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1

Pion Form Factor – Pion Distribution Amplitude

q Pion form factor:
<latexit sha1_base64="Ol3ZZoAQjR0SvsI/7Cvi9YPHfdQ=">AAAB8XicbVBNSwMxEJ34WetX1aOXYBHqpeyWoh4LgnhswX5gu5Zsmm1Ds9klyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPz/FhwbRznG62tb2xubed28rt7+weHhaPjlo4SRVmTRiJSHZ9oJrhkTcONYJ1YMRL6grX98c3Mbz8xpXkk780kZl5IhpIHnBJjpYfbfi/mpcZj5aJfKDplZw68StyMFCFDvV/46g0imoRMGiqI1l3XiY2XEmU4FWya7yWaxYSOyZB1LZUkZNpL5xdP8blVBjiIlC1p8Fz9PZGSUOtJ6NvOkJiRXvZm4n9eNzHBtZdyGSeGSbpYFCQCmwjP3scDrhg1YmIJoYrbWzEdEUWosSHlbQju8surpFUpu5flaqNarFWyOHJwCmdQAheuoAZ3UIcmUJDwDK/whjR6Qe/oY9G6hrKZE/gD9PkDKG2P4w==</latexit>

F⇡(Q
2)

<latexit sha1_base64="6sLXOMFYdfHuKeeTXid2n4Dz3ps=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahXspuKeqx4MVjBfsB3aVk02wbms2GJCuW0r/hxYMiXv0z3vw3Zts9aOuDgcd7M8zMCyVn2rjut1PY2Nza3inulvb2Dw6PyscnHZ2kitA2SXiieiHWlDNB24YZTntSURyHnHbDyW3mdx+p0iwRD2YqaRDjkWARI9hYyfflmA18yapPl6VBueLW3AXQOvFyUoEcrUH5yx8mJI2pMIRjrfueK00ww8owwum85KeaSkwmeET7lgocUx3MFjfP0YVVhihKlC1h0EL9PTHDsdbTOLSdMTZjvepl4n9ePzXRTTBjQqaGCrJcFKUcmQRlAaAhU5QYPrUEE8XsrYiMscLE2JiyELzVl9dJp17zrmqN+0alWc/jKMIZnEMVPLiGJtxBC9pAQMIzvMKbkzovzrvzsWwtOPnMKfyB8/kD9JSQ7w==</latexit>

�⇡(x)
<latexit sha1_base64="oFFV8qnsT00DiQFD0dAng9NJXpM=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkpSinosePFYwdZCE8pmu2mXbjbL7kYIpX/DiwdFvPpnvPlv3LQ5aOuDgcd7M8zMCyVn2rjut1Pa2Nza3invVvb2Dw6PqscnPZ2kitAuSXii+iHWlDNBu4YZTvtSURyHnD6G09vcf3yiSrNEPJhM0iDGY8EiRrCxku/LCRv6ktWzy8qwWnMb7gJonXgFqUGBzrD65Y8SksZUGMKx1gPPlSaYYWUY4XRe8VNNJSZTPKYDSwWOqQ5mi5vn6MIqIxQlypYwaKH+npjhWOssDm1njM1Er3q5+J83SE10E8yYkKmhgiwXRSlHJkF5AGjEFCWGZ5Zgopi9FZEJVpgYG1Megrf68jrpNRveVaN136q1m0UcZTiDc6iDB9fQhjvoQBcISHiGV3hzUufFeXc+lq0lp5g5hT9wPn8A9hqQ8A==</latexit>

�⇡(y)
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q

<latexit sha1_base64="Ol3ZZoAQjR0SvsI/7Cvi9YPHfdQ=">AAAB8XicbVBNSwMxEJ34WetX1aOXYBHqpeyWoh4LgnhswX5gu5Zsmm1Ds9klyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPz/FhwbRznG62tb2xubed28rt7+weHhaPjlo4SRVmTRiJSHZ9oJrhkTcONYJ1YMRL6grX98c3Mbz8xpXkk780kZl5IhpIHnBJjpYfbfi/mpcZj5aJfKDplZw68StyMFCFDvV/46g0imoRMGiqI1l3XiY2XEmU4FWya7yWaxYSOyZB1LZUkZNpL5xdP8blVBjiIlC1p8Fz9PZGSUOtJ6NvOkJiRXvZm4n9eNzHBtZdyGSeGSbpYFCQCmwjP3scDrhg1YmIJoYrbWzEdEUWosSHlbQju8surpFUpu5flaqNarFWyOHJwCmdQAheuoAZ3UIcmUJDwDK/whjR6Qe/oY9G6hrKZE/gD9PkDKG2P4w==</latexit>

F⇡(Q
2)

<latexit sha1_base64="DMs8roWWoDaACHhT9Q+sVJRV76A=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyUJRb0IBS8eW7Af0KZls920SzebdHcjlNA/4cWDIl79O978N27bHLT1wcDjvRlm5vkxZ0rb9reV29jc2t7J7xb29g8Oj4rHJ00VJZLQBol4JNs+VpQzQRuaaU7bsaQ49Dlt+eP7ud96olKxSDzqaUy9EA8FCxjB2kjtes+9u5r03H6xZJftBdA6cTJSggy1fvGrO4hIElKhCcdKdRw71l6KpWaE01mhmygaYzLGQ9oxVOCQKi9d3DtDF0YZoCCSpoRGC/X3RIpDpaahbzpDrEdq1ZuL/3mdRAe3XspEnGgqyHJRkHCkIzR/Hg2YpETzqSGYSGZuRWSEJSbaRFQwITirL6+Tplt2rsuVeqVUdbM48nAG53AJDtxAFR6gBg0gwOEZXuHNmlgv1rv1sWzNWdnMKfyB9fkDtGmPDw==</latexit>

Q2 = �q2

1-x

x
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P'P<latexit sha1_base64="+XpfpThBLrgbbfHqddVu2aTMA/s=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsB/QLiWbZtvQbBKSrFiW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEw1oU0iudSdCBvKmaBNyyynHaUpTiJO29H4dua3H6k2TIoHO1E0TPBQsJgRbJ3U7mGltHzqlyt+1Z8DrZIgJxXI0eiXv3oDSdKECks4NqYb+MqGGdaWEU6npV5qqMJkjIe066jACTVhNj93is6cMkCx1K6ERXP190SGE2MmSeQ6E2xHZtmbif953dTG12HGhEotFWSxKE45shLNfkcDpimxfOIIJpq5WxEZYY2JdQmVXAjB8surpHVRDS6rtftapX6Tx1GEEziFcwjgCupwBw1oAoExPMMrvHnKe/HevY9Fa8HLZ47hD7zPH5ZQj78=</latexit>⇡ <latexit sha1_base64="4gbOM4jVHsC3PmMvyNcmxvzfrjs=">AAAB9XicbVDJSgNBEK1xjXGLevTSGARPYSYE9Rjw4jEBs0A2ejo9SZOenqG7RhmG/IcXD4p49V+8+Td2loMmPih4vFdFVT0/lsKg6347G5tb2zu7ub38/sHh0XHh5LRpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/czfzWI9dGROoB05j3QjpSIhCMopX69X6ZdDEiXaECTAeFolty5yDrxFuSIixRGxS+usOIJSFXyCQ1puO5MfYyqlEwyaf5bmJ4TNmEjnjHUkVDbnrZ/OopubTKkASRtqWQzNXfExkNjUlD33aGFMdm1ZuJ/3mdBIPbXiZUnCBXbLEoSCSxf84iIEOhOUOZWkKZFvZWwsZUU4Y2qLwNwVt9eZ00yyXvulSpV4rV8jKOHJzDBVyBBzdQhXuoQQMYaHiGV3hznpwX5935WLRuOMuZM/gD5/MHmFCR5Q==</latexit>

Q2 ! 1

<latexit sha1_base64="49tpSzp6ktpPYBGZwUgIl/lhoKU="></latexit>

F⇡(Q
2) �! 16⇡ ↵s(Q2) f2

⇡

Q2
<latexit sha1_base64="8XWu8b/LfiE5bi/k4b1acNFWxJs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx6r2A9oQ9lsN+3S3U3Y3Qgh9B948aCIV/+RN/+NmzYHbX0w8Hhvhpl5QcyZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV0eJIrRDIh6pfoA15UzSjmGG036sKBYBp71gdpv7vSeqNIvko0lj6gs8kSxkBBsrPaSVUbXm1t0F0DrxClKDAu1R9Ws4jkgiqDSEY60HnhsbP8PKMMLpvDJMNI0xmeEJHVgqsaDazxaXztGFVcYojJQtadBC/T2RYaF1KgLbKbCZ6lUvF//zBokJb/yMyTgxVJLlojDhyEQofxuNmaLE8NQSTBSztyIyxQoTY8PJQ/BWX14n3Ubdu6o375u1VqOIowxncA6X4ME1tOAO2tABAiE8wyu8OTPnxXl3PpatJaeYOYU/cD5/ABpvjQo=</latexit>y

<latexit sha1_base64="yT0QMv6W5bmEB+BDAilMPhHblxw=">AAAB63icbVDLSsNAFL2pr1pfVZduBovixpJIUZcFNy4r2Ae0oUymk3boPMLMRAihv+DGhSJu/SF3/o1Jm4W2HrhwOOde7r0niDgz1nW/ndLa+sbmVnm7srO7t39QPTzqGBVrQttEcaV7ATaUM0nblllOe5GmWAScdoPpXe53n6g2TMlHm0TUF3gsWcgItrnkXSaVYbXm1t050CrxClKDAq1h9WswUiQWVFrCsTF9z42sn2JtGeF0VhnEhkaYTPGY9jMqsaDGT+e3ztBZpoxQqHRW0qK5+nsixcKYRARZp8B2Ypa9XPzP68c2vPVTJqPYUkkWi8KYI6tQ/jgaMU2J5UlGMNEsuxWRCdaY2CyePARv+eVV0rmqe9f1xkOj1jwv4ijDCZzCBXhwA024hxa0gcAEnuEV3hzhvDjvzseiteQUM8fwB87nD/AGjXA=</latexit>

1� y

Lepage & Brodsky, Phys.Lett. B87B (1979 )359 



2

Pion Form Factor – Pion Distribution Amplitude

q Pion form factor:
<latexit sha1_base64="Ol3ZZoAQjR0SvsI/7Cvi9YPHfdQ=">AAAB8XicbVBNSwMxEJ34WetX1aOXYBHqpeyWoh4LgnhswX5gu5Zsmm1Ds9klyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPz/FhwbRznG62tb2xubed28rt7+weHhaPjlo4SRVmTRiJSHZ9oJrhkTcONYJ1YMRL6grX98c3Mbz8xpXkk780kZl5IhpIHnBJjpYfbfi/mpcZj5aJfKDplZw68StyMFCFDvV/46g0imoRMGiqI1l3XiY2XEmU4FWya7yWaxYSOyZB1LZUkZNpL5xdP8blVBjiIlC1p8Fz9PZGSUOtJ6NvOkJiRXvZm4n9eNzHBtZdyGSeGSbpYFCQCmwjP3scDrhg1YmIJoYrbWzEdEUWosSHlbQju8surpFUpu5flaqNarFWyOHJwCmdQAheuoAZ3UIcmUJDwDK/whjR6Qe/oY9G6hrKZE/gD9PkDKG2P4w==</latexit>

F⇡(Q
2)

Lepage & Brodsky, Phys.Lett. B87B (1979 )359 
<latexit sha1_base64="6sLXOMFYdfHuKeeTXid2n4Dz3ps=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahXspuKeqx4MVjBfsB3aVk02wbms2GJCuW0r/hxYMiXv0z3vw3Zts9aOuDgcd7M8zMCyVn2rjut1PY2Nza3inulvb2Dw6PyscnHZ2kitA2SXiieiHWlDNB24YZTntSURyHnHbDyW3mdx+p0iwRD2YqaRDjkWARI9hYyfflmA18yapPl6VBueLW3AXQOvFyUoEcrUH5yx8mJI2pMIRjrfueK00ww8owwum85KeaSkwmeET7lgocUx3MFjfP0YVVhihKlC1h0EL9PTHDsdbTOLSdMTZjvepl4n9ePzXRTTBjQqaGCrJcFKUcmQRlAaAhU5QYPrUEE8XsrYiMscLE2JiyELzVl9dJp17zrmqN+0alWc/jKMIZnEMVPLiGJtxBC9pAQMIzvMKbkzovzrvzsWwtOPnMKfyB8/kD9JSQ7w==</latexit>

�⇡(x)
<latexit sha1_base64="oFFV8qnsT00DiQFD0dAng9NJXpM=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkpSinosePFYwdZCE8pmu2mXbjbL7kYIpX/DiwdFvPpnvPlv3LQ5aOuDgcd7M8zMCyVn2rjut1Pa2Nza3invVvb2Dw6PqscnPZ2kitAuSXii+iHWlDNBu4YZTvtSURyHnD6G09vcf3yiSrNEPJhM0iDGY8EiRrCxku/LCRv6ktWzy8qwWnMb7gJonXgFqUGBzrD65Y8SksZUGMKx1gPPlSaYYWUY4XRe8VNNJSZTPKYDSwWOqQ5mi5vn6MIqIxQlypYwaKH+npjhWOssDm1njM1Er3q5+J83SE10E8yYkKmhgiwXRSlHJkF5AGjEFCWGZ5Zgopi9FZEJVpgYG1Megrf68jrpNRveVaN136q1m0UcZTiDc6iDB9fQhjvoQBcISHiGV3hzUufFeXc+lq0lp5g5hT9wPn8A9hqQ8A==</latexit>

�⇡(y)

γ∗

p'
p
q

<latexit sha1_base64="Ol3ZZoAQjR0SvsI/7Cvi9YPHfdQ=">AAAB8XicbVBNSwMxEJ34WetX1aOXYBHqpeyWoh4LgnhswX5gu5Zsmm1Ds9klyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPz/FhwbRznG62tb2xubed28rt7+weHhaPjlo4SRVmTRiJSHZ9oJrhkTcONYJ1YMRL6grX98c3Mbz8xpXkk780kZl5IhpIHnBJjpYfbfi/mpcZj5aJfKDplZw68StyMFCFDvV/46g0imoRMGiqI1l3XiY2XEmU4FWya7yWaxYSOyZB1LZUkZNpL5xdP8blVBjiIlC1p8Fz9PZGSUOtJ6NvOkJiRXvZm4n9eNzHBtZdyGSeGSbpYFCQCmwjP3scDrhg1YmIJoYrbWzEdEUWosSHlbQju8surpFUpu5flaqNarFWyOHJwCmdQAheuoAZ3UIcmUJDwDK/whjR6Qe/oY9G6hrKZE/gD9PkDKG2P4w==</latexit>

F⇡(Q
2)

<latexit sha1_base64="DMs8roWWoDaACHhT9Q+sVJRV76A=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBiyUJRb0IBS8eW7Af0KZls920SzebdHcjlNA/4cWDIl79O978N27bHLT1wcDjvRlm5vkxZ0rb9reV29jc2t7J7xb29g8Oj4rHJ00VJZLQBol4JNs+VpQzQRuaaU7bsaQ49Dlt+eP7ud96olKxSDzqaUy9EA8FCxjB2kjtes+9u5r03H6xZJftBdA6cTJSggy1fvGrO4hIElKhCcdKdRw71l6KpWaE01mhmygaYzLGQ9oxVOCQKi9d3DtDF0YZoCCSpoRGC/X3RIpDpaahbzpDrEdq1ZuL/3mdRAe3XspEnGgqyHJRkHCkIzR/Hg2YpETzqSGYSGZuRWSEJSbaRFQwITirL6+Tplt2rsuVeqVUdbM48nAG53AJDtxAFR6gBg0gwOEZXuHNmlgv1rv1sWzNWdnMKfyB9fkDtGmPDw==</latexit>

Q2 = �q2

1-x
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P'P<latexit sha1_base64="+XpfpThBLrgbbfHqddVu2aTMA/s=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsB/QLiWbZtvQbBKSrFiW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEw1oU0iudSdCBvKmaBNyyynHaUpTiJO29H4dua3H6k2TIoHO1E0TPBQsJgRbJ3U7mGltHzqlyt+1Z8DrZIgJxXI0eiXv3oDSdKECks4NqYb+MqGGdaWEU6npV5qqMJkjIe066jACTVhNj93is6cMkCx1K6ERXP190SGE2MmSeQ6E2xHZtmbif953dTG12HGhEotFWSxKE45shLNfkcDpimxfOIIJpq5WxEZYY2JdQmVXAjB8surpHVRDS6rtftapX6Tx1GEEziFcwjgCupwBw1oAoExPMMrvHnKe/HevY9Fa8HLZ47hD7zPH5ZQj78=</latexit>⇡ <latexit sha1_base64="4gbOM4jVHsC3PmMvyNcmxvzfrjs=">AAAB9XicbVDJSgNBEK1xjXGLevTSGARPYSYE9Rjw4jEBs0A2ejo9SZOenqG7RhmG/IcXD4p49V+8+Td2loMmPih4vFdFVT0/lsKg6347G5tb2zu7ub38/sHh0XHh5LRpokQz3mCRjHTbp4ZLoXgDBUrejjWnoS95y5/czfzWI9dGROoB05j3QjpSIhCMopX69X6ZdDEiXaECTAeFolty5yDrxFuSIixRGxS+usOIJSFXyCQ1puO5MfYyqlEwyaf5bmJ4TNmEjnjHUkVDbnrZ/OopubTKkASRtqWQzNXfExkNjUlD33aGFMdm1ZuJ/3mdBIPbXiZUnCBXbLEoSCSxf84iIEOhOUOZWkKZFvZWwsZUU4Y2qLwNwVt9eZ00yyXvulSpV4rV8jKOHJzDBVyBBzdQhXuoQQMYaHiGV3hznpwX5935WLRuOMuZM/gD5/MHmFCR5Q==</latexit>

Q2 ! 1

<latexit sha1_base64="49tpSzp6ktpPYBGZwUgIl/lhoKU="></latexit>

F⇡(Q
2) �! 16⇡ ↵s(Q2) f2

⇡

Q2
<latexit sha1_base64="8XWu8b/LfiE5bi/k4b1acNFWxJs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx6r2A9oQ9lsN+3S3U3Y3Qgh9B948aCIV/+RN/+NmzYHbX0w8Hhvhpl5QcyZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV0eJIrRDIh6pfoA15UzSjmGG036sKBYBp71gdpv7vSeqNIvko0lj6gs8kSxkBBsrPaSVUbXm1t0F0DrxClKDAu1R9Ws4jkgiqDSEY60HnhsbP8PKMMLpvDJMNI0xmeEJHVgqsaDazxaXztGFVcYojJQtadBC/T2RYaF1KgLbKbCZ6lUvF//zBokJb/yMyTgxVJLlojDhyEQofxuNmaLE8NQSTBSztyIyxQoTY8PJQ/BWX14n3Ubdu6o375u1VqOIowxncA6X4ME1tOAO2tABAiE8wyu8OTPnxXl3PpatJaeYOYU/cD5/ABpvjQo=</latexit>y

<latexit sha1_base64="yT0QMv6W5bmEB+BDAilMPhHblxw=">AAAB63icbVDLSsNAFL2pr1pfVZduBovixpJIUZcFNy4r2Ae0oUymk3boPMLMRAihv+DGhSJu/SF3/o1Jm4W2HrhwOOde7r0niDgz1nW/ndLa+sbmVnm7srO7t39QPTzqGBVrQttEcaV7ATaUM0nblllOe5GmWAScdoPpXe53n6g2TMlHm0TUF3gsWcgItrnkXSaVYbXm1t050CrxClKDAq1h9WswUiQWVFrCsTF9z42sn2JtGeF0VhnEhkaYTPGY9jMqsaDGT+e3ztBZpoxQqHRW0qK5+nsixcKYRARZp8B2Ypa9XPzP68c2vPVTJqPYUkkWi8KYI6tQ/jgaMU2J5UlGMNEsuxWRCdaY2CyePARv+eVV0rmqe9f1xkOj1jwv4ijDCZzCBXhwA024hxa0gcAEnuEV3hzhvDjvzseiteQUM8fwB87nD/AGjXA=</latexit>

1� y

q Data and models:

Brodsky & de Teramond
PRD77 (2008) 056007 

Bakulev et al, 
PRD70(2004) 033014 

Maris and Tandy, 
PRC62 (2000) 055204 

Nesterenko & Radyushkin
PLB115 (1982) 410 

QCD Sum Rule

Hard QCD

ASY DA

FFs not sensitive to DA’s x-dependence!More data from JLab, …

See Roberts’ talk
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<latexit sha1_base64="FnbpL3XHdV28zHPoQvt3MwPyfu8=">AAAB7nicbVBNS8NAFHypX7V+VT16WSyCp5KUoh4LXjxWsK3QhrLZbtqlm03YfRFK6I/w4kERr/4eb/4bN20O2jqwMMy8x76ZIJHCoOt+O6WNza3tnfJuZW//4PCoenzSNXGqGe+wWMb6MaCGS6F4BwVK/phoTqNA8l4wvc393hPXRsTqAWcJ9yM6ViIUjKKVejjAmLiVYbXm1t0FyDrxClKDAu1h9WswilkacYVMUmP6npugn1GNgkk+rwxSwxPKpnTM+5YqGnHjZ4tz5+TCKiMSxto+hWSh/t7IaGTMLArsZERxYla9XPzP66cY3viZUEmKXLHlR2Eqic2YZycjoTlDObOEMi3srYRNqKYMbUN5Cd5q5HXSbdS9q3rzvllrNYo6ynAG53AJHlxDC+6gDR1gMIVneIU3J3FenHfnYzlacoqdU/gD5/MHL+6Oxg==</latexit>

t ! 0

<latexit sha1_base64="A2DYIcyKmE0oskYWLDhvvNq2jss=">AAACBnicbZDLSgMxFIYz9VbrbdSlCMEiVoplphR1IxTcuKxgL9CpJZNm2tBMJiQZsQxdufFV3LhQxK3P4M63MW1nodUfAh//OYeT8/uCUaUd58vKLCwuLa9kV3Nr6xubW/b2TkNFscSkjiMWyZaPFGGUk7qmmpGWkASFPiNNf3g5qTfviFQ04jd6JEgnRH1OA4qRNlbX3vfu6YUXSISTgjgRR8e3xbGh4oy6dt4pOVPBv+CmkAepal370+tFOA4J15ghpdquI3QnQVJTzMg458WKCISHqE/aBjkKieok0zPG8NA4PRhE0jyu4dT9OZGgUKlR6JvOEOmBmq9NzP9q7VgH552EchFrwvFsURAzqCM4yQT2qCRYs5EBhCU1f4V4gEwm2iSXMyG48yf/hUa55J6WKteVfLWcxpEFe+AAFIALzkAVXIEaqAMMHsATeAGv1qP1bL1Z77PWjJXO7IJfsj6+AaFbl0I=</latexit>

⇠ =
(p� p0)+

(p+ p0)+

<latexit sha1_base64="yFssagKxozjAHPHzWiWJI9JFWhA=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARK4UyU4q6EQpuXFawD2inJZNm2tBMJiQZoYyz8FfcuFDErb/hzr8xfSy09cCFwzn3cu89vmBUacf5tjIrq2vrG9nN3Nb2zu6evX/QUFEsManjiEWy5SNFGOWkrqlmpCUkQaHPSNMf3Uz85gORikb8Xo8F8UI04DSgGGkj9eyjWrd43QkkwklBFMXZebeYJuW0Z+edkjMFXCbunOTBHLWe/dXpRzgOCdeYIaXariO0lyCpKWYkzXViRQTCIzQgbUM5Conykun9KTw1Sh8GkTTFNZyqvycSFCo1Dn3TGSI9VIveRPzPa8c6uPISykWsCcezRUHMoI7gJAzYp5JgzcaGICypuRXiITJhaBNZzoTgLr68TBrlkntRqtxV8tXyPI4sOAYnoABccAmq4BbUQB1g8AiewSt4s56sF+vd+pi1Zqz5zCH4A+vzB/IIlLw=</latexit>

P+ =
(p+ p0)+

2

Momentum transfer:
<latexit sha1_base64="wrQSPslBwj16wzOdm6tQ+797B0E=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyiF0tSinos6MFjBfsBTSib7aRdutnE3U2xlP4VLx4U8eof8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq3c2vrG5lZ+u7Czu7d/YB8WmypOJYUGjXks2wFRwJmAhmaaQzuRQKKAQysY3sz81gikYrF40OME/Ij0BQsZJdpIXbvo3QLXBHvwmLIRTi6Ss65dcsrOHHiVuBkpoQz1rv3l9WKaRiA05USpjusk2p8QqRnlMC14qYKE0CHpQ8dQQSJQ/mR++xSfGqWHw1iaEhrP1d8TExIpNY4C0xkRPVDL3kz8z+ukOrz2J0wkqQZBF4vClGMd41kQuMckUM3HhhAqmbkV0wGRhGoTV8GE4C6/vEqalbJ7Wa7eV0u1ShZHHh2jE3SOXHSFaugO1VEDUfSEntErerOm1ov1bn0sWnNWNnOE/sD6/AHLrpOY</latexit>

� ⌘ p� p0

Leading power:
<latexit sha1_base64="2Chbdno5B4/fMuUmGqKleH/2VHI=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVoolKUXdCAVduKxgL9CkZTKdtkMnyTAzEUvozo2v4saFIm59BXe+jdM0C63+MPDxn3M4c36PMyqVZX0ZmYXFpeWV7GpubX1jc8vc3mnIMBKY1HHIQtHykCSMBqSuqGKkxQVBvsdI0xtdTuvNOyIkDYNbNebE9dEgoH2KkdJW19x3rghTqFOEF7Ds3FNYS7DAT/jRcafYNfNWyUoE/4KdQh6kqnXNT6cX4sgngcIMSdm2La7cGAlFMSOTnBNJwhEeoQFpawyQT6QbJ3dM4KF2erAfCv0CBRP350SMfCnHvqc7faSGcr42Nf+rtSPVP3djGvBIkQDPFvUjBlUIp6HAHhUEKzbWgLCg+q8QD5FAWOnocjoEe/7kv9Aol+zTUuWmkq+W0ziyYA8cgAKwwRmogmtQA3WAwQN4Ai/g1Xg0no03433WmjHSmV3wS8bHN9qClg8=</latexit>

�+ = 2⇠P+ = (p� p0)+

<latexit sha1_base64="MFqKYe1chn6kXkJNEvl2vbxtoVo=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahIpQkFHUjFNy4bME+oEnDZDpph04enZkUSujSjb/ixoUibv0Ed/6N0zYLbT1w4XDOvdx7jxczKqRhfGu5tfWNza38dmFnd2//QD88aooo4Zg0cMQi3vaQIIyGpCGpZKQdc4ICj5GWN7yb+a0x4YJG4YOcxMQJUD+kPsVIKsnVT+tdC95Ce4BkKqY2GSV0DEsj17wcudZF13L1olE25oCrxMxIEWSoufqX3YtwEpBQYoaE6JhGLJ0UcUkxI9OCnQgSIzxEfdJRNEQBEU46f2QKz5XSg37EVYUSztXfEykKhJgEnuoMkByIZW8m/ud1EunfOCkN40SSEC8W+QmDMoKzVGCPcoIlmyiCMKfqVogHiCMsVXYFFYK5/PIqaVpl86pcqVeKVSuLIw9OwBkoARNcgyq4BzXQABg8gmfwCt60J+1Fe9c+Fq05LZs5Bn+gff4A5NCX8Q==</latexit>

Q2 = ŝ ⌘ (q1 + q2)
2Hard scale:

Soft scale:
<latexit sha1_base64="Q4OSnw1rkanwrnd9EHrhCjYyi/c=">AAAB8XicbVBNSwMxEM3Wr1q/qh69BItYD5bdUtSLUPDisYL9wHYt2TRtQ7PZkMwKZem/8OJBEa/+G2/+G9N2D9r6YODx3gwz8wIluAHX/XYyK6tr6xvZzdzW9s7uXn7/oGGiWFNWp5GIdCsghgkuWR04CNZSmpEwEKwZjG6mfvOJacMjeQ9jxfyQDCTvc0rASg9wXVTn6vTssdzNF9ySOwNeJl5KCihFrZv/6vQiGodMAhXEmLbnKvATooFTwSa5TmyYInREBqxtqSQhM34yu3iCT6zSw/1I25KAZ+rviYSExozDwHaGBIZm0ZuK/3ntGPpXfsKlioFJOl/UjwWGCE/fxz2uGQUxtoRQze2tmA6JJhRsSDkbgrf48jJplEveRalyVylUy2kcWXSEjlEReegSVdEtqqE6okiiZ/SK3hzjvDjvzse8NeOkM4foD5zPH7ygj50=</latexit>

t = (p� p0)2

Exclusive Massive Two-Photon Production
q Massive photon pair:

<latexit sha1_base64="Un1R/YS5K7qNumc1ze8DdVCHl2k=">AAACHHicbVDLSgMxFM3UV62vqks3g0WcoVhmalGXBTeupIJ9QGccMmlaQ5OZmGSEMvRD3Pgrblwo4saF4N+YPhBtvRBycs693JwTckqkcpwvI7OwuLS8kl3Nra1vbG7lt3caMk4EwnUU01i0QigxJRGuK6IobnGBIQspbob985HevMdCkji6VgOOfQZ7EekSBJWmgvyxx8nNkcUDfdvFmsVtT8Wm14OMQesucO1i7udRtouXFj+0g3zBKTnjMueBOwUFMK1akP/wOjFKGI4UolDKtutw5adQKIIoHua8RGIOUR/2cFvDCDIs/XRsbmgeaKZjdmOhT6TMMft7IoVMygELdSeD6lbOaiPyP62dqO6Zn5KIJwpHaLKom1BT+x8lZXaIwEjRgQYQCaL/aqJbKCBSOs+cDsGdtTwPGuWSe1KqXFUK1fI0jizYA/vAAi44BVVwAWqgDhB4AE/gBbwaj8az8Wa8T1ozxnRmF/wp4/MbQZ6eSw==</latexit>

⇡�(p⇡) + P (p) ! �(q1) + �(q2) +N(p0)
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H
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<latexit sha1_base64="FnbpL3XHdV28zHPoQvt3MwPyfu8=">AAAB7nicbVBNS8NAFHypX7V+VT16WSyCp5KUoh4LXjxWsK3QhrLZbtqlm03YfRFK6I/w4kERr/4eb/4bN20O2jqwMMy8x76ZIJHCoOt+O6WNza3tnfJuZW//4PCoenzSNXGqGe+wWMb6MaCGS6F4BwVK/phoTqNA8l4wvc393hPXRsTqAWcJ9yM6ViIUjKKVejjAmLiVYbXm1t0FyDrxClKDAu1h9WswilkacYVMUmP6npugn1GNgkk+rwxSwxPKpnTM+5YqGnHjZ4tz5+TCKiMSxto+hWSh/t7IaGTMLArsZERxYla9XPzP66cY3viZUEmKXLHlR2Eqic2YZycjoTlDObOEMi3srYRNqKYMbUN5Cd5q5HXSbdS9q3rzvllrNYo6ynAG53AJHlxDC+6gDR1gMIVneIU3J3FenHfnYzlacoqdU/gD5/MHL+6Oxg==</latexit>

t ! 0

<latexit sha1_base64="A2DYIcyKmE0oskYWLDhvvNq2jss=">AAACBnicbZDLSgMxFIYz9VbrbdSlCMEiVoplphR1IxTcuKxgL9CpJZNm2tBMJiQZsQxdufFV3LhQxK3P4M63MW1nodUfAh//OYeT8/uCUaUd58vKLCwuLa9kV3Nr6xubW/b2TkNFscSkjiMWyZaPFGGUk7qmmpGWkASFPiNNf3g5qTfviFQ04jd6JEgnRH1OA4qRNlbX3vfu6YUXSISTgjgRR8e3xbGh4oy6dt4pOVPBv+CmkAepal370+tFOA4J15ghpdquI3QnQVJTzMg458WKCISHqE/aBjkKieok0zPG8NA4PRhE0jyu4dT9OZGgUKlR6JvOEOmBmq9NzP9q7VgH552EchFrwvFsURAzqCM4yQT2qCRYs5EBhCU1f4V4gEwm2iSXMyG48yf/hUa55J6WKteVfLWcxpEFe+AAFIALzkAVXIEaqAMMHsATeAGv1qP1bL1Z77PWjJXO7IJfsj6+AaFbl0I=</latexit>

⇠ =
(p� p0)+

(p+ p0)+

<latexit sha1_base64="yFssagKxozjAHPHzWiWJI9JFWhA=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARK4UyU4q6EQpuXFawD2inJZNm2tBMJiQZoYyz8FfcuFDErb/hzr8xfSy09cCFwzn3cu89vmBUacf5tjIrq2vrG9nN3Nb2zu6evX/QUFEsManjiEWy5SNFGOWkrqlmpCUkQaHPSNMf3Uz85gORikb8Xo8F8UI04DSgGGkj9eyjWrd43QkkwklBFMXZebeYJuW0Z+edkjMFXCbunOTBHLWe/dXpRzgOCdeYIaXariO0lyCpKWYkzXViRQTCIzQgbUM5Conykun9KTw1Sh8GkTTFNZyqvycSFCo1Dn3TGSI9VIveRPzPa8c6uPISykWsCcezRUHMoI7gJAzYp5JgzcaGICypuRXiITJhaBNZzoTgLr68TBrlkntRqtxV8tXyPI4sOAYnoABccAmq4BbUQB1g8AiewSt4s56sF+vd+pi1Zqz5zCH4A+vzB/IIlLw=</latexit>

P+ =
(p+ p0)+

2

Momentum transfer:
<latexit sha1_base64="wrQSPslBwj16wzOdm6tQ+797B0E=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyiF0tSinos6MFjBfsBTSib7aRdutnE3U2xlP4VLx4U8eof8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq3c2vrG5lZ+u7Czu7d/YB8WmypOJYUGjXks2wFRwJmAhmaaQzuRQKKAQysY3sz81gikYrF40OME/Ij0BQsZJdpIXbvo3QLXBHvwmLIRTi6Ss65dcsrOHHiVuBkpoQz1rv3l9WKaRiA05USpjusk2p8QqRnlMC14qYKE0CHpQ8dQQSJQ/mR++xSfGqWHw1iaEhrP1d8TExIpNY4C0xkRPVDL3kz8z+ukOrz2J0wkqQZBF4vClGMd41kQuMckUM3HhhAqmbkV0wGRhGoTV8GE4C6/vEqalbJ7Wa7eV0u1ShZHHh2jE3SOXHSFaugO1VEDUfSEntErerOm1ov1bn0sWnNWNnOE/sD6/AHLrpOY</latexit>

� ⌘ p� p0

Leading power:
<latexit sha1_base64="2Chbdno5B4/fMuUmGqKleH/2VHI=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVoolKUXdCAVduKxgL9CkZTKdtkMnyTAzEUvozo2v4saFIm59BXe+jdM0C63+MPDxn3M4c36PMyqVZX0ZmYXFpeWV7GpubX1jc8vc3mnIMBKY1HHIQtHykCSMBqSuqGKkxQVBvsdI0xtdTuvNOyIkDYNbNebE9dEgoH2KkdJW19x3rghTqFOEF7Ds3FNYS7DAT/jRcafYNfNWyUoE/4KdQh6kqnXNT6cX4sgngcIMSdm2La7cGAlFMSOTnBNJwhEeoQFpawyQT6QbJ3dM4KF2erAfCv0CBRP350SMfCnHvqc7faSGcr42Nf+rtSPVP3djGvBIkQDPFvUjBlUIp6HAHhUEKzbWgLCg+q8QD5FAWOnocjoEe/7kv9Aol+zTUuWmkq+W0ziyYA8cgAKwwRmogmtQA3WAwQN4Ai/g1Xg0no03433WmjHSmV3wS8bHN9qClg8=</latexit>

�+ = 2⇠P+ = (p� p0)+

<latexit sha1_base64="MFqKYe1chn6kXkJNEvl2vbxtoVo=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahIpQkFHUjFNy4bME+oEnDZDpph04enZkUSujSjb/ixoUibv0Ed/6N0zYLbT1w4XDOvdx7jxczKqRhfGu5tfWNza38dmFnd2//QD88aooo4Zg0cMQi3vaQIIyGpCGpZKQdc4ICj5GWN7yb+a0x4YJG4YOcxMQJUD+kPsVIKsnVT+tdC95Ce4BkKqY2GSV0DEsj17wcudZF13L1olE25oCrxMxIEWSoufqX3YtwEpBQYoaE6JhGLJ0UcUkxI9OCnQgSIzxEfdJRNEQBEU46f2QKz5XSg37EVYUSztXfEykKhJgEnuoMkByIZW8m/ud1EunfOCkN40SSEC8W+QmDMoKzVGCPcoIlmyiCMKfqVogHiCMsVXYFFYK5/PIqaVpl86pcqVeKVSuLIw9OwBkoARNcgyq4BzXQABg8gmfwCt60J+1Fe9c+Fq05LZs5Bn+gff4A5NCX8Q==</latexit>

Q2 = ŝ ⌘ (q1 + q2)
2Hard scale:

Soft scale:
<latexit sha1_base64="Q4OSnw1rkanwrnd9EHrhCjYyi/c=">AAAB8XicbVBNSwMxEM3Wr1q/qh69BItYD5bdUtSLUPDisYL9wHYt2TRtQ7PZkMwKZem/8OJBEa/+G2/+G9N2D9r6YODx3gwz8wIluAHX/XYyK6tr6xvZzdzW9s7uXn7/oGGiWFNWp5GIdCsghgkuWR04CNZSmpEwEKwZjG6mfvOJacMjeQ9jxfyQDCTvc0rASg9wXVTn6vTssdzNF9ySOwNeJl5KCihFrZv/6vQiGodMAhXEmLbnKvATooFTwSa5TmyYInREBqxtqSQhM34yu3iCT6zSw/1I25KAZ+rviYSExozDwHaGBIZm0ZuK/3ntGPpXfsKlioFJOl/UjwWGCE/fxz2uGQUxtoRQze2tmA6JJhRsSDkbgrf48jJplEveRalyVylUy2kcWXSEjlEReegSVdEtqqE6okiiZ/SK3hzjvDjvzse8NeOkM4foD5zPH7ygj50=</latexit>

t = (p� p0)2

Exclusive Massive Two-Photon Production
q Massive photon pair:

<latexit sha1_base64="Un1R/YS5K7qNumc1ze8DdVCHl2k=">AAACHHicbVDLSgMxFM3UV62vqks3g0WcoVhmalGXBTeupIJ9QGccMmlaQ5OZmGSEMvRD3Pgrblwo4saF4N+YPhBtvRBycs693JwTckqkcpwvI7OwuLS8kl3Nra1vbG7lt3caMk4EwnUU01i0QigxJRGuK6IobnGBIQspbob985HevMdCkji6VgOOfQZ7EekSBJWmgvyxx8nNkcUDfdvFmsVtT8Wm14OMQesucO1i7udRtouXFj+0g3zBKTnjMueBOwUFMK1akP/wOjFKGI4UolDKtutw5adQKIIoHua8RGIOUR/2cFvDCDIs/XRsbmgeaKZjdmOhT6TMMft7IoVMygELdSeD6lbOaiPyP62dqO6Zn5KIJwpHaLKom1BT+x8lZXaIwEjRgQYQCaL/aqJbKCBSOs+cDsGdtTwPGuWSe1KqXFUK1fI0jizYA/vAAi44BVVwAWqgDhB4AE/gBbwaj8az8Wa8T1ozxnRmF/wp4/MbQZ6eSw==</latexit>

⇡�(p⇡) + P (p) ! �(q1) + �(q2) +N(p0)
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<latexit sha1_base64="FnbpL3XHdV28zHPoQvt3MwPyfu8=">AAAB7nicbVBNS8NAFHypX7V+VT16WSyCp5KUoh4LXjxWsK3QhrLZbtqlm03YfRFK6I/w4kERr/4eb/4bN20O2jqwMMy8x76ZIJHCoOt+O6WNza3tnfJuZW//4PCoenzSNXGqGe+wWMb6MaCGS6F4BwVK/phoTqNA8l4wvc393hPXRsTqAWcJ9yM6ViIUjKKVejjAmLiVYbXm1t0FyDrxClKDAu1h9WswilkacYVMUmP6npugn1GNgkk+rwxSwxPKpnTM+5YqGnHjZ4tz5+TCKiMSxto+hWSh/t7IaGTMLArsZERxYla9XPzP66cY3viZUEmKXLHlR2Eqic2YZycjoTlDObOEMi3srYRNqKYMbUN5Cd5q5HXSbdS9q3rzvllrNYo6ynAG53AJHlxDC+6gDR1gMIVneIU3J3FenHfnYzlacoqdU/gD5/MHL+6Oxg==</latexit>

t ! 0

<latexit sha1_base64="A2DYIcyKmE0oskYWLDhvvNq2jss=">AAACBnicbZDLSgMxFIYz9VbrbdSlCMEiVoplphR1IxTcuKxgL9CpJZNm2tBMJiQZsQxdufFV3LhQxK3P4M63MW1nodUfAh//OYeT8/uCUaUd58vKLCwuLa9kV3Nr6xubW/b2TkNFscSkjiMWyZaPFGGUk7qmmpGWkASFPiNNf3g5qTfviFQ04jd6JEgnRH1OA4qRNlbX3vfu6YUXSISTgjgRR8e3xbGh4oy6dt4pOVPBv+CmkAepal370+tFOA4J15ghpdquI3QnQVJTzMg458WKCISHqE/aBjkKieok0zPG8NA4PRhE0jyu4dT9OZGgUKlR6JvOEOmBmq9NzP9q7VgH552EchFrwvFsURAzqCM4yQT2qCRYs5EBhCU1f4V4gEwm2iSXMyG48yf/hUa55J6WKteVfLWcxpEFe+AAFIALzkAVXIEaqAMMHsATeAGv1qP1bL1Z77PWjJXO7IJfsj6+AaFbl0I=</latexit>

⇠ =
(p� p0)+

(p+ p0)+

<latexit sha1_base64="yFssagKxozjAHPHzWiWJI9JFWhA=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARK4UyU4q6EQpuXFawD2inJZNm2tBMJiQZoYyz8FfcuFDErb/hzr8xfSy09cCFwzn3cu89vmBUacf5tjIrq2vrG9nN3Nb2zu6evX/QUFEsManjiEWy5SNFGOWkrqlmpCUkQaHPSNMf3Uz85gORikb8Xo8F8UI04DSgGGkj9eyjWrd43QkkwklBFMXZebeYJuW0Z+edkjMFXCbunOTBHLWe/dXpRzgOCdeYIaXariO0lyCpKWYkzXViRQTCIzQgbUM5Conykun9KTw1Sh8GkTTFNZyqvycSFCo1Dn3TGSI9VIveRPzPa8c6uPISykWsCcezRUHMoI7gJAzYp5JgzcaGICypuRXiITJhaBNZzoTgLr68TBrlkntRqtxV8tXyPI4sOAYnoABccAmq4BbUQB1g8AiewSt4s56sF+vd+pi1Zqz5zCH4A+vzB/IIlLw=</latexit>

P+ =
(p+ p0)+

2

Momentum transfer:
<latexit sha1_base64="wrQSPslBwj16wzOdm6tQ+797B0E=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyiF0tSinos6MFjBfsBTSib7aRdutnE3U2xlP4VLx4U8eof8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq3c2vrG5lZ+u7Czu7d/YB8WmypOJYUGjXks2wFRwJmAhmaaQzuRQKKAQysY3sz81gikYrF40OME/Ij0BQsZJdpIXbvo3QLXBHvwmLIRTi6Ss65dcsrOHHiVuBkpoQz1rv3l9WKaRiA05USpjusk2p8QqRnlMC14qYKE0CHpQ8dQQSJQ/mR++xSfGqWHw1iaEhrP1d8TExIpNY4C0xkRPVDL3kz8z+ukOrz2J0wkqQZBF4vClGMd41kQuMckUM3HhhAqmbkV0wGRhGoTV8GE4C6/vEqalbJ7Wa7eV0u1ShZHHh2jE3SOXHSFaugO1VEDUfSEntErerOm1ov1bn0sWnNWNnOE/sD6/AHLrpOY</latexit>

� ⌘ p� p0

Leading power:
<latexit sha1_base64="2Chbdno5B4/fMuUmGqKleH/2VHI=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiVoolKUXdCAVduKxgL9CkZTKdtkMnyTAzEUvozo2v4saFIm59BXe+jdM0C63+MPDxn3M4c36PMyqVZX0ZmYXFpeWV7GpubX1jc8vc3mnIMBKY1HHIQtHykCSMBqSuqGKkxQVBvsdI0xtdTuvNOyIkDYNbNebE9dEgoH2KkdJW19x3rghTqFOEF7Ds3FNYS7DAT/jRcafYNfNWyUoE/4KdQh6kqnXNT6cX4sgngcIMSdm2La7cGAlFMSOTnBNJwhEeoQFpawyQT6QbJ3dM4KF2erAfCv0CBRP350SMfCnHvqc7faSGcr42Nf+rtSPVP3djGvBIkQDPFvUjBlUIp6HAHhUEKzbWgLCg+q8QD5FAWOnocjoEe/7kv9Aol+zTUuWmkq+W0ziyYA8cgAKwwRmogmtQA3WAwQN4Ai/g1Xg0no03433WmjHSmV3wS8bHN9qClg8=</latexit>

�+ = 2⇠P+ = (p� p0)+

<latexit sha1_base64="MFqKYe1chn6kXkJNEvl2vbxtoVo=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahIpQkFHUjFNy4bME+oEnDZDpph04enZkUSujSjb/ixoUibv0Ed/6N0zYLbT1w4XDOvdx7jxczKqRhfGu5tfWNza38dmFnd2//QD88aooo4Zg0cMQi3vaQIIyGpCGpZKQdc4ICj5GWN7yb+a0x4YJG4YOcxMQJUD+kPsVIKsnVT+tdC95Ce4BkKqY2GSV0DEsj17wcudZF13L1olE25oCrxMxIEWSoufqX3YtwEpBQYoaE6JhGLJ0UcUkxI9OCnQgSIzxEfdJRNEQBEU46f2QKz5XSg37EVYUSztXfEykKhJgEnuoMkByIZW8m/ud1EunfOCkN40SSEC8W+QmDMoKzVGCPcoIlmyiCMKfqVogHiCMsVXYFFYK5/PIqaVpl86pcqVeKVSuLIw9OwBkoARNcgyq4BzXQABg8gmfwCt60J+1Fe9c+Fq05LZs5Bn+gff4A5NCX8Q==</latexit>

Q2 = ŝ ⌘ (q1 + q2)
2Hard scale:

Soft scale:
<latexit sha1_base64="Q4OSnw1rkanwrnd9EHrhCjYyi/c=">AAAB8XicbVBNSwMxEM3Wr1q/qh69BItYD5bdUtSLUPDisYL9wHYt2TRtQ7PZkMwKZem/8OJBEa/+G2/+G9N2D9r6YODx3gwz8wIluAHX/XYyK6tr6xvZzdzW9s7uXn7/oGGiWFNWp5GIdCsghgkuWR04CNZSmpEwEKwZjG6mfvOJacMjeQ9jxfyQDCTvc0rASg9wXVTn6vTssdzNF9ySOwNeJl5KCihFrZv/6vQiGodMAhXEmLbnKvATooFTwSa5TmyYInREBqxtqSQhM34yu3iCT6zSw/1I25KAZ+rviYSExozDwHaGBIZm0ZuK/3ntGPpXfsKlioFJOl/UjwWGCE/fxz2uGQUxtoRQze2tmA6JJhRsSDkbgrf48jJplEveRalyVylUy2kcWXSEjlEReegSVdEtqqE6okiiZ/SK3hzjvDjvzse8NeOkM4foD5zPH7ygj50=</latexit>

t = (p� p0)2

Exclusive Massive Two-Photon Production
q Massive photon pair:

<latexit sha1_base64="Un1R/YS5K7qNumc1ze8DdVCHl2k=">AAACHHicbVDLSgMxFM3UV62vqks3g0WcoVhmalGXBTeupIJ9QGccMmlaQ5OZmGSEMvRD3Pgrblwo4saF4N+YPhBtvRBycs693JwTckqkcpwvI7OwuLS8kl3Nra1vbG7lt3caMk4EwnUU01i0QigxJRGuK6IobnGBIQspbob985HevMdCkji6VgOOfQZ7EekSBJWmgvyxx8nNkcUDfdvFmsVtT8Wm14OMQesucO1i7udRtouXFj+0g3zBKTnjMueBOwUFMK1akP/wOjFKGI4UolDKtutw5adQKIIoHua8RGIOUR/2cFvDCDIs/XRsbmgeaKZjdmOhT6TMMft7IoVMygELdSeD6lbOaiPyP62dqO6Zn5KIJwpHaLKom1BT+x8lZXaIwEjRgQYQCaL/aqJbKCBSOs+cDsGdtTwPGuWSe1KqXFUK1fI0jizYA/vAAi44BVVwAWqgDhB4AE/gBbwaj8az8Wa8T1ozxnRmF/wp4/MbQZ6eSw==</latexit>

⇡�(p⇡) + P (p) ! �(q1) + �(q2) +N(p0)
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Exclusive Massive Two-Photon Production
q Massive photon pair:

<latexit sha1_base64="Un1R/YS5K7qNumc1ze8DdVCHl2k=">AAACHHicbVDLSgMxFM3UV62vqks3g0WcoVhmalGXBTeupIJ9QGccMmlaQ5OZmGSEMvRD3Pgrblwo4saF4N+YPhBtvRBycs693JwTckqkcpwvI7OwuLS8kl3Nra1vbG7lt3caMk4EwnUU01i0QigxJRGuK6IobnGBIQspbob985HevMdCkji6VgOOfQZ7EekSBJWmgvyxx8nNkcUDfdvFmsVtT8Wm14OMQesucO1i7udRtouXFj+0g3zBKTnjMueBOwUFMK1akP/wOjFKGI4UolDKtutw5adQKIIoHua8RGIOUR/2cFvDCDIs/XRsbmgeaKZjdmOhT6TMMft7IoVMygELdSeD6lbOaiPyP62dqO6Zn5KIJwpHaLKom1BT+x8lZXaIwEjRgQYQCaL/aqJbKCBSOs+cDsGdtTwPGuWSe1KqXFUK1fI0jizYA/vAAi44BVVwAWqgDhB4AE/gBbwaj8az8Wa8T1ozxnRmF/wp4/MbQZ6eSw==</latexit>

⇡�(p⇡) + P (p) ! �(q1) + �(q2) +N(p0)

q The sensitive observable: !, #$
( in %% CM, with &' in −)* direction )

<latexit sha1_base64="vVyhzszzbZ/zmAONmqnAz2kTPfQ="></latexit>

�(qT ) + �(�qT )

π−(pπ)

P (p)

N(p′)
γ(q1)

γ(q2)

<latexit sha1_base64="j8NMKJ+ZaihcXRiDxiP0l3kVeYc=">AAAB8HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewSoh5JvHjExAUMbEi3dKGh7S5t14Rs+BVePGiMV3+ON/+NBfag4EsmeXlvJjPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TRahPYh6rTog15UxS3zDDaSdRFIuQ03Y4vp377SeqNIvlg5kmNBB4KFnECDZWepz0QqyyyQz1yxW36i6A1omXkwrkaPbLX71BTFJBpSEca9313MQEGVaGEU5npV6qaYLJGA9p11KJBdVBtjh4hi6sMkBRrGxJgxbq74kMC62nIrSdApuRXvXm4n9eNzXRTZAxmaSGSrJcFKUcmRjNv0cDpigxfGoJJorZWxEZYYWJsRmVbAje6svrpFWrelfV+n290qjlcRThDM7hEjy4hgbcQRN8ICDgGV7hzVHOi/PufCxbC04+cwp/4Hz+AMOqkFg=</latexit>

qq̄

q Factorization – necessary conditions:
<latexit sha1_base64="s5a/bjV/BtG+wDvLLtXd9J4ZlAM=">AAACE3icbVDLSgMxFM34rPU16tJNsAjiosyUoi4LdeHCRQv2AZ1aMmk6DU1mhuSOUKb9Bzf+ihsXirh1486/MX0stPVA4HDOuUnu8WPBNTjOt7Wyura+sZnZym7v7O7t2weHdR0lirIajUSkmj7RTPCQ1YCDYM1YMSJ9wRr+oDzxGw9MaR6FdzCMWVuSIOQ9TgkYqWOfe30CqR5jLwjwCEZeACYssXdr7uiSTuopiavl6/F9oWPnnLwzBV4m7pzk0ByVjv3ldSOaSBYCFUTrluvE0E6JAk4FG2e9RLOY0AEJWMvQkEim2+l0pzE+NUoX9yJlTgh4qv6eSInUeih9k5QE+nrRm4j/ea0EelftlIdxAiyks4d6icAQ4UlBuMsVoyCGhhCquPkrpn2iCAVTY9aU4C6uvEzqhbx7kS9Wi7lSYV5HBh2jE3SGXHSJSugGVVANUfSIntErerOerBfr3fqYRVes+cwR+gPr8weZTp3r</latexit>

ŝ � |t| & ⇤2
QCD

Requires the time of the hard collision    
<latexit sha1_base64="MYDtxR/5Y8dEumbQ+h7pV1xGPdk=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPNWkFPVY8OKxgq2FJpTNdtMu3Wzi7kQoIeBf8eJBEa/+Dm/+G7dtDtr6YODx3gwz84JEcA2O822VVlbX1jfKm5Wt7Z3dPXv/oKPjVFHWprGIVTcgmgkuWRs4CNZNFCNRINh9ML6e+vePTGkeyzuYJMyPyFDykFMCRurbR57mEXbPPf2gIPNGBDKd53276tScGfAycQtSRQVaffvLG8Q0jZgEKojWPddJwM+IAk4FyyteqllC6JgMWc9QSSKm/Wx2fo5PjTLAYaxMScAz9fdERiKtJ1FgOiMCI73oTcX/vF4K4ZWfcZmkwCSdLwpTgSHG0yzwgCtGQUwMIVRxcyumI6IIBZNYxYTgLr68TDr1mntRa9w2qs16EUcZHaMTdIZcdIma6Aa1UBtRlKFn9IrerCfrxXq3PuatJauYOUR/YH3+AGNPlb0=</latexit>

⇠ 1/
p
ŝ

<latexit sha1_base64="tI94j5VoZw1U4808TQajb309S3Q=">AAACC3icbZC7SgNBFIZn4y3G26qlzZAgRsSwG4LaCAEtLCOYC2TXMDuZxCGzF2fOCmGT3sZXsbFQxNYXsPNtnFwKTfxh4OM/53Dm/F4kuALL+jZSC4tLyyvp1cza+sbmlrm9U1NhLCmr0lCEsuERxQQPWBU4CNaIJCO+J1jd612M6vUHJhUPgxvoR8z1STfgHU4JaKtlZp1LJoDcHuFznI+Oo4NDjU63ix11LyEZwGDYMnNWwRoLz4M9hRyaqtIyv5x2SGOfBUAFUappWxG4CZHAqWDDjBMrFhHaI13W1BgQnyk3Gd8yxPvaaeNOKPULAI/d3xMJ8ZXq+57u9AncqdnayPyv1oyhc+YmPIhiYAGdLOrEAkOIR8HgNpeMguhrIFRy/VdM74gkFHR8GR2CPXvyPNSKBfukULou5crFaRxptIeyKI9sdIrK6ApVUBVR9Iie0St6M56MF+Pd+Ji0pozpzC76I+PzBztpmUY=</latexit>

�+ = (p� p0)+ �
p
|t|

to be much shorter than the lifetime of the exchanged 
(or       )  state<latexit sha1_base64="dVV199qBzoUUFagFIgZcSd/Ti7Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2g9oQ9lsJ+nSzSbsboRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBVcG9f9dgobm1vbO8Xd0t7+weFR+fikrZNMMWyxRCSqG1CNgktsGW4EdlOFNA4EdoLx7dzvPKHSPJGPZpKiH9NI8pAzaqz0EEVkUK64VXcBsk68nFQgR3NQ/uoPE5bFKA0TVOue56bGn1JlOBM4K/UzjSllYxphz1JJY9T+dHHqjFxYZUjCRNmShizU3xNTGms9iQPbGVMz0qveXPzP62UmvPGnXKaZQcmWi8JMEJOQ+d9kyBUyIyaWUKa4vZWwEVWUGZtOyYbgrb68Ttq1qndVrd/XK41aHkcRzuAcLsGDa2jAHTShBQwieIZXeHOE8+K8Ox/L1oKTz5zCHzifP+I9jX8=</latexit>gg

<latexit sha1_base64="d4WiquVrk5TBUZcudj7EkUn8OM0=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiShqMtCXbhw0UJf0KRhMpmkQycPZyZCCV258VfcuFDErd/gzr9x+lho64GBwzn3cOceL2VUSMP41gpr6xubW8Xt0s7u3v6BfnjUEUnGMWnjhCW85yFBGI1JW1LJSC/lBEUeI11vVJ/63QfCBU3ilhynxIlQGNOAYiSV5Oqn925rYEE7DKF9p2I+cnObR7BZv5kMLFcvGxVjBrhKzAUpgwUarv5l+wnOIhJLzJAQfdNIpZMjLilmZFKyM0FShEcoJH1FYxQR4eSzMybwXCk+DBKuXizhTP2dyFEkxDjy1GSE5FAse1PxP6+fyeDayWmcZpLEeL4oyBiUCZx2An3KCZZsrAjCnKq/QjxEHGGpmiupEszlk1dJx6qYl5Vqs1quWYs6iuAEnIELYIIrUAO3oAHaAINH8AxewZv2pL1o79rHfLSgLTLH4A+0zx8lUpeb</latexit>

q2T � ⇤2
QCD

could be as small as  0  while         is the hard scale
<latexit sha1_base64="Fe4g9N81gS3a8G2ISG+Mh9QSAas=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ktRT0WvHis0C9ol5JNs21okt0mWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8IOZMG9f9dgpb2zu7e8X90sHh0fFJ+fSso6NEEdomEY9UL8CaciZp2zDDaS9WFIuA024wvc/87hNVmkWyZeYx9QUeSxYygk0mzYYtNCxX3Kq7BNokXk4qkKM5LH8NRhFJBJWGcKx133Nj46dYGUY4XZQGiaYxJlM8pn1LJRZU++ny1gW6ssoIhZGyJQ1aqr8nUiy0novAdgpsJnrdy8T/vH5iwjs/ZTJODJVktShMODIRyh5HI6YoMXxuCSaK2VsRmWCFibHxlGwI3vrLm6RTq3o31fpjvdKo5XEU4QIu4Ro8uIUGPEAT2kBgAs/wCm+OcF6cd+dj1Vpw8plz+APn8weKvI3f</latexit>qT

<latexit sha1_base64="94DeQDPBjowML0+6KSB0LRQbLrE=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSlqMeCF48V7Ac0tWy2m3bpZhN3J0oJ+R9ePCji1f/izX/jts1BWx8MPN6bYWaeHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6yhRlLVoJCLV9YlmgkvWQo6CdWPFSOgL1vEn1zO/88iU5pG8w2nM+iEZSR5wStBI955+UJh6Y4KpzrJBueJUnTnsVeLmpAI5moPylzeMaBIyiVQQrXuuE2M/JQo5FSwreYlmMaETMmI9QyUJme6n86sz+8woQzuIlCmJ9lz9PZGSUOtp6JvOkOBYL3sz8T+vl2Bw1U+5jBNkki4WBYmwMbJnEdhDrhhFMTWEUMXNrTYdE0UomqBKJgR3+eVV0q5V3Ytq/bZeadTyOIpwAqdwDi5cQgNuoAktoKDgGV7hzXqyXqx362PRWrDymWP4A+vzB4GckyE=</latexit>p
ŝ

p

p′ γ(q1)

γ(q2)

pπ
H

G
PD

DA
local

interaction

Distribution 
Amplitude

γ(q1)

γ(q2)

pπ
H

p

p′

π+∗

∆

a virtual &+

DA

, ∼ .&/
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Exclusive Massive Two-Photon Production
q Factorization:

<latexit sha1_base64="A9xeGzLrC0izTlcJLX0/BwvpgVE=">AAACFXicbZDLSsNAFIYn9VbrLerSTbAILUpJQlGXBTcuK9gLNCFMppN26MwkzkyEEvoSbnwVNy4UcSu4822cphW09YeBj/+cw5nzhwklUtn2l1FYWV1b3yhulra2d3b3zP2DtoxTgXALxTQW3RBKTAnHLUUUxd1EYMhCijvh6Gpa79xjIUnMb9U4wT6DA04igqDSVmCeeQmpJIFTPZ2BW/VUbHkDyBis3OX+D7vVwCzbNTuXtQzOHMpgrmZgfnr9GKUMc4UolLLn2InyMygUQRRPSl4qcQLRCA5wTyOHDEs/y6+aWCfa6VtRLPTjysrd3xMZZFKOWag7GVRDuVibmv/VeqmKLv2M8CRVmKPZoiillj58GpHVJwIjRccaIBJE/9VCQyggUjrIkg7BWTx5GdpuzTmv1W/q5YY7j6MIjsAxqAAHXIAGuAZN0AIIPIAn8AJejUfj2Xgz3metBWM+cwj+yPj4BocfnIE=</latexit>

⇡(p1) + ⇡(p2) ! �(q1) + �(q2)

§ Leading region

· · ·

...· · ·

...

π+

π−

C1

C2

S H

+

−

q1

q2

§ Approximations
π+

π−

C1

C2

S H

§ Ward identity for collinear gluons
π+

π−

C1

C2

S H

· · ·

· · ·

...

...

§ Ward identity for soft gluons π+

π−

C1

C2

S H

o Soft gluons are as if attached 
to a “closed fermion loop”

o Sum over diagrams
⟹ " = $

Soft gluons cancel because 
collinear parton lines are in 
color singlet states.

(Collinear factorization)



8

Exclusive Massive Two-Photon Production
q Factorization:

<latexit sha1_base64="A9xeGzLrC0izTlcJLX0/BwvpgVE=">AAACFXicbZDLSsNAFIYn9VbrLerSTbAILUpJQlGXBTcuK9gLNCFMppN26MwkzkyEEvoSbnwVNy4UcSu4822cphW09YeBj/+cw5nzhwklUtn2l1FYWV1b3yhulra2d3b3zP2DtoxTgXALxTQW3RBKTAnHLUUUxd1EYMhCijvh6Gpa79xjIUnMb9U4wT6DA04igqDSVmCeeQmpJIFTPZ2BW/VUbHkDyBis3OX+D7vVwCzbNTuXtQzOHMpgrmZgfnr9GKUMc4UolLLn2InyMygUQRRPSl4qcQLRCA5wTyOHDEs/y6+aWCfa6VtRLPTjysrd3xMZZFKOWag7GVRDuVibmv/VeqmKLv2M8CRVmKPZoiillj58GpHVJwIjRccaIBJE/9VCQyggUjrIkg7BWTx5GdpuzTmv1W/q5YY7j6MIjsAxqAAHXIAGuAZN0AIIPIAn8AJejUfj2Xgz3metBWM+cwj+yPj4BocfnIE=</latexit>

⇡(p1) + ⇡(p2) ! �(q1) + �(q2)

p1

π+

...

q1

q2

C1 H

π−

p2

... C2

z1p
+
1

(1 − z1)p
+
1

(1− z2)p
−
2

z2p
−
2

<latexit sha1_base64="3/4FhyRK75BuaBakA9RQKvSCkOI="></latexit>

M =
s

2

Z 1

0
dz1dz2 �⇡+(z1)�⇡�(z2) · Tr


�5�

�

2
H(k̂1, k̂2; q1, q2;µ)

�5�
+

2

�
+O

✓
m⇡

qT

◆ <latexit sha1_base64="U/FDASRQiakUcBORYqxc732dxtQ="></latexit>

d�

dqT
/ |M|2

γ5γ
−

2
γ5γ

+

2

q1

q2

H

z1p
+
1

(1− z1)p
+
1

(1− z2)p
−
2

z2p
−
2

<latexit sha1_base64="VxTy0URBSk2behZy10gkDMvpUC0="></latexit>

C

✓
z1, z2;

q2T
s
;
q2T
µ2

◆
=

q Hadron functions: distribution amplitudes (DA):

!"# $ = !"& $ = !($)
are universal DAs

q Hard coefficient

<latexit sha1_base64="dy9JwTaifRsZMPGt3NoQ10Md3j0="></latexit>

�⇡+(z1) =

Z
dx�

4⇡
ei z1 p+

1 x�
h0| d̄(0) �+�5 W (0, x�)u(x�) |⇡+(p1)i

�⇡�(z2) =

Z
dx+

4⇡
ei z2 p�

2 x+

h0| ū(0) ���5 W (0, x+) d(x+) |⇡�(p2)i

<latexit sha1_base64="txiHTdlElP3UNuecftm5QI5bYO0="></latexit>

�5�
±

Projections (for "∓):
1. Spin-0
2. P-odd
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Exclusive Massive Two-Photon Production
q Hard part for A-type:

§ !"/!$%& provides sensitivity to the DA’s functional form of '.

§ Change $% changes the '(-'& integral.

§ Gluon propagator

<latexit sha1_base64="QLSlkSaN8VZ7kM16YOs6qOfxYnI="></latexit>

 = 4 q2T /ŝ
<latexit sha1_base64="rP5aPC6d+ogRLx6KzvyLfn3D8hw="></latexit>

q2 = � ŝ

4

⇥�
2z1 � 1�

p
1� 

� �
2z2 � 1�

p
1� 

�
+ 

⇤

k̂′

l̂′k̂

l̂

q

q1, µ

q2, ν

k1

k2

New

+⋯$%
<latexit sha1_base64="aVFd7Pn5KdWAIoosG1XoCUZ7p98="></latexit>

M /
Z 1

0
dz1 dz2

�(z1)�(z2)

(1� z1) (1� z2)
⇥�
2z1 � 1�

p
1� 

� �
2z2 � 1�

p
1� 

�
+ 

⇤

q Hard part for B-type:

<latexit sha1_base64="Hf05Uet6tpiBslXqfwqvAqK9OOM="></latexit>

M /
Z 1

0
dz1 dz1

�(z1)�(z2)

z1 (1� z1) z2 (1� z2)
⇠

Z 1

0
dz

�(z)

z (1� z)

�2

<latexit sha1_base64="YUCBmeeMjqgvKd5347blR5fAgf4="></latexit>

q2 = z2(1� z1)ŝ§ Gluon propagator

§ Not sensitive to DA functional form.

§ Relies on + ' = - at end points.

q

q1, µ q2, ν
k1 k2

Like “time-like” 
form factor 

§ Sudakov resummation could suppress the end-point sensitivity.

$% +⋯
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Exclusive Massive Two-Photon Production
q DA parametrization:

<latexit sha1_base64="SY0dOzH0N7/48335UdxlkuDQaW8="></latexit>

�↵(z) =
i f⇡
2

·


z↵(1� z)↵

B(1 + ↵, 1 + ↵)

�

� = 0.3

� = 0.5

� = 0.63

� = 0.8

� = 1

� = 1.6

� = 2

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.5

1.0

1.5

z

�
(z
)

Change !
⟹ Change # dependence

<latexit sha1_base64="jbovzHa1Wl6OP1akCctGDBylPWU=">AAACHnicbZDLSsNAFIYnXmu9RV26GSyCIJSk1MtGaOvGZYXeoAlhMp20Q2eSMDMRSsiTuPFV3LhQRHClb2PSRtTWHwY+/nMOZ87vhoxKZRif2tLyyuraemGjuLm1vbOr7+13ZBAJTNo4YIHouUgSRn3SVlQx0gsFQdxlpOuOr7N6944ISQO/pSYhsTka+tSjGKnUcvQzS9IhR05sCQ5bgUrgFcytOjz9xsYPxvVGUnT0klE2poKLYOZQArmajv5uDQIcceIrzJCUfdMIlR0joShmJClakSQhwmM0JP0UfcSJtOPpeQk8Tp0B9AKRPl/Bqft7IkZcygl3006O1EjO1zLzv1o/Ut6lHVM/jBTx8WyRFzGoAphlBQdUEKzYJAWEBU3/CvEICYRVmmgWgjl/8iJ0KmXzvFy9rZZqlTyOAjgER+AEmOAC1MANaII2wOAePIJn8KI9aE/aq/Y2a13S8pkD8EfaxxeF5KDL</latexit>

�Tot = �A + �B + �AB
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Exclusive Massive Two-Photon Production
q DA parametrization:

<latexit sha1_base64="SY0dOzH0N7/48335UdxlkuDQaW8="></latexit>

�↵(z) =
i f⇡
2

·


z↵(1� z)↵

B(1 + ↵, 1 + ↵)

�

� = 0.3

� = 0.5

� = 0.63

� = 0.8

� = 1

� = 1.6

� = 2

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.5

1.0

1.5

z

�
(z
)

Change !
⟹ Change # dependence

<latexit sha1_base64="jbovzHa1Wl6OP1akCctGDBylPWU=">AAACHnicbZDLSsNAFIYnXmu9RV26GSyCIJSk1MtGaOvGZYXeoAlhMp20Q2eSMDMRSsiTuPFV3LhQRHClb2PSRtTWHwY+/nMOZ87vhoxKZRif2tLyyuraemGjuLm1vbOr7+13ZBAJTNo4YIHouUgSRn3SVlQx0gsFQdxlpOuOr7N6944ISQO/pSYhsTka+tSjGKnUcvQzS9IhR05sCQ5bgUrgFcytOjz9xsYPxvVGUnT0klE2poKLYOZQArmajv5uDQIcceIrzJCUfdMIlR0joShmJClakSQhwmM0JP0UfcSJtOPpeQk8Tp0B9AKRPl/Bqft7IkZcygl3006O1EjO1zLzv1o/Ut6lHVM/jBTx8WyRFzGoAphlBQdUEKzYJAWEBU3/CvEICYRVmmgWgjl/8iJ0KmXzvFy9rZZqlTyOAjgER+AEmOAC1MANaII2wOAePIJn8KI9aE/aq/Y2a13S8pkD8EfaxxeF5KDL</latexit>

�Tot = �A + �B + �AB

q $% distribution:
<latexit sha1_base64="Q5V3cfekTrEdYA/sAuJ/oAVQYWc="></latexit>

d�

dqT
⇠ |�(z)|2

� = 0.3

� = 0.5

� = 0.63

� = 0.8

� = 1

� = 1.6

� = 2

1.0 1.2 1.4 1.6 1.8 2.0

0.90

0.95

1.00

1.05

1.10

qT (GeV)

�
A-

1
d
�

A
/d

q
T

�
a

s
-

1
d
�

a
s
/d

q
T

S = 4 GeV

1.0 1.2 1.4 1.6 1.8 2.0
0.95
1.00
1.05
1.10
1.15

B

A: photons from two quark lines
B: photons from one quark line

� =0.3 � =0.5 � =0.63

� =0.8 � =1 � =1.6

� =2

1.0 1.2 1.4 1.6 1.8 2.0

0.98

1.00

1.02

1.04

1.06

qT (GeV)

�
to

t
-

1
d
�
/d

q
T

�
a

s
-

1
d
�

a
s
/d

q
T

S = 4 GeV

�tot(3GeV)

�tot(4GeV)

�tot(5GeV)

�tot(6GeV)

0.5 1.0 1.5 2.0
1

5

10

50

100

�

s
2
�

to
t(
×

1
0

3
p

b
·G

eV
4
)

3.0 3.5 4.0 4.5 5.0 5.5 6.0

10

20

50

S (GeV)

s
2
�

to
t
(×

1
0

3
p

b
·G

eV
4
)

� = 0.3

� = 0.63

� = 1

<latexit sha1_base64="SxXWXmRIyfG9zIQ/vILFDNl1JAQ="></latexit>

�tot =

Z p
s/2

1 GeV
dqT

d�

dqTTotal: <latexit sha1_base64="jbovzHa1Wl6OP1akCctGDBylPWU=">AAACHnicbZDLSsNAFIYnXmu9RV26GSyCIJSk1MtGaOvGZYXeoAlhMp20Q2eSMDMRSsiTuPFV3LhQRHClb2PSRtTWHwY+/nMOZ87vhoxKZRif2tLyyuraemGjuLm1vbOr7+13ZBAJTNo4YIHouUgSRn3SVlQx0gsFQdxlpOuOr7N6944ISQO/pSYhsTka+tSjGKnUcvQzS9IhR05sCQ5bgUrgFcytOjz9xsYPxvVGUnT0klE2poKLYOZQArmajv5uDQIcceIrzJCUfdMIlR0joShmJClakSQhwmM0JP0UfcSJtOPpeQk8Tp0B9AKRPl/Bqft7IkZcygl3006O1EjO1zLzv1o/Ut6lHVM/jBTx8WyRFzGoAphlBQdUEKzYJAWEBU3/CvEICYRVmmgWgjl/8iJ0KmXzvFy9rZZqlTyOAjgER+AEmOAC1MANaII2wOAePIJn8KI9aE/aq/Y2a13S8pkD8EfaxxeF5KDL</latexit>

�Tot = �A + �B + �AB
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x3

p π−

n
t

S
p

n

π−

x3

t

S

DGLAP regionERBL region

π∗p-p'

1

2

p

p
π

z

-z1
H

p'

q

q

H 1

2

-z1

z

p
π q

q
ξx-ξx+

p'p

o Different soft 
structures

o Factorization proof 
needs to be modified

<latexit sha1_base64="UeZsxPmm6IQ3Ar/28LGM7YOLtv0="></latexit>

M = GPD⌦DA⌦Hard

Exclusive Massive Two-Photon Production
q Factorization:

<latexit sha1_base64="Un1R/YS5K7qNumc1ze8DdVCHl2k=">AAACHHicbVDLSgMxFM3UV62vqks3g0WcoVhmalGXBTeupIJ9QGccMmlaQ5OZmGSEMvRD3Pgrblwo4saF4N+YPhBtvRBycs693JwTckqkcpwvI7OwuLS8kl3Nra1vbG7lt3caMk4EwnUU01i0QigxJRGuK6IobnGBIQspbob985HevMdCkji6VgOOfQZ7EekSBJWmgvyxx8nNkcUDfdvFmsVtT8Wm14OMQesucO1i7udRtouXFj+0g3zBKTnjMueBOwUFMK1akP/wOjFKGI4UolDKtutw5adQKIIoHua8RGIOUR/2cFvDCDIs/XRsbmgeaKZjdmOhT6TMMft7IoVMygELdSeD6lbOaiPyP62dqO6Zn5KIJwpHaLKom1BT+x8lZXaIwEjRgQYQCaL/aqJbKCBSOs+cDsGdtTwPGuWSe1KqXFUK1fI0jizYA/vAAi44BVVwAWqgDhB4AE/gBbwaj8az8Wa8T1ozxnRmF/wp4/MbQZ6eSw==</latexit>

⇡�(p⇡) + P (p) ! �(q1) + �(q2) +N(p0) Additional region: DGLAP region!
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x3
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π−
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π∗p-p'

1

2

p

p
π

z

-z1
H

p'

q

q

H 1

2

-z1

z

p
π q

q
ξx-ξx+

p'p

o Different soft 
structures

o Factorization proof 
needs to be modified

<latexit sha1_base64="UeZsxPmm6IQ3Ar/28LGM7YOLtv0="></latexit>

M = GPD⌦DA⌦Hard

Exclusive Massive Two-Photon Production
q Factorization:

<latexit sha1_base64="Un1R/YS5K7qNumc1ze8DdVCHl2k=">AAACHHicbVDLSgMxFM3UV62vqks3g0WcoVhmalGXBTeupIJ9QGccMmlaQ5OZmGSEMvRD3Pgrblwo4saF4N+YPhBtvRBycs693JwTckqkcpwvI7OwuLS8kl3Nra1vbG7lt3caMk4EwnUU01i0QigxJRGuK6IobnGBIQspbob985HevMdCkji6VgOOfQZ7EekSBJWmgvyxx8nNkcUDfdvFmsVtT8Wm14OMQesucO1i7udRtouXFj+0g3zBKTnjMueBOwUFMK1akP/wOjFKGI4UolDKtutw5adQKIIoHua8RGIOUR/2cFvDCDIs/XRsbmgeaKZjdmOhT6TMMft7IoVMygELdSeD6lbOaiPyP62dqO6Zn5KIJwpHaLKom1BT+x8lZXaIwEjRgQYQCaL/aqJbKCBSOs+cDsGdtTwPGuWSe1KqXFUK1fI0jizYA/vAAi44BVVwAWqgDhB4AE/gBbwaj8az8Wa8T1ozxnRmF/wp4/MbQZ6eSw==</latexit>

⇡�(p⇡) + P (p) ! �(q1) + �(q2) +N(p0) Additional region: DGLAP region!

!"/$ corresponds to %&'( ⊃ (+, -)
!/!"/$ corresponds to 0%&'( ⊃ (0+, 0-)

q Additional channels – more GPDs:

γ5γ
+

2
H

(1 − z2)p
−
2

z2p
−
2

z1∆+

(1 − z1)∆+

<latexit sha1_base64="EgYmtOaf9xcLfDS5AhQzcrslcM8="></latexit>

��/2

<latexit sha1_base64="AQrKviA22y3v/i4lOenGW6f/6/I="></latexit>

�5�
�/2

or

<latexit sha1_base64="b8ylCWSSuYZSdgYaXPDCe8rN954="></latexit>

d�

dt d⇠ dq2T
/ |M|2q Factorization formula:



14

q GPD models – simplified GK model:

Exclusive Massive Two-Photon Production

<latexit sha1_base64="e7zhvihVTPcbktykTkUAAOgO6vA="></latexit>

Hpn(x, ⇠, t) = ✓(x)x�0.9 (t/GeV2) x
⇢(1� x)⌧

B(1 + ⇢, 1 + ⌧)

eHpn(x, ⇠, t) = ✓(x)x�0.45 (t/GeV2) 1.267x
⇢(1� x)⌧

B(1 + ⇢, 1 + ⌧)

§ Neglect !, #!. Neglect evolution effect.
§ Tune $, % to control & shape.
§ Fix DA: ' ( = * (+.-. / − ( +.-.

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

x

x
H
(x
,ξ
,t
) t = -0.1 GeV2 (-0.5, 3)

(-0.3, 2.24)

(0.5, 2)

(0.8, 1.2)

(1, 0.5)

(1.5, 0.3)

($, %)
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q GPD models – simplified GK model:

Exclusive Massive Two-Photon Production

<latexit sha1_base64="e7zhvihVTPcbktykTkUAAOgO6vA="></latexit>

Hpn(x, ⇠, t) = ✓(x)x�0.9 (t/GeV2) x
⇢(1� x)⌧

B(1 + ⇢, 1 + ⌧)

eHpn(x, ⇠, t) = ✓(x)x�0.45 (t/GeV2) 1.267x
⇢(1� x)⌧

B(1 + ⇢, 1 + ⌧)

§ Neglect !, #!. Neglect evolution effect.
§ Tune $, % to control & shape.
§ Fix DA: ' ( = * (+.-. / − ( +.-.

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

x

x
H
(x
,ξ
,t
) t = -0.1 GeV2 (-0.5, 3)

(-0.3, 2.24)

(0.5, 2)

(0.8, 1.2)

(1, 0.5)

(1.5, 0.3)

($, %)

q Normalized 34 distribution:
<latexit sha1_base64="gY9zrokeQrdFHCkvDcwaFk+4+Cg="></latexit>

d�

dt d⇠ dq2T
⇠ |H(x, ⇠, t)|2

(ρ, τ) = (-0.5, 3)

(ρ, τ) = (-0.3, 2.24)

(ρ, τ) = (0.5, 2)

(ρ, τ) = (0.8, 1.2)

(ρ, τ) = (0.9, 0.5)

(ρ, τ) = (1.5, 0.3)
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2.8

qT2 [GeV2]

σ
-
1
dσ
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2 ]

t = -0.06GeV2, ξ = 0.009
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(1.5, 0.3)
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(0
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) t = -0.2GeV2, ξ = 0.014

(-0.5, 3)

(-0.3, 2.24)

(0.5, 2)

(0.8, 1.2)

(0.9, 0.5)

(1.5, 0.3)
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(0
.5
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) t = -0.01GeV2, ξ = 0.017

!5 = /6+ GeV
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q GPD models – modified GK model:

Exclusive Massive Two-Photon Production

<latexit sha1_base64="IdG+CDp+yjd8RrTvJm5GALjeG+Q="></latexit>

w(�,↵) =
�(2n+ 2)

22n+1�2(n+ 1)

⇥
(1� |�|)2 � ↵2

⇤n

(1� |�|)2n+1

<latexit sha1_base64="iLa0kEfKMfANTt485c9VBin+1dE="></latexit>

f(�,↵, t) = e(b+↵0 ln |�|�1)t · h(�) · w(�,↵)

<latexit sha1_base64="P3ZlQF56blZUIMUDw7GikHwYcFY="></latexit>

H(x, ⇠, t) =

Z
d� d↵ �(x� � � ⇠↵) f(�,↵, t) ξ = 0.1

ξ = 0.2

ξ = 0.3

-1.0 -0.5 0.0 0.5 1.0
0.0

0.5

1.0

1.5

2.0

x

H
(x
,ξ
,t
)

t = - 0.2 GeV2
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H
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,ξ
,t
)

t = - 0.2 GeV2

(ρ, τ) = (-0.3, 2.24)

n = 1

• Change ! to change " dependence
• Choose ! = $, &,∞
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q GPD models – modified GK model:

Exclusive Massive Two-Photon Production

<latexit sha1_base64="IdG+CDp+yjd8RrTvJm5GALjeG+Q="></latexit>

w(�,↵) =
�(2n+ 2)

22n+1�2(n+ 1)

⇥
(1� |�|)2 � ↵2

⇤n

(1� |�|)2n+1

<latexit sha1_base64="iLa0kEfKMfANTt485c9VBin+1dE="></latexit>

f(�,↵, t) = e(b+↵0 ln |�|�1)t · h(�) · w(�,↵)

<latexit sha1_base64="P3ZlQF56blZUIMUDw7GikHwYcFY="></latexit>

H(x, ⇠, t) =

Z
d� d↵ �(x� � � ⇠↵) f(�,↵, t) ξ = 0.1

ξ = 0.2

ξ = 0.3
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,ξ
,t
)

t = - 0.2 GeV2

(ρ, τ) = (-0.3, 2.24)
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• Change ! to change " dependence
• Choose ! = $, &,∞

q " distribution (integrate out ()):

n = 0

n = 1

n = ∞
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0.10

0.50

1

ξ

ξ4
/(
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ξ
w
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n
=
∞

t = -0.45 GeV2

<latexit sha1_base64="vg6fQjt3scJd/p1bCRwdY0sctqQ="></latexit>

d�

dt d⇠ dq2T
⇠ |H(x, ⇠, t)|2

<latexit sha1_base64="nHA2F7GmFunBoYKMKcTKH0T0mf4=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFclaQUdVlwocsKfUETwmR60w6dPJyZiCXET3HjQhG3/og7/8Zpm4W2HrhwOOde7r3HTziTyrK+jbX1jc2t7dJOeXdv/+DQPKp0ZZwKCh0a81j0fSKBswg6iikO/UQACX0OPX9yPfN7DyAki6O2mibghmQUsYBRorTkmZV7r+2MANtPmSNCfAPd3DOrVs2aA68SuyBVVKDlmV/OMKZpCJGinEg5sK1EuRkRilEOedlJJSSETsgIBppGJATpZvPbc3ymlSEOYqErUniu/p7ISCjlNPR1Z0jUWC57M/E/b5Cq4MrNWJSkCiK6WBSkHKsYz4LAQyaAKj7VhFDB9K2YjokgVOm4yjoEe/nlVdKt1+yLWuOuUW3WizhK6ASdonNko0vURLeohTqIokf0jF7Rm5EbL8a78bFoXTOKmWP0B8bnDxPyk8g=</latexit>

qT � 1 GeV
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Exclusive p0g Pair Production

q Factorization: γ 1q
-z1

zp
H

2
q

ξx-ξx+
p'p

<latexit sha1_base64="muOIW6EFmcCdzkmEk4QsieuXH8o=">AAACHnicbVDLSsNAFJ34rPVVdekmWMSEQklKfSwLblxWsA9oYphMp+3QmWQ6MxFK6Je48VfcuFBEcKV/47TNQlsPDBzOuZc754ScEqkc59tYWV1b39jMbeW3d3b39gsHh00ZJwLhBoppLNohlJiSCDcUURS3ucCQhRS3wuH11G89YCFJHN2pMcc+g/2I9AiCSktB4dzrQ8agxYM5sUsDi9ueik2Pk3vHGgWuXcpmRkFlZp/ZQaHolJ0ZzGXiZqQIMtSDwqfXjVHCcKQQhVJ2XIcrP4VCEUTxJO8lEnOIhrCPO5pGkGHpp7N4E/NUK12zFwv9ImXO1N8bKWRSjlmoJxlUA7noTcX/vE6ield+SiKeKByh+aFeQk2dftqV2SUCI0XHmkAkiP6riQZQQKR0o3ldgrsYeZk0K2X3oly9rRZrlayOHDgGJ8ACLrgENXAD6qABEHgEz+AVvBlPxovxbnzMR1eMbOcI/IHx9QPLYp+0</latexit>

�(p�) + h(p) ! ⇡0(q1) + �(q2) + h(p0)

<latexit sha1_base64="V7hwcp3J6iVAZAGyRJXDlt6RL4w="></latexit>

ReO++ =(e1 � e2)
2


1� cos ✓

1 + cos ✓
· P x+ z � 2xz

2x z (1� x) (1� z)

�
+

�
e
2
1 � e

2
2

�  2

1� cos ✓
· P x� z

x z (1� x) (1� z)

�

� e1e2P
1� cos ✓

x z (1� x) (1� z)
· (xz + (1� x)(1� z)) (x(1� x) + z(1� z))

(2(1� x)(1� z)� (1 + cos ✓)xz) (2xz � (1 + cos ✓)(1� x)(1� z))

Factorization is proved similarly (qT >> 1/R!)

!"
!#$%& is sensitive to '-dependence of GPDs

q Sensitive to ERBL region (complementary)

q Cancellation of unwanted propagators & cosq dependence:

ξ−x−ξ− x

x
−ξ ξ0 1−1

+ξxxξ− x+ξ x−ξ
Also sensitive to DA 
in the bulk region.

Hall D at JLab?
q Hard scales:

Invariant mass of pg pair
qT of p (or g) in pair’s rest frame – convert to cosqp
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Exclusive p0g Pair Production
q Phenomenology:

§ Factorized helicity amplitude:

§ Pion distribution amplitude:

§ Model GPDs = simplified GK model:

q Sensitivity on DAs (total – qT > 1 GeV):

<latexit sha1_base64="A8rPrIBaOOnlMBXbofCFSHaOIEg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUS9CwYvHCqYttKFstpt26WYTdidCKf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXphKYdB1v53CxubW9k5xt7S3f3B4VD4+aZkk04z7LJGJ7oTUcCkU91Gg5J1UcxqHkrfD8d3cbz9xbUSiHnGS8iCmQyUiwShayVd9cev2yxW36i5A1omXkwrkaPbLX71BwrKYK2SSGtP13BSDKdUomOSzUi8zPKVsTIe8a6miMTfBdHHsjFxYZUCiRNtSSBbq74kpjY2ZxKHtjCmOzKo3F//zuhlGN8FUqDRDrthyUZRJggmZf04GQnOGcmIJZVrYWwkbUU0Z2nxKNgRv9eV10qpVvatq/aFeadTyOIpwBudwCR5cQwPuoQk+MBDwDK/w5ijnxXl3PpatBSefOYU/cD5/AEEwjkg=</latexit>

ni = 0o Taking 
o Parametrizing the forward limit as

<latexit sha1_base64="oWtrqNqfK8ku02SkODeZuGK6O3I=">AAAB8XicbVBNT8JAEJ3iF+IHqEcvG4kJHiQtIeqRxItHTOQjQiHbZQsbtttmd2sgDf/CiweN8eq/8ea/cYEeFHzJJC/vzWRmnhdxprRtf1uZjc2t7Z3sbm5v/+AwXzg6bqowloQ2SMhD2fawopwJ2tBMc9qOJMWBx2nLG9/O/dYTlYqF4kFPI+oGeCiYzwjWRnqc9HDJuZxc9Lx+oWiX7QXQOnFSUoQU9X7hqzsISRxQoQnHSnUcO9JugqVmhNNZrhsrGmEyxkPaMVTggCo3WVw8Q+dGGSA/lKaERgv190SCA6WmgWc6A6xHatWbi/95nVj7N27CRBRrKshykR9zpEM0fx8NmKRE86khmEhmbkVkhCUm2oSUMyE4qy+vk2al7FyVq/fVYq2SxpGFUziDEjhwDTW4gzo0gICAZ3iFN0tZL9a79bFszVjpzAn8gfX5A0MVj/U=</latexit>

xa(1� x)b

o Neglecting the D-term

q Sensitivity on GPDs (a = 0.63):
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Summary and Outlook

q Proposed new type of exclusive two-scale observable –

exclusive massive photon-pair production:

o This process is factorizable and sensitive to pion DAs and hadron GPDs

o Complementary to the pion form factor, and exclusive deep virtual lepton-hadron scattering 

processes, such as DVCS, DVMP, …, and measurable at Amber, …

o Hard scale is given by the invariant mass of the produced pair, not by a single virtual photon

o More sensitive to the x-dependence of pion DA and hadron GPDs

q This process can be generated to other exclusive two-scale observables that could be 

measured at JLab, Amber, EIC, EIcC, …

Thank you!

o More realistic numerical predictions are underway

o More observables could be explored – hard part (the probe) should be sensitive to the 

momentum difference of the two active partons from the pion or the diffracted hadron


