz+YW5Od</latexit><latexit sha1_base64="A9WLegnCu9sTFHqF084QoYIpd/4=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KkkR9FgURG8V7Ae0MWy2m3bpZhN2J8US8k+8eFDEq//Em//GbZuDtj4YeLw3w8y8IBFcg+N8Wyura+sbm6Wt8vbO7t6+fXDY0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB2Mrqd+e8yU5rF8gEnCvIgMJA85JWAk37Z7wJ4gu4vyGz+r5Y8t3644VWcGvEzcglRQgYZvf/X6MU0jJoEKonXXdRLwMqKAU8Hyci/VLCF0RAasa6gkEdNeNrs8x6dG6eMwVqYk4Jn6eyIjkdaTKDCdEYGhXvSm4n9eN4Xw0su4TFJgks4XhanAEONpDLjPFaMgJoYQqri5FdMhUYSCCatsQnAXX14mrVrVdaru/XmlflXEUULH6ASdIRddoDq6RQ3URBSN0TN6RW9WZr1Y79bHvHXFKmaO0B9Ynz+YW5Od</latexit><latexit sha1_base64="A9WLegnCu9sTFHqF084QoYIpd/4=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KkkR9FgURG8V7Ae0MWy2m3bpZhN2J8US8k+8eFDEq//Em//GbZuDtj4YeLw3w8y8IBFcg+N8Wyura+sbm6Wt8vbO7t6+fXDY0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB2Mrqd+e8yU5rF8gEnCvIgMJA85JWAk37Z7wJ4gu4vyGz+r5Y8t3644VWcGvEzcglRQgYZvf/X6MU0jJoEKonXXdRLwMqKAU8Hyci/VLCF0RAasa6gkEdNeNrs8x6dG6eMwVqYk4Jn6eyIjkdaTKDCdEYGhXvSm4n9eN4Xw0su4TFJgks4XhanAEONpDLjPFaMgJoYQqri5FdMhUYSCCatsQnAXX14mrVrVdaru/XmlflXEUULH6ASdIRddoDq6RQ3URBSN0TN6RW9WZr1Y79bHvHXFKmaO0B9Ynz+YW5Od</latexit>

ImFV
1 = ⇡a(V,0)1 �(t� t(V,0)1 ) + ⇡a(V,1)1 �0(t� t(V,1)1 )

<latexit sha1_base64="nwAOZ81Gi6RXbQFola3lyVGURa4="></latexit><latexit sha1_base64="nwAOZ81Gi6RXbQFola3lyVGURa4="></latexit><latexit sha1_base64="nwAOZ81Gi6RXbQFola3lyVGURa4="></latexit><latexit sha1_base64="nwAOZ81Gi6RXbQFola3lyVGURa4="></latexit>

ImFV
2 = ⇡a(V,0)2 �(t� t(V,0)2 ) + ⇡a(V,1)2 �0(t� t(V,1)2 ) + ⇡a(V,2)2 �00(t� t(V,2)2 )

<latexit sha1_base64="O8RBzqVQXZPUWCH1PiYfzQeWmDE="></latexit><latexit sha1_base64="O8RBzqVQXZPUWCH1PiYfzQeWmDE="></latexit><latexit sha1_base64="O8RBzqVQXZPUWCH1PiYfzQeWmDE="></latexit><latexit sha1_base64="O8RBzqVQXZPUWCH1PiYfzQeWmDE="></latexit>

t(V,0)2 = t(V,1)2 = t(V,2)2 = 3M2
⇢ = 1.8 GeV2

<latexit sha1_base64="H9oGDx/UH+htEMjXHqaYY3Kw/PI="></latexit><latexit sha1_base64="H9oGDx/UH+htEMjXHqaYY3Kw/PI="></latexit><latexit sha1_base64="H9oGDx/UH+htEMjXHqaYY3Kw/PI="></latexit><latexit sha1_base64="H9oGDx/UH+htEMjXHqaYY3Kw/PI="></latexit>

t(V,0)1 = t(V,1)1 = 3M2
⇢ = 1.8 GeV2

<latexit sha1_base64="qyzd/P5QApXU+/4w/nyE2P4bzVE="></latexit><latexit sha1_base64="qyzd/P5QApXU+/4w/nyE2P4bzVE="></latexit><latexit sha1_base64="qyzd/P5QApXU+/4w/nyE2P4bzVE="></latexit><latexit sha1_base64="qyzd/P5QApXU+/4w/nyE2P4bzVE="></latexit>

With nominal values: based on                        and
dual resonance model

e+e� ! hadrons

M2
n = (2n+ 1)M2

⇢
}

9/20EM Form Factors of the nucleon in DIχEFT



•For t < 1GeV2:      
•     is calculated in ChEFT and used to reconstruct             .
•Linear combinations of          and          provide         and        . 

•For t > 1GeV2: 
• We parametrize the contribution from this region with effective poles

•We fix the strength of the deltas (       ) by imposing:

J1
±

J. M. Alarcón (UAH)

DI  EFT�

ImGV
E,M

<latexit sha1_base64="lOsIbJ1gJu4ZCs+q9NefqGIL0aQ=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkoigi6LIupCqGAf0MYwmU7aoZMHMzfSEvIrblwo4tYfceffOG2z0NYDFw7n3Mu993ix4Aos69soLC2vrK4V10sbm1vbO+ZuuamiRFLWoJGIZNsjigkesgZwEKwdS0YCT7CWN7yc+K0nJhWPwgcYx8wJSD/kPqcEtOSa5S6wEaS3QXbtplfHd9lj0zUrVtWaAi8SOycVlKPuml/dXkSTgIVABVGqY1sxOCmRwKlgWambKBYTOiR91tE0JAFTTjq9PcOHWulhP5K6QsBT9fdESgKlxoGnOwMCAzXvTcT/vE4C/rmT8jBOgIV0tshPBIYIT4LAPS4ZBTHWhFDJ9a2YDogkFHRcJR2CPf/yImmeVG2rat+fVmoXeRxFtI8O0BGy0RmqoRtURw1E0Qg9o1f0ZmTGi/FufMxaC0Y+s4f+wPj8AcSilD4=</latexit><latexit sha1_base64="lOsIbJ1gJu4ZCs+q9NefqGIL0aQ=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkoigi6LIupCqGAf0MYwmU7aoZMHMzfSEvIrblwo4tYfceffOG2z0NYDFw7n3Mu993ix4Aos69soLC2vrK4V10sbm1vbO+ZuuamiRFLWoJGIZNsjigkesgZwEKwdS0YCT7CWN7yc+K0nJhWPwgcYx8wJSD/kPqcEtOSa5S6wEaS3QXbtplfHd9lj0zUrVtWaAi8SOycVlKPuml/dXkSTgIVABVGqY1sxOCmRwKlgWambKBYTOiR91tE0JAFTTjq9PcOHWulhP5K6QsBT9fdESgKlxoGnOwMCAzXvTcT/vE4C/rmT8jBOgIV0tshPBIYIT4LAPS4ZBTHWhFDJ9a2YDogkFHRcJR2CPf/yImmeVG2rat+fVmoXeRxFtI8O0BGy0RmqoRtURw1E0Qg9o1f0ZmTGi/FufMxaC0Y+s4f+wPj8AcSilD4=</latexit><latexit sha1_base64="lOsIbJ1gJu4ZCs+q9NefqGIL0aQ=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkoigi6LIupCqGAf0MYwmU7aoZMHMzfSEvIrblwo4tYfceffOG2z0NYDFw7n3Mu993ix4Aos69soLC2vrK4V10sbm1vbO+ZuuamiRFLWoJGIZNsjigkesgZwEKwdS0YCT7CWN7yc+K0nJhWPwgcYx8wJSD/kPqcEtOSa5S6wEaS3QXbtplfHd9lj0zUrVtWaAi8SOycVlKPuml/dXkSTgIVABVGqY1sxOCmRwKlgWambKBYTOiR91tE0JAFTTjq9PcOHWulhP5K6QsBT9fdESgKlxoGnOwMCAzXvTcT/vE4C/rmT8jBOgIV0tshPBIYIT4LAPS4ZBTHWhFDJ9a2YDogkFHRcJR2CPf/yImmeVG2rat+fVmoXeRxFtI8O0BGy0RmqoRtURw1E0Qg9o1f0ZmTGi/FufMxaC0Y+s4f+wPj8AcSilD4=</latexit><latexit sha1_base64="lOsIbJ1gJu4ZCs+q9NefqGIL0aQ=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkoigi6LIupCqGAf0MYwmU7aoZMHMzfSEvIrblwo4tYfceffOG2z0NYDFw7n3Mu993ix4Aos69soLC2vrK4V10sbm1vbO+ZuuamiRFLWoJGIZNsjigkesgZwEKwdS0YCT7CWN7yc+K0nJhWPwgcYx8wJSD/kPqcEtOSa5S6wEaS3QXbtplfHd9lj0zUrVtWaAi8SOycVlKPuml/dXkSTgIVABVGqY1sxOCmRwKlgWambKBYTOiR91tE0JAFTTjq9PcOHWulhP5K6QsBT9fdESgKlxoGnOwMCAzXvTcT/vE4C/rmT8jBOgIV0tshPBIYIT4LAPS4ZBTHWhFDJ9a2YDogkFHRcJR2CPf/yImmeVG2rat+fVmoXeRxFtI8O0BGy0RmqoRtURw1E0Qg9o1f0ZmTGi/FufMxaC0Y+s4f+wPj8AcSilD4=</latexit>

ImGV
E

<latexit sha1_base64="IrU9ZmgOlI95Saz/fwYLbvLBQAY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GNRRL1VsB/QxrDZbtqlm03YnRRLyD/x4kERr/4Tb/4bt20OWn0w8Hhvhpl5QSK4Bsf5skpLyyura+X1ysbm1vaOvbvX0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB2MLqd+e8yU5rG8h0nCvIgMJA85JWAk37Z7wB4hu43yaz+7yh9avl11as4M+C9xC1JFBRq+/dnrxzSNmAQqiNZd10nAy4gCTgXLK71Us4TQERmwrqGSREx72ezyHB8ZpY/DWJmSgGfqz4mMRFpPosB0RgSGetGbiv953RTCcy/jMkmBSTpfFKYCQ4ynMeA+V4yCmBhCqOLmVkyHRBEKJqyKCcFdfPkvaZ3UXKfm3p1W6xdFHGV0gA7RMXLRGaqjG9RATUTRGD2hF/RqZdaz9Wa9z1tLVjGzj37B+vgGtuqTsQ==</latexit><latexit sha1_base64="IrU9ZmgOlI95Saz/fwYLbvLBQAY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GNRRL1VsB/QxrDZbtqlm03YnRRLyD/x4kERr/4Tb/4bt20OWn0w8Hhvhpl5QSK4Bsf5skpLyyura+X1ysbm1vaOvbvX0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB2MLqd+e8yU5rG8h0nCvIgMJA85JWAk37Z7wB4hu43yaz+7yh9avl11as4M+C9xC1JFBRq+/dnrxzSNmAQqiNZd10nAy4gCTgXLK71Us4TQERmwrqGSREx72ezyHB8ZpY/DWJmSgGfqz4mMRFpPosB0RgSGetGbiv953RTCcy/jMkmBSTpfFKYCQ4ynMeA+V4yCmBhCqOLmVkyHRBEKJqyKCcFdfPkvaZ3UXKfm3p1W6xdFHGV0gA7RMXLRGaqjG9RATUTRGD2hF/RqZdaz9Wa9z1tLVjGzj37B+vgGtuqTsQ==</latexit><latexit sha1_base64="IrU9ZmgOlI95Saz/fwYLbvLBQAY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GNRRL1VsB/QxrDZbtqlm03YnRRLyD/x4kERr/4Tb/4bt20OWn0w8Hhvhpl5QSK4Bsf5skpLyyura+X1ysbm1vaOvbvX0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB2MLqd+e8yU5rG8h0nCvIgMJA85JWAk37Z7wB4hu43yaz+7yh9avl11as4M+C9xC1JFBRq+/dnrxzSNmAQqiNZd10nAy4gCTgXLK71Us4TQERmwrqGSREx72ezyHB8ZpY/DWJmSgGfqz4mMRFpPosB0RgSGetGbiv953RTCcy/jMkmBSTpfFKYCQ4ynMeA+V4yCmBhCqOLmVkyHRBEKJqyKCcFdfPkvaZ3UXKfm3p1W6xdFHGV0gA7RMXLRGaqjG9RATUTRGD2hF/RqZdaz9Wa9z1tLVjGzj37B+vgGtuqTsQ==</latexit><latexit sha1_base64="IrU9ZmgOlI95Saz/fwYLbvLBQAY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GNRRL1VsB/QxrDZbtqlm03YnRRLyD/x4kERr/4Tb/4bt20OWn0w8Hhvhpl5QSK4Bsf5skpLyyura+X1ysbm1vaOvbvX0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB2MLqd+e8yU5rG8h0nCvIgMJA85JWAk37Z7wB4hu43yaz+7yh9avl11as4M+C9xC1JFBRq+/dnrxzSNmAQqiNZd10nAy4gCTgXLK71Us4TQERmwrqGSREx72ezyHB8ZpY/DWJmSgGfqz4mMRFpPosB0RgSGetGbiv953RTCcy/jMkmBSTpfFKYCQ4ynMeA+V4yCmBhCqOLmVkyHRBEKJqyKCcFdfPkvaZ3UXKfm3p1W6xdFHGV0gA7RMXLRGaqjG9RATUTRGD2hF/RqZdaz9Wa9z1tLVjGzj37B+vgGtuqTsQ==</latexit>

ImGV
M

<latexit sha1_base64="iZG40vka423fQpeQ6VlgNAbzebg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GPRg3oQKtgPaGPYbDft0s0m7E6KJeSfePGgiFf/iTf/jds2B60+GHi8N8PMvCARXIPjfFmlpeWV1bXyemVjc2t7x97da+k4VZQ1aSxi1QmIZoJL1gQOgnUSxUgUCNYORpdTvz1mSvNY3sMkYV5EBpKHnBIwkm/bPWCPkN1E+ZWf3eYPLd+uOjVnBvyXuAWpogIN3/7s9WOaRkwCFUTrrusk4GVEAaeC5ZVeqllC6IgMWNdQSSKmvWx2eY6PjNLHYaxMScAz9edERiKtJ1FgOiMCQ73oTcX/vG4K4bmXcZmkwCSdLwpTgSHG0xhwnytGQUwMIVRxcyumQ6IIBRNWxYTgLr78l7ROaq5Tc+9Oq/WLIo4yOkCH6Bi56AzV0TVqoCaiaIye0At6tTLr2Xqz3uetJauY2Ue/YH18A8Mik7k=</latexit><latexit sha1_base64="iZG40vka423fQpeQ6VlgNAbzebg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GPRg3oQKtgPaGPYbDft0s0m7E6KJeSfePGgiFf/iTf/jds2B60+GHi8N8PMvCARXIPjfFmlpeWV1bXyemVjc2t7x97da+k4VZQ1aSxi1QmIZoJL1gQOgnUSxUgUCNYORpdTvz1mSvNY3sMkYV5EBpKHnBIwkm/bPWCPkN1E+ZWf3eYPLd+uOjVnBvyXuAWpogIN3/7s9WOaRkwCFUTrrusk4GVEAaeC5ZVeqllC6IgMWNdQSSKmvWx2eY6PjNLHYaxMScAz9edERiKtJ1FgOiMCQ73oTcX/vG4K4bmXcZmkwCSdLwpTgSHG0xhwnytGQUwMIVRxcyumQ6IIBRNWxYTgLr78l7ROaq5Tc+9Oq/WLIo4yOkCH6Bi56AzV0TVqoCaiaIye0At6tTLr2Xqz3uetJauY2Ue/YH18A8Mik7k=</latexit><latexit sha1_base64="iZG40vka423fQpeQ6VlgNAbzebg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GPRg3oQKtgPaGPYbDft0s0m7E6KJeSfePGgiFf/iTf/jds2B60+GHi8N8PMvCARXIPjfFmlpeWV1bXyemVjc2t7x97da+k4VZQ1aSxi1QmIZoJL1gQOgnUSxUgUCNYORpdTvz1mSvNY3sMkYV5EBpKHnBIwkm/bPWCPkN1E+ZWf3eYPLd+uOjVnBvyXuAWpogIN3/7s9WOaRkwCFUTrrusk4GVEAaeC5ZVeqllC6IgMWNdQSSKmvWx2eY6PjNLHYaxMScAz9edERiKtJ1FgOiMCQ73oTcX/vG4K4bmXcZmkwCSdLwpTgSHG0xhwnytGQUwMIVRxcyumQ6IIBRNWxYTgLr78l7ROaq5Tc+9Oq/WLIo4yOkCH6Bi56AzV0TVqoCaiaIye0At6tTLr2Xqz3uetJauY2Ue/YH18A8Mik7k=</latexit><latexit sha1_base64="iZG40vka423fQpeQ6VlgNAbzebg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GPRg3oQKtgPaGPYbDft0s0m7E6KJeSfePGgiFf/iTf/jds2B60+GHi8N8PMvCARXIPjfFmlpeWV1bXyemVjc2t7x97da+k4VZQ1aSxi1QmIZoJL1gQOgnUSxUgUCNYORpdTvz1mSvNY3sMkYV5EBpKHnBIwkm/bPWCPkN1E+ZWf3eYPLd+uOjVnBvyXuAWpogIN3/7s9WOaRkwCFUTrrusk4GVEAaeC5ZVeqllC6IgMWNdQSSKmvWx2eY6PjNLHYaxMScAz9edERiKtJ1FgOiMCQ73oTcX/vG4K4bmXcZmkwCSdLwpTgSHG0xhwnytGQUwMIVRxcyumQ6IIBRNWxYTgLr78l7ROaq5Tc+9Oq/WLIo4yOkCH6Bi56AzV0TVqoCaiaIye0At6tTLr2Xqz3uetJauY2Ue/YH18A8Mik7k=</latexit>

ImFV
1

<latexit sha1_base64="v+40ZMT//FNO2Oa4X+8SAgAVBao=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgqSQi6LEoiN4q2A9oY9hsN+3S3U3YnRRLyD/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwoQzDa77bZVWVtfWN8qbla3tnd09e/+gpeNUEdokMY9VJ8SaciZpExhw2kkUxSLktB2Orqd+e0yVZrF8gElCfYEHkkWMYDBSYNs9oE+Q3Yn8Jsi8/LEV2FW35s7gLBOvIFVUoBHYX71+TFJBJRCOte56bgJ+hhUwwmle6aWaJpiM8IB2DZVYUO1ns8tz58QofSeKlSkJzkz9PZFhofVEhKZTYBjqRW8q/ud1U4gu/YzJJAUqyXxRlHIHYmcag9NnihLgE0MwUczc6pAhVpiACatiQvAWX14mrbOa59a8+/Nq/aqIo4yO0DE6RR66QHV0ixqoiQgao2f0it6szHqx3q2PeWvJKmYO0R9Ynz+W1JOc</latexit><latexit sha1_base64="v+40ZMT//FNO2Oa4X+8SAgAVBao=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgqSQi6LEoiN4q2A9oY9hsN+3S3U3YnRRLyD/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwoQzDa77bZVWVtfWN8qbla3tnd09e/+gpeNUEdokMY9VJ8SaciZpExhw2kkUxSLktB2Orqd+e0yVZrF8gElCfYEHkkWMYDBSYNs9oE+Q3Yn8Jsi8/LEV2FW35s7gLBOvIFVUoBHYX71+TFJBJRCOte56bgJ+hhUwwmle6aWaJpiM8IB2DZVYUO1ns8tz58QofSeKlSkJzkz9PZFhofVEhKZTYBjqRW8q/ud1U4gu/YzJJAUqyXxRlHIHYmcag9NnihLgE0MwUczc6pAhVpiACatiQvAWX14mrbOa59a8+/Nq/aqIo4yO0DE6RR66QHV0ixqoiQgao2f0it6szHqx3q2PeWvJKmYO0R9Ynz+W1JOc</latexit><latexit sha1_base64="v+40ZMT//FNO2Oa4X+8SAgAVBao=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgqSQi6LEoiN4q2A9oY9hsN+3S3U3YnRRLyD/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwoQzDa77bZVWVtfWN8qbla3tnd09e/+gpeNUEdokMY9VJ8SaciZpExhw2kkUxSLktB2Orqd+e0yVZrF8gElCfYEHkkWMYDBSYNs9oE+Q3Yn8Jsi8/LEV2FW35s7gLBOvIFVUoBHYX71+TFJBJRCOte56bgJ+hhUwwmle6aWaJpiM8IB2DZVYUO1ns8tz58QofSeKlSkJzkz9PZFhofVEhKZTYBjqRW8q/ud1U4gu/YzJJAUqyXxRlHIHYmcag9NnihLgE0MwUczc6pAhVpiACatiQvAWX14mrbOa59a8+/Nq/aqIo4yO0DE6RR66QHV0ixqoiQgao2f0it6szHqx3q2PeWvJKmYO0R9Ynz+W1JOc</latexit><latexit sha1_base64="v+40ZMT//FNO2Oa4X+8SAgAVBao=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgqSQi6LEoiN4q2A9oY9hsN+3S3U3YnRRLyD/x4kERr/4Tb/4bt20O2vpg4PHeDDPzwoQzDa77bZVWVtfWN8qbla3tnd09e/+gpeNUEdokMY9VJ8SaciZpExhw2kkUxSLktB2Orqd+e0yVZrF8gElCfYEHkkWMYDBSYNs9oE+Q3Yn8Jsi8/LEV2FW35s7gLBOvIFVUoBHYX71+TFJBJRCOte56bgJ+hhUwwmle6aWaJpiM8IB2DZVYUO1ns8tz58QofSeKlSkJzkz9PZFhofVEhKZTYBjqRW8q/ud1U4gu/YzJJAUqyXxRlHIHYmcag9NnihLgE0MwUczc6pAhVpiACatiQvAWX14mrbOa59a8+/Nq/aqIo4yO0DE6RR66QHV0ixqoiQgao2f0it6szHqx3q2PeWvJKmYO0R9Ynz+W1JOc</latexit>

ImFV
2

<latexit sha1_base64="A9WLegnCu9sTFHqF084QoYIpd/4=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KkkR9FgURG8V7Ae0MWy2m3bpZhN2J8US8k+8eFDEq//Em//GbZuDtj4YeLw3w8y8IBFcg+N8Wyura+sbm6Wt8vbO7t6+fXDY0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB2Mrqd+e8yU5rF8gEnCvIgMJA85JWAk37Z7wJ4gu4vyGz+r5Y8t3644VWcGvEzcglRQgYZvf/X6MU0jJoEKonXXdRLwMqKAU8Hyci/VLCF0RAasa6gkEdNeNrs8x6dG6eMwVqYk4Jn6eyIjkdaTKDCdEYGhXvSm4n9eN4Xw0su4TFJgks4XhanAEONpDLjPFaMgJoYQqri5FdMhUYSCCatsQnAXX14mrVrVdaru/XmlflXEUULH6ASdIRddoDq6RQ3URBSN0TN6RW9WZr1Y79bHvHXFKmaO0B9Ynz+YW5Od</latexit><latexit sha1_base64="A9WLegnCu9sTFHqF084QoYIpd/4=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KkkR9FgURG8V7Ae0MWy2m3bpZhN2J8US8k+8eFDEq//Em//GbZuDtj4YeLw3w8y8IBFcg+N8Wyura+sbm6Wt8vbO7t6+fXDY0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB2Mrqd+e8yU5rF8gEnCvIgMJA85JWAk37Z7wJ4gu4vyGz+r5Y8t3644VWcGvEzcglRQgYZvf/X6MU0jJoEKonXXdRLwMqKAU8Hyci/VLCF0RAasa6gkEdNeNrs8x6dG6eMwVqYk4Jn6eyIjkdaTKDCdEYGhXvSm4n9eN4Xw0su4TFJgks4XhanAEONpDLjPFaMgJoYQqri5FdMhUYSCCatsQnAXX14mrVrVdaru/XmlflXEUULH6ASdIRddoDq6RQ3URBSN0TN6RW9WZr1Y79bHvHXFKmaO0B9Ynz+YW5Od</latexit><latexit sha1_base64="A9WLegnCu9sTFHqF084QoYIpd/4=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KkkR9FgURG8V7Ae0MWy2m3bpZhN2J8US8k+8eFDEq//Em//GbZuDtj4YeLw3w8y8IBFcg+N8Wyura+sbm6Wt8vbO7t6+fXDY0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB2Mrqd+e8yU5rF8gEnCvIgMJA85JWAk37Z7wJ4gu4vyGz+r5Y8t3644VWcGvEzcglRQgYZvf/X6MU0jJoEKonXXdRLwMqKAU8Hyci/VLCF0RAasa6gkEdNeNrs8x6dG6eMwVqYk4Jn6eyIjkdaTKDCdEYGhXvSm4n9eN4Xw0su4TFJgks4XhanAEONpDLjPFaMgJoYQqri5FdMhUYSCCatsQnAXX14mrVrVdaru/XmlflXEUULH6ASdIRddoDq6RQ3URBSN0TN6RW9WZr1Y79bHvHXFKmaO0B9Ynz+YW5Od</latexit><latexit sha1_base64="A9WLegnCu9sTFHqF084QoYIpd/4=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4KkkR9FgURG8V7Ae0MWy2m3bpZhN2J8US8k+8eFDEq//Em//GbZuDtj4YeLw3w8y8IBFcg+N8Wyura+sbm6Wt8vbO7t6+fXDY0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB2Mrqd+e8yU5rF8gEnCvIgMJA85JWAk37Z7wJ4gu4vyGz+r5Y8t3644VWcGvEzcglRQgYZvf/X6MU0jJoEKonXXdRLwMqKAU8Hyci/VLCF0RAasa6gkEdNeNrs8x6dG6eMwVqYk4Jn6eyIjkdaTKDCdEYGhXvSm4n9eN4Xw0su4TFJgks4XhanAEONpDLjPFaMgJoYQqri5FdMhUYSCCatsQnAXX14mrVrVdaru/XmlflXEUULH6ASdIRddoDq6RQ3URBSN0TN6RW9WZr1Y79bHvHXFKmaO0B9Ynz+YW5Od</latexit>

ImFV
1 = ⇡a(V,0)1 �(t� t(V,0)1 ) + ⇡a(V,1)1 �0(t� t(V,1)1 )

<latexit sha1_base64="nwAOZ81Gi6RXbQFola3lyVGURa4="></latexit><latexit sha1_base64="nwAOZ81Gi6RXbQFola3lyVGURa4="></latexit><latexit sha1_base64="nwAOZ81Gi6RXbQFola3lyVGURa4="></latexit><latexit sha1_base64="nwAOZ81Gi6RXbQFola3lyVGURa4="></latexit>

ImFV
2 = ⇡a(V,0)2 �(t� t(V,0)2 ) + ⇡a(V,1)2 �0(t� t(V,1)2 ) + ⇡a(V,2)2 �00(t� t(V,2)2 )

<latexit sha1_base64="O8RBzqVQXZPUWCH1PiYfzQeWmDE="></latexit><latexit sha1_base64="O8RBzqVQXZPUWCH1PiYfzQeWmDE="></latexit><latexit sha1_base64="O8RBzqVQXZPUWCH1PiYfzQeWmDE="></latexit><latexit sha1_base64="O8RBzqVQXZPUWCH1PiYfzQeWmDE="></latexit>

t(V,0)2 = t(V,1)2 = t(V,2)2 = 3M2
⇢ = 1.8 GeV2

<latexit sha1_base64="H9oGDx/UH+htEMjXHqaYY3Kw/PI="></latexit><latexit sha1_base64="H9oGDx/UH+htEMjXHqaYY3Kw/PI="></latexit><latexit sha1_base64="H9oGDx/UH+htEMjXHqaYY3Kw/PI="></latexit><latexit sha1_base64="H9oGDx/UH+htEMjXHqaYY3Kw/PI="></latexit>

t(V,0)1 = t(V,1)1 = 3M2
⇢ = 1.8 GeV2

<latexit sha1_base64="qyzd/P5QApXU+/4w/nyE2P4bzVE="></latexit><latexit sha1_base64="qyzd/P5QApXU+/4w/nyE2P4bzVE="></latexit><latexit sha1_base64="qyzd/P5QApXU+/4w/nyE2P4bzVE="></latexit><latexit sha1_base64="qyzd/P5QApXU+/4w/nyE2P4bzVE="></latexit>

With nominal values:

a(V,j)i
<latexit sha1_base64="i7gf/lFOh7oawyERbkQQ3xA1gTU=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfRY9OKxgv2A7VqyabaNzSZLkhXK0p/hxYMiXv013vw3pu0etPXBwOO9GWbmhQln2rjut1NYWV1b3yhulra2d3b3yvsHLS1TRWiTSC5VJ8SaciZo0zDDaSdRFMchp+1wdDP1209UaSbFvRknNIjxQLCIEWys5OMee8iqrbPH00mvXHFr7gxomXg5qUCORq/81e1LksZUGMKx1r7nJibIsDKMcDopdVNNE0xGeEB9SwWOqQ6y2ckTdGKVPoqksiUMmqm/JzIcaz2OQ9sZYzPUi95U/M/zUxNdBRkTSWqoIPNFUcqRkWj6P+ozRYnhY0swUczeisgQK0yMTalkQ/AWX14mrfOa59a8u4tK/TqPowhHcAxV8OAS6nALDWgCAQnP8ApvjnFenHfnY95acPKZQ/gD5/MHXnKQpA==</latexit><latexit sha1_base64="i7gf/lFOh7oawyERbkQQ3xA1gTU=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfRY9OKxgv2A7VqyabaNzSZLkhXK0p/hxYMiXv013vw3pu0etPXBwOO9GWbmhQln2rjut1NYWV1b3yhulra2d3b3yvsHLS1TRWiTSC5VJ8SaciZo0zDDaSdRFMchp+1wdDP1209UaSbFvRknNIjxQLCIEWys5OMee8iqrbPH00mvXHFr7gxomXg5qUCORq/81e1LksZUGMKx1r7nJibIsDKMcDopdVNNE0xGeEB9SwWOqQ6y2ckTdGKVPoqksiUMmqm/JzIcaz2OQ9sZYzPUi95U/M/zUxNdBRkTSWqoIPNFUcqRkWj6P+ozRYnhY0swUczeisgQK0yMTalkQ/AWX14mrfOa59a8u4tK/TqPowhHcAxV8OAS6nALDWgCAQnP8ApvjnFenHfnY95acPKZQ/gD5/MHXnKQpA==</latexit><latexit sha1_base64="i7gf/lFOh7oawyERbkQQ3xA1gTU=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfRY9OKxgv2A7VqyabaNzSZLkhXK0p/hxYMiXv013vw3pu0etPXBwOO9GWbmhQln2rjut1NYWV1b3yhulra2d3b3yvsHLS1TRWiTSC5VJ8SaciZo0zDDaSdRFMchp+1wdDP1209UaSbFvRknNIjxQLCIEWys5OMee8iqrbPH00mvXHFr7gxomXg5qUCORq/81e1LksZUGMKx1r7nJibIsDKMcDopdVNNE0xGeEB9SwWOqQ6y2ckTdGKVPoqksiUMmqm/JzIcaz2OQ9sZYzPUi95U/M/zUxNdBRkTSWqoIPNFUcqRkWj6P+ozRYnhY0swUczeisgQK0yMTalkQ/AWX14mrfOa59a8u4tK/TqPowhHcAxV8OAS6nALDWgCAQnP8ApvjnFenHfnY95acPKZQ/gD5/MHXnKQpA==</latexit><latexit sha1_base64="i7gf/lFOh7oawyERbkQQ3xA1gTU=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfRY9OKxgv2A7VqyabaNzSZLkhXK0p/hxYMiXv013vw3pu0etPXBwOO9GWbmhQln2rjut1NYWV1b3yhulra2d3b3yvsHLS1TRWiTSC5VJ8SaciZo0zDDaSdRFMchp+1wdDP1209UaSbFvRknNIjxQLCIEWys5OMee8iqrbPH00mvXHFr7gxomXg5qUCORq/81e1LksZUGMKx1r7nJibIsDKMcDopdVNNE0xGeEB9SwWOqQ6y2ckTdGKVPoqksiUMmqm/JzIcaz2OQ9sZYzPUi95U/M/zUxNdBRkTSWqoIPNFUcqRkWj6P+ozRYnhY0swUczeisgQK0yMTalkQ/AWX14mrfOa59a8u4tK/TqPowhHcAxV8OAS6nALDWgCAQnP8ApvjnFenHfnY95acPKZQ/gD5/MHXnKQpA==</latexit>

1

⇡

Z 1

tthr

dt
ImFV

1

t
= QV

<latexit sha1_base64="rw6GVR6IY12mTT+Epzgysmh9mUA="></latexit><latexit sha1_base64="rw6GVR6IY12mTT+Epzgysmh9mUA="></latexit><latexit sha1_base64="rw6GVR6IY12mTT+Epzgysmh9mUA="></latexit><latexit sha1_base64="rw6GVR6IY12mTT+Epzgysmh9mUA="></latexit>

1

⇡

Z 1

tthr

dt
ImFV

1

t2
=

1

6
hr2iV1

<latexit sha1_base64="zLGlqPYjzWcNGchH7PkvgFklT1E="></latexit><latexit sha1_base64="zLGlqPYjzWcNGchH7PkvgFklT1E="></latexit><latexit sha1_base64="zLGlqPYjzWcNGchH7PkvgFklT1E="></latexit><latexit sha1_base64="zLGlqPYjzWcNGchH7PkvgFklT1E="></latexit>

1

⇡

Z 1

tthr

dt ImFV
1 = 0

<latexit sha1_base64="jhFMhz3JiSETIL4Wdvd8QfpPHko="></latexit><latexit sha1_base64="jhFMhz3JiSETIL4Wdvd8QfpPHko="></latexit><latexit sha1_base64="jhFMhz3JiSETIL4Wdvd8QfpPHko="></latexit><latexit sha1_base64="jhFMhz3JiSETIL4Wdvd8QfpPHko="></latexit>

1

⇡

Z 1

tthr

dt ImFV
2 = 0

<latexit sha1_base64="REl0WLYTUbe2Yf8jY6VenStBBxg="></latexit><latexit sha1_base64="REl0WLYTUbe2Yf8jY6VenStBBxg="></latexit><latexit sha1_base64="REl0WLYTUbe2Yf8jY6VenStBBxg="></latexit><latexit sha1_base64="REl0WLYTUbe2Yf8jY6VenStBBxg="></latexit>

1

⇡

Z 1

tthr

dt t ImFV
2 = 0

<latexit sha1_base64="7Mj/SJ+NJtTlAmgsJI7E5JBxUeE="></latexit><latexit sha1_base64="7Mj/SJ+NJtTlAmgsJI7E5JBxUeE="></latexit><latexit sha1_base64="7Mj/SJ+NJtTlAmgsJI7E5JBxUeE="></latexit><latexit sha1_base64="7Mj/SJ+NJtTlAmgsJI7E5JBxUeE="></latexit>

1

⇡

Z 1

tthr

dt
ImFV

2

t
= V

<latexit sha1_base64="AvQ2VWxuU7FOL4RFqDyKE7uM3XY="></latexit><latexit sha1_base64="AvQ2VWxuU7FOL4RFqDyKE7uM3XY="></latexit><latexit sha1_base64="AvQ2VWxuU7FOL4RFqDyKE7uM3XY="></latexit><latexit sha1_base64="AvQ2VWxuU7FOL4RFqDyKE7uM3XY="></latexit>

1

⇡

Z 1

tthr

dt
ImFV

2

t2
=

1

6
hr2iV2

<latexit sha1_base64="EBHhg2OWKiRchdB3AZUW3I+TWd4="></latexit><latexit sha1_base64="EBHhg2OWKiRchdB3AZUW3I+TWd4="></latexit><latexit sha1_base64="EBHhg2OWKiRchdB3AZUW3I+TWd4="></latexit><latexit sha1_base64="EBHhg2OWKiRchdB3AZUW3I+TWd4="></latexit>

based on                        and
dual resonance model

e+e� ! hadrons

M2
n = (2n+ 1)M2

⇢
}
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•To compute the EM form factors of proton and neutron, we need 
the isoscalar component as well.
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•To compute the EM form factors of proton and neutron, we need 
the isoscalar component as well.
•One cannot apply the same approach as in the isovector case.
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•To compute the EM form factors of proton and neutron, we need 
the isoscalar component as well.
•One cannot apply the same approach as in the isovector case.
•We parametrize the isoscalar spectral function through the 
exchange in the narrow with approximation + higher mass poles.
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•To compute the EM form factors of proton and neutron, we need 
the isoscalar component as well.
•One cannot apply the same approach as in the isovector case.
•We parametrize the isoscalar spectral function through the 
exchange in the narrow with approximation + higher mass poles.

•t < 1GeV2: 

DI  EFT�

!

J. M. Alarcón (UAH)

ImFS
1,2 = ⇡a!i �(t�M2

!)
<latexit sha1_base64="zy0Ii9V4eJLOAp/adweWFfTYJqQ="></latexit><latexit sha1_base64="zy0Ii9V4eJLOAp/adweWFfTYJqQ="></latexit><latexit sha1_base64="zy0Ii9V4eJLOAp/adweWFfTYJqQ="></latexit><latexit sha1_base64="zy0Ii9V4eJLOAp/adweWFfTYJqQ="></latexit>
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•To compute the EM form factors of proton and neutron, we need 
the isoscalar component as well.
•One cannot apply the same approach as in the isovector case.
•We parametrize the isoscalar spectral function through the 
exchange in the narrow with approximation + higher mass poles.

•t < 1GeV2: 
•t > 1GeV2:

DI  EFT�

!

J. M. Alarcón (UAH)

ImFS
1 = ⇡a(S,0)1 �(t� t(S)) + ⇡a(S,1)1 �0(t� t(S))

<latexit sha1_base64="3xBDjAS3h0m+o3X1fGDdiZVg2HI="></latexit><latexit sha1_base64="3xBDjAS3h0m+o3X1fGDdiZVg2HI="></latexit><latexit sha1_base64="3xBDjAS3h0m+o3X1fGDdiZVg2HI="></latexit><latexit sha1_base64="3xBDjAS3h0m+o3X1fGDdiZVg2HI="></latexit>

ImFS
1,2 = ⇡a!i �(t�M2

!)
<latexit sha1_base64="zy0Ii9V4eJLOAp/adweWFfTYJqQ="></latexit><latexit sha1_base64="zy0Ii9V4eJLOAp/adweWFfTYJqQ="></latexit><latexit sha1_base64="zy0Ii9V4eJLOAp/adweWFfTYJqQ="></latexit><latexit sha1_base64="zy0Ii9V4eJLOAp/adweWFfTYJqQ="></latexit>

t(S) = M2
� = 1.04 GeV2

<latexit sha1_base64="439DfHlbK3J08T0gd32eGcLKhc0=">AAACD3icbZA9SwNBEIb3/Izx69TSZjEo2oS7IGgjiBbaCBFNDCSXY28zMUv2PtidE8MRf4GNf8XGQhFbWzv/jZuYQqMvLDy8M8PsvEEihUbH+bQmJqemZ2Zzc/n5hcWlZXtltarjVHGo8FjGqhYwDVJEUEGBEmqJAhYGEq6C7vGgfnUDSos4usReAl7IriPRFpyhsXx7C5vZ9sVOnx7QM7+RdESzZNAtOrt3DYRbzE6g2m+WfLvgFJ2h6F9wR1AgI5V9+6PRinkaQoRcMq3rrpOglzGFgkvo5xuphoTxLruGusGIhaC9bHhPn24ap0XbsTIvQjp0f05kLNS6FwamM2TY0eO1gflfrZ5ie9/LRJSkCBH/XtROJcWYDsKhLaGAo+wZYFwJ81fKO0wxjibCvAnBHT/5L1RLRdcpuue7hcOjURw5sk42yDZxyR45JKekTCqEk3vySJ7Ji/VgPVmv1tt364Q1mlkjv2S9fwFUA5pU</latexit><latexit sha1_base64="439DfHlbK3J08T0gd32eGcLKhc0=">AAACD3icbZA9SwNBEIb3/Izx69TSZjEo2oS7IGgjiBbaCBFNDCSXY28zMUv2PtidE8MRf4GNf8XGQhFbWzv/jZuYQqMvLDy8M8PsvEEihUbH+bQmJqemZ2Zzc/n5hcWlZXtltarjVHGo8FjGqhYwDVJEUEGBEmqJAhYGEq6C7vGgfnUDSos4usReAl7IriPRFpyhsXx7C5vZ9sVOnx7QM7+RdESzZNAtOrt3DYRbzE6g2m+WfLvgFJ2h6F9wR1AgI5V9+6PRinkaQoRcMq3rrpOglzGFgkvo5xuphoTxLruGusGIhaC9bHhPn24ap0XbsTIvQjp0f05kLNS6FwamM2TY0eO1gflfrZ5ie9/LRJSkCBH/XtROJcWYDsKhLaGAo+wZYFwJ81fKO0wxjibCvAnBHT/5L1RLRdcpuue7hcOjURw5sk42yDZxyR45JKekTCqEk3vySJ7Ji/VgPVmv1tt364Q1mlkjv2S9fwFUA5pU</latexit><latexit sha1_base64="439DfHlbK3J08T0gd32eGcLKhc0=">AAACD3icbZA9SwNBEIb3/Izx69TSZjEo2oS7IGgjiBbaCBFNDCSXY28zMUv2PtidE8MRf4GNf8XGQhFbWzv/jZuYQqMvLDy8M8PsvEEihUbH+bQmJqemZ2Zzc/n5hcWlZXtltarjVHGo8FjGqhYwDVJEUEGBEmqJAhYGEq6C7vGgfnUDSos4usReAl7IriPRFpyhsXx7C5vZ9sVOnx7QM7+RdESzZNAtOrt3DYRbzE6g2m+WfLvgFJ2h6F9wR1AgI5V9+6PRinkaQoRcMq3rrpOglzGFgkvo5xuphoTxLruGusGIhaC9bHhPn24ap0XbsTIvQjp0f05kLNS6FwamM2TY0eO1gflfrZ5ie9/LRJSkCBH/XtROJcWYDsKhLaGAo+wZYFwJ81fKO0wxjibCvAnBHT/5L1RLRdcpuue7hcOjURw5sk42yDZxyR45JKekTCqEk3vySJ7Ji/VgPVmv1tt364Q1mlkjv2S9fwFUA5pU</latexit><latexit sha1_base64="439DfHlbK3J08T0gd32eGcLKhc0=">AAACD3icbZA9SwNBEIb3/Izx69TSZjEo2oS7IGgjiBbaCBFNDCSXY28zMUv2PtidE8MRf4GNf8XGQhFbWzv/jZuYQqMvLDy8M8PsvEEihUbH+bQmJqemZ2Zzc/n5hcWlZXtltarjVHGo8FjGqhYwDVJEUEGBEmqJAhYGEq6C7vGgfnUDSos4usReAl7IriPRFpyhsXx7C5vZ9sVOnx7QM7+RdESzZNAtOrt3DYRbzE6g2m+WfLvgFJ2h6F9wR1AgI5V9+6PRinkaQoRcMq3rrpOglzGFgkvo5xuphoTxLruGusGIhaC9bHhPn24ap0XbsTIvQjp0f05kLNS6FwamM2TY0eO1gflfrZ5ie9/LRJSkCBH/XtROJcWYDsKhLaGAo+wZYFwJ81fKO0wxjibCvAnBHT/5L1RLRdcpuue7hcOjURw5sk42yDZxyR45JKekTCqEk3vySJ7Ji/VgPVmv1tt364Q1mlkjv2S9fwFUA5pU</latexit>

ImFS
2 = ⇡a(S,0)2 �(t� t(S)) + ⇡a(S,1)2 �0(t� t(S)) + ⇡a(S,2)1 �00(t� t(S))
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•To compute the EM form factors of proton and neutron, we need 
the isoscalar component as well.
•One cannot apply the same approach as in the isovector case.
•We parametrize the isoscalar spectral function through the 
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Expected results for 
MUSE, not actual 
measurements
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•Common polynomial fits have a small convergence radius.

[Figure courtesy of D. Higinbotham]
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•DIChEFT correlates the radius and the Q2 dependence of the FF.

•Common polynomial fits have a small convergence radius.

[Figure courtesy of D. Higinbotham]
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FF. It overcomes the difficulties in extraction methods based
on empirical fits and Q2 → 0 extrapolation (functional form
bias, unstable extrapolation), particularly the issues related
to the normalization of data sets taken at different incident
energies. DIχEFT was used in Ref. [20] to extract rp

E from
an empirical FF parametrization [39] and delivered a value of
rp

E = 0.844 ± 0.007 fm, in agreement with the other determi-
nations quoted above and the recent results of the Jefferson
Lab PRad experiment [11]. In this work we use the method
to extract both rp

M and rp
E from a direct analysis of the cross

section data, dominated by the Mainz A1 data [32,33]. We ob-
tain rp

M = 0.850 ± 0.001 (1σ fit uncertainty) +0.009
−0.004 (full-range

theory uncertainty) fm, significantly different from the values
extracted from the same data using empirical fits [25,32], and
surprisingly close to rp

E . In the course we also update our
previous extraction of rp

E and verify the robustness of the
results.

II. METHOD

DIχEFT is a method for calculating nucleon FFs com-
bining dispersion analysis and chiral effective field the-
ory. The theoretical foundations are described in detail
in Refs. [36–38]; applications to FF fits are discussed in
Ref. [20]. The FFs are represented as dispersion integrals
over t ≡ −Q2. The spectral functions on the two-pion cut
at t > 4M2

π are calculated using (i) the elastic unitarity rela-
tion; (ii) πN amplitudes computed in χEFT at leading order,
next-to-leading order, and partial next-to-next-to-leading or-
der accuracy; (iii) the timelike pion FF measured in e+e−

annihilation experiments. The approach includes ππ rescat-
tering effects and the ρ resonance and generates accurate
spectral functions up to t ≈ 1 GeV2. Higher-mass t-channel
states are described by effective poles. The parameters spec-
ifying the dynamical input (the low-energy constants of the
χEFT calculation, and the strength of the effective poles) are
fixed using the sum rules of dispersion theory and expressed
in terms of the nucleon charges, magnetic moments, and radii.
For each assumed value of rp

E and rp
M the theory generates

a unique prediction for Gp
E (Q2) and Gp

M (Q2); the theoretical
uncertainties of the predictions are discussed and estimated
below [20]. The theory predicts the “shape” of the spacelike
FF as determined by analyticity (position of singularities) and
dynamics (strength of singularities). In this way the values
of the radii are correlated with the predicted behavior of the
FFs at finite momentum transfers Q2 ≈ 1 GeV2, allowing
the use of such data for radius extraction. A computer code
generating the DIχEFT FF predictions, example plots, and
further information are available in the Supplemental Material
[40].

For our radius extraction we use the high-precision data in
electron-proton elastic scattering from the Mainz A1 experi-
ment, which dominate the world data [32,33]. The experiment
measured the elastic scattering cross section at momentum
transfers 0.003 ! Q2 ! 1 GeV2 and incident electron ener-
gies E from 0.18 to 0.855 GeV (see Fig. 1). In the one-photon
exchange approximation the differential cross section is re-
lated to the proton electric and magnetic FFs by the standard

FIG. 1. Data: Mainz A1 electron-proton elastic scattering cross
section data [32,33], with the normalization of the sets determined
by our fit (in the higher energy bins, the plots show the data up to
Q2 = 0.5 GeV2). Bands: Theoretical model (DIχEFT) with param-
eters (rp

E , rp
M ) obtained from our best fit. The bands show the range

of the model predictions obtained by varying the parameters in the
1σ confidence interval of the fit; it does not include the theoretical
uncertainty of the model. Both data and model are divided by the
cross section evaluated with the standard dipole FFs.
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energies. DIχEFT was used in Ref. [20] to extract rp

E from
an empirical FF parametrization [39] and delivered a value of
rp

E = 0.844 ± 0.007 fm, in agreement with the other determi-
nations quoted above and the recent results of the Jefferson
Lab PRad experiment [11]. In this work we use the method
to extract both rp

M and rp
E from a direct analysis of the cross

section data, dominated by the Mainz A1 data [32,33]. We ob-
tain rp

M = 0.850 ± 0.001 (1σ fit uncertainty) +0.009
−0.004 (full-range

theory uncertainty) fm, significantly different from the values
extracted from the same data using empirical fits [25,32], and
surprisingly close to rp

E . In the course we also update our
previous extraction of rp

E and verify the robustness of the
results.

II. METHOD

DIχEFT is a method for calculating nucleon FFs com-
bining dispersion analysis and chiral effective field the-
ory. The theoretical foundations are described in detail
in Refs. [36–38]; applications to FF fits are discussed in
Ref. [20]. The FFs are represented as dispersion integrals
over t ≡ −Q2. The spectral functions on the two-pion cut
at t > 4M2

π are calculated using (i) the elastic unitarity rela-
tion; (ii) πN amplitudes computed in χEFT at leading order,
next-to-leading order, and partial next-to-next-to-leading or-
der accuracy; (iii) the timelike pion FF measured in e+e−

annihilation experiments. The approach includes ππ rescat-
tering effects and the ρ resonance and generates accurate
spectral functions up to t ≈ 1 GeV2. Higher-mass t-channel
states are described by effective poles. The parameters spec-
ifying the dynamical input (the low-energy constants of the
χEFT calculation, and the strength of the effective poles) are
fixed using the sum rules of dispersion theory and expressed
in terms of the nucleon charges, magnetic moments, and radii.
For each assumed value of rp

E and rp
M the theory generates

a unique prediction for Gp
E (Q2) and Gp

M (Q2); the theoretical
uncertainties of the predictions are discussed and estimated
below [20]. The theory predicts the “shape” of the spacelike
FF as determined by analyticity (position of singularities) and
dynamics (strength of singularities). In this way the values
of the radii are correlated with the predicted behavior of the
FFs at finite momentum transfers Q2 ≈ 1 GeV2, allowing
the use of such data for radius extraction. A computer code
generating the DIχEFT FF predictions, example plots, and
further information are available in the Supplemental Material
[40].

For our radius extraction we use the high-precision data in
electron-proton elastic scattering from the Mainz A1 experi-
ment, which dominate the world data [32,33]. The experiment
measured the elastic scattering cross section at momentum
transfers 0.003 ! Q2 ! 1 GeV2 and incident electron ener-
gies E from 0.18 to 0.855 GeV (see Fig. 1). In the one-photon
exchange approximation the differential cross section is re-
lated to the proton electric and magnetic FFs by the standard

FIG. 1. Data: Mainz A1 electron-proton elastic scattering cross
section data [32,33], with the normalization of the sets determined
by our fit (in the higher energy bins, the plots show the data up to
Q2 = 0.5 GeV2). Bands: Theoretical model (DIχEFT) with param-
eters (rp

E , rp
M ) obtained from our best fit. The bands show the range

of the model predictions obtained by varying the parameters in the
1σ confidence interval of the fit; it does not include the theoretical
uncertainty of the model. Both data and model are divided by the
cross section evaluated with the standard dipole FFs.
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FF. It overcomes the difficulties in extraction methods based
on empirical fits and Q2 → 0 extrapolation (functional form
bias, unstable extrapolation), particularly the issues related
to the normalization of data sets taken at different incident
energies. DIχEFT was used in Ref. [20] to extract rp

E from
an empirical FF parametrization [39] and delivered a value of
rp

E = 0.844 ± 0.007 fm, in agreement with the other determi-
nations quoted above and the recent results of the Jefferson
Lab PRad experiment [11]. In this work we use the method
to extract both rp

M and rp
E from a direct analysis of the cross

section data, dominated by the Mainz A1 data [32,33]. We ob-
tain rp

M = 0.850 ± 0.001 (1σ fit uncertainty) +0.009
−0.004 (full-range

theory uncertainty) fm, significantly different from the values
extracted from the same data using empirical fits [25,32], and
surprisingly close to rp

E . In the course we also update our
previous extraction of rp

E and verify the robustness of the
results.

II. METHOD

DIχEFT is a method for calculating nucleon FFs com-
bining dispersion analysis and chiral effective field the-
ory. The theoretical foundations are described in detail
in Refs. [36–38]; applications to FF fits are discussed in
Ref. [20]. The FFs are represented as dispersion integrals
over t ≡ −Q2. The spectral functions on the two-pion cut
at t > 4M2

π are calculated using (i) the elastic unitarity rela-
tion; (ii) πN amplitudes computed in χEFT at leading order,
next-to-leading order, and partial next-to-next-to-leading or-
der accuracy; (iii) the timelike pion FF measured in e+e−

annihilation experiments. The approach includes ππ rescat-
tering effects and the ρ resonance and generates accurate
spectral functions up to t ≈ 1 GeV2. Higher-mass t-channel
states are described by effective poles. The parameters spec-
ifying the dynamical input (the low-energy constants of the
χEFT calculation, and the strength of the effective poles) are
fixed using the sum rules of dispersion theory and expressed
in terms of the nucleon charges, magnetic moments, and radii.
For each assumed value of rp

E and rp
M the theory generates

a unique prediction for Gp
E (Q2) and Gp

M (Q2); the theoretical
uncertainties of the predictions are discussed and estimated
below [20]. The theory predicts the “shape” of the spacelike
FF as determined by analyticity (position of singularities) and
dynamics (strength of singularities). In this way the values
of the radii are correlated with the predicted behavior of the
FFs at finite momentum transfers Q2 ≈ 1 GeV2, allowing
the use of such data for radius extraction. A computer code
generating the DIχEFT FF predictions, example plots, and
further information are available in the Supplemental Material
[40].

For our radius extraction we use the high-precision data in
electron-proton elastic scattering from the Mainz A1 experi-
ment, which dominate the world data [32,33]. The experiment
measured the elastic scattering cross section at momentum
transfers 0.003 ! Q2 ! 1 GeV2 and incident electron ener-
gies E from 0.18 to 0.855 GeV (see Fig. 1). In the one-photon
exchange approximation the differential cross section is re-
lated to the proton electric and magnetic FFs by the standard

FIG. 1. Data: Mainz A1 electron-proton elastic scattering cross
section data [32,33], with the normalization of the sets determined
by our fit (in the higher energy bins, the plots show the data up to
Q2 = 0.5 GeV2). Bands: Theoretical model (DIχEFT) with param-
eters (rp

E , rp
M ) obtained from our best fit. The bands show the range

of the model predictions obtained by varying the parameters in the
1σ confidence interval of the fit; it does not include the theoretical
uncertainty of the model. Both data and model are divided by the
cross section evaluated with the standard dipole FFs.
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FF. It overcomes the difficulties in extraction methods based
on empirical fits and Q2 → 0 extrapolation (functional form
bias, unstable extrapolation), particularly the issues related
to the normalization of data sets taken at different incident
energies. DIχEFT was used in Ref. [20] to extract rp

E from
an empirical FF parametrization [39] and delivered a value of
rp

E = 0.844 ± 0.007 fm, in agreement with the other determi-
nations quoted above and the recent results of the Jefferson
Lab PRad experiment [11]. In this work we use the method
to extract both rp

M and rp
E from a direct analysis of the cross

section data, dominated by the Mainz A1 data [32,33]. We ob-
tain rp

M = 0.850 ± 0.001 (1σ fit uncertainty) +0.009
−0.004 (full-range

theory uncertainty) fm, significantly different from the values
extracted from the same data using empirical fits [25,32], and
surprisingly close to rp

E . In the course we also update our
previous extraction of rp

E and verify the robustness of the
results.

II. METHOD

DIχEFT is a method for calculating nucleon FFs com-
bining dispersion analysis and chiral effective field the-
ory. The theoretical foundations are described in detail
in Refs. [36–38]; applications to FF fits are discussed in
Ref. [20]. The FFs are represented as dispersion integrals
over t ≡ −Q2. The spectral functions on the two-pion cut
at t > 4M2

π are calculated using (i) the elastic unitarity rela-
tion; (ii) πN amplitudes computed in χEFT at leading order,
next-to-leading order, and partial next-to-next-to-leading or-
der accuracy; (iii) the timelike pion FF measured in e+e−

annihilation experiments. The approach includes ππ rescat-
tering effects and the ρ resonance and generates accurate
spectral functions up to t ≈ 1 GeV2. Higher-mass t-channel
states are described by effective poles. The parameters spec-
ifying the dynamical input (the low-energy constants of the
χEFT calculation, and the strength of the effective poles) are
fixed using the sum rules of dispersion theory and expressed
in terms of the nucleon charges, magnetic moments, and radii.
For each assumed value of rp

E and rp
M the theory generates

a unique prediction for Gp
E (Q2) and Gp

M (Q2); the theoretical
uncertainties of the predictions are discussed and estimated
below [20]. The theory predicts the “shape” of the spacelike
FF as determined by analyticity (position of singularities) and
dynamics (strength of singularities). In this way the values
of the radii are correlated with the predicted behavior of the
FFs at finite momentum transfers Q2 ≈ 1 GeV2, allowing
the use of such data for radius extraction. A computer code
generating the DIχEFT FF predictions, example plots, and
further information are available in the Supplemental Material
[40].

For our radius extraction we use the high-precision data in
electron-proton elastic scattering from the Mainz A1 experi-
ment, which dominate the world data [32,33]. The experiment
measured the elastic scattering cross section at momentum
transfers 0.003 ! Q2 ! 1 GeV2 and incident electron ener-
gies E from 0.18 to 0.855 GeV (see Fig. 1). In the one-photon
exchange approximation the differential cross section is re-
lated to the proton electric and magnetic FFs by the standard

FIG. 1. Data: Mainz A1 electron-proton elastic scattering cross
section data [32,33], with the normalization of the sets determined
by our fit (in the higher energy bins, the plots show the data up to
Q2 = 0.5 GeV2). Bands: Theoretical model (DIχEFT) with param-
eters (rp

E , rp
M ) obtained from our best fit. The bands show the range

of the model predictions obtained by varying the parameters in the
1σ confidence interval of the fit; it does not include the theoretical
uncertainty of the model. Both data and model are divided by the
cross section evaluated with the standard dipole FFs.
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FF. It overcomes the difficulties in extraction methods based
on empirical fits and Q2 → 0 extrapolation (functional form
bias, unstable extrapolation), particularly the issues related
to the normalization of data sets taken at different incident
energies. DIχEFT was used in Ref. [20] to extract rp

E from
an empirical FF parametrization [39] and delivered a value of
rp

E = 0.844 ± 0.007 fm, in agreement with the other determi-
nations quoted above and the recent results of the Jefferson
Lab PRad experiment [11]. In this work we use the method
to extract both rp

M and rp
E from a direct analysis of the cross

section data, dominated by the Mainz A1 data [32,33]. We ob-
tain rp

M = 0.850 ± 0.001 (1σ fit uncertainty) +0.009
−0.004 (full-range

theory uncertainty) fm, significantly different from the values
extracted from the same data using empirical fits [25,32], and
surprisingly close to rp

E . In the course we also update our
previous extraction of rp

E and verify the robustness of the
results.

II. METHOD

DIχEFT is a method for calculating nucleon FFs com-
bining dispersion analysis and chiral effective field the-
ory. The theoretical foundations are described in detail
in Refs. [36–38]; applications to FF fits are discussed in
Ref. [20]. The FFs are represented as dispersion integrals
over t ≡ −Q2. The spectral functions on the two-pion cut
at t > 4M2

π are calculated using (i) the elastic unitarity rela-
tion; (ii) πN amplitudes computed in χEFT at leading order,
next-to-leading order, and partial next-to-next-to-leading or-
der accuracy; (iii) the timelike pion FF measured in e+e−

annihilation experiments. The approach includes ππ rescat-
tering effects and the ρ resonance and generates accurate
spectral functions up to t ≈ 1 GeV2. Higher-mass t-channel
states are described by effective poles. The parameters spec-
ifying the dynamical input (the low-energy constants of the
χEFT calculation, and the strength of the effective poles) are
fixed using the sum rules of dispersion theory and expressed
in terms of the nucleon charges, magnetic moments, and radii.
For each assumed value of rp

E and rp
M the theory generates

a unique prediction for Gp
E (Q2) and Gp

M (Q2); the theoretical
uncertainties of the predictions are discussed and estimated
below [20]. The theory predicts the “shape” of the spacelike
FF as determined by analyticity (position of singularities) and
dynamics (strength of singularities). In this way the values
of the radii are correlated with the predicted behavior of the
FFs at finite momentum transfers Q2 ≈ 1 GeV2, allowing
the use of such data for radius extraction. A computer code
generating the DIχEFT FF predictions, example plots, and
further information are available in the Supplemental Material
[40].

For our radius extraction we use the high-precision data in
electron-proton elastic scattering from the Mainz A1 experi-
ment, which dominate the world data [32,33]. The experiment
measured the elastic scattering cross section at momentum
transfers 0.003 ! Q2 ! 1 GeV2 and incident electron ener-
gies E from 0.18 to 0.855 GeV (see Fig. 1). In the one-photon
exchange approximation the differential cross section is re-
lated to the proton electric and magnetic FFs by the standard

FIG. 1. Data: Mainz A1 electron-proton elastic scattering cross
section data [32,33], with the normalization of the sets determined
by our fit (in the higher energy bins, the plots show the data up to
Q2 = 0.5 GeV2). Bands: Theoretical model (DIχEFT) with param-
eters (rp

E , rp
M ) obtained from our best fit. The bands show the range

of the model predictions obtained by varying the parameters in the
1σ confidence interval of the fit; it does not include the theoretical
uncertainty of the model. Both data and model are divided by the
cross section evaluated with the standard dipole FFs.
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FF. It overcomes the difficulties in extraction methods based
on empirical fits and Q2 → 0 extrapolation (functional form
bias, unstable extrapolation), particularly the issues related
to the normalization of data sets taken at different incident
energies. DIχEFT was used in Ref. [20] to extract rp

E from
an empirical FF parametrization [39] and delivered a value of
rp

E = 0.844 ± 0.007 fm, in agreement with the other determi-
nations quoted above and the recent results of the Jefferson
Lab PRad experiment [11]. In this work we use the method
to extract both rp

M and rp
E from a direct analysis of the cross

section data, dominated by the Mainz A1 data [32,33]. We ob-
tain rp

M = 0.850 ± 0.001 (1σ fit uncertainty) +0.009
−0.004 (full-range

theory uncertainty) fm, significantly different from the values
extracted from the same data using empirical fits [25,32], and
surprisingly close to rp

E . In the course we also update our
previous extraction of rp

E and verify the robustness of the
results.

II. METHOD

DIχEFT is a method for calculating nucleon FFs com-
bining dispersion analysis and chiral effective field the-
ory. The theoretical foundations are described in detail
in Refs. [36–38]; applications to FF fits are discussed in
Ref. [20]. The FFs are represented as dispersion integrals
over t ≡ −Q2. The spectral functions on the two-pion cut
at t > 4M2

π are calculated using (i) the elastic unitarity rela-
tion; (ii) πN amplitudes computed in χEFT at leading order,
next-to-leading order, and partial next-to-next-to-leading or-
der accuracy; (iii) the timelike pion FF measured in e+e−

annihilation experiments. The approach includes ππ rescat-
tering effects and the ρ resonance and generates accurate
spectral functions up to t ≈ 1 GeV2. Higher-mass t-channel
states are described by effective poles. The parameters spec-
ifying the dynamical input (the low-energy constants of the
χEFT calculation, and the strength of the effective poles) are
fixed using the sum rules of dispersion theory and expressed
in terms of the nucleon charges, magnetic moments, and radii.
For each assumed value of rp

E and rp
M the theory generates

a unique prediction for Gp
E (Q2) and Gp

M (Q2); the theoretical
uncertainties of the predictions are discussed and estimated
below [20]. The theory predicts the “shape” of the spacelike
FF as determined by analyticity (position of singularities) and
dynamics (strength of singularities). In this way the values
of the radii are correlated with the predicted behavior of the
FFs at finite momentum transfers Q2 ≈ 1 GeV2, allowing
the use of such data for radius extraction. A computer code
generating the DIχEFT FF predictions, example plots, and
further information are available in the Supplemental Material
[40].

For our radius extraction we use the high-precision data in
electron-proton elastic scattering from the Mainz A1 experi-
ment, which dominate the world data [32,33]. The experiment
measured the elastic scattering cross section at momentum
transfers 0.003 ! Q2 ! 1 GeV2 and incident electron ener-
gies E from 0.18 to 0.855 GeV (see Fig. 1). In the one-photon
exchange approximation the differential cross section is re-
lated to the proton electric and magnetic FFs by the standard

FIG. 1. Data: Mainz A1 electron-proton elastic scattering cross
section data [32,33], with the normalization of the sets determined
by our fit (in the higher energy bins, the plots show the data up to
Q2 = 0.5 GeV2). Bands: Theoretical model (DIχEFT) with param-
eters (rp

E , rp
M ) obtained from our best fit. The bands show the range

of the model predictions obtained by varying the parameters in the
1σ confidence interval of the fit; it does not include the theoretical
uncertainty of the model. Both data and model are divided by the
cross section evaluated with the standard dipole FFs.
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FF. It overcomes the difficulties in extraction methods based
on empirical fits and Q2 → 0 extrapolation (functional form
bias, unstable extrapolation), particularly the issues related
to the normalization of data sets taken at different incident
energies. DIχEFT was used in Ref. [20] to extract rp

E from
an empirical FF parametrization [39] and delivered a value of
rp

E = 0.844 ± 0.007 fm, in agreement with the other determi-
nations quoted above and the recent results of the Jefferson
Lab PRad experiment [11]. In this work we use the method
to extract both rp

M and rp
E from a direct analysis of the cross

section data, dominated by the Mainz A1 data [32,33]. We ob-
tain rp

M = 0.850 ± 0.001 (1σ fit uncertainty) +0.009
−0.004 (full-range

theory uncertainty) fm, significantly different from the values
extracted from the same data using empirical fits [25,32], and
surprisingly close to rp

E . In the course we also update our
previous extraction of rp

E and verify the robustness of the
results.

II. METHOD

DIχEFT is a method for calculating nucleon FFs com-
bining dispersion analysis and chiral effective field the-
ory. The theoretical foundations are described in detail
in Refs. [36–38]; applications to FF fits are discussed in
Ref. [20]. The FFs are represented as dispersion integrals
over t ≡ −Q2. The spectral functions on the two-pion cut
at t > 4M2

π are calculated using (i) the elastic unitarity rela-
tion; (ii) πN amplitudes computed in χEFT at leading order,
next-to-leading order, and partial next-to-next-to-leading or-
der accuracy; (iii) the timelike pion FF measured in e+e−

annihilation experiments. The approach includes ππ rescat-
tering effects and the ρ resonance and generates accurate
spectral functions up to t ≈ 1 GeV2. Higher-mass t-channel
states are described by effective poles. The parameters spec-
ifying the dynamical input (the low-energy constants of the
χEFT calculation, and the strength of the effective poles) are
fixed using the sum rules of dispersion theory and expressed
in terms of the nucleon charges, magnetic moments, and radii.
For each assumed value of rp

E and rp
M the theory generates

a unique prediction for Gp
E (Q2) and Gp

M (Q2); the theoretical
uncertainties of the predictions are discussed and estimated
below [20]. The theory predicts the “shape” of the spacelike
FF as determined by analyticity (position of singularities) and
dynamics (strength of singularities). In this way the values
of the radii are correlated with the predicted behavior of the
FFs at finite momentum transfers Q2 ≈ 1 GeV2, allowing
the use of such data for radius extraction. A computer code
generating the DIχEFT FF predictions, example plots, and
further information are available in the Supplemental Material
[40].

For our radius extraction we use the high-precision data in
electron-proton elastic scattering from the Mainz A1 experi-
ment, which dominate the world data [32,33]. The experiment
measured the elastic scattering cross section at momentum
transfers 0.003 ! Q2 ! 1 GeV2 and incident electron ener-
gies E from 0.18 to 0.855 GeV (see Fig. 1). In the one-photon
exchange approximation the differential cross section is re-
lated to the proton electric and magnetic FFs by the standard

FIG. 1. Data: Mainz A1 electron-proton elastic scattering cross
section data [32,33], with the normalization of the sets determined
by our fit (in the higher energy bins, the plots show the data up to
Q2 = 0.5 GeV2). Bands: Theoretical model (DIχEFT) with param-
eters (rp

E , rp
M ) obtained from our best fit. The bands show the range

of the model predictions obtained by varying the parameters in the
1σ confidence interval of the fit; it does not include the theoretical
uncertainty of the model. Both data and model are divided by the
cross section evaluated with the standard dipole FFs.
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FF. It overcomes the difficulties in extraction methods based
on empirical fits and Q2 → 0 extrapolation (functional form
bias, unstable extrapolation), particularly the issues related
to the normalization of data sets taken at different incident
energies. DIχEFT was used in Ref. [20] to extract rp

E from
an empirical FF parametrization [39] and delivered a value of
rp

E = 0.844 ± 0.007 fm, in agreement with the other determi-
nations quoted above and the recent results of the Jefferson
Lab PRad experiment [11]. In this work we use the method
to extract both rp

M and rp
E from a direct analysis of the cross

section data, dominated by the Mainz A1 data [32,33]. We ob-
tain rp

M = 0.850 ± 0.001 (1σ fit uncertainty) +0.009
−0.004 (full-range

theory uncertainty) fm, significantly different from the values
extracted from the same data using empirical fits [25,32], and
surprisingly close to rp

E . In the course we also update our
previous extraction of rp

E and verify the robustness of the
results.

II. METHOD

DIχEFT is a method for calculating nucleon FFs com-
bining dispersion analysis and chiral effective field the-
ory. The theoretical foundations are described in detail
in Refs. [36–38]; applications to FF fits are discussed in
Ref. [20]. The FFs are represented as dispersion integrals
over t ≡ −Q2. The spectral functions on the two-pion cut
at t > 4M2

π are calculated using (i) the elastic unitarity rela-
tion; (ii) πN amplitudes computed in χEFT at leading order,
next-to-leading order, and partial next-to-next-to-leading or-
der accuracy; (iii) the timelike pion FF measured in e+e−

annihilation experiments. The approach includes ππ rescat-
tering effects and the ρ resonance and generates accurate
spectral functions up to t ≈ 1 GeV2. Higher-mass t-channel
states are described by effective poles. The parameters spec-
ifying the dynamical input (the low-energy constants of the
χEFT calculation, and the strength of the effective poles) are
fixed using the sum rules of dispersion theory and expressed
in terms of the nucleon charges, magnetic moments, and radii.
For each assumed value of rp

E and rp
M the theory generates

a unique prediction for Gp
E (Q2) and Gp

M (Q2); the theoretical
uncertainties of the predictions are discussed and estimated
below [20]. The theory predicts the “shape” of the spacelike
FF as determined by analyticity (position of singularities) and
dynamics (strength of singularities). In this way the values
of the radii are correlated with the predicted behavior of the
FFs at finite momentum transfers Q2 ≈ 1 GeV2, allowing
the use of such data for radius extraction. A computer code
generating the DIχEFT FF predictions, example plots, and
further information are available in the Supplemental Material
[40].

For our radius extraction we use the high-precision data in
electron-proton elastic scattering from the Mainz A1 experi-
ment, which dominate the world data [32,33]. The experiment
measured the elastic scattering cross section at momentum
transfers 0.003 ! Q2 ! 1 GeV2 and incident electron ener-
gies E from 0.18 to 0.855 GeV (see Fig. 1). In the one-photon
exchange approximation the differential cross section is re-
lated to the proton electric and magnetic FFs by the standard

FIG. 1. Data: Mainz A1 electron-proton elastic scattering cross
section data [32,33], with the normalization of the sets determined
by our fit (in the higher energy bins, the plots show the data up to
Q2 = 0.5 GeV2). Bands: Theoretical model (DIχEFT) with param-
eters (rp

E , rp
M ) obtained from our best fit. The bands show the range

of the model predictions obtained by varying the parameters in the
1σ confidence interval of the fit; it does not include the theoretical
uncertainty of the model. Both data and model are divided by the
cross section evaluated with the standard dipole FFs.
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FF. It overcomes the difficulties in extraction methods based
on empirical fits and Q2 → 0 extrapolation (functional form
bias, unstable extrapolation), particularly the issues related
to the normalization of data sets taken at different incident
energies. DIχEFT was used in Ref. [20] to extract rp

E from
an empirical FF parametrization [39] and delivered a value of
rp

E = 0.844 ± 0.007 fm, in agreement with the other determi-
nations quoted above and the recent results of the Jefferson
Lab PRad experiment [11]. In this work we use the method
to extract both rp

M and rp
E from a direct analysis of the cross

section data, dominated by the Mainz A1 data [32,33]. We ob-
tain rp

M = 0.850 ± 0.001 (1σ fit uncertainty) +0.009
−0.004 (full-range

theory uncertainty) fm, significantly different from the values
extracted from the same data using empirical fits [25,32], and
surprisingly close to rp

E . In the course we also update our
previous extraction of rp

E and verify the robustness of the
results.

II. METHOD

DIχEFT is a method for calculating nucleon FFs com-
bining dispersion analysis and chiral effective field the-
ory. The theoretical foundations are described in detail
in Refs. [36–38]; applications to FF fits are discussed in
Ref. [20]. The FFs are represented as dispersion integrals
over t ≡ −Q2. The spectral functions on the two-pion cut
at t > 4M2

π are calculated using (i) the elastic unitarity rela-
tion; (ii) πN amplitudes computed in χEFT at leading order,
next-to-leading order, and partial next-to-next-to-leading or-
der accuracy; (iii) the timelike pion FF measured in e+e−

annihilation experiments. The approach includes ππ rescat-
tering effects and the ρ resonance and generates accurate
spectral functions up to t ≈ 1 GeV2. Higher-mass t-channel
states are described by effective poles. The parameters spec-
ifying the dynamical input (the low-energy constants of the
χEFT calculation, and the strength of the effective poles) are
fixed using the sum rules of dispersion theory and expressed
in terms of the nucleon charges, magnetic moments, and radii.
For each assumed value of rp

E and rp
M the theory generates

a unique prediction for Gp
E (Q2) and Gp

M (Q2); the theoretical
uncertainties of the predictions are discussed and estimated
below [20]. The theory predicts the “shape” of the spacelike
FF as determined by analyticity (position of singularities) and
dynamics (strength of singularities). In this way the values
of the radii are correlated with the predicted behavior of the
FFs at finite momentum transfers Q2 ≈ 1 GeV2, allowing
the use of such data for radius extraction. A computer code
generating the DIχEFT FF predictions, example plots, and
further information are available in the Supplemental Material
[40].

For our radius extraction we use the high-precision data in
electron-proton elastic scattering from the Mainz A1 experi-
ment, which dominate the world data [32,33]. The experiment
measured the elastic scattering cross section at momentum
transfers 0.003 ! Q2 ! 1 GeV2 and incident electron ener-
gies E from 0.18 to 0.855 GeV (see Fig. 1). In the one-photon
exchange approximation the differential cross section is re-
lated to the proton electric and magnetic FFs by the standard

FIG. 1. Data: Mainz A1 electron-proton elastic scattering cross
section data [32,33], with the normalization of the sets determined
by our fit (in the higher energy bins, the plots show the data up to
Q2 = 0.5 GeV2). Bands: Theoretical model (DIχEFT) with param-
eters (rp

E , rp
M ) obtained from our best fit. The bands show the range

of the model predictions obtained by varying the parameters in the
1σ confidence interval of the fit; it does not include the theoretical
uncertainty of the model. Both data and model are divided by the
cross section evaluated with the standard dipole FFs.
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FF. It overcomes the difficulties in extraction methods based
on empirical fits and Q2 → 0 extrapolation (functional form
bias, unstable extrapolation), particularly the issues related
to the normalization of data sets taken at different incident
energies. DIχEFT was used in Ref. [20] to extract rp

E from
an empirical FF parametrization [39] and delivered a value of
rp

E = 0.844 ± 0.007 fm, in agreement with the other determi-
nations quoted above and the recent results of the Jefferson
Lab PRad experiment [11]. In this work we use the method
to extract both rp

M and rp
E from a direct analysis of the cross

section data, dominated by the Mainz A1 data [32,33]. We ob-
tain rp

M = 0.850 ± 0.001 (1σ fit uncertainty) +0.009
−0.004 (full-range

theory uncertainty) fm, significantly different from the values
extracted from the same data using empirical fits [25,32], and
surprisingly close to rp

E . In the course we also update our
previous extraction of rp

E and verify the robustness of the
results.

II. METHOD

DIχEFT is a method for calculating nucleon FFs com-
bining dispersion analysis and chiral effective field the-
ory. The theoretical foundations are described in detail
in Refs. [36–38]; applications to FF fits are discussed in
Ref. [20]. The FFs are represented as dispersion integrals
over t ≡ −Q2. The spectral functions on the two-pion cut
at t > 4M2

π are calculated using (i) the elastic unitarity rela-
tion; (ii) πN amplitudes computed in χEFT at leading order,
next-to-leading order, and partial next-to-next-to-leading or-
der accuracy; (iii) the timelike pion FF measured in e+e−

annihilation experiments. The approach includes ππ rescat-
tering effects and the ρ resonance and generates accurate
spectral functions up to t ≈ 1 GeV2. Higher-mass t-channel
states are described by effective poles. The parameters spec-
ifying the dynamical input (the low-energy constants of the
χEFT calculation, and the strength of the effective poles) are
fixed using the sum rules of dispersion theory and expressed
in terms of the nucleon charges, magnetic moments, and radii.
For each assumed value of rp

E and rp
M the theory generates

a unique prediction for Gp
E (Q2) and Gp

M (Q2); the theoretical
uncertainties of the predictions are discussed and estimated
below [20]. The theory predicts the “shape” of the spacelike
FF as determined by analyticity (position of singularities) and
dynamics (strength of singularities). In this way the values
of the radii are correlated with the predicted behavior of the
FFs at finite momentum transfers Q2 ≈ 1 GeV2, allowing
the use of such data for radius extraction. A computer code
generating the DIχEFT FF predictions, example plots, and
further information are available in the Supplemental Material
[40].

For our radius extraction we use the high-precision data in
electron-proton elastic scattering from the Mainz A1 experi-
ment, which dominate the world data [32,33]. The experiment
measured the elastic scattering cross section at momentum
transfers 0.003 ! Q2 ! 1 GeV2 and incident electron ener-
gies E from 0.18 to 0.855 GeV (see Fig. 1). In the one-photon
exchange approximation the differential cross section is re-
lated to the proton electric and magnetic FFs by the standard

FIG. 1. Data: Mainz A1 electron-proton elastic scattering cross
section data [32,33], with the normalization of the sets determined
by our fit (in the higher energy bins, the plots show the data up to
Q2 = 0.5 GeV2). Bands: Theoretical model (DIχEFT) with param-
eters (rp

E , rp
M ) obtained from our best fit. The bands show the range

of the model predictions obtained by varying the parameters in the
1σ confidence interval of the fit; it does not include the theoretical
uncertainty of the model. Both data and model are divided by the
cross section evaluated with the standard dipole FFs.
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FF. It overcomes the difficulties in extraction methods based
on empirical fits and Q2 → 0 extrapolation (functional form
bias, unstable extrapolation), particularly the issues related
to the normalization of data sets taken at different incident
energies. DIχEFT was used in Ref. [20] to extract rp

E from
an empirical FF parametrization [39] and delivered a value of
rp

E = 0.844 ± 0.007 fm, in agreement with the other determi-
nations quoted above and the recent results of the Jefferson
Lab PRad experiment [11]. In this work we use the method
to extract both rp

M and rp
E from a direct analysis of the cross

section data, dominated by the Mainz A1 data [32,33]. We ob-
tain rp

M = 0.850 ± 0.001 (1σ fit uncertainty) +0.009
−0.004 (full-range

theory uncertainty) fm, significantly different from the values
extracted from the same data using empirical fits [25,32], and
surprisingly close to rp

E . In the course we also update our
previous extraction of rp

E and verify the robustness of the
results.

II. METHOD

DIχEFT is a method for calculating nucleon FFs com-
bining dispersion analysis and chiral effective field the-
ory. The theoretical foundations are described in detail
in Refs. [36–38]; applications to FF fits are discussed in
Ref. [20]. The FFs are represented as dispersion integrals
over t ≡ −Q2. The spectral functions on the two-pion cut
at t > 4M2

π are calculated using (i) the elastic unitarity rela-
tion; (ii) πN amplitudes computed in χEFT at leading order,
next-to-leading order, and partial next-to-next-to-leading or-
der accuracy; (iii) the timelike pion FF measured in e+e−

annihilation experiments. The approach includes ππ rescat-
tering effects and the ρ resonance and generates accurate
spectral functions up to t ≈ 1 GeV2. Higher-mass t-channel
states are described by effective poles. The parameters spec-
ifying the dynamical input (the low-energy constants of the
χEFT calculation, and the strength of the effective poles) are
fixed using the sum rules of dispersion theory and expressed
in terms of the nucleon charges, magnetic moments, and radii.
For each assumed value of rp

E and rp
M the theory generates

a unique prediction for Gp
E (Q2) and Gp

M (Q2); the theoretical
uncertainties of the predictions are discussed and estimated
below [20]. The theory predicts the “shape” of the spacelike
FF as determined by analyticity (position of singularities) and
dynamics (strength of singularities). In this way the values
of the radii are correlated with the predicted behavior of the
FFs at finite momentum transfers Q2 ≈ 1 GeV2, allowing
the use of such data for radius extraction. A computer code
generating the DIχEFT FF predictions, example plots, and
further information are available in the Supplemental Material
[40].

For our radius extraction we use the high-precision data in
electron-proton elastic scattering from the Mainz A1 experi-
ment, which dominate the world data [32,33]. The experiment
measured the elastic scattering cross section at momentum
transfers 0.003 ! Q2 ! 1 GeV2 and incident electron ener-
gies E from 0.18 to 0.855 GeV (see Fig. 1). In the one-photon
exchange approximation the differential cross section is re-
lated to the proton electric and magnetic FFs by the standard

FIG. 1. Data: Mainz A1 electron-proton elastic scattering cross
section data [32,33], with the normalization of the sets determined
by our fit (in the higher energy bins, the plots show the data up to
Q2 = 0.5 GeV2). Bands: Theoretical model (DIχEFT) with param-
eters (rp

E , rp
M ) obtained from our best fit. The bands show the range

of the model predictions obtained by varying the parameters in the
1σ confidence interval of the fit; it does not include the theoretical
uncertainty of the model. Both data and model are divided by the
cross section evaluated with the standard dipole FFs.
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FF. It overcomes the difficulties in extraction methods based
on empirical fits and Q2 → 0 extrapolation (functional form
bias, unstable extrapolation), particularly the issues related
to the normalization of data sets taken at different incident
energies. DIχEFT was used in Ref. [20] to extract rp

E from
an empirical FF parametrization [39] and delivered a value of
rp

E = 0.844 ± 0.007 fm, in agreement with the other determi-
nations quoted above and the recent results of the Jefferson
Lab PRad experiment [11]. In this work we use the method
to extract both rp

M and rp
E from a direct analysis of the cross

section data, dominated by the Mainz A1 data [32,33]. We ob-
tain rp

M = 0.850 ± 0.001 (1σ fit uncertainty) +0.009
−0.004 (full-range

theory uncertainty) fm, significantly different from the values
extracted from the same data using empirical fits [25,32], and
surprisingly close to rp

E . In the course we also update our
previous extraction of rp

E and verify the robustness of the
results.

II. METHOD

DIχEFT is a method for calculating nucleon FFs com-
bining dispersion analysis and chiral effective field the-
ory. The theoretical foundations are described in detail
in Refs. [36–38]; applications to FF fits are discussed in
Ref. [20]. The FFs are represented as dispersion integrals
over t ≡ −Q2. The spectral functions on the two-pion cut
at t > 4M2

π are calculated using (i) the elastic unitarity rela-
tion; (ii) πN amplitudes computed in χEFT at leading order,
next-to-leading order, and partial next-to-next-to-leading or-
der accuracy; (iii) the timelike pion FF measured in e+e−

annihilation experiments. The approach includes ππ rescat-
tering effects and the ρ resonance and generates accurate
spectral functions up to t ≈ 1 GeV2. Higher-mass t-channel
states are described by effective poles. The parameters spec-
ifying the dynamical input (the low-energy constants of the
χEFT calculation, and the strength of the effective poles) are
fixed using the sum rules of dispersion theory and expressed
in terms of the nucleon charges, magnetic moments, and radii.
For each assumed value of rp

E and rp
M the theory generates

a unique prediction for Gp
E (Q2) and Gp

M (Q2); the theoretical
uncertainties of the predictions are discussed and estimated
below [20]. The theory predicts the “shape” of the spacelike
FF as determined by analyticity (position of singularities) and
dynamics (strength of singularities). In this way the values
of the radii are correlated with the predicted behavior of the
FFs at finite momentum transfers Q2 ≈ 1 GeV2, allowing
the use of such data for radius extraction. A computer code
generating the DIχEFT FF predictions, example plots, and
further information are available in the Supplemental Material
[40].

For our radius extraction we use the high-precision data in
electron-proton elastic scattering from the Mainz A1 experi-
ment, which dominate the world data [32,33]. The experiment
measured the elastic scattering cross section at momentum
transfers 0.003 ! Q2 ! 1 GeV2 and incident electron ener-
gies E from 0.18 to 0.855 GeV (see Fig. 1). In the one-photon
exchange approximation the differential cross section is re-
lated to the proton electric and magnetic FFs by the standard

FIG. 1. Data: Mainz A1 electron-proton elastic scattering cross
section data [32,33], with the normalization of the sets determined
by our fit (in the higher energy bins, the plots show the data up to
Q2 = 0.5 GeV2). Bands: Theoretical model (DIχEFT) with param-
eters (rp

E , rp
M ) obtained from our best fit. The bands show the range

of the model predictions obtained by varying the parameters in the
1σ confidence interval of the fit; it does not include the theoretical
uncertainty of the model. Both data and model are divided by the
cross section evaluated with the standard dipole FFs.
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FF. It overcomes the difficulties in extraction methods based
on empirical fits and Q2 → 0 extrapolation (functional form
bias, unstable extrapolation), particularly the issues related
to the normalization of data sets taken at different incident
energies. DIχEFT was used in Ref. [20] to extract rp

E from
an empirical FF parametrization [39] and delivered a value of
rp

E = 0.844 ± 0.007 fm, in agreement with the other determi-
nations quoted above and the recent results of the Jefferson
Lab PRad experiment [11]. In this work we use the method
to extract both rp

M and rp
E from a direct analysis of the cross

section data, dominated by the Mainz A1 data [32,33]. We ob-
tain rp

M = 0.850 ± 0.001 (1σ fit uncertainty) +0.009
−0.004 (full-range

theory uncertainty) fm, significantly different from the values
extracted from the same data using empirical fits [25,32], and
surprisingly close to rp

E . In the course we also update our
previous extraction of rp

E and verify the robustness of the
results.

II. METHOD

DIχEFT is a method for calculating nucleon FFs com-
bining dispersion analysis and chiral effective field the-
ory. The theoretical foundations are described in detail
in Refs. [36–38]; applications to FF fits are discussed in
Ref. [20]. The FFs are represented as dispersion integrals
over t ≡ −Q2. The spectral functions on the two-pion cut
at t > 4M2

π are calculated using (i) the elastic unitarity rela-
tion; (ii) πN amplitudes computed in χEFT at leading order,
next-to-leading order, and partial next-to-next-to-leading or-
der accuracy; (iii) the timelike pion FF measured in e+e−

annihilation experiments. The approach includes ππ rescat-
tering effects and the ρ resonance and generates accurate
spectral functions up to t ≈ 1 GeV2. Higher-mass t-channel
states are described by effective poles. The parameters spec-
ifying the dynamical input (the low-energy constants of the
χEFT calculation, and the strength of the effective poles) are
fixed using the sum rules of dispersion theory and expressed
in terms of the nucleon charges, magnetic moments, and radii.
For each assumed value of rp

E and rp
M the theory generates

a unique prediction for Gp
E (Q2) and Gp

M (Q2); the theoretical
uncertainties of the predictions are discussed and estimated
below [20]. The theory predicts the “shape” of the spacelike
FF as determined by analyticity (position of singularities) and
dynamics (strength of singularities). In this way the values
of the radii are correlated with the predicted behavior of the
FFs at finite momentum transfers Q2 ≈ 1 GeV2, allowing
the use of such data for radius extraction. A computer code
generating the DIχEFT FF predictions, example plots, and
further information are available in the Supplemental Material
[40].

For our radius extraction we use the high-precision data in
electron-proton elastic scattering from the Mainz A1 experi-
ment, which dominate the world data [32,33]. The experiment
measured the elastic scattering cross section at momentum
transfers 0.003 ! Q2 ! 1 GeV2 and incident electron ener-
gies E from 0.18 to 0.855 GeV (see Fig. 1). In the one-photon
exchange approximation the differential cross section is re-
lated to the proton electric and magnetic FFs by the standard

FIG. 1. Data: Mainz A1 electron-proton elastic scattering cross
section data [32,33], with the normalization of the sets determined
by our fit (in the higher energy bins, the plots show the data up to
Q2 = 0.5 GeV2). Bands: Theoretical model (DIχEFT) with param-
eters (rp

E , rp
M ) obtained from our best fit. The bands show the range

of the model predictions obtained by varying the parameters in the
1σ confidence interval of the fit; it does not include the theoretical
uncertainty of the model. Both data and model are divided by the
cross section evaluated with the standard dipole FFs.
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FF. It overcomes the difficulties in extraction methods based
on empirical fits and Q2 → 0 extrapolation (functional form
bias, unstable extrapolation), particularly the issues related
to the normalization of data sets taken at different incident
energies. DIχEFT was used in Ref. [20] to extract rp

E from
an empirical FF parametrization [39] and delivered a value of
rp

E = 0.844 ± 0.007 fm, in agreement with the other determi-
nations quoted above and the recent results of the Jefferson
Lab PRad experiment [11]. In this work we use the method
to extract both rp

M and rp
E from a direct analysis of the cross

section data, dominated by the Mainz A1 data [32,33]. We ob-
tain rp

M = 0.850 ± 0.001 (1σ fit uncertainty) +0.009
−0.004 (full-range

theory uncertainty) fm, significantly different from the values
extracted from the same data using empirical fits [25,32], and
surprisingly close to rp

E . In the course we also update our
previous extraction of rp

E and verify the robustness of the
results.

II. METHOD

DIχEFT is a method for calculating nucleon FFs com-
bining dispersion analysis and chiral effective field the-
ory. The theoretical foundations are described in detail
in Refs. [36–38]; applications to FF fits are discussed in
Ref. [20]. The FFs are represented as dispersion integrals
over t ≡ −Q2. The spectral functions on the two-pion cut
at t > 4M2

π are calculated using (i) the elastic unitarity rela-
tion; (ii) πN amplitudes computed in χEFT at leading order,
next-to-leading order, and partial next-to-next-to-leading or-
der accuracy; (iii) the timelike pion FF measured in e+e−

annihilation experiments. The approach includes ππ rescat-
tering effects and the ρ resonance and generates accurate
spectral functions up to t ≈ 1 GeV2. Higher-mass t-channel
states are described by effective poles. The parameters spec-
ifying the dynamical input (the low-energy constants of the
χEFT calculation, and the strength of the effective poles) are
fixed using the sum rules of dispersion theory and expressed
in terms of the nucleon charges, magnetic moments, and radii.
For each assumed value of rp

E and rp
M the theory generates

a unique prediction for Gp
E (Q2) and Gp

M (Q2); the theoretical
uncertainties of the predictions are discussed and estimated
below [20]. The theory predicts the “shape” of the spacelike
FF as determined by analyticity (position of singularities) and
dynamics (strength of singularities). In this way the values
of the radii are correlated with the predicted behavior of the
FFs at finite momentum transfers Q2 ≈ 1 GeV2, allowing
the use of such data for radius extraction. A computer code
generating the DIχEFT FF predictions, example plots, and
further information are available in the Supplemental Material
[40].

For our radius extraction we use the high-precision data in
electron-proton elastic scattering from the Mainz A1 experi-
ment, which dominate the world data [32,33]. The experiment
measured the elastic scattering cross section at momentum
transfers 0.003 ! Q2 ! 1 GeV2 and incident electron ener-
gies E from 0.18 to 0.855 GeV (see Fig. 1). In the one-photon
exchange approximation the differential cross section is re-
lated to the proton electric and magnetic FFs by the standard

FIG. 1. Data: Mainz A1 electron-proton elastic scattering cross
section data [32,33], with the normalization of the sets determined
by our fit (in the higher energy bins, the plots show the data up to
Q2 = 0.5 GeV2). Bands: Theoretical model (DIχEFT) with param-
eters (rp

E , rp
M ) obtained from our best fit. The bands show the range

of the model predictions obtained by varying the parameters in the
1σ confidence interval of the fit; it does not include the theoretical
uncertainty of the model. Both data and model are divided by the
cross section evaluated with the standard dipole FFs.
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FF. It overcomes the difficulties in extraction methods based
on empirical fits and Q2 → 0 extrapolation (functional form
bias, unstable extrapolation), particularly the issues related
to the normalization of data sets taken at different incident
energies. DIχEFT was used in Ref. [20] to extract rp

E from
an empirical FF parametrization [39] and delivered a value of
rp

E = 0.844 ± 0.007 fm, in agreement with the other determi-
nations quoted above and the recent results of the Jefferson
Lab PRad experiment [11]. In this work we use the method
to extract both rp

M and rp
E from a direct analysis of the cross

section data, dominated by the Mainz A1 data [32,33]. We ob-
tain rp

M = 0.850 ± 0.001 (1σ fit uncertainty) +0.009
−0.004 (full-range

theory uncertainty) fm, significantly different from the values
extracted from the same data using empirical fits [25,32], and
surprisingly close to rp

E . In the course we also update our
previous extraction of rp

E and verify the robustness of the
results.

II. METHOD

DIχEFT is a method for calculating nucleon FFs com-
bining dispersion analysis and chiral effective field the-
ory. The theoretical foundations are described in detail
in Refs. [36–38]; applications to FF fits are discussed in
Ref. [20]. The FFs are represented as dispersion integrals
over t ≡ −Q2. The spectral functions on the two-pion cut
at t > 4M2

π are calculated using (i) the elastic unitarity rela-
tion; (ii) πN amplitudes computed in χEFT at leading order,
next-to-leading order, and partial next-to-next-to-leading or-
der accuracy; (iii) the timelike pion FF measured in e+e−

annihilation experiments. The approach includes ππ rescat-
tering effects and the ρ resonance and generates accurate
spectral functions up to t ≈ 1 GeV2. Higher-mass t-channel
states are described by effective poles. The parameters spec-
ifying the dynamical input (the low-energy constants of the
χEFT calculation, and the strength of the effective poles) are
fixed using the sum rules of dispersion theory and expressed
in terms of the nucleon charges, magnetic moments, and radii.
For each assumed value of rp

E and rp
M the theory generates

a unique prediction for Gp
E (Q2) and Gp

M (Q2); the theoretical
uncertainties of the predictions are discussed and estimated
below [20]. The theory predicts the “shape” of the spacelike
FF as determined by analyticity (position of singularities) and
dynamics (strength of singularities). In this way the values
of the radii are correlated with the predicted behavior of the
FFs at finite momentum transfers Q2 ≈ 1 GeV2, allowing
the use of such data for radius extraction. A computer code
generating the DIχEFT FF predictions, example plots, and
further information are available in the Supplemental Material
[40].

For our radius extraction we use the high-precision data in
electron-proton elastic scattering from the Mainz A1 experi-
ment, which dominate the world data [32,33]. The experiment
measured the elastic scattering cross section at momentum
transfers 0.003 ! Q2 ! 1 GeV2 and incident electron ener-
gies E from 0.18 to 0.855 GeV (see Fig. 1). In the one-photon
exchange approximation the differential cross section is re-
lated to the proton electric and magnetic FFs by the standard

FIG. 1. Data: Mainz A1 electron-proton elastic scattering cross
section data [32,33], with the normalization of the sets determined
by our fit (in the higher energy bins, the plots show the data up to
Q2 = 0.5 GeV2). Bands: Theoretical model (DIχEFT) with param-
eters (rp

E , rp
M ) obtained from our best fit. The bands show the range

of the model predictions obtained by varying the parameters in the
1σ confidence interval of the fit; it does not include the theoretical
uncertainty of the model. Both data and model are divided by the
cross section evaluated with the standard dipole FFs.
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FF. It overcomes the difficulties in extraction methods based
on empirical fits and Q2 → 0 extrapolation (functional form
bias, unstable extrapolation), particularly the issues related
to the normalization of data sets taken at different incident
energies. DIχEFT was used in Ref. [20] to extract rp

E from
an empirical FF parametrization [39] and delivered a value of
rp

E = 0.844 ± 0.007 fm, in agreement with the other determi-
nations quoted above and the recent results of the Jefferson
Lab PRad experiment [11]. In this work we use the method
to extract both rp

M and rp
E from a direct analysis of the cross

section data, dominated by the Mainz A1 data [32,33]. We ob-
tain rp

M = 0.850 ± 0.001 (1σ fit uncertainty) +0.009
−0.004 (full-range

theory uncertainty) fm, significantly different from the values
extracted from the same data using empirical fits [25,32], and
surprisingly close to rp

E . In the course we also update our
previous extraction of rp

E and verify the robustness of the
results.

II. METHOD

DIχEFT is a method for calculating nucleon FFs com-
bining dispersion analysis and chiral effective field the-
ory. The theoretical foundations are described in detail
in Refs. [36–38]; applications to FF fits are discussed in
Ref. [20]. The FFs are represented as dispersion integrals
over t ≡ −Q2. The spectral functions on the two-pion cut
at t > 4M2

π are calculated using (i) the elastic unitarity rela-
tion; (ii) πN amplitudes computed in χEFT at leading order,
next-to-leading order, and partial next-to-next-to-leading or-
der accuracy; (iii) the timelike pion FF measured in e+e−

annihilation experiments. The approach includes ππ rescat-
tering effects and the ρ resonance and generates accurate
spectral functions up to t ≈ 1 GeV2. Higher-mass t-channel
states are described by effective poles. The parameters spec-
ifying the dynamical input (the low-energy constants of the
χEFT calculation, and the strength of the effective poles) are
fixed using the sum rules of dispersion theory and expressed
in terms of the nucleon charges, magnetic moments, and radii.
For each assumed value of rp

E and rp
M the theory generates

a unique prediction for Gp
E (Q2) and Gp

M (Q2); the theoretical
uncertainties of the predictions are discussed and estimated
below [20]. The theory predicts the “shape” of the spacelike
FF as determined by analyticity (position of singularities) and
dynamics (strength of singularities). In this way the values
of the radii are correlated with the predicted behavior of the
FFs at finite momentum transfers Q2 ≈ 1 GeV2, allowing
the use of such data for radius extraction. A computer code
generating the DIχEFT FF predictions, example plots, and
further information are available in the Supplemental Material
[40].

For our radius extraction we use the high-precision data in
electron-proton elastic scattering from the Mainz A1 experi-
ment, which dominate the world data [32,33]. The experiment
measured the elastic scattering cross section at momentum
transfers 0.003 ! Q2 ! 1 GeV2 and incident electron ener-
gies E from 0.18 to 0.855 GeV (see Fig. 1). In the one-photon
exchange approximation the differential cross section is re-
lated to the proton electric and magnetic FFs by the standard

FIG. 1. Data: Mainz A1 electron-proton elastic scattering cross
section data [32,33], with the normalization of the sets determined
by our fit (in the higher energy bins, the plots show the data up to
Q2 = 0.5 GeV2). Bands: Theoretical model (DIχEFT) with param-
eters (rp

E , rp
M ) obtained from our best fit. The bands show the range

of the model predictions obtained by varying the parameters in the
1σ confidence interval of the fit; it does not include the theoretical
uncertainty of the model. Both data and model are divided by the
cross section evaluated with the standard dipole FFs.
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FF. It overcomes the difficulties in extraction methods based
on empirical fits and Q2 → 0 extrapolation (functional form
bias, unstable extrapolation), particularly the issues related
to the normalization of data sets taken at different incident
energies. DIχEFT was used in Ref. [20] to extract rp

E from
an empirical FF parametrization [39] and delivered a value of
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E = 0.844 ± 0.007 fm, in agreement with the other determi-
nations quoted above and the recent results of the Jefferson
Lab PRad experiment [11]. In this work we use the method
to extract both rp

M and rp
E from a direct analysis of the cross

section data, dominated by the Mainz A1 data [32,33]. We ob-
tain rp

M = 0.850 ± 0.001 (1σ fit uncertainty) +0.009
−0.004 (full-range

theory uncertainty) fm, significantly different from the values
extracted from the same data using empirical fits [25,32], and
surprisingly close to rp

E . In the course we also update our
previous extraction of rp

E and verify the robustness of the
results.

II. METHOD

DIχEFT is a method for calculating nucleon FFs com-
bining dispersion analysis and chiral effective field the-
ory. The theoretical foundations are described in detail
in Refs. [36–38]; applications to FF fits are discussed in
Ref. [20]. The FFs are represented as dispersion integrals
over t ≡ −Q2. The spectral functions on the two-pion cut
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tion; (ii) πN amplitudes computed in χEFT at leading order,
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der accuracy; (iii) the timelike pion FF measured in e+e−

annihilation experiments. The approach includes ππ rescat-
tering effects and the ρ resonance and generates accurate
spectral functions up to t ≈ 1 GeV2. Higher-mass t-channel
states are described by effective poles. The parameters spec-
ifying the dynamical input (the low-energy constants of the
χEFT calculation, and the strength of the effective poles) are
fixed using the sum rules of dispersion theory and expressed
in terms of the nucleon charges, magnetic moments, and radii.
For each assumed value of rp
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M the theory generates

a unique prediction for Gp
E (Q2) and Gp

M (Q2); the theoretical
uncertainties of the predictions are discussed and estimated
below [20]. The theory predicts the “shape” of the spacelike
FF as determined by analyticity (position of singularities) and
dynamics (strength of singularities). In this way the values
of the radii are correlated with the predicted behavior of the
FFs at finite momentum transfers Q2 ≈ 1 GeV2, allowing
the use of such data for radius extraction. A computer code
generating the DIχEFT FF predictions, example plots, and
further information are available in the Supplemental Material
[40].

For our radius extraction we use the high-precision data in
electron-proton elastic scattering from the Mainz A1 experi-
ment, which dominate the world data [32,33]. The experiment
measured the elastic scattering cross section at momentum
transfers 0.003 ! Q2 ! 1 GeV2 and incident electron ener-
gies E from 0.18 to 0.855 GeV (see Fig. 1). In the one-photon
exchange approximation the differential cross section is re-
lated to the proton electric and magnetic FFs by the standard

FIG. 1. Data: Mainz A1 electron-proton elastic scattering cross
section data [32,33], with the normalization of the sets determined
by our fit (in the higher energy bins, the plots show the data up to
Q2 = 0.5 GeV2). Bands: Theoretical model (DIχEFT) with param-
eters (rp

E , rp
M ) obtained from our best fit. The bands show the range

of the model predictions obtained by varying the parameters in the
1σ confidence interval of the fit; it does not include the theoretical
uncertainty of the model. Both data and model are divided by the
cross section evaluated with the standard dipole FFs.
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FF. It overcomes the difficulties in extraction methods based
on empirical fits and Q2 → 0 extrapolation (functional form
bias, unstable extrapolation), particularly the issues related
to the normalization of data sets taken at different incident
energies. DIχEFT was used in Ref. [20] to extract rp

E from
an empirical FF parametrization [39] and delivered a value of
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E = 0.844 ± 0.007 fm, in agreement with the other determi-
nations quoted above and the recent results of the Jefferson
Lab PRad experiment [11]. In this work we use the method
to extract both rp

M and rp
E from a direct analysis of the cross

section data, dominated by the Mainz A1 data [32,33]. We ob-
tain rp

M = 0.850 ± 0.001 (1σ fit uncertainty) +0.009
−0.004 (full-range

theory uncertainty) fm, significantly different from the values
extracted from the same data using empirical fits [25,32], and
surprisingly close to rp

E . In the course we also update our
previous extraction of rp

E and verify the robustness of the
results.

II. METHOD

DIχEFT is a method for calculating nucleon FFs com-
bining dispersion analysis and chiral effective field the-
ory. The theoretical foundations are described in detail
in Refs. [36–38]; applications to FF fits are discussed in
Ref. [20]. The FFs are represented as dispersion integrals
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at t > 4M2

π are calculated using (i) the elastic unitarity rela-
tion; (ii) πN amplitudes computed in χEFT at leading order,
next-to-leading order, and partial next-to-next-to-leading or-
der accuracy; (iii) the timelike pion FF measured in e+e−

annihilation experiments. The approach includes ππ rescat-
tering effects and the ρ resonance and generates accurate
spectral functions up to t ≈ 1 GeV2. Higher-mass t-channel
states are described by effective poles. The parameters spec-
ifying the dynamical input (the low-energy constants of the
χEFT calculation, and the strength of the effective poles) are
fixed using the sum rules of dispersion theory and expressed
in terms of the nucleon charges, magnetic moments, and radii.
For each assumed value of rp

E and rp
M the theory generates

a unique prediction for Gp
E (Q2) and Gp

M (Q2); the theoretical
uncertainties of the predictions are discussed and estimated
below [20]. The theory predicts the “shape” of the spacelike
FF as determined by analyticity (position of singularities) and
dynamics (strength of singularities). In this way the values
of the radii are correlated with the predicted behavior of the
FFs at finite momentum transfers Q2 ≈ 1 GeV2, allowing
the use of such data for radius extraction. A computer code
generating the DIχEFT FF predictions, example plots, and
further information are available in the Supplemental Material
[40].

For our radius extraction we use the high-precision data in
electron-proton elastic scattering from the Mainz A1 experi-
ment, which dominate the world data [32,33]. The experiment
measured the elastic scattering cross section at momentum
transfers 0.003 ! Q2 ! 1 GeV2 and incident electron ener-
gies E from 0.18 to 0.855 GeV (see Fig. 1). In the one-photon
exchange approximation the differential cross section is re-
lated to the proton electric and magnetic FFs by the standard

FIG. 1. Data: Mainz A1 electron-proton elastic scattering cross
section data [32,33], with the normalization of the sets determined
by our fit (in the higher energy bins, the plots show the data up to
Q2 = 0.5 GeV2). Bands: Theoretical model (DIχEFT) with param-
eters (rp

E , rp
M ) obtained from our best fit. The bands show the range

of the model predictions obtained by varying the parameters in the
1σ confidence interval of the fit; it does not include the theoretical
uncertainty of the model. Both data and model are divided by the
cross section evaluated with the standard dipole FFs.
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FF. It overcomes the difficulties in extraction methods based
on empirical fits and Q2 → 0 extrapolation (functional form
bias, unstable extrapolation), particularly the issues related
to the normalization of data sets taken at different incident
energies. DIχEFT was used in Ref. [20] to extract rp

E from
an empirical FF parametrization [39] and delivered a value of
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E = 0.844 ± 0.007 fm, in agreement with the other determi-
nations quoted above and the recent results of the Jefferson
Lab PRad experiment [11]. In this work we use the method
to extract both rp

M and rp
E from a direct analysis of the cross

section data, dominated by the Mainz A1 data [32,33]. We ob-
tain rp

M = 0.850 ± 0.001 (1σ fit uncertainty) +0.009
−0.004 (full-range

theory uncertainty) fm, significantly different from the values
extracted from the same data using empirical fits [25,32], and
surprisingly close to rp

E . In the course we also update our
previous extraction of rp

E and verify the robustness of the
results.

II. METHOD

DIχEFT is a method for calculating nucleon FFs com-
bining dispersion analysis and chiral effective field the-
ory. The theoretical foundations are described in detail
in Refs. [36–38]; applications to FF fits are discussed in
Ref. [20]. The FFs are represented as dispersion integrals
over t ≡ −Q2. The spectral functions on the two-pion cut
at t > 4M2

π are calculated using (i) the elastic unitarity rela-
tion; (ii) πN amplitudes computed in χEFT at leading order,
next-to-leading order, and partial next-to-next-to-leading or-
der accuracy; (iii) the timelike pion FF measured in e+e−

annihilation experiments. The approach includes ππ rescat-
tering effects and the ρ resonance and generates accurate
spectral functions up to t ≈ 1 GeV2. Higher-mass t-channel
states are described by effective poles. The parameters spec-
ifying the dynamical input (the low-energy constants of the
χEFT calculation, and the strength of the effective poles) are
fixed using the sum rules of dispersion theory and expressed
in terms of the nucleon charges, magnetic moments, and radii.
For each assumed value of rp

E and rp
M the theory generates

a unique prediction for Gp
E (Q2) and Gp

M (Q2); the theoretical
uncertainties of the predictions are discussed and estimated
below [20]. The theory predicts the “shape” of the spacelike
FF as determined by analyticity (position of singularities) and
dynamics (strength of singularities). In this way the values
of the radii are correlated with the predicted behavior of the
FFs at finite momentum transfers Q2 ≈ 1 GeV2, allowing
the use of such data for radius extraction. A computer code
generating the DIχEFT FF predictions, example plots, and
further information are available in the Supplemental Material
[40].

For our radius extraction we use the high-precision data in
electron-proton elastic scattering from the Mainz A1 experi-
ment, which dominate the world data [32,33]. The experiment
measured the elastic scattering cross section at momentum
transfers 0.003 ! Q2 ! 1 GeV2 and incident electron ener-
gies E from 0.18 to 0.855 GeV (see Fig. 1). In the one-photon
exchange approximation the differential cross section is re-
lated to the proton electric and magnetic FFs by the standard

FIG. 1. Data: Mainz A1 electron-proton elastic scattering cross
section data [32,33], with the normalization of the sets determined
by our fit (in the higher energy bins, the plots show the data up to
Q2 = 0.5 GeV2). Bands: Theoretical model (DIχEFT) with param-
eters (rp

E , rp
M ) obtained from our best fit. The bands show the range

of the model predictions obtained by varying the parameters in the
1σ confidence interval of the fit; it does not include the theoretical
uncertainty of the model. Both data and model are divided by the
cross section evaluated with the standard dipole FFs.
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FF. It overcomes the difficulties in extraction methods based
on empirical fits and Q2 → 0 extrapolation (functional form
bias, unstable extrapolation), particularly the issues related
to the normalization of data sets taken at different incident
energies. DIχEFT was used in Ref. [20] to extract rp

E from
an empirical FF parametrization [39] and delivered a value of
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E = 0.844 ± 0.007 fm, in agreement with the other determi-
nations quoted above and the recent results of the Jefferson
Lab PRad experiment [11]. In this work we use the method
to extract both rp

M and rp
E from a direct analysis of the cross

section data, dominated by the Mainz A1 data [32,33]. We ob-
tain rp

M = 0.850 ± 0.001 (1σ fit uncertainty) +0.009
−0.004 (full-range

theory uncertainty) fm, significantly different from the values
extracted from the same data using empirical fits [25,32], and
surprisingly close to rp

E . In the course we also update our
previous extraction of rp

E and verify the robustness of the
results.

II. METHOD

DIχEFT is a method for calculating nucleon FFs com-
bining dispersion analysis and chiral effective field the-
ory. The theoretical foundations are described in detail
in Refs. [36–38]; applications to FF fits are discussed in
Ref. [20]. The FFs are represented as dispersion integrals
over t ≡ −Q2. The spectral functions on the two-pion cut
at t > 4M2

π are calculated using (i) the elastic unitarity rela-
tion; (ii) πN amplitudes computed in χEFT at leading order,
next-to-leading order, and partial next-to-next-to-leading or-
der accuracy; (iii) the timelike pion FF measured in e+e−

annihilation experiments. The approach includes ππ rescat-
tering effects and the ρ resonance and generates accurate
spectral functions up to t ≈ 1 GeV2. Higher-mass t-channel
states are described by effective poles. The parameters spec-
ifying the dynamical input (the low-energy constants of the
χEFT calculation, and the strength of the effective poles) are
fixed using the sum rules of dispersion theory and expressed
in terms of the nucleon charges, magnetic moments, and radii.
For each assumed value of rp

E and rp
M the theory generates

a unique prediction for Gp
E (Q2) and Gp

M (Q2); the theoretical
uncertainties of the predictions are discussed and estimated
below [20]. The theory predicts the “shape” of the spacelike
FF as determined by analyticity (position of singularities) and
dynamics (strength of singularities). In this way the values
of the radii are correlated with the predicted behavior of the
FFs at finite momentum transfers Q2 ≈ 1 GeV2, allowing
the use of such data for radius extraction. A computer code
generating the DIχEFT FF predictions, example plots, and
further information are available in the Supplemental Material
[40].

For our radius extraction we use the high-precision data in
electron-proton elastic scattering from the Mainz A1 experi-
ment, which dominate the world data [32,33]. The experiment
measured the elastic scattering cross section at momentum
transfers 0.003 ! Q2 ! 1 GeV2 and incident electron ener-
gies E from 0.18 to 0.855 GeV (see Fig. 1). In the one-photon
exchange approximation the differential cross section is re-
lated to the proton electric and magnetic FFs by the standard

FIG. 1. Data: Mainz A1 electron-proton elastic scattering cross
section data [32,33], with the normalization of the sets determined
by our fit (in the higher energy bins, the plots show the data up to
Q2 = 0.5 GeV2). Bands: Theoretical model (DIχEFT) with param-
eters (rp

E , rp
M ) obtained from our best fit. The bands show the range

of the model predictions obtained by varying the parameters in the
1σ confidence interval of the fit; it does not include the theoretical
uncertainty of the model. Both data and model are divided by the
cross section evaluated with the standard dipole FFs.
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theoretical uncertainty from the FFs and two-photon
exchange corrections. For a given experimental setup
(kinematic coverage, statistical, and systematic errors)
one can then assess how data in a given range of energies
and Q2 can constrain the radii. The optimal range is
determined by a trade-off between the sensitivity of the
DIχEFT FFs to the value of the radius, the theoretical
uncertainty of the DIχEFT FFs, the two-photon exchange
effects, and the precision of the data [9,10]. The actual
radius can then be determined by a fit in this optimal range,
taking into account all the uncertainties. In the following
we apply this method to μp scattering at MUSE and discuss
the prospects for proton radius extraction.
The DIχEFTmethod offers several advantages compared

to other methods of proton radius extraction. Compared to
empirical fits (polynomials, splines), the DIχEFT method
incorporates the analytic structure of the FFs, which
includes both the position of the singularities at t > 0
and the quantitative distribution of strength in the spectral
function. The analytic structure governs the global behavior
of the FF, which is difficult to implement in approaches
based on polynomial expansions because of strong corre-
lations between higher-order coefficients (analyticity
effectively controls the “collective behavior” of higher
derivatives of the FF atQ2 ¼ 0 [7]). Compared to traditional
dispersion analysis [20–23], the DIχEFT method allows the
strength of the isovector spectral function in the ρ resonance
region to vary with the proton radius in a theoretically
controlled manner, providing critical flexibility for fitting
the spacelike FF data and recruiting them for radius
determination. In traditional dispersive fits the ππ part of
the isovector spectral function is completely fixed by theory,
and the spacelike FF data only constrain the high-mass part
of the spectral function, which restricts the interplay of the
FF data with the proton radius (the ρ resonance region of
the spectral function accounts for about half the value of
the proton radius in Eq. (17) [7]).

III. ANALYSIS

A. Sensitivity of μp cross section to proton radius

We now apply the DIχEFT framework to study the
prospects for proton radius extraction at MUSE. In the first
step, we study the sensitivity of the μp elastic scattering
cross section to the proton electric radius and compare it
with the theoretical uncertainties resulting from the
DIχEFT FF predictions, from two-photon exchange cor-
rections, and from the magnetic FF contributions.
To exhibit thevarious effects,wegenerate a set ofDIχEFT

FF predictions by varying the proton electric radius over the
range rE ¼ 0.83–0.88 fm in steps ΔrE ¼ 0.01 fm, and
evaluate the μp elastic scattering cross section with each
of these FFs (themagnetic radius is kept at its nominal value;
the role of the magnetic FF in the cross section is discussed
below).We include in the cross section theTPE correction of

Ref. [14]. Figure 4 shows the predicted cross sections for
various incident muonmomenta k≡ jkj, as functions ofQ2.
The lines show the cross section obtained with the nominal
DIχEFTFFpredictions for each value of the radius, Eq. (21);
the associated bands show thevariation due to the theoretical
uncertainty of the DIχEFT FF predictions for the given
radius, Eq. (22). The bands at the bottom of the plots show

FIG. 4. DIχEFT predictions for the μ−p differential cross
section at MUSE for several assumed values of the proton radius.
The cross section predictions include the TPE correction,
Eq. (10), and are normalized to the standard dipole cross section
without TPE effects. Lines (solid, dashed, dotted, dashed-dotted):
Nominal DIχEFT predictions for the assumed value of the proton
radius (see legend). Shaded bands around lines: Intrinsic theo-
retical uncertainty of DIχEFT predictions, unrelated to assumed
proton radius. Shaded band at bottom: TPE contribution to cross
section [14].
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prospects for proton radius extraction at MUSE. In the first
step, we study the sensitivity of the μp elastic scattering
cross section to the proton electric radius and compare it
with the theoretical uncertainties resulting from the
DIχEFT FF predictions, from two-photon exchange cor-
rections, and from the magnetic FF contributions.
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evaluate the μp elastic scattering cross section with each
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Eq. (10), and are normalized to the standard dipole cross section
without TPE effects. Lines (solid, dashed, dotted, dashed-dotted):
Nominal DIχEFT predictions for the assumed value of the proton
radius (see legend). Shaded bands around lines: Intrinsic theo-
retical uncertainty of DIχEFT predictions, unrelated to assumed
proton radius. Shaded band at bottom: TPE contribution to cross
section [14].
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theoretical uncertainty from the FFs and two-photon
exchange corrections. For a given experimental setup
(kinematic coverage, statistical, and systematic errors)
one can then assess how data in a given range of energies
and Q2 can constrain the radii. The optimal range is
determined by a trade-off between the sensitivity of the
DIχEFT FFs to the value of the radius, the theoretical
uncertainty of the DIχEFT FFs, the two-photon exchange
effects, and the precision of the data [9,10]. The actual
radius can then be determined by a fit in this optimal range,
taking into account all the uncertainties. In the following
we apply this method to μp scattering at MUSE and discuss
the prospects for proton radius extraction.
The DIχEFTmethod offers several advantages compared

to other methods of proton radius extraction. Compared to
empirical fits (polynomials, splines), the DIχEFT method
incorporates the analytic structure of the FFs, which
includes both the position of the singularities at t > 0
and the quantitative distribution of strength in the spectral
function. The analytic structure governs the global behavior
of the FF, which is difficult to implement in approaches
based on polynomial expansions because of strong corre-
lations between higher-order coefficients (analyticity
effectively controls the “collective behavior” of higher
derivatives of the FF atQ2 ¼ 0 [7]). Compared to traditional
dispersion analysis [20–23], the DIχEFT method allows the
strength of the isovector spectral function in the ρ resonance
region to vary with the proton radius in a theoretically
controlled manner, providing critical flexibility for fitting
the spacelike FF data and recruiting them for radius
determination. In traditional dispersive fits the ππ part of
the isovector spectral function is completely fixed by theory,
and the spacelike FF data only constrain the high-mass part
of the spectral function, which restricts the interplay of the
FF data with the proton radius (the ρ resonance region of
the spectral function accounts for about half the value of
the proton radius in Eq. (17) [7]).

III. ANALYSIS

A. Sensitivity of μp cross section to proton radius

We now apply the DIχEFT framework to study the
prospects for proton radius extraction at MUSE. In the first
step, we study the sensitivity of the μp elastic scattering
cross section to the proton electric radius and compare it
with the theoretical uncertainties resulting from the
DIχEFT FF predictions, from two-photon exchange cor-
rections, and from the magnetic FF contributions.
To exhibit thevarious effects,wegenerate a set ofDIχEFT

FF predictions by varying the proton electric radius over the
range rE ¼ 0.83–0.88 fm in steps ΔrE ¼ 0.01 fm, and
evaluate the μp elastic scattering cross section with each
of these FFs (themagnetic radius is kept at its nominal value;
the role of the magnetic FF in the cross section is discussed
below).We include in the cross section theTPE correction of

Ref. [14]. Figure 4 shows the predicted cross sections for
various incident muonmomenta k≡ jkj, as functions ofQ2.
The lines show the cross section obtained with the nominal
DIχEFTFFpredictions for each value of the radius, Eq. (21);
the associated bands show thevariation due to the theoretical
uncertainty of the DIχEFT FF predictions for the given
radius, Eq. (22). The bands at the bottom of the plots show
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The cross section predictions include the TPE correction,
Eq. (10), and are normalized to the standard dipole cross section
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Nominal DIχEFT predictions for the assumed value of the proton
radius (see legend). Shaded bands around lines: Intrinsic theo-
retical uncertainty of DIχEFT predictions, unrelated to assumed
proton radius. Shaded band at bottom: TPE contribution to cross
section [14].
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and Q2 can constrain the radii. The optimal range is
determined by a trade-off between the sensitivity of the
DIχEFT FFs to the value of the radius, the theoretical
uncertainty of the DIχEFT FFs, the two-photon exchange
effects, and the precision of the data [9,10]. The actual
radius can then be determined by a fit in this optimal range,
taking into account all the uncertainties. In the following
we apply this method to μp scattering at MUSE and discuss
the prospects for proton radius extraction.
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includes both the position of the singularities at t > 0
and the quantitative distribution of strength in the spectral
function. The analytic structure governs the global behavior
of the FF, which is difficult to implement in approaches
based on polynomial expansions because of strong corre-
lations between higher-order coefficients (analyticity
effectively controls the “collective behavior” of higher
derivatives of the FF atQ2 ¼ 0 [7]). Compared to traditional
dispersion analysis [20–23], the DIχEFT method allows the
strength of the isovector spectral function in the ρ resonance
region to vary with the proton radius in a theoretically
controlled manner, providing critical flexibility for fitting
the spacelike FF data and recruiting them for radius
determination. In traditional dispersive fits the ππ part of
the isovector spectral function is completely fixed by theory,
and the spacelike FF data only constrain the high-mass part
of the spectral function, which restricts the interplay of the
FF data with the proton radius (the ρ resonance region of
the spectral function accounts for about half the value of
the proton radius in Eq. (17) [7]).
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step, we study the sensitivity of the μp elastic scattering
cross section to the proton electric radius and compare it
with the theoretical uncertainties resulting from the
DIχEFT FF predictions, from two-photon exchange cor-
rections, and from the magnetic FF contributions.
To exhibit thevarious effects,wegenerate a set ofDIχEFT

FF predictions by varying the proton electric radius over the
range rE ¼ 0.83–0.88 fm in steps ΔrE ¼ 0.01 fm, and
evaluate the μp elastic scattering cross section with each
of these FFs (themagnetic radius is kept at its nominal value;
the role of the magnetic FF in the cross section is discussed
below).We include in the cross section theTPE correction of

Ref. [14]. Figure 4 shows the predicted cross sections for
various incident muonmomenta k≡ jkj, as functions ofQ2.
The lines show the cross section obtained with the nominal
DIχEFTFFpredictions for each value of the radius, Eq. (21);
the associated bands show thevariation due to the theoretical
uncertainty of the DIχEFT FF predictions for the given
radius, Eq. (22). The bands at the bottom of the plots show

FIG. 4. DIχEFT predictions for the μ−p differential cross
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Nominal DIχEFT predictions for the assumed value of the proton
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section [14].
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one can then assess how data in a given range of energies
and Q2 can constrain the radii. The optimal range is
determined by a trade-off between the sensitivity of the
DIχEFT FFs to the value of the radius, the theoretical
uncertainty of the DIχEFT FFs, the two-photon exchange
effects, and the precision of the data [9,10]. The actual
radius can then be determined by a fit in this optimal range,
taking into account all the uncertainties. In the following
we apply this method to μp scattering at MUSE and discuss
the prospects for proton radius extraction.
The DIχEFTmethod offers several advantages compared

to other methods of proton radius extraction. Compared to
empirical fits (polynomials, splines), the DIχEFT method
incorporates the analytic structure of the FFs, which
includes both the position of the singularities at t > 0
and the quantitative distribution of strength in the spectral
function. The analytic structure governs the global behavior
of the FF, which is difficult to implement in approaches
based on polynomial expansions because of strong corre-
lations between higher-order coefficients (analyticity
effectively controls the “collective behavior” of higher
derivatives of the FF atQ2 ¼ 0 [7]). Compared to traditional
dispersion analysis [20–23], the DIχEFT method allows the
strength of the isovector spectral function in the ρ resonance
region to vary with the proton radius in a theoretically
controlled manner, providing critical flexibility for fitting
the spacelike FF data and recruiting them for radius
determination. In traditional dispersive fits the ππ part of
the isovector spectral function is completely fixed by theory,
and the spacelike FF data only constrain the high-mass part
of the spectral function, which restricts the interplay of the
FF data with the proton radius (the ρ resonance region of
the spectral function accounts for about half the value of
the proton radius in Eq. (17) [7]).
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We now apply the DIχEFT framework to study the
prospects for proton radius extraction at MUSE. In the first
step, we study the sensitivity of the μp elastic scattering
cross section to the proton electric radius and compare it
with the theoretical uncertainties resulting from the
DIχEFT FF predictions, from two-photon exchange cor-
rections, and from the magnetic FF contributions.
To exhibit thevarious effects,wegenerate a set ofDIχEFT

FF predictions by varying the proton electric radius over the
range rE ¼ 0.83–0.88 fm in steps ΔrE ¼ 0.01 fm, and
evaluate the μp elastic scattering cross section with each
of these FFs (themagnetic radius is kept at its nominal value;
the role of the magnetic FF in the cross section is discussed
below).We include in the cross section theTPE correction of

Ref. [14]. Figure 4 shows the predicted cross sections for
various incident muonmomenta k≡ jkj, as functions ofQ2.
The lines show the cross section obtained with the nominal
DIχEFTFFpredictions for each value of the radius, Eq. (21);
the associated bands show thevariation due to the theoretical
uncertainty of the DIχEFT FF predictions for the given
radius, Eq. (22). The bands at the bottom of the plots show

FIG. 4. DIχEFT predictions for the μ−p differential cross
section at MUSE for several assumed values of the proton radius.
The cross section predictions include the TPE correction,
Eq. (10), and are normalized to the standard dipole cross section
without TPE effects. Lines (solid, dashed, dotted, dashed-dotted):
Nominal DIχEFT predictions for the assumed value of the proton
radius (see legend). Shaded bands around lines: Intrinsic theo-
retical uncertainty of DIχEFT predictions, unrelated to assumed
proton radius. Shaded band at bottom: TPE contribution to cross
section [14].
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(kinematic coverage, statistical, and systematic errors)
one can then assess how data in a given range of energies
and Q2 can constrain the radii. The optimal range is
determined by a trade-off between the sensitivity of the
DIχEFT FFs to the value of the radius, the theoretical
uncertainty of the DIχEFT FFs, the two-photon exchange
effects, and the precision of the data [9,10]. The actual
radius can then be determined by a fit in this optimal range,
taking into account all the uncertainties. In the following
we apply this method to μp scattering at MUSE and discuss
the prospects for proton radius extraction.
The DIχEFTmethod offers several advantages compared

to other methods of proton radius extraction. Compared to
empirical fits (polynomials, splines), the DIχEFT method
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includes both the position of the singularities at t > 0
and the quantitative distribution of strength in the spectral
function. The analytic structure governs the global behavior
of the FF, which is difficult to implement in approaches
based on polynomial expansions because of strong corre-
lations between higher-order coefficients (analyticity
effectively controls the “collective behavior” of higher
derivatives of the FF atQ2 ¼ 0 [7]). Compared to traditional
dispersion analysis [20–23], the DIχEFT method allows the
strength of the isovector spectral function in the ρ resonance
region to vary with the proton radius in a theoretically
controlled manner, providing critical flexibility for fitting
the spacelike FF data and recruiting them for radius
determination. In traditional dispersive fits the ππ part of
the isovector spectral function is completely fixed by theory,
and the spacelike FF data only constrain the high-mass part
of the spectral function, which restricts the interplay of the
FF data with the proton radius (the ρ resonance region of
the spectral function accounts for about half the value of
the proton radius in Eq. (17) [7]).
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A. Sensitivity of μp cross section to proton radius

We now apply the DIχEFT framework to study the
prospects for proton radius extraction at MUSE. In the first
step, we study the sensitivity of the μp elastic scattering
cross section to the proton electric radius and compare it
with the theoretical uncertainties resulting from the
DIχEFT FF predictions, from two-photon exchange cor-
rections, and from the magnetic FF contributions.
To exhibit thevarious effects,wegenerate a set ofDIχEFT

FF predictions by varying the proton electric radius over the
range rE ¼ 0.83–0.88 fm in steps ΔrE ¼ 0.01 fm, and
evaluate the μp elastic scattering cross section with each
of these FFs (themagnetic radius is kept at its nominal value;
the role of the magnetic FF in the cross section is discussed
below).We include in the cross section theTPE correction of

Ref. [14]. Figure 4 shows the predicted cross sections for
various incident muonmomenta k≡ jkj, as functions ofQ2.
The lines show the cross section obtained with the nominal
DIχEFTFFpredictions for each value of the radius, Eq. (21);
the associated bands show thevariation due to the theoretical
uncertainty of the DIχEFT FF predictions for the given
radius, Eq. (22). The bands at the bottom of the plots show

FIG. 4. DIχEFT predictions for the μ−p differential cross
section at MUSE for several assumed values of the proton radius.
The cross section predictions include the TPE correction,
Eq. (10), and are normalized to the standard dipole cross section
without TPE effects. Lines (solid, dashed, dotted, dashed-dotted):
Nominal DIχEFT predictions for the assumed value of the proton
radius (see legend). Shaded bands around lines: Intrinsic theo-
retical uncertainty of DIχEFT predictions, unrelated to assumed
proton radius. Shaded band at bottom: TPE contribution to cross
section [14].
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known at present. An alternative method for proton radius
extraction with μp scattering uses the average of μþ and μ−

cross sections,

σ̄ ≡ ½σðμþpÞ þ σðμ−pÞ%=2; ð25Þ

in which the TPE correction cancels due to its charge
dependence. The sameDIχEFTanalysis of radius sensitivity
and optimal kinematics as above can be performed in this
case. The cross section prediction is now given by the one-
photon exchange cross section Eq. (5). Figure 7 shows the
predicted cross section and its theoretical uncertainty. The
assessment of the optimal Q2 values is the same as for
μþp above.

C. Cross section prediction for nominal radius

The present study focuses on the prospects for
extracting the proton radius from μp scattering experi-
ments at MUSE. The proton radius can also be extracted
from atomic spectroscopy and ep scattering experiments.
In this context we can use DIχEFT to predict the μp cross
section expected for a given value of the radius and its
theoretical uncertainty. For reference, we give here the
prediction for the μp cross section with the proton charge
radius obtained in the previous DIχEFT analysis of ep
scattering results [9,10]

rE ¼ 0.842ð2Þ fm: ð26Þ

Figure 8 shows the predicted μ−p cross section in MUSE
kinematics, Eq. (10), which includes the TPE correction;
and the charge-averaged cross section, Eq. (25) in which
the TPE correction cancels.

D. Comparison of ep and μp scattering

It is interesting to compare the prospects for proton
radius extraction in ep and μp scattering in the same
kinematics. The MUSE experiment will measure both ep
and μp scattering, and methods for proton radius extraction
were studied intensively in earlier ep scattering experi-
ments. Characteristic differences between ep and μp occur
in the TPE effects [14,24] and in the role of the magnetic
FF. We exhibit them by repeating the DIχEFT analysis for
ep scattering and comparing with the μp results.
Figure 9 shows the DIχEFT predictions for the ep cross

section for a range of assumed values of the proton radius,
in the same style as Fig. 4 for μp. One observes: (a) The
TPE corrections have different kinematic dependence in ep
than in μp scattering [14,24]. In ep they increase strongly
with Q2 at fixed k, and decrease with k at fixed Q2. In μp
the dependencies are much weaker. (b) The size of the TPE
corrections relative to the variation of the cross section with
the radius is much larger in ep than in μp, especially at low
beam momenta. At k ¼ 115 MeV and Q2 ¼ 0.02 GeV2,

the size of the TPE correction amounts to a change of the
radius ΔrE ≈ 0.03 fm in ep scattering, compared to ΔrE ≈
0.015 fm in μp scattering in the same kinematics.
(c) Overall, the different size and kinematic dependence
of the TPE corrections causes a differentQ2-dependence of
the cross section for ep and μp scattering at low Q2.
Figure 10 shows the estimated accuracy of the e−p cross

section measurement required for discriminating between
different values of the radius, in the same style as Fig. 6 for
μ−p. The optimal kinematics for radius extraction in ep
scattering at MUSE can be determined in the same way as
for μp. The results of Fig. 10 show that the experimental
accuracy required for radius extraction from ep scattering
is least at the highest beam momentum k ¼ 210 MeV. The
optimal Q2 value determined by the trade-off between

FIG. 8. DIχEFT predictions for μp elastic scattering cross at
MUSE for the nominal proton charge radius rE ¼ 0.842ð2Þ fm.
Dashed line and shaded band (blue): μ−p cross section, including
one- and two-photon exchange contributions. Solid line and
shaded band (red): Average of μþp and μ−p cross sections, given
by the one-photon exchange contribution.
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in which the TPE correction cancels due to its charge
dependence. The sameDIχEFTanalysis of radius sensitivity
and optimal kinematics as above can be performed in this
case. The cross section prediction is now given by the one-
photon exchange cross section Eq. (5). Figure 7 shows the
predicted cross section and its theoretical uncertainty. The
assessment of the optimal Q2 values is the same as for
μþp above.

C. Cross section prediction for nominal radius

The present study focuses on the prospects for
extracting the proton radius from μp scattering experi-
ments at MUSE. The proton radius can also be extracted
from atomic spectroscopy and ep scattering experiments.
In this context we can use DIχEFT to predict the μp cross
section expected for a given value of the radius and its
theoretical uncertainty. For reference, we give here the
prediction for the μp cross section with the proton charge
radius obtained in the previous DIχEFT analysis of ep
scattering results [9,10]

rE ¼ 0.842ð2Þ fm: ð26Þ

Figure 8 shows the predicted μ−p cross section in MUSE
kinematics, Eq. (10), which includes the TPE correction;
and the charge-averaged cross section, Eq. (25) in which
the TPE correction cancels.

D. Comparison of ep and μp scattering

It is interesting to compare the prospects for proton
radius extraction in ep and μp scattering in the same
kinematics. The MUSE experiment will measure both ep
and μp scattering, and methods for proton radius extraction
were studied intensively in earlier ep scattering experi-
ments. Characteristic differences between ep and μp occur
in the TPE effects [14,24] and in the role of the magnetic
FF. We exhibit them by repeating the DIχEFT analysis for
ep scattering and comparing with the μp results.
Figure 9 shows the DIχEFT predictions for the ep cross

section for a range of assumed values of the proton radius,
in the same style as Fig. 4 for μp. One observes: (a) The
TPE corrections have different kinematic dependence in ep
than in μp scattering [14,24]. In ep they increase strongly
with Q2 at fixed k, and decrease with k at fixed Q2. In μp
the dependencies are much weaker. (b) The size of the TPE
corrections relative to the variation of the cross section with
the radius is much larger in ep than in μp, especially at low
beam momenta. At k ¼ 115 MeV and Q2 ¼ 0.02 GeV2,

the size of the TPE correction amounts to a change of the
radius ΔrE ≈ 0.03 fm in ep scattering, compared to ΔrE ≈
0.015 fm in μp scattering in the same kinematics.
(c) Overall, the different size and kinematic dependence
of the TPE corrections causes a differentQ2-dependence of
the cross section for ep and μp scattering at low Q2.
Figure 10 shows the estimated accuracy of the e−p cross

section measurement required for discriminating between
different values of the radius, in the same style as Fig. 6 for
μ−p. The optimal kinematics for radius extraction in ep
scattering at MUSE can be determined in the same way as
for μp. The results of Fig. 10 show that the experimental
accuracy required for radius extraction from ep scattering
is least at the highest beam momentum k ¼ 210 MeV. The
optimal Q2 value determined by the trade-off between

FIG. 8. DIχEFT predictions for μp elastic scattering cross at
MUSE for the nominal proton charge radius rE ¼ 0.842ð2Þ fm.
Dashed line and shaded band (blue): μ−p cross section, including
one- and two-photon exchange contributions. Solid line and
shaded band (red): Average of μþp and μ−p cross sections, given
by the one-photon exchange contribution.
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in which the TPE correction cancels due to its charge
dependence. The sameDIχEFTanalysis of radius sensitivity
and optimal kinematics as above can be performed in this
case. The cross section prediction is now given by the one-
photon exchange cross section Eq. (5). Figure 7 shows the
predicted cross section and its theoretical uncertainty. The
assessment of the optimal Q2 values is the same as for
μþp above.
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The present study focuses on the prospects for
extracting the proton radius from μp scattering experi-
ments at MUSE. The proton radius can also be extracted
from atomic spectroscopy and ep scattering experiments.
In this context we can use DIχEFT to predict the μp cross
section expected for a given value of the radius and its
theoretical uncertainty. For reference, we give here the
prediction for the μp cross section with the proton charge
radius obtained in the previous DIχEFT analysis of ep
scattering results [9,10]
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Figure 8 shows the predicted μ−p cross section in MUSE
kinematics, Eq. (10), which includes the TPE correction;
and the charge-averaged cross section, Eq. (25) in which
the TPE correction cancels.
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kinematics. The MUSE experiment will measure both ep
and μp scattering, and methods for proton radius extraction
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ep scattering and comparing with the μp results.
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section for a range of assumed values of the proton radius,
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the dependencies are much weaker. (b) The size of the TPE
corrections relative to the variation of the cross section with
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for μp. The results of Fig. 10 show that the experimental
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one- and two-photon exchange contributions. Solid line and
shaded band (red): Average of μþp and μ−p cross sections, given
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in which the TPE correction cancels due to its charge
dependence. The sameDIχEFTanalysis of radius sensitivity
and optimal kinematics as above can be performed in this
case. The cross section prediction is now given by the one-
photon exchange cross section Eq. (5). Figure 7 shows the
predicted cross section and its theoretical uncertainty. The
assessment of the optimal Q2 values is the same as for
μþp above.
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and the charge-averaged cross section, Eq. (25) in which
the TPE correction cancels.
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FF. We exhibit them by repeating the DIχEFT analysis for
ep scattering and comparing with the μp results.
Figure 9 shows the DIχEFT predictions for the ep cross

section for a range of assumed values of the proton radius,
in the same style as Fig. 4 for μp. One observes: (a) The
TPE corrections have different kinematic dependence in ep
than in μp scattering [14,24]. In ep they increase strongly
with Q2 at fixed k, and decrease with k at fixed Q2. In μp
the dependencies are much weaker. (b) The size of the TPE
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section measurement required for discriminating between
different values of the radius, in the same style as Fig. 6 for
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for μp. The results of Fig. 10 show that the experimental
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0.015 fm in μp scattering in the same kinematics.
(c) Overall, the different size and kinematic dependence
of the TPE corrections causes a differentQ2-dependence of
the cross section for ep and μp scattering at low Q2.
Figure 10 shows the estimated accuracy of the e−p cross

section measurement required for discriminating between
different values of the radius, in the same style as Fig. 6 for
μ−p. The optimal kinematics for radius extraction in ep
scattering at MUSE can be determined in the same way as
for μp. The results of Fig. 10 show that the experimental
accuracy required for radius extraction from ep scattering
is least at the highest beam momentum k ¼ 210 MeV. The
optimal Q2 value determined by the trade-off between

FIG. 8. DIχEFT predictions for μp elastic scattering cross at
MUSE for the nominal proton charge radius rE ¼ 0.842ð2Þ fm.
Dashed line and shaded band (blue): μ−p cross section, including
one- and two-photon exchange contributions. Solid line and
shaded band (red): Average of μþp and μ−p cross sections, given
by the one-photon exchange contribution.

GIL-DOMÍNGUEZ, ALARCÓN, and WEISS PHYS. REV. D 108, 074026 (2023)

074026-10

known at present. An alternative method for proton radius
extraction with μp scattering uses the average of μþ and μ−

cross sections,

σ̄ ≡ ½σðμþpÞ þ σðμ−pÞ%=2; ð25Þ

in which the TPE correction cancels due to its charge
dependence. The sameDIχEFTanalysis of radius sensitivity
and optimal kinematics as above can be performed in this
case. The cross section prediction is now given by the one-
photon exchange cross section Eq. (5). Figure 7 shows the
predicted cross section and its theoretical uncertainty. The
assessment of the optimal Q2 values is the same as for
μþp above.

C. Cross section prediction for nominal radius

The present study focuses on the prospects for
extracting the proton radius from μp scattering experi-
ments at MUSE. The proton radius can also be extracted
from atomic spectroscopy and ep scattering experiments.
In this context we can use DIχEFT to predict the μp cross
section expected for a given value of the radius and its
theoretical uncertainty. For reference, we give here the
prediction for the μp cross section with the proton charge
radius obtained in the previous DIχEFT analysis of ep
scattering results [9,10]

rE ¼ 0.842ð2Þ fm: ð26Þ

Figure 8 shows the predicted μ−p cross section in MUSE
kinematics, Eq. (10), which includes the TPE correction;
and the charge-averaged cross section, Eq. (25) in which
the TPE correction cancels.

D. Comparison of ep and μp scattering

It is interesting to compare the prospects for proton
radius extraction in ep and μp scattering in the same
kinematics. The MUSE experiment will measure both ep
and μp scattering, and methods for proton radius extraction
were studied intensively in earlier ep scattering experi-
ments. Characteristic differences between ep and μp occur
in the TPE effects [14,24] and in the role of the magnetic
FF. We exhibit them by repeating the DIχEFT analysis for
ep scattering and comparing with the μp results.
Figure 9 shows the DIχEFT predictions for the ep cross

section for a range of assumed values of the proton radius,
in the same style as Fig. 4 for μp. One observes: (a) The
TPE corrections have different kinematic dependence in ep
than in μp scattering [14,24]. In ep they increase strongly
with Q2 at fixed k, and decrease with k at fixed Q2. In μp
the dependencies are much weaker. (b) The size of the TPE
corrections relative to the variation of the cross section with
the radius is much larger in ep than in μp, especially at low
beam momenta. At k ¼ 115 MeV and Q2 ¼ 0.02 GeV2,

the size of the TPE correction amounts to a change of the
radius ΔrE ≈ 0.03 fm in ep scattering, compared to ΔrE ≈
0.015 fm in μp scattering in the same kinematics.
(c) Overall, the different size and kinematic dependence
of the TPE corrections causes a differentQ2-dependence of
the cross section for ep and μp scattering at low Q2.
Figure 10 shows the estimated accuracy of the e−p cross

section measurement required for discriminating between
different values of the radius, in the same style as Fig. 6 for
μ−p. The optimal kinematics for radius extraction in ep
scattering at MUSE can be determined in the same way as
for μp. The results of Fig. 10 show that the experimental
accuracy required for radius extraction from ep scattering
is least at the highest beam momentum k ¼ 210 MeV. The
optimal Q2 value determined by the trade-off between

FIG. 8. DIχEFT predictions for μp elastic scattering cross at
MUSE for the nominal proton charge radius rE ¼ 0.842ð2Þ fm.
Dashed line and shaded band (blue): μ−p cross section, including
one- and two-photon exchange contributions. Solid line and
shaded band (red): Average of μþp and μ−p cross sections, given
by the one-photon exchange contribution.

GIL-DOMÍNGUEZ, ALARCÓN, and WEISS PHYS. REV. D 108, 074026 (2023)

074026-10

known at present. An alternative method for proton radius
extraction with μp scattering uses the average of μþ and μ−

cross sections,

σ̄ ≡ ½σðμþpÞ þ σðμ−pÞ%=2; ð25Þ

in which the TPE correction cancels due to its charge
dependence. The sameDIχEFTanalysis of radius sensitivity
and optimal kinematics as above can be performed in this
case. The cross section prediction is now given by the one-
photon exchange cross section Eq. (5). Figure 7 shows the
predicted cross section and its theoretical uncertainty. The
assessment of the optimal Q2 values is the same as for
μþp above.

C. Cross section prediction for nominal radius

The present study focuses on the prospects for
extracting the proton radius from μp scattering experi-
ments at MUSE. The proton radius can also be extracted
from atomic spectroscopy and ep scattering experiments.
In this context we can use DIχEFT to predict the μp cross
section expected for a given value of the radius and its
theoretical uncertainty. For reference, we give here the
prediction for the μp cross section with the proton charge
radius obtained in the previous DIχEFT analysis of ep
scattering results [9,10]

rE ¼ 0.842ð2Þ fm: ð26Þ

Figure 8 shows the predicted μ−p cross section in MUSE
kinematics, Eq. (10), which includes the TPE correction;
and the charge-averaged cross section, Eq. (25) in which
the TPE correction cancels.

D. Comparison of ep and μp scattering

It is interesting to compare the prospects for proton
radius extraction in ep and μp scattering in the same
kinematics. The MUSE experiment will measure both ep
and μp scattering, and methods for proton radius extraction
were studied intensively in earlier ep scattering experi-
ments. Characteristic differences between ep and μp occur
in the TPE effects [14,24] and in the role of the magnetic
FF. We exhibit them by repeating the DIχEFT analysis for
ep scattering and comparing with the μp results.
Figure 9 shows the DIχEFT predictions for the ep cross

section for a range of assumed values of the proton radius,
in the same style as Fig. 4 for μp. One observes: (a) The
TPE corrections have different kinematic dependence in ep
than in μp scattering [14,24]. In ep they increase strongly
with Q2 at fixed k, and decrease with k at fixed Q2. In μp
the dependencies are much weaker. (b) The size of the TPE
corrections relative to the variation of the cross section with
the radius is much larger in ep than in μp, especially at low
beam momenta. At k ¼ 115 MeV and Q2 ¼ 0.02 GeV2,

the size of the TPE correction amounts to a change of the
radius ΔrE ≈ 0.03 fm in ep scattering, compared to ΔrE ≈
0.015 fm in μp scattering in the same kinematics.
(c) Overall, the different size and kinematic dependence
of the TPE corrections causes a differentQ2-dependence of
the cross section for ep and μp scattering at low Q2.
Figure 10 shows the estimated accuracy of the e−p cross

section measurement required for discriminating between
different values of the radius, in the same style as Fig. 6 for
μ−p. The optimal kinematics for radius extraction in ep
scattering at MUSE can be determined in the same way as
for μp. The results of Fig. 10 show that the experimental
accuracy required for radius extraction from ep scattering
is least at the highest beam momentum k ¼ 210 MeV. The
optimal Q2 value determined by the trade-off between

FIG. 8. DIχEFT predictions for μp elastic scattering cross at
MUSE for the nominal proton charge radius rE ¼ 0.842ð2Þ fm.
Dashed line and shaded band (blue): μ−p cross section, including
one- and two-photon exchange contributions. Solid line and
shaded band (red): Average of μþp and μ−p cross sections, given
by the one-photon exchange contribution.

GIL-DOMÍNGUEZ, ALARCÓN, and WEISS PHYS. REV. D 108, 074026 (2023)

074026-10

d�
/d

�
S
D
(r

E
=

0.
84

2
fm

)
(µ
p)

known at present. An alternative method for proton radius
extraction with μp scattering uses the average of μþ and μ−

cross sections,

σ̄ ≡ ½σðμþpÞ þ σðμ−pÞ%=2; ð25Þ

in which the TPE correction cancels due to its charge
dependence. The sameDIχEFTanalysis of radius sensitivity
and optimal kinematics as above can be performed in this
case. The cross section prediction is now given by the one-
photon exchange cross section Eq. (5). Figure 7 shows the
predicted cross section and its theoretical uncertainty. The
assessment of the optimal Q2 values is the same as for
μþp above.

C. Cross section prediction for nominal radius

The present study focuses on the prospects for
extracting the proton radius from μp scattering experi-
ments at MUSE. The proton radius can also be extracted
from atomic spectroscopy and ep scattering experiments.
In this context we can use DIχEFT to predict the μp cross
section expected for a given value of the radius and its
theoretical uncertainty. For reference, we give here the
prediction for the μp cross section with the proton charge
radius obtained in the previous DIχEFT analysis of ep
scattering results [9,10]

rE ¼ 0.842ð2Þ fm: ð26Þ

Figure 8 shows the predicted μ−p cross section in MUSE
kinematics, Eq. (10), which includes the TPE correction;
and the charge-averaged cross section, Eq. (25) in which
the TPE correction cancels.

D. Comparison of ep and μp scattering

It is interesting to compare the prospects for proton
radius extraction in ep and μp scattering in the same
kinematics. The MUSE experiment will measure both ep
and μp scattering, and methods for proton radius extraction
were studied intensively in earlier ep scattering experi-
ments. Characteristic differences between ep and μp occur
in the TPE effects [14,24] and in the role of the magnetic
FF. We exhibit them by repeating the DIχEFT analysis for
ep scattering and comparing with the μp results.
Figure 9 shows the DIχEFT predictions for the ep cross

section for a range of assumed values of the proton radius,
in the same style as Fig. 4 for μp. One observes: (a) The
TPE corrections have different kinematic dependence in ep
than in μp scattering [14,24]. In ep they increase strongly
with Q2 at fixed k, and decrease with k at fixed Q2. In μp
the dependencies are much weaker. (b) The size of the TPE
corrections relative to the variation of the cross section with
the radius is much larger in ep than in μp, especially at low
beam momenta. At k ¼ 115 MeV and Q2 ¼ 0.02 GeV2,

the size of the TPE correction amounts to a change of the
radius ΔrE ≈ 0.03 fm in ep scattering, compared to ΔrE ≈
0.015 fm in μp scattering in the same kinematics.
(c) Overall, the different size and kinematic dependence
of the TPE corrections causes a differentQ2-dependence of
the cross section for ep and μp scattering at low Q2.
Figure 10 shows the estimated accuracy of the e−p cross

section measurement required for discriminating between
different values of the radius, in the same style as Fig. 6 for
μ−p. The optimal kinematics for radius extraction in ep
scattering at MUSE can be determined in the same way as
for μp. The results of Fig. 10 show that the experimental
accuracy required for radius extraction from ep scattering
is least at the highest beam momentum k ¼ 210 MeV. The
optimal Q2 value determined by the trade-off between

FIG. 8. DIχEFT predictions for μp elastic scattering cross at
MUSE for the nominal proton charge radius rE ¼ 0.842ð2Þ fm.
Dashed line and shaded band (blue): μ−p cross section, including
one- and two-photon exchange contributions. Solid line and
shaded band (red): Average of μþp and μ−p cross sections, given
by the one-photon exchange contribution.

GIL-DOMÍNGUEZ, ALARCÓN, and WEISS PHYS. REV. D 108, 074026 (2023)

074026-10

[F. Gil-Domínguez, J. M. Alarcón and C. Weiss, Phys. Rev. D 108 (2023)]

•δ2γ taken from [O. Tomalak and M. Vanderhaeghen, Eur. Phys. J. C 76, 125 (2016)]

16/20EM Form Factors of the nucleon in DIχEFTJ. M. Alarcón (UAH)



16

FIG. 11. The J+ current density Eq. (7) in the transversely polarized proton (left plot) and neutron (right plot) with Sy = +1/2,
as a two-dimensional function of b = (bx, by). The plots show the DI�EFT results with the nominal parameters.

high-mass uncertainties we have added the uncertainty
bands in ⇢1(b) and e⇢2(b) assuming no correlation between
the two (the positions of the e↵ective high-mass poles in
ImF

V
1 and ImF

V
2 are not related, and their variation in

Sec. IID is performed independently). In the radius un-
certainty we show separately the variations of the den-
sity under the changes of the nucleon’s radii hr2i1 and
hr

2
i2. One observes: (a) The numerical densities behave

smoothly at bx = 0, as they should. (b) The J
+ current

densities in the proton and the neutron exhibit a strong
left-right asymmetry. This asymmetry attests to the rel-
ativistic character of the internal motion in the nucleon.
A “mechanical” interpretation of the left-right asymme-
try of the periperhal densities in traditional chiral EFT,
as arising from the motion of a soft pion in the nucleon’s
periphery, is developed in Refs. [8, 9, 40, 41].

Figure 11 shows the J
+ current density Eq. (7) in the

transversely polarized proton and neutron with S
y =

+1/2, as two-dimensional functions of b = (bx, by). These
plots include the kinematic � dependence dictated by
Eq. (7) and convey the actual 2-dimensional transverse
image of the proton and neutron as seen by an observer
that would measure the local electromagnetic current.
The figures again show the strong deformation of the
current distributions by the transverse nucleon polariza-
tion.

IV. DISCUSSION

In the present work we have computed the peripheral
transverse charge and magnetization densities in the nu-
cleon using the DI�EFT method and analyzed the un-
certainties. The main findings are: (a) The dispersive
representation permits stable calculation of the periph-
eral densities. The densities exhibit the exponential de-
crease implied by analyticity of the form factor and de-

pend smoothly on the parameters of the spectral func-
tion. (b) Uncertainties can be estimated by allowing for
variation of the spectral function (functional form, pa-
rameters) and following its e↵ect on the densities. The
procedure makes use of the particular “information flow”
implied by analyticity and relates the peripheral den-
sities to the spacelike form factor in a controlled man-
ner. (c) Using a minimal parametrization of the high-
mass part of the isovector spectral function, the isovec-
tor densities are computed with an estimated accuracy
of ⇠ ±10% at b & 0.3 fm.

In the present calculation we have not used any space-
like form factor data beyond the nucleon radius (FF
derivative at t = 0) to constrain the isovector spectral
functions. In particular, we do not fit the high-mass
part of the spectral function to the spacelike form factor
data, as is done is dispersive fits. (The stability condition
Eq. (53), controling the variation of the high-mass spec-
tral function, applies to the variation relative to the nom-
inal theoretical prediction, not relative to the FF data.)
Our results represent theoretical predictions based on a
minimal parametrization of the high-mass spectral func-
tion, and our uncertainty estimates should be understood
in this context. It is clear that a much more accurate de-
scription could be achieved if spacelike FF data were used
to constrain the high-mass part of the isovector spectral
functions. Our estimates for the high-mass uncertainty
should not be regarded as “final,” but rather as showing
how far one can go without fitting spacelike FF data.

The possibility of an EFT-based computation of the
transverse densities down to distances b & 0.3 fm repre-
sents a siginficant gain in information. It means that a
substantial part of transverse nucleon structure can be
“deconstructed” in terms of the EFT degrees of freedom
with known properties. Also, at central distances b .
1 fm the densities can be computed in approaches using
other e↵ective degrees of freedom, e.g. quark models, so
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Summary and Conclusions



•Through unitarity, it is possible to find a representation suited for 
ChEFT        Predictions of the Nucleon Form factors.
•The results improve previous ChEFT calculations.
•Results used to understand “Proton Radius Puzzle”      

•Predictions for MUSE.
•New promising method to compute nucleon matrix elements from 
first principles (EM tensor, D-term, extension to G-parity odd, …).

Summary and Conclusions

[J. C. Bernauer, EPJ Web Conf. 
234 (2020)]
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FIG. 64 The cross sections of e+e− → hadrons measured with the BABAR detector via ISR. The results on e+e− → π+π−π0π0

are preliminary.

dibaryon production this allows one to measure the to-
tal cross section [Eq.(13)] independently of the relation
between the electric and magnetic form factors. The ra-
tio of the form factors can then be determined from an
analysis of the baryon angular distribution. In direct
e+e− or pp̄ experiments the range of the accessible po-
lar angles is limited by the detector acceptance. In this
case the cross section cannot be measured in a model-
independent way. The detection efficiency is determined,
and the proton magnetic form factor |GM | is extracted,
usually under the assumption that |GM | = |GE |. In the
BABAR paper (Aubert et al., 2006a) on the ISR study
of the reaction e+e− → pp̄ the effective form factor is
introduced as a linear combination of |GM |2 and |GE |2:

|F (m)|2 =
2τ |GM (s)|2 + |GE(s)|2

2τ + 1
(14)

With the effective form factor the total cross section looks
like

σ0(m) =
4πα2βC

3m2
(1 +

1

2τ
)|F (m)|2 (15)

The effective form factor defined in such a way allows an
easy comparison of the results of the model-independent
ISR measurement with |GM | obtained in direct e+e− and
pp̄ experiments under the assumption that |GM | = |GE |.

The modulus of the ratio of the electric and mag-
netic form factors can be determined from the analysis
of the baryon polar angle distribution. This distribution
can be presented as a sum of the terms proportional to
|GM |2 and |GE |2. For the e+e− → pp̄γ cross section the
fully differential formula can be found in (Czyż et al.,
2004). In this process the θp dependences of the GE

and GM terms are not strongly different from sin2 θp and
1 + cos2 θp, describing the angular distributions for the
electric and magnetic form factors in Eq. (12). Note that
in direct e+e− experiments with transversely polarized
beams a study of the proton azimuthal angle distribu-
tion can improve GE/GM separation (see Eq. (12)).

A nonzero relative phase between the electric and
magnetic form factors manifests itself in a polariza-
tion of the outgoing baryons. In the reaction e+e− →
BB̄ this polarization is perpendicular to the production
plane (Dubnickova et al., 1996). For the ISR process
e+e− → BB̄γ the polarization observables are analyzed
in Refs. (Czyż et al., 2007; Kardapoltzev, 2007). In the
case of the ΛΛ̄ final state the Λ → pπ− decay can be
used to measure the Λ polarization and hence the phase
between the form factors.

[Druzhinin, Eidelman, Serednyakov and Solodov, Rev. Mod. Phys. 83 (2011), 1545]
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•Comparison with respect to the old results

DI  EFT�

Kaiser 2-Loops
Kaiser 1-Loop+ci
Kaiser 1-Loop

NLO+pN2LO

Belushkin et al.

Hoferichter et al.

0.10 0.15 0.20 0.25 0.30 0.35

0

2

4

6

8

10

12

t (GeV2 )

Im
G
EV
/t2

(G
eV

-4
)

•Conclusions:
•Brute force calculations are hopeless.
•Non-perturbative effects are visible in the near-threshold region.
•Based on unitarity one achieves a factorization suitable for perturbative 
calculations.
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•We have two sources of uncertainty:
•Isovector and isoscalar (Dirac and Pauli) radii:

•We use the range given by the experimental based determinations.
•Parametrization of the high energy region of the isovector spectral 
function:

•According to the dual resonance model                                  supported by e+e- 
annihilation data [Druzhinin, Eidelman, Serednyakov and Solodov, Rev. Mod. Phys. 83 (2011), 1545].
•We place the pole and derivatives at 
•We allow a variation of these poles in the range 
•We reject values that produce a variation of the space-like FF larger than 10% with 
respect to the nominal value.

M2
n = (2n+ 1)M2
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