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Pion form factor experimental data

2

0

5

10

15

20

25

30

35

40

45

50

�0.2 0 0.2 0.4 0.6 0.8 1

|f
⇡
(
s)
|2

s [GeV
2
]

Fit result for the VFF |FV
⇡ (s)|2

Total error

Fit error

NA7

SND

CMD-2

BaBar

KLOE08

KLOE10

KLOE12

Figure 1: Fit result for the pion VFF |FV
⇡ (s)|2 including (barely visible) uncertainties, together with all the

data sets used in the fit. For the e+e� experiments, the experimental values of the form factor are obtained

from the published cross section according to Sect. ??.
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Figure 1: Fit result for the pion VFF |FV
⇡ (s)|2 including (barely visible) uncertainties, together with all the

data sets used in the fit. For the e+e� experiments, the experimental values of the form factor are obtained

from the published cross section according to Sect. ??.
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Vector form factor of pseudoscalars
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Analytic structure
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Physics in a Finite Volume
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LQCD Path Integral:
Finite Lattice spacing

Finite Volume

Wick rotated: Euclidean spacetime
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• Discrete FV Spectrum:
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• Local matrix elements
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Form factors in finite volume
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Final state interactions 
are modified by FV
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h⇡, L|J |⇡, Li = h⇡|J |⇡i+O(e�mL)
<latexit sha1_base64="7lG2DhWdYVxsjP/3I5Aw3yt5EB4="></latexit>

h⇡⇡, L|J |0i 6⇡ h⇡⇡|J |0i



<latexit sha1_base64="Kb1s0RtMbpIDruw+NeIrLhnbW7Y="></latexit>

Lüscher formalism

7

<latexit sha1_base64="J/K/oi+0HI7DGvM7u1RdNUrKWvI=">AAACDXicbVDLSsNAFJ3UV62PRl26GSxC3ZSkSHUlBRFcuKhgH9DGMJlO2qGTSZiZCCHkG/wAt/oJ7sSt3+AX+BtO2yxs64ELh3Pu5VyOFzEqlWV9G4W19Y3NreJ2aWd3b79sHhx2ZBgLTNo4ZKHoeUgSRjlpK6oY6UWCoMBjpOtNrqd+94kISUP+oJKIOAEacepTjJSWXLN84/LHdCAVEvWsenfmmhWrZs0AV4mdkwrI0XLNn8EwxHFAuMIMSdm3rUg5KRKKYkay0iCWJEJ4gkakrylHAZFOOns8g6daGUI/FHq4gjP170WKAimTwNObAVJjuexNxf+8fqz8SyelPIoV4Xge5McMqhBOW4BDKghWLNEEYUH1rxCPkUBY6a4WUqJxIimWWUk3Yy/3sEo69ZrdqDXuzyvNq7yjIjgGJ6AKbHABmuAWtEAbYBCDF/AK3oxn4934MD7nqwUjvzkCCzC+fgEshZuN</latexit>

E?2
n (L)

<latexit sha1_base64="PehatipnNhcNukjt/WDQeyScji8=">AAACDXicbVDLSsNAFL2pr1ofjbp0M1iEuimJSHUjFN24ESrYB7ShTKaTdujkwcxECKHf4Ae41U9wJ279Br/A33DSZmFbD1w4nHMv93DciDOpLOvbKKytb2xuFbdLO7t7+2Xz4LAtw1gQ2iIhD0XXxZJyFtCWYorTbiQo9l1OO+7kNvM7T1RIFgaPKomo4+NRwDxGsNLSwCz3fazGBPP0flqVZ9cDs2LVrBnQKrFzUoEczYH50x +GJPZpoAjHUvZsK1JOioVihNNpqR9LGmEywSPa0zTAPpVOOgs+RadaGSIvFHoChWbq34sU+1Imvqs3s5hy2cvE/7xerLwrJ2VBFCsakPkjL+ZIhShrAQ2ZoETxRBNMBNNZERljgYnSXS18icaJZEROS7oZe7mHVdI+r9n1Wv3hotK4yTsqwjGcQBVsuIQG3EETWkAghhd4hTfj2Xg3PozP+WrByG+OYAHG1y96WpvA</latexit>

M(s) =

<latexit sha1_base64="Feg/7dO4r3nTiIuLszaBBX2a/xE="></latexit>

Cij(t) ⌘
D
Oi(t)O

†
j(0)

E
=

X

n=0

Z
n⇤
i Z

n
j e

�Ent

<latexit sha1_base64="Us+CLZOaTg1KSMXn2FQAcw7CaBQ="></latexit>

det(F (s, L) +M�1(s)) = 0
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<latexit sha1_base64="ia8BJoY8dxvSlIfm7NbCQp9mTs0=">AAACGXicbVDLSsNAFJ3UV62vqMtuBotQEUsiUrssuHEhWME+oIlhMp20QycPZiZCCFn4HX6AW/0Ed+LWlV/gbzhpu7CtBy4czrmXe+9xI0aFNIxvrbCyura+UdwsbW3v7O7p+wcdEcYckzYOWch7LhKE0YC0JZWM9CJOkO8y0nXHV7nffSRc0DC4l0lEbB8NA+pRjKSSHL18Ci0fyRFGLL3NquQhPfMdK6LwJjtx9IpRMyaAy8SckQqYoeXoP9YgxLFPAokZEqJvGpG0U8QlxYxkJSsWJEJ4jIakr2iAfCLsdPJEBo+VMoBeyFUFEk7UvxMp8oVIfFd15geLRS8X//P6sfQadkqDKJYkwNNFXsygDGGeCBxQTrBkiSIIc6puhXiEOMJS5Ta3JRolgmKRlVQy5mIOy6RzXjPrtfrdRaXZmGVUBGVwBKrABJegCa5BC7QBBk/gBbyCN+1Ze9c+tM9pa0GbzRyCOWhfv9XsoCA=</latexit>

+O(e�m⇡L)

0.0

0.5

1.0

ΩiΩj |Mij |2

ºº KK

0.100 0.125 0.150 0.175 0.200 atE?

0.00
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<latexit sha1_base64="Exe0qv3iI1uMJbWr0fBAEtFRg4k=">AAACKnicbVDLSsNAFJ3UV62vqCtxEywFVyXporosunEjVLAPaNIymUyaoZNMmJkIIQS/xp3ov7grbv0KV07aLLT1wMDh3Me5c9yYEiFNc65VNja3tnequ7W9/YPDI/34pC9YwhHuIUYZH7pQYEoi3JNEUjyMOYahS/HAnd0W9cET5oKw6FGmMXZCOI2ITxCUSproZzYP2LhlQ1dkdghlgCDN7vN83JrodbNpLmCsE6skdVCiO9G/bY+hJMSRRBQKMbLMWDoZ5JIgivOanQgcQzSDUzxSNIIhFk62+EJuNJTiGT7j6kXSWKi/JzIYCpGGruosrhSrtUL8rzZKpH/tZCSKE4kjtDTyE2pIZhR5GB7hGEmaKgIRJ+pWAwWQQyRVan9c4iAVBAm1omS1hu0y6hWeKixrNZp10m81rXaz/WDWOzdlbFVwDi7AJbDAFeiAO9AFPYDAM3gBb+Bde9U+tLn2uWytaOXMKfgD7esHj9an9A==</latexit>

⇢2|M|2

[Commun.Math.Phys. 105, 153 (1986) and extensions]

<latexit sha1_base64="Mojhkk3CrFnnkuF3HHvyLjE5nQM=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TMA9IljA76U2GzD6YmRWWJfgBXvUTvIlXv8Uv8DecJHswiQUNRVU33V1eLLjStv1tFTY2t7Z3irulvf2Dw6Py8UlbRYlk2GKRiGTXowoFD7GluRbYjSXSwBPY8Sb3M7/zhFLxKHzUaYxuQEch9zmj2khNNShX7Ko9B1knTk4qkKMxKP/0hxFLAgw1E1SpnmPH2s2o1JwJnJb6icKYsgkdYc/QkAao3Gx+6JRcGGVI/EiaCjWZq38nMhoolQae6QyoHqtVbyb+5/US7d+6GQ/jRGPIFov8RBAdkdnXZMglMi1SQyiT3NxK2JhKyrTJZmlLPE4VZ2paMsk4qzmsk/ZV1alVa83rSv0uz6gIZ3AOl+DADdThARrQAgYIL/AKb9az9W59WJ+L1oKVz5zCEqyvX8RClfo=</latexit>s

L

GHP - Anaheim, CA - F. Ortega-Gama     March 15 2025



<latexit sha1_base64="Kb1s0RtMbpIDruw+NeIrLhnbW7Y="></latexit>

8

Two-hadron production

8

<latexit sha1_base64="J/K/oi+0HI7DGvM7u1RdNUrKWvI=">AAACDXicbVDLSsNAFJ3UV62PRl26GSxC3ZSkSHUlBRFcuKhgH9DGMJlO2qGTSZiZCCHkG/wAt/oJ7sSt3+AX+BtO2yxs64ELh3Pu5VyOFzEqlWV9G4W19Y3NreJ2aWd3b79sHhx2ZBgLTNo4ZKHoeUgSRjlpK6oY6UWCoMBjpOtNrqd+94kISUP+oJKIOAEacepTjJSWXLN84/LHdCAVEvWsenfmmhWrZs0AV4mdkwrI0XLNn8EwxHFAuMIMSdm3rUg5KRKKYkay0iCWJEJ4gkakrylHAZFOOns8g6daGUI/FHq4gjP170WKAimTwNObAVJjuexNxf+8fqz8SyelPIoV4Xge5McMqhBOW4BDKghWLNEEYUH1rxCPkUBY6a4WUqJxIimWWUk3Yy/3sEo69ZrdqDXuzyvNq7yjIjgGJ6AKbHABmuAWtEAbYBCDF/AK3oxn4934MD7nqwUjvzkCCzC+fgEshZuN</latexit>

E?2
n (L)

<latexit sha1_base64="yXvA/llccOCZQJUnGOqnjrq3rAo="></latexit>

fR

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

<latexit sha1_base64="yu6Cw8FnxSjrnPbo13fglsZ/4Rg=">AAAB/nicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6EUIevEYxTwgWcLsZDYZMjuzzMwKyxLwA7zqJ3gTr/6KX+BvOEn2YBILGoqqbrq7gpgzbVz321lZXVvf2CxsFbd3dvf2SweHTS0TRWiDSC5VO8CaciZowzDDaTtWFEcBp61gdDvxW09UaSbFo0lj6kd4IFjICDZWegive6WyW3GnQMvEy0kZctR7pZ9uX5IkosIQjrXueG5s/Awrwwin42I30TTGZIQHtGOpwBHVfja9dIxOrdJHoVS2hEFT9e9EhiOt0yiwnRE2Q73oTcT/vE5iwis/YyJODBVktihMODISTd5GfaYoMTy1BBPF7K2IDLHCxNhw5rbEw1QzosdFm4y3mMMyaZ5XvGqlen9Rrt3kGRXgGE7gDDy4hBrcQR0aQCCEF3iFN+fZeXc+nM9Z64qTzxzBHJyvXzZgljQ=</latexit>

f =

<latexit sha1_base64="6R/dg1Rwne6gwkk41WtGWd2exAE="></latexit>

| hn|J (0)|0i|2 =
1

L3
f(s) · Rn · f(s)

Rn ⌘ lim
E!En

E � En

F�1 +M

• Lellouch-Lüscher factor

Normalization of 
dynamic FV state     
& rescattering effects

GHP - Anaheim, CA - F. Ortega-Gama     March 15 2025

s



<latexit sha1_base64="Kb1s0RtMbpIDruw+NeIrLhnbW7Y="></latexit>

Lattice QCD setup

9

<latexit sha1_base64="zHIZFOyfkcvlN1QKsZ1VUm70Dkk="></latexit>

atm m/MeV
⇡ 0.0474 284
K 0.0866 519
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atE?
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KK
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º¡

JP(IG)=1−(1+)
<latexit sha1_base64="2dXVfTncnq3hHvU5s6I3W+neG9Q=">AAACGnicbVDNSgMxGMzWv1r/Vj3qIVgET2W3ttWLUPDiwUOF/kG7lmyabUOz2SXJCsvSi8/hA3jVR/AmXr34BL6GabuIbR0ITGa+j0nGDRmVyrK+jMzK6tr6RnYzt7W9s7tn7h80ZRAJTBo4YIFou0gSRjlpKKoYaYeCIN9lpOWOrid+64EISQNeV3FIHB8NOPUoRkpLPfP49v68q6hPJKzDK1gs/V6L5UrPzFsFawq4TOyU5EGKWs/87vYDHPmEK8yQlB3bCpWTIKEoZmSc60aShAiP0IB0NOVIBznJ9BdjeKqVPvQCoQ9XcKr+3UiQL2Xsu3rSR2ooF72J+J/XiZR36SSUh5EiHM+CvIhBFcBJJbBPBcGKxZogLKh+K8RDJBBWuri5lHAYS4rlOKebsRd7WCbNYsGuFMp3pXy1mHaUBUfgBJwBG1yAKrgBNdAAGDyCZ/ACXo0n4814Nz5moxkj3TkEczA+fwB1wJ8z</latexit>

L3 ⇥ T = 243 ⇥ 256

<latexit sha1_base64="s9Rg44ESA2yIEeg8A7cd2MwZQ2U=">AAACD3icbVDLSsNAFJ3UV62vVJduBovgqiRSqsuiGxcuKtgHNCFMppN26EwyzEzUUPoRfoBb/QR34tZP8Av8DadtFrb1wIXDOfdyLicUjCrtON9WYW19Y3OruF3a2d3bP7DLh22VpBKTFk5YIrshUoTRmLQ01Yx0hSSIh4x0wtH11O88EKloEt/rTBCfo0FMI4qRNlJgl3ngCQpvoYeEkMkTrAV2xak6M8BV4uakAnI0A/vH6yc45STWmCGleq4jtD9GUlPMyKTkpYoIhEdoQHqGxogT5Y9nr0/gqVH6MEqkmVjDmfr3Yoy4UhkPzSZHeqiWvan4n9dLdXTpj2ksUk1iPA+KUgZ1Aqc9wD6VBGuWGYKwpOZXiIdIIqxNWwspYpgpitWkZJpxl3tYJe3zqluv1u9qlcZV3lERHIMTcAZccAEa4AY0QQtg8AhewCt4s56td+vD+pyvFqz85ggswPr6BVyxnC8=</latexit>

m⇡L ⇡ 4

<latexit sha1_base64="z9KbjEA6XwlfUnZ4dMZxeMBxcxM="></latexit>

⇠ = as/at = 3.455(6)

400 gauge configurations

[(FO et.al.) Phys.Rev.D 110 (2024)]

<latexit sha1_base64="0yB3cnibRjVUnte/+kvGP+gBAZg=">AAACEHicbVDLSsNAFJ3UV62vWJduBovgxpKI1C4Lbly4qGAf0MQwmU7SoZNJmJmIIeQn/AC3+gnuxK1/4Bf4G04fC9t64MLhnHs5l+MnjEplWd9GaW19Y3OrvF3Z2d3bPzAPq10ZpwKTDo5ZLPo+koRRTjqKKkb6iSAo8hnp+ePrid97JELSmN+rLCFuhEJOA4qR0pJnVm3ohCEkD/l55DkJhbeFZ9asujUFXCX2nNTAHG3P/HGGMU4jwhVmSMqBbSXKzZFQFDNSVJxUkgThMQrJQFOOIiLdfPp7AU+1MoRBLPRwBafq34scRVJmka83I6RGctmbiP95g1QFTTenPEkV4XgWFKQMqhhOioBDKghWLNMEYUH1rxCPkEBY6boWUpJRJimWRUU3Yy/3sEq6F3W7UW/cXdZazXlHZXAMTsAZsMEVaIEb0AYdgMETeAGv4M14Nt6ND+Nztloy5jdHYAHG1y+mJ5xI</latexit>

1 � e�m⇡L

<latexit sha1_base64="LqfnAvsH7zpiSKy2vX+MSMdfkdM=">AAACHHicbVDLSgNBEJz1GeMr6lGQwSB4MeyKRI9BD3qMYB6QxDA76SSDs7vDTK8kLHvzO/wAr/oJ3sSr4Bf4G04eBzUWNBRV3XR3+UoKg6776czNLywuLWdWsqtr6xubua3tqolizaHCIxnpus8MSBFCBQVKqCsNLPAl1Py7i5FfuwdtRBTe4FBBK2C9UHQFZ2ildm6PtfE2OfJS2mRK6WhAi7SJMMCEXkI1befybsEdg84Sb0ryZIpyO/fV7EQ8DiBELpkxDc9V2EqYRsElpNlmbEAxfsd60LA0ZAGYVjL+I6UHVunQbqRthUjH6s+JhAXGDAPfdgYM++avNxL/8xoxds9aiQhVjBDyyaJuLClGdBQK7QgNHOXQEsa1sLdS3meacbTR/dqi+kMjuEmzNhnvbw6zpHpc8IqF4vVJvnQ+zShDdsk+OSQeOSUlckXKpEI4eSBP5Jm8OI/Oq/PmvE9a55zpzA75BefjG2kfoYk=</latexit>

a�1
t ⇡ 6 GeV

GHP - Anaheim, CA - F. Ortega-Gama     March 15 2025



<latexit sha1_base64="Kb1s0RtMbpIDruw+NeIrLhnbW7Y="></latexit>

Elastic Lüscher formalism

10

<latexit sha1_base64="EGDZlour97i2DtitFy8+ASpzjCo="></latexit>

M⇡⇡!⇡⇡ =
1
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<latexit sha1_base64="Ku5tUXDg3CtAkg6qh5+8SKk4EgQ=">AAACF3icbVDLSsNAFJ3UV62vqCtxEyyCq5IUqV0W3LgRKthWaNIymU6aoZOZMDMRQgh+hx/gVj/Bnbh16Rf4G07aLmzrgQuHc+7l3nv8mBKpbPvbKK2tb2xulbcrO7t7+wfm4VFX8kQg3EGccvHgQ4kpYbijiKL4IRYYRj7FPX9yXfi9Rywk4exepTH2IjhmJCAIKi0NzRNXhHxQd6EvMzeCKkSQZrd5PqgPzapds6ewVokzJ1UwR3to/rgjjpIIM4UolLLv2LHyMigUQRTnFTeROIZoAse4rymDEZZeNn0ht861MrICLnQxZU3VvxMZjKRMI193FlfKZa8Q//P6iQqaXkZYnCjM0GxRkFBLcavIwxoRgZGiqSYQCaJvtVAIBURKp7awJQ5TSZDMKzoZZzmHVdKt15xGrXF3WW015xmVwSk4AxfAAVegBW5AG3QAAk/gBbyCN+PZeDc+jM9Za8mYzxyDBRhfvxisoGg=</latexit>

⇢2|M|2<latexit sha1_base64="lsGhrRAATpdga84hwT1GDpjLKiE="></latexit>

i

s� sR

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

<latexit sha1_base64="Gf+Ditl0m5KZOyAvhkaETp4tYL4="></latexit>

Re(
p
sR) = 797± 2.6 MeV

Im(
p
sR)/2 = 28.5± 1 MeV

<latexit sha1_base64="sduZVcj0X2GcCZD0BrCzY3aRbak="></latexit>

m/MeV
⇡ 284
K 519

<latexit sha1_base64="nwnyM1RVQkenWSclV5Mza90uTIo=">AAACCnicbVDLSsNAFJ3UV62vqks3g0Woi5akSBVXBTcuK9gHtGmZTCfN0EkmzEyEEPIHfoBb/QR34taf8Av8DSdtFrb1wIXDOfdyLscJGZXKNL+Nwsbm1vZOcbe0t39weFQ+PulKHglMOpgzLvoOkoTRgHQUVYz0Q0GQ7zDSc2Z3md97IkJSHjyqOCS2j6YBdSlGSkujofB41RoltVp6eVsalytm3ZwDrhMrJxWQoz0u/wwnHEc+CRRmSMqBZYbKTpBQFDOSloaRJCHCMzQlA00D5BNpJ/OvU3ihlQl0udATKDhX/14kyJcy9h296SPlyVUvE//zBpFyb+yEBmGkSIAXQW7EoOIwqwBOqCBYsVgThAXVv0LsIYGw0kUtpYReLCmWadaMtdrDOuk26laz3ny4qrQaeUdFcAbOQRVY4Bq0wD1ogw7AQIAX8ArejGfj3fgwPherBSO/OQVLML5+AZdhmhQ=</latexit>

⇢(1��) :

<latexit sha1_base64="FSY8bdhfrSm5Ycs8ByXsb4O7Sfg=">AAACGHicbZDLSsNAFIYnXmu9Rd3pZrAILWhJRGo3QkEQFwoV7AXaWCbTSTt0cmFmIoQQ8Dl8ALf6CO7ErTufwNdw0mZhW38Y+PjPOZwzvx0wKqRhfGsLi0vLK6u5tfz6xubWtr6z2xR+yDFpYJ/5vG0jQRj1SENSyUg74AS5NiMte3SZ1luPhAvqe/cyCojlooFHHYqRVFZP3++6SA4xYvFtUhSli6uH+MRUdHxT6ukFo2yMBefBzKAAMtV7+k+37+PQJZ7EDAnRMY1AWjHikmJGknw3FCRAeIQGpKPQQy4RVjz+QwKPlNOHjs/V8yQcu38nYuQKEbm26kwvFrO11Pyv1gmlU7Vi6gWhJB6eLHJCBqUP00Bgn3KCJYsUIMypuhXiIeIISxXb1JZgGAmKRZJXyZizOcxD87RsVsqVu7NCrZpllAMH4BAUgQnOQQ1cgzpoAAyewAt4BW/as/aufWifk9YFLZvZA1PSvn4BgFafWg==</latexit>

M(s) = F�1(s, L)

Neglecting higher spin

GHP - Anaheim, CA - F. Ortega-Gama     March 15 2025



<latexit sha1_base64="Kb1s0RtMbpIDruw+NeIrLhnbW7Y="></latexit>

Pion vector form factor

11

<latexit sha1_base64="2yxK6kC823Ryk6nBaKz6d+F5Nxs="></latexit>

F⌦(s) = Q+
NX

n=1

cn(zc(s)
n � zc(0)

n)

°8 °4 0 4 8 12
s/m2

º

0

5

10

15
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  meson decay constant
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Including inelastic KK (cc) effects
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Vector form factor 
spacelike + timelike 
Coupled channel 

Form factors of (exotic) resonances. 
CP violation: e.g. D to 𝜋𝜋/KK. 

[Phys.Rev.Lett. 122 211803 (2019)] 

2-body amplitudes from QCD.

Summary and outlook
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Finite volume 
spectrum
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• 17 elastic levels 

• 15 above KK threshold
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Scattering coupled channel fit

17

¬2/dof = 28.70/(32 ° 6) = 1.10

gKK = 0.17(30)
gºº = 0.441(9)

∞KK = °2.2 ± 4
∞KK,ºº = °2.4 ± 5

∞ºº = 2.9(9)
m = 0.1338(5)

ρ resonance
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Re(
p
sR) = 797± 2.6 MeV

Im(
p
sR)/2 = 28.5± 1 MeV
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2k?b
� i⇢CM,ab

<latexit sha1_base64="XvVJFe1ovE1toEi/ZrMGZqTkDPM="></latexit>

Mab(s ⇠ sR) ⇠
ca cb
sR � s

<latexit sha1_base64="F+GkC8mDcc4hdKLoNujfVInGbso="></latexit> ����
c⇡⇡

k?⇡⇡(sR)

���� = 6.41± 0.13

�����
cKK

k?
KK

(sR)

����� = 2.4± 4.0

Relative momentum 
in cm frame

<latexit sha1_base64="T9s7pjFtzS2kW3a5nH01moqdft8="></latexit>

⇡⇡ ! ⇡⇡

0.0

0.5

1.0

ΩiΩj |Mij |2

ºº KK

0.100 0.125 0.150 0.175 0.200 atE?

0.00

0.01

0.02
<latexit sha1_base64="tU90LpjW8gPhETTyMkOkIOCSHlI="></latexit>

⇡⇡ ! KK
<latexit sha1_base64="5a7BAzCM58q/Bdv4ELgW4QfW/i4="></latexit>

KK ! KK

<latexit sha1_base64="zy3oWwGF3b2cW+GtUW8skBXPRbI="></latexit>

Kab =
gagb

�s+m2
r

+ �ab


