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Outline

EIC Yellow Report, 2103.05419

Armesto, Newman, Słomiński, Staśto 1901.09076, 2112.06839

EIC White paper 1212.1701

Focus will be on ep/eA. Not pp.
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Lecture 1: introduction, diffraction in QCD, HERA measurements 

Lecture 2: prospects at EIC: proton tagging capabilities, reduced cross section 
and DPDFs, longitudinal structure function, elastic vector meson production

Frankfurt, Guzey, Staśto, Strikman 2203.12289
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Diffraction in optics

Francesco Maria Grimaldi 
1618-1663

Jesuit priest from Bologna

‘Light propagates and diffuses not only directly, refractively 
and reflectively, but also, somehow, in a fourth manner, that 

is DIFFRACTIVELY.’
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Augustin Fresnel 
1788-1827

Gustav Kirchhoff 
1824-1887

Christiaan Huygens 
1629-1695

Geometrical optics: applicable in the limit when the wavelength is infinitely small 

Diffraction phenomena: deviation from geometrical optics due to finite wavelength

Theory of diffraction
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Diffraction
Diffraction : occurs when a wave (for example light) encounters an obstacle or an opening.  
Most pronounced when the dimensions of obstacle/opening are comparable to wavelength

In quantum theory:   hadronic and nuclear diffractive scattering

Laser light passing through a 
circular aperture Water waves passing through small 

entrance

Source: Wikipedia

Author: Wisky

Source: Wikipedia

Author: Verbcatcher
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(r2 + k2)U = 0
<latexit sha1_base64="t2ovVMbjSDQC92KMAcMx8EwjicI=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSxCRShJEfQiFL14rGDaQpuWzXbTLt1swu5GKKX+FS8eFPHqD/Hmv3Hb5qCtDwYe780wMy9IOFPacb6t3Nr6xuZWfruws7u3f2AfHjVUnEpCPRLzWLYCrChngnqaaU5biaQ4CjhtBqPbmd98pFKxWDzocUL9CA8ECxnB2kg9u1juCBxw3K2ej7rVM+Sha6dnl5yKMwdaJW5GSpCh3rO/Ov2YpBEVmnCsVNt1Eu1PsNSMcDotdFJFE0xGeEDbhgocUeVP5sdP0alR+iiMpSmh0Vz9PTHBkVLjKDCdEdZDtezNxP+8dqrDK3/CRJJqKshiUZhypGM0SwL1maRE87EhmEhmbkVkiCUm2uRVMCG4yy+vkka14joV9/6iVLvJ4sjDMZxAGVy4hBrcQR08IDCGZ3iFN+vJerHerY9Fa87KZorwB9bnD6K0ksw=</latexit><latexit sha1_base64="t2ovVMbjSDQC92KMAcMx8EwjicI=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSxCRShJEfQiFL14rGDaQpuWzXbTLt1swu5GKKX+FS8eFPHqD/Hmv3Hb5qCtDwYe780wMy9IOFPacb6t3Nr6xuZWfruws7u3f2AfHjVUnEpCPRLzWLYCrChngnqaaU5biaQ4CjhtBqPbmd98pFKxWDzocUL9CA8ECxnB2kg9u1juCBxw3K2ej7rVM+Sha6dnl5yKMwdaJW5GSpCh3rO/Ov2YpBEVmnCsVNt1Eu1PsNSMcDotdFJFE0xGeEDbhgocUeVP5sdP0alR+iiMpSmh0Vz9PTHBkVLjKDCdEdZDtezNxP+8dqrDK3/CRJJqKshiUZhypGM0SwL1maRE87EhmEhmbkVkiCUm2uRVMCG4yy+vkka14joV9/6iVLvJ4sjDMZxAGVy4hBrcQR08IDCGZ3iFN+vJerHerY9Fa87KZorwB9bnD6K0ksw=</latexit><latexit sha1_base64="t2ovVMbjSDQC92KMAcMx8EwjicI=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSxCRShJEfQiFL14rGDaQpuWzXbTLt1swu5GKKX+FS8eFPHqD/Hmv3Hb5qCtDwYe780wMy9IOFPacb6t3Nr6xuZWfruws7u3f2AfHjVUnEpCPRLzWLYCrChngnqaaU5biaQ4CjhtBqPbmd98pFKxWDzocUL9CA8ECxnB2kg9u1juCBxw3K2ej7rVM+Sha6dnl5yKMwdaJW5GSpCh3rO/Ov2YpBEVmnCsVNt1Eu1PsNSMcDotdFJFE0xGeEDbhgocUeVP5sdP0alR+iiMpSmh0Vz9PTHBkVLjKDCdEdZDtezNxP+8dqrDK3/CRJJqKshiUZhypGM0SwL1maRE87EhmEhmbkVkiCUm2uRVMCG4yy+vkka14joV9/6iVLvJ4sjDMZxAGVy4hBrcQR08IDCGZ3iFN+vJerHerY9Fa87KZorwB9bnD6K0ksw=</latexit><latexit sha1_base64="t2ovVMbjSDQC92KMAcMx8EwjicI=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSxCRShJEfQiFL14rGDaQpuWzXbTLt1swu5GKKX+FS8eFPHqD/Hmv3Hb5qCtDwYe780wMy9IOFPacb6t3Nr6xuZWfruws7u3f2AfHjVUnEpCPRLzWLYCrChngnqaaU5biaQ4CjhtBqPbmd98pFKxWDzocUL9CA8ECxnB2kg9u1juCBxw3K2ej7rVM+Sha6dnl5yKMwdaJW5GSpCh3rO/Ov2YpBEVmnCsVNt1Eu1PsNSMcDotdFJFE0xGeEDbhgocUeVP5sdP0alR+iiMpSmh0Vz9PTHBkVLjKDCdEdZDtezNxP+8dqrDK3/CRJJqKshiUZhypGM0SwL1maRE87EhmEhmbkVkiCUm2uRVMCG4yy+vkka14joV9/6iVLvJ4sjDMZxAGVy4hBrcQR08IDCGZ3iFN+vJerHerY9Fa87KZorwB9bnD6K0ksw=</latexit>

Helmholtz equation

P ⌘ (x, y, z)
<latexit sha1_base64="3GMrihVKc/1EccwsY4piM69Adm8=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJUKCURQY9FLx4r2A9oQ9lsN+3SzSbuboox9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5fsyZ0o7zba2srq1vbBa2its7u3v79sFhU0WJJLRBIh7Jto8V5UzQhmaa03YsKQ59Tlv+6Gbqt8ZUKhaJe53G1AvxQLCAEayN1LPtOurSh4SNUfmxklaeznp2yak6M6Bl4uakBDnqPfur249IElKhCcdKdVwn1l6GpWaE00mxmygaYzLCA9oxVOCQKi+bXT5Bp0bpoyCSpoRGM/X3RIZDpdLQN50h1kO16E3F/7xOooMrL2MiTjQVZL4oSDjSEZrGgPpMUqJ5aggmkplbERliiYk2YRVNCO7iy8ukeV51nap7d1GqXedxFOAYTqAMLlxCDW6hDg0gMIZneIU3K7NerHfrY966YuUzR/AH1ucPzlSSdQ==</latexit><latexit sha1_base64="3GMrihVKc/1EccwsY4piM69Adm8=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJUKCURQY9FLx4r2A9oQ9lsN+3SzSbuboox9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5fsyZ0o7zba2srq1vbBa2its7u3v79sFhU0WJJLRBIh7Jto8V5UzQhmaa03YsKQ59Tlv+6Gbqt8ZUKhaJe53G1AvxQLCAEayN1LPtOurSh4SNUfmxklaeznp2yak6M6Bl4uakBDnqPfur249IElKhCcdKdVwn1l6GpWaE00mxmygaYzLCA9oxVOCQKi+bXT5Bp0bpoyCSpoRGM/X3RIZDpdLQN50h1kO16E3F/7xOooMrL2MiTjQVZL4oSDjSEZrGgPpMUqJ5aggmkplbERliiYk2YRVNCO7iy8ukeV51nap7d1GqXedxFOAYTqAMLlxCDW6hDg0gMIZneIU3K7NerHfrY966YuUzR/AH1ucPzlSSdQ==</latexit><latexit sha1_base64="3GMrihVKc/1EccwsY4piM69Adm8=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJUKCURQY9FLx4r2A9oQ9lsN+3SzSbuboox9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5fsyZ0o7zba2srq1vbBa2its7u3v79sFhU0WJJLRBIh7Jto8V5UzQhmaa03YsKQ59Tlv+6Gbqt8ZUKhaJe53G1AvxQLCAEayN1LPtOurSh4SNUfmxklaeznp2yak6M6Bl4uakBDnqPfur249IElKhCcdKdVwn1l6GpWaE00mxmygaYzLCA9oxVOCQKi+bXT5Bp0bpoyCSpoRGM/X3RIZDpdLQN50h1kO16E3F/7xOooMrL2MiTjQVZL4oSDjSEZrGgPpMUqJ5aggmkplbERliiYk2YRVNCO7iy8ukeV51nap7d1GqXedxFOAYTqAMLlxCDW6hDg0gMIZneIU3K7NerHfrY966YuUzR/AH1ucPzlSSdQ==</latexit><latexit sha1_base64="3GMrihVKc/1EccwsY4piM69Adm8=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJUKCURQY9FLx4r2A9oQ9lsN+3SzSbuboox9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5fsyZ0o7zba2srq1vbBa2its7u3v79sFhU0WJJLRBIh7Jto8V5UzQhmaa03YsKQ59Tlv+6Gbqt8ZUKhaJe53G1AvxQLCAEayN1LPtOurSh4SNUfmxklaeznp2yak6M6Bl4uakBDnqPfur249IElKhCcdKdVwn1l6GpWaE00mxmygaYzLCA9oxVOCQKi+bXT5Bp0bpoyCSpoRGM/X3RIZDpdLQN50h1kO16E3F/7xOooMrL2MiTjQVZL4oSDjSEZrGgPpMUqJ5aggmkplbERliiYk2YRVNCO7iy8ukeV51nap7d1GqXedxFOAYTqAMLlxCDW6hDg0gMIZneIU3K7NerHfrY966YuUzR/AH1ucPzlSSdQ==</latexit>

k = 2⇡/�
<latexit sha1_base64="EZ0remVmIBjeElseyNM/YKJbn00=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVU2KoBuh6MZlBfuAJpTJZNIOnUzCzEQsob/ixoUibv0Rd/6N0zYLbT0wcDjnHu6dE6ScKe0431ZpbX1jc6u8XdnZ3ds/sA+rHZVkktA2SXgiewFWlDNB25ppTnuppDgOOO0G49uZ332kUrFEPOhJSv0YDwWLGMHaSAO7OkbXqIG8lKFzj5tciAd2zak7c6BV4hakBgVaA/vLCxOSxVRowrFSfddJtZ9jqRnhdFrxMkVTTMZ4SPuGChxT5efz26fo1CghihJpntBorv5O5DhWahIHZjLGeqSWvZn4n9fPdHTl50ykmaaCLBZFGUc6QbMiUMgkJZpPDMFEMnMrIiMsMdGmroopwV3+8irpNOquU3fvL2rNm6KOMhzDCZyBC5fQhDtoQRsIPMEzvMKbNbVerHfrYzFasorMEfyB9fkDlK2S2g==</latexit><latexit sha1_base64="EZ0remVmIBjeElseyNM/YKJbn00=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVU2KoBuh6MZlBfuAJpTJZNIOnUzCzEQsob/ixoUibv0Rd/6N0zYLbT0wcDjnHu6dE6ScKe0431ZpbX1jc6u8XdnZ3ds/sA+rHZVkktA2SXgiewFWlDNB25ppTnuppDgOOO0G49uZ332kUrFEPOhJSv0YDwWLGMHaSAO7OkbXqIG8lKFzj5tciAd2zak7c6BV4hakBgVaA/vLCxOSxVRowrFSfddJtZ9jqRnhdFrxMkVTTMZ4SPuGChxT5efz26fo1CghihJpntBorv5O5DhWahIHZjLGeqSWvZn4n9fPdHTl50ykmaaCLBZFGUc6QbMiUMgkJZpPDMFEMnMrIiMsMdGmroopwV3+8irpNOquU3fvL2rNm6KOMhzDCZyBC5fQhDtoQRsIPMEzvMKbNbVerHfrYzFasorMEfyB9fkDlK2S2g==</latexit><latexit sha1_base64="EZ0remVmIBjeElseyNM/YKJbn00=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVU2KoBuh6MZlBfuAJpTJZNIOnUzCzEQsob/ixoUibv0Rd/6N0zYLbT0wcDjnHu6dE6ScKe0431ZpbX1jc6u8XdnZ3ds/sA+rHZVkktA2SXgiewFWlDNB25ppTnuppDgOOO0G49uZ332kUrFEPOhJSv0YDwWLGMHaSAO7OkbXqIG8lKFzj5tciAd2zak7c6BV4hakBgVaA/vLCxOSxVRowrFSfddJtZ9jqRnhdFrxMkVTTMZ4SPuGChxT5efz26fo1CghihJpntBorv5O5DhWahIHZjLGeqSWvZn4n9fPdHTl50ykmaaCLBZFGUc6QbMiUMgkJZpPDMFEMnMrIiMsMdGmroopwV3+8irpNOquU3fvL2rNm6KOMhzDCZyBC5fQhDtoQRsIPMEzvMKbNbVerHfrYzFasorMEfyB9fkDlK2S2g==</latexit><latexit sha1_base64="EZ0remVmIBjeElseyNM/YKJbn00=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVU2KoBuh6MZlBfuAJpTJZNIOnUzCzEQsob/ixoUibv0Rd/6N0zYLbT0wcDjnHu6dE6ScKe0431ZpbX1jc6u8XdnZ3ds/sA+rHZVkktA2SXgiewFWlDNB25ppTnuppDgOOO0G49uZ332kUrFEPOhJSv0YDwWLGMHaSAO7OkbXqIG8lKFzj5tciAd2zak7c6BV4hakBgVaA/vLCxOSxVRowrFSfddJtZ9jqRnhdFrxMkVTTMZ4SPuGChxT5efz26fo1CghihJpntBorv5O5DhWahIHZjLGeqSWvZn4n9fPdHTl50ykmaaCLBZFGUc6QbMiUMgkJZpPDMFEMnMrIiMsMdGmroopwV3+8irpNOquU3fvL2rNm6KOMhzDCZyBC5fQhDtoQRsIPMEzvMKbNbVerHfrYzFasorMEfyB9fkDlK2S2g==</latexit>

�(x, y, z, t) = U(x, y, z)e�i!t
<latexit sha1_base64="U5NFkB2dmmYAnXBPkIa6aXUIRGU=">AAACD3icbZDJSgNBEIZ74hbjFvXopTEoCcQwI4JehKAXjxHMAkkMPZ1K0qRnobtGjEPewIuv4sWDIl69evNt7CwHTfyh4eOvKqrrd0MpNNr2t5VYWFxaXkmuptbWNza30ts7FR1EikOZBzJQNZdpkMKHMgqUUAsVMM+VUHX7l6N69Q6UFoF/g4MQmh7r+qIjOENjtdKHjbAnsvf5Qf4hj7nz8gRzFG7jI0EbgQddRnHYSmfsgj0WnQdnChkyVamV/mq0Ax554COXTOu6Y4fYjJlCwSUMU41IQ8h4n3WhbtBnHuhmPL5nSA+M06adQJnnIx27vydi5mk98FzT6THs6dnayPyvVo+wc9aMhR9GCD6fLOpEkmJAR+HQtlDAUQ4MMK6E+SvlPaYYRxNhyoTgzJ48D5XjgmMXnOuTTPFiGkeS7JF9kiUOOSVFckVKpEw4eSTP5JW8WU/Wi/VufUxaE9Z0Zpf8kfX5A91nmqg=</latexit><latexit sha1_base64="U5NFkB2dmmYAnXBPkIa6aXUIRGU=">AAACD3icbZDJSgNBEIZ74hbjFvXopTEoCcQwI4JehKAXjxHMAkkMPZ1K0qRnobtGjEPewIuv4sWDIl69evNt7CwHTfyh4eOvKqrrd0MpNNr2t5VYWFxaXkmuptbWNza30ts7FR1EikOZBzJQNZdpkMKHMgqUUAsVMM+VUHX7l6N69Q6UFoF/g4MQmh7r+qIjOENjtdKHjbAnsvf5Qf4hj7nz8gRzFG7jI0EbgQddRnHYSmfsgj0WnQdnChkyVamV/mq0Ax554COXTOu6Y4fYjJlCwSUMU41IQ8h4n3WhbtBnHuhmPL5nSA+M06adQJnnIx27vydi5mk98FzT6THs6dnayPyvVo+wc9aMhR9GCD6fLOpEkmJAR+HQtlDAUQ4MMK6E+SvlPaYYRxNhyoTgzJ48D5XjgmMXnOuTTPFiGkeS7JF9kiUOOSVFckVKpEw4eSTP5JW8WU/Wi/VufUxaE9Z0Zpf8kfX5A91nmqg=</latexit><latexit sha1_base64="U5NFkB2dmmYAnXBPkIa6aXUIRGU=">AAACD3icbZDJSgNBEIZ74hbjFvXopTEoCcQwI4JehKAXjxHMAkkMPZ1K0qRnobtGjEPewIuv4sWDIl69evNt7CwHTfyh4eOvKqrrd0MpNNr2t5VYWFxaXkmuptbWNza30ts7FR1EikOZBzJQNZdpkMKHMgqUUAsVMM+VUHX7l6N69Q6UFoF/g4MQmh7r+qIjOENjtdKHjbAnsvf5Qf4hj7nz8gRzFG7jI0EbgQddRnHYSmfsgj0WnQdnChkyVamV/mq0Ax554COXTOu6Y4fYjJlCwSUMU41IQ8h4n3WhbtBnHuhmPL5nSA+M06adQJnnIx27vydi5mk98FzT6THs6dnayPyvVo+wc9aMhR9GCD6fLOpEkmJAR+HQtlDAUQ4MMK6E+SvlPaYYRxNhyoTgzJ48D5XjgmMXnOuTTPFiGkeS7JF9kiUOOSVFckVKpEw4eSTP5JW8WU/Wi/VufUxaE9Z0Zpf8kfX5A91nmqg=</latexit><latexit sha1_base64="U5NFkB2dmmYAnXBPkIa6aXUIRGU=">AAACD3icbZDJSgNBEIZ74hbjFvXopTEoCcQwI4JehKAXjxHMAkkMPZ1K0qRnobtGjEPewIuv4sWDIl69evNt7CwHTfyh4eOvKqrrd0MpNNr2t5VYWFxaXkmuptbWNza30ts7FR1EikOZBzJQNZdpkMKHMgqUUAsVMM+VUHX7l6N69Q6UFoF/g4MQmh7r+qIjOENjtdKHjbAnsvf5Qf4hj7nz8gRzFG7jI0EbgQddRnHYSmfsgj0WnQdnChkyVamV/mq0Ax554COXTOu6Y4fYjJlCwSUMU41IQ8h4n3WhbtBnHuhmPL5nSA+M06adQJnnIx27vydi5mk98FzT6THs6dnayPyvVo+wc9aMhR9GCD6fLOpEkmJAR+HQtlDAUQ4MMK6E+SvlPaYYRxNhyoTgzJ48D5XjgmMXnOuTTPFiGkeS7JF9kiUOOSVFckVKpEw4eSTP5JW8WU/Wi/VufUxaE9Z0Zpf8kfX5A91nmqg=</latexit>

U
<latexit sha1_base64="BaPROe+9ACCkZyLn66DLY8LZ0kg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diCaQttKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/lgJikGMR1KHnFGjZWafr9SdWvuHGSVeAWpQoFGv/LVGyQsi1EaJqjWXc9NTZBTZTgTOC33Mo0pZWM6xK6lksaog3x+6JScW2VAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE90EOZdpZlCyxaIoE8QkZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7YheMsvr5LWZc1za17zqlq/LeIowSmcwQV4cA11uIcG+MAA4Rle4c15dF6cd+dj0brmFDMn8AfO5w+xLYzZ</latexit><latexit sha1_base64="BaPROe+9ACCkZyLn66DLY8LZ0kg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diCaQttKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/lgJikGMR1KHnFGjZWafr9SdWvuHGSVeAWpQoFGv/LVGyQsi1EaJqjWXc9NTZBTZTgTOC33Mo0pZWM6xK6lksaog3x+6JScW2VAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE90EOZdpZlCyxaIoE8QkZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7YheMsvr5LWZc1za17zqlq/LeIowSmcwQV4cA11uIcG+MAA4Rle4c15dF6cd+dj0brmFDMn8AfO5w+xLYzZ</latexit><latexit sha1_base64="BaPROe+9ACCkZyLn66DLY8LZ0kg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diCaQttKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/lgJikGMR1KHnFGjZWafr9SdWvuHGSVeAWpQoFGv/LVGyQsi1EaJqjWXc9NTZBTZTgTOC33Mo0pZWM6xK6lksaog3x+6JScW2VAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE90EOZdpZlCyxaIoE8QkZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7YheMsvr5LWZc1za17zqlq/LeIowSmcwQV4cA11uIcG+MAA4Rle4c15dF6cd+dj0brmFDMn8AfO5w+xLYzZ</latexit><latexit sha1_base64="BaPROe+9ACCkZyLn66DLY8LZ0kg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diCaQttKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/lgJikGMR1KHnFGjZWafr9SdWvuHGSVeAWpQoFGv/LVGyQsi1EaJqjWXc9NTZBTZTgTOC33Mo0pZWM6xK6lksaog3x+6JScW2VAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE90EOZdpZlCyxaIoE8QkZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7YheMsvr5LWZc1za17zqlq/LeIowSmcwQV4cA11uIcG+MAA4Rle4c15dF6cd+dj0brmFDMn8AfO5w+xLYzZ</latexit>
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Kirchhoff theory

Short wave length limit (kR>1) 

U(x, y, z) = � ik

2⇡
U0

Z

⌃0

d2b
eiks

s
<latexit sha1_base64="l/tHupcmVex/ZY+vOXHt3WRVp98="></latexit><latexit sha1_base64="l/tHupcmVex/ZY+vOXHt3WRVp98="></latexit><latexit sha1_base64="l/tHupcmVex/ZY+vOXHt3WRVp98="></latexit><latexit sha1_base64="l/tHupcmVex/ZY+vOXHt3WRVp98="></latexit>

Wave number

Fresnel-Kirchhoff 
integral
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Kirchhoff theory

Fraunhofer diffraction: kR2/D ⌧ 1
<latexit sha1_base64="Av4Krwdx9NBtG5YmW9LZgfn+Dls=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInmpSBD0W9eCxiv2ANpbNdtMu3WzC7kaoob/EiwdFvPpTvPlv3LQ5aOuDgcd7M8zM82POlHacb6uwsrq2vlHcLG1t7+yW7b39looSSWiTRDySHR8rypmgTc00p51YUhz6nLb98VXmtx+pVCwS93oSUy/EQ8ECRrA2Ut8uj9HdQw2domvU4xy5fbviVJ0Z0DJxc1KBHI2+/dUbRCQJqdCEY6W6rhNrL8VSM8LptNRLFI0xGeMh7RoqcEiVl84On6JjowxQEElTQqOZ+nsixaFSk9A3nSHWI7XoZeJ/XjfRwYWXMhEnmgoyXxQkHOkIZSmgAZOUaD4xBBPJzK2IjLDERJusSiYEd/HlZdKqVV2n6t6eVeqXeRxFOIQjOAEXzqEON9CAJhBI4Ble4c16sl6sd+tj3lqw8pkD+APr8wd+9JEG</latexit><latexit sha1_base64="Av4Krwdx9NBtG5YmW9LZgfn+Dls=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInmpSBD0W9eCxiv2ANpbNdtMu3WzC7kaoob/EiwdFvPpTvPlv3LQ5aOuDgcd7M8zM82POlHacb6uwsrq2vlHcLG1t7+yW7b39looSSWiTRDySHR8rypmgTc00p51YUhz6nLb98VXmtx+pVCwS93oSUy/EQ8ECRrA2Ut8uj9HdQw2domvU4xy5fbviVJ0Z0DJxc1KBHI2+/dUbRCQJqdCEY6W6rhNrL8VSM8LptNRLFI0xGeMh7RoqcEiVl84On6JjowxQEElTQqOZ+nsixaFSk9A3nSHWI7XoZeJ/XjfRwYWXMhEnmgoyXxQkHOkIZSmgAZOUaD4xBBPJzK2IjLDERJusSiYEd/HlZdKqVV2n6t6eVeqXeRxFOIQjOAEXzqEON9CAJhBI4Ble4c16sl6sd+tj3lqw8pkD+APr8wd+9JEG</latexit><latexit sha1_base64="Av4Krwdx9NBtG5YmW9LZgfn+Dls=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInmpSBD0W9eCxiv2ANpbNdtMu3WzC7kaoob/EiwdFvPpTvPlv3LQ5aOuDgcd7M8zM82POlHacb6uwsrq2vlHcLG1t7+yW7b39looSSWiTRDySHR8rypmgTc00p51YUhz6nLb98VXmtx+pVCwS93oSUy/EQ8ECRrA2Ut8uj9HdQw2domvU4xy5fbviVJ0Z0DJxc1KBHI2+/dUbRCQJqdCEY6W6rhNrL8VSM8LptNRLFI0xGeMh7RoqcEiVl84On6JjowxQEElTQqOZ+nsixaFSk9A3nSHWI7XoZeJ/XjfRwYWXMhEnmgoyXxQkHOkIZSmgAZOUaD4xBBPJzK2IjLDERJusSiYEd/HlZdKqVV2n6t6eVeqXeRxFOIQjOAEXzqEON9CAJhBI4Ble4c16sl6sd+tj3lqw8pkD+APr8wd+9JEG</latexit><latexit sha1_base64="Av4Krwdx9NBtG5YmW9LZgfn+Dls=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInmpSBD0W9eCxiv2ANpbNdtMu3WzC7kaoob/EiwdFvPpTvPlv3LQ5aOuDgcd7M8zM82POlHacb6uwsrq2vlHcLG1t7+yW7b39looSSWiTRDySHR8rypmgTc00p51YUhz6nLb98VXmtx+pVCwS93oSUy/EQ8ECRrA2Ut8uj9HdQw2domvU4xy5fbviVJ0Z0DJxc1KBHI2+/dUbRCQJqdCEY6W6rhNrL8VSM8LptNRLFI0xGeMh7RoqcEiVl84On6JjowxQEElTQqOZ+nsixaFSk9A3nSHWI7XoZeJ/XjfRwYWXMhEnmgoyXxQkHOkIZSmgAZOUaD4xBBPJzK2IjLDERJusSiYEd/HlZdKqVV2n6t6eVeqXeRxFOIQjOAEXzqEON9CAJhBI4Ble4c16sl6sd+tj3lqw8pkD+APr8wd+9JEG</latexit>

Far field
Relevant for hadronic physics

Geometrical optics: kR2/D � 1
<latexit sha1_base64="w6TW55pwnaglP40vcLL/0xYp5VM=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInmpSBD0W9eCxiv2ANpbNdpMu3WzC7kaoob/EiwdFvPpTvPlv3LY5aOuDgcd7M8zM8xPOlHacb6uwsrq2vlHcLG1t7+yW7b39lopTSWiTxDyWHR8rypmgTc00p51EUhz5nLb90dXUbz9SqVgs7vU4oV6EQ8ECRrA2Ut8uj9DdQw2domvUC0Pk9u2KU3VmQMvEzUkFcjT69ldvEJM0okITjpXquk6ivQxLzQink1IvVTTBZIRD2jVU4IgqL5sdPkHHRhmgIJamhEYz9fdEhiOlxpFvOiOsh2rRm4r/ed1UBxdexkSSairIfFGQcqRjNE0BDZikRPOxIZhIZm5FZIglJtpkVTIhuIsvL5NWreo6Vff2rFK/zOMowiEcwQm4cA51uIEGNIFACs/wCm/Wk/VivVsf89aClc8cwB9Ynz9vs5D8</latexit><latexit sha1_base64="w6TW55pwnaglP40vcLL/0xYp5VM=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInmpSBD0W9eCxiv2ANpbNdpMu3WzC7kaoob/EiwdFvPpTvPlv3LY5aOuDgcd7M8zM8xPOlHacb6uwsrq2vlHcLG1t7+yW7b39lopTSWiTxDyWHR8rypmgTc00p51EUhz5nLb90dXUbz9SqVgs7vU4oV6EQ8ECRrA2Ut8uj9DdQw2domvUC0Pk9u2KU3VmQMvEzUkFcjT69ldvEJM0okITjpXquk6ivQxLzQink1IvVTTBZIRD2jVU4IgqL5sdPkHHRhmgIJamhEYz9fdEhiOlxpFvOiOsh2rRm4r/ed1UBxdexkSSairIfFGQcqRjNE0BDZikRPOxIZhIZm5FZIglJtpkVTIhuIsvL5NWreo6Vff2rFK/zOMowiEcwQm4cA51uIEGNIFACs/wCm/Wk/VivVsf89aClc8cwB9Ynz9vs5D8</latexit><latexit sha1_base64="w6TW55pwnaglP40vcLL/0xYp5VM=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInmpSBD0W9eCxiv2ANpbNdpMu3WzC7kaoob/EiwdFvPpTvPlv3LY5aOuDgcd7M8zM8xPOlHacb6uwsrq2vlHcLG1t7+yW7b39lopTSWiTxDyWHR8rypmgTc00p51EUhz5nLb90dXUbz9SqVgs7vU4oV6EQ8ECRrA2Ut8uj9DdQw2domvUC0Pk9u2KU3VmQMvEzUkFcjT69ldvEJM0okITjpXquk6ivQxLzQink1IvVTTBZIRD2jVU4IgqL5sdPkHHRhmgIJamhEYz9fdEhiOlxpFvOiOsh2rRm4r/ed1UBxdexkSSairIfFGQcqRjNE0BDZikRPOxIZhIZm5FZIglJtpkVTIhuIsvL5NWreo6Vff2rFK/zOMowiEcwQm4cA51uIEGNIFACs/wCm/Wk/VivVsf89aClc8cwB9Ynz9vs5D8</latexit><latexit sha1_base64="w6TW55pwnaglP40vcLL/0xYp5VM=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInmpSBD0W9eCxiv2ANpbNdpMu3WzC7kaoob/EiwdFvPpTvPlv3LY5aOuDgcd7M8zM8xPOlHacb6uwsrq2vlHcLG1t7+yW7b39lopTSWiTxDyWHR8rypmgTc00p51EUhz5nLb90dXUbz9SqVgs7vU4oV6EQ8ECRrA2Ut8uj9DdQw2domvUC0Pk9u2KU3VmQMvEzUkFcjT69ldvEJM0okITjpXquk6ivQxLzQink1IvVTTBZIRD2jVU4IgqL5sdPkHHRhmgIJamhEYz9fdEhiOlxpFvOiOsh2rRm4r/ed1UBxdexkSSairIfFGQcqRjNE0BDZikRPOxIZhIZm5FZIglJtpkVTIhuIsvL5NWreo6Vff2rFK/zOMowiEcwQm4cA51uIEGNIFACs/wCm/Wk/VivVsf89aClc8cwB9Ynz9vs5D8</latexit>

Fresnel diffraction: Near fieldkR2/D ⇡ 1
<latexit sha1_base64="T+fetIu/Uzd2nK13MmkEUYvkNrI=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFc1Zki6LKoC5dV7APasWTSTBuaSUKSEYeh/oobF4q49UPc+Tem7Sy09cCFwzn3cu89oWRUG8/7dpaWV1bX1gsbxc2t7Z1dd2+/qUWiMGlgwYRqh0gTRjlpGGoYaUtFUBwy0gpHlxO/9UCUpoLfmVSSIEYDTiOKkbFSzy2N4O19FZ7AK9hFUirxCP2eW/Yq3hRwkfg5KYMc9Z771e0LnMSEG8yQ1h3fkybIkDIUMzIudhNNJMIjNCAdSzmKiQ6y6fFjeGSVPoyEssUNnKq/JzIUa53Goe2MkRnqeW8i/ud1EhOdBxnlMjGE49miKGHQCDhJAvapItiw1BKEFbW3QjxECmFj8yraEPz5lxdJs1rxvYp/c1quXeRxFMABOATHwAdnoAauQR00AAYpeAav4M15cl6cd+dj1rrk5DMl8AfO5w/RgZLw</latexit><latexit sha1_base64="T+fetIu/Uzd2nK13MmkEUYvkNrI=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFc1Zki6LKoC5dV7APasWTSTBuaSUKSEYeh/oobF4q49UPc+Tem7Sy09cCFwzn3cu89oWRUG8/7dpaWV1bX1gsbxc2t7Z1dd2+/qUWiMGlgwYRqh0gTRjlpGGoYaUtFUBwy0gpHlxO/9UCUpoLfmVSSIEYDTiOKkbFSzy2N4O19FZ7AK9hFUirxCP2eW/Yq3hRwkfg5KYMc9Z771e0LnMSEG8yQ1h3fkybIkDIUMzIudhNNJMIjNCAdSzmKiQ6y6fFjeGSVPoyEssUNnKq/JzIUa53Goe2MkRnqeW8i/ud1EhOdBxnlMjGE49miKGHQCDhJAvapItiw1BKEFbW3QjxECmFj8yraEPz5lxdJs1rxvYp/c1quXeRxFMABOATHwAdnoAauQR00AAYpeAav4M15cl6cd+dj1rrk5DMl8AfO5w/RgZLw</latexit><latexit sha1_base64="T+fetIu/Uzd2nK13MmkEUYvkNrI=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFc1Zki6LKoC5dV7APasWTSTBuaSUKSEYeh/oobF4q49UPc+Tem7Sy09cCFwzn3cu89oWRUG8/7dpaWV1bX1gsbxc2t7Z1dd2+/qUWiMGlgwYRqh0gTRjlpGGoYaUtFUBwy0gpHlxO/9UCUpoLfmVSSIEYDTiOKkbFSzy2N4O19FZ7AK9hFUirxCP2eW/Yq3hRwkfg5KYMc9Z771e0LnMSEG8yQ1h3fkybIkDIUMzIudhNNJMIjNCAdSzmKiQ6y6fFjeGSVPoyEssUNnKq/JzIUa53Goe2MkRnqeW8i/ud1EhOdBxnlMjGE49miKGHQCDhJAvapItiw1BKEFbW3QjxECmFj8yraEPz5lxdJs1rxvYp/c1quXeRxFMABOATHwAdnoAauQR00AAYpeAav4M15cl6cd+dj1rrk5DMl8AfO5w/RgZLw</latexit><latexit sha1_base64="T+fetIu/Uzd2nK13MmkEUYvkNrI=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFc1Zki6LKoC5dV7APasWTSTBuaSUKSEYeh/oobF4q49UPc+Tem7Sy09cCFwzn3cu89oWRUG8/7dpaWV1bX1gsbxc2t7Z1dd2+/qUWiMGlgwYRqh0gTRjlpGGoYaUtFUBwy0gpHlxO/9UCUpoLfmVSSIEYDTiOKkbFSzy2N4O19FZ7AK9hFUirxCP2eW/Yq3hRwkfg5KYMc9Z771e0LnMSEG8yQ1h3fkybIkDIUMzIudhNNJMIjNCAdSzmKiQ6y6fFjeGSVPoyEssUNnKq/JzIUa53Goe2MkRnqeW8i/ud1EhOdBxnlMjGE49miKGHQCDhJAvapItiw1BKEFbW3QjxECmFj8yraEPz5lxdJs1rxvYp/c1quXeRxFMABOATHwAdnoAauQR00AAYpeAav4M15cl6cd+dj1rrk5DMl8AfO5w/RgZLw</latexit>
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U(x, y, z) = � ik

2⇡
U0

eikr

r

Z
d2b�(b) e�iqb

<latexit sha1_base64="viVJr90Y+xHxIibk7ziZRj1jBfM="></latexit><latexit sha1_base64="viVJr90Y+xHxIibk7ziZRj1jBfM="></latexit><latexit sha1_base64="viVJr90Y+xHxIibk7ziZRj1jBfM="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="2RE+3RWGDp3FFisU0Fq4WmQhVT8="></latexit><latexit sha1_base64="2RE+3RWGDp3FFisU0Fq4WmQhVT8="></latexit><latexit sha1_base64="L19GTnJ8w0Lpc6SSNVlUATHb0xU="></latexit><latexit sha1_base64="viVJr90Y+xHxIibk7ziZRj1jBfM="></latexit><latexit sha1_base64="viVJr90Y+xHxIibk7ziZRj1jBfM="></latexit><latexit sha1_base64="viVJr90Y+xHxIibk7ziZRj1jBfM="></latexit><latexit sha1_base64="viVJr90Y+xHxIibk7ziZRj1jBfM="></latexit><latexit sha1_base64="viVJr90Y+xHxIibk7ziZRj1jBfM="></latexit><latexit sha1_base64="viVJr90Y+xHxIibk7ziZRj1jBfM="></latexit>

For the hole in the screen:

�(b)
<latexit sha1_base64="MkOz9IPu/8Hdx5j4UVPMKKcODrw=">AAAB+XicbVBNS8NAEN34WetX1KOXxSLUS0lE0GPRgx4r2A9oQplsN+3S3U3Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzopQzbTzv21lb39jc2i7tlHf39g8O3aPjlk4yRWiTJDxRnQg05UzSpmGG006qKIiI03Y0upv57TFVmiXyyUxSGgoYSBYzAsZKPdcN7kEIqOZBFONoeoF7bsWreXPgVeIXpIIKNHruV9BPSCaoNISD1l3fS02YgzKMcDotB5mmKZARDGjXUgmC6jCfXz7F51bp4zhRtqTBc/X3RA5C64mIbKcAM9TL3kz8z+tmJr4JcybTzFBJFovijGOT4FkMuM8UJYZPLAGimL0VkyEoIMaGVbYh+Msvr5LWZc33av7jVaV+W8RRQqfoDFWRj65RHT2gBmoigsboGb2iNyd3Xpx352PRuuYUMyfoD5zPHwfXkpk=</latexit><latexit sha1_base64="MkOz9IPu/8Hdx5j4UVPMKKcODrw=">AAAB+XicbVBNS8NAEN34WetX1KOXxSLUS0lE0GPRgx4r2A9oQplsN+3S3U3Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzopQzbTzv21lb39jc2i7tlHf39g8O3aPjlk4yRWiTJDxRnQg05UzSpmGG006qKIiI03Y0upv57TFVmiXyyUxSGgoYSBYzAsZKPdcN7kEIqOZBFONoeoF7bsWreXPgVeIXpIIKNHruV9BPSCaoNISD1l3fS02YgzKMcDotB5mmKZARDGjXUgmC6jCfXz7F51bp4zhRtqTBc/X3RA5C64mIbKcAM9TL3kz8z+tmJr4JcybTzFBJFovijGOT4FkMuM8UJYZPLAGimL0VkyEoIMaGVbYh+Msvr5LWZc33av7jVaV+W8RRQqfoDFWRj65RHT2gBmoigsboGb2iNyd3Xpx352PRuuYUMyfoD5zPHwfXkpk=</latexit><latexit sha1_base64="MkOz9IPu/8Hdx5j4UVPMKKcODrw=">AAAB+XicbVBNS8NAEN34WetX1KOXxSLUS0lE0GPRgx4r2A9oQplsN+3S3U3Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzopQzbTzv21lb39jc2i7tlHf39g8O3aPjlk4yRWiTJDxRnQg05UzSpmGG006qKIiI03Y0upv57TFVmiXyyUxSGgoYSBYzAsZKPdcN7kEIqOZBFONoeoF7bsWreXPgVeIXpIIKNHruV9BPSCaoNISD1l3fS02YgzKMcDotB5mmKZARDGjXUgmC6jCfXz7F51bp4zhRtqTBc/X3RA5C64mIbKcAM9TL3kz8z+tmJr4JcybTzFBJFovijGOT4FkMuM8UJYZPLAGimL0VkyEoIMaGVbYh+Msvr5LWZc33av7jVaV+W8RRQqfoDFWRj65RHT2gBmoigsboGb2iNyd3Xpx352PRuuYUMyfoD5zPHwfXkpk=</latexit><latexit sha1_base64="MkOz9IPu/8Hdx5j4UVPMKKcODrw=">AAAB+XicbVBNS8NAEN34WetX1KOXxSLUS0lE0GPRgx4r2A9oQplsN+3S3U3Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzopQzbTzv21lb39jc2i7tlHf39g8O3aPjlk4yRWiTJDxRnQg05UzSpmGG006qKIiI03Y0upv57TFVmiXyyUxSGgoYSBYzAsZKPdcN7kEIqOZBFONoeoF7bsWreXPgVeIXpIIKNHruV9BPSCaoNISD1l3fS02YgzKMcDotB5mmKZARDGjXUgmC6jCfXz7F51bp4zhRtqTBc/X3RA5C64mIbKcAM9TL3kz8z+tmJr4JcybTzFBJFovijGOT4FkMuM8UJYZPLAGimL0VkyEoIMaGVbYh+Msvr5LWZc33av7jVaV+W8RRQqfoDFWRj65RHT2gBmoigsboGb2iNyd3Xpx352PRuuYUMyfoD5zPHwfXkpk=</latexit>

Profile function

q ⇡ k0 � k
<latexit sha1_base64="bi5i7g7BQbCnY+yNACiQcjwsrc0=">AAACCXicbZC7TsMwFIYdrqXcAowsFhWChSpBSDBWsDAWiV6kJqoc12mtOraxHUQVZWXhVVgYQIiVN2DjbXDbDNDyS5Y+/+cc2eePJKPaeN63s7C4tLyyWlorr29sbm27O7tNLVKFSQMLJlQ7QpowyknDUMNIWyqCkoiRVjS8Gtdb90RpKvitGUkSJqjPaUwxMtbqujALohje5TBAUirxML0P86OTArpuxat6E8F58AuogEL1rvsV9AROE8INZkjrju9JE2ZIGYoZyctBqolEeIj6pGORo4ToMJtsksND6/RgLJQ93MCJ+3siQ4nWoySynQkyAz1bG5v/1TqpiS/CjHKZGsLx9KE4ZdAIOI4F9qgi2LCRBYQVtX+FeIAUwsaGV7Yh+LMrz0PztOp7Vf/mrFK7LOIogX1wAI6BD85BDVyDOmgADB7BM3gFb86T8+K8Ox/T1gWnmNkDf+R8/gBRhJlw</latexit><latexit sha1_base64="bi5i7g7BQbCnY+yNACiQcjwsrc0=">AAACCXicbZC7TsMwFIYdrqXcAowsFhWChSpBSDBWsDAWiV6kJqoc12mtOraxHUQVZWXhVVgYQIiVN2DjbXDbDNDyS5Y+/+cc2eePJKPaeN63s7C4tLyyWlorr29sbm27O7tNLVKFSQMLJlQ7QpowyknDUMNIWyqCkoiRVjS8Gtdb90RpKvitGUkSJqjPaUwxMtbqujALohje5TBAUirxML0P86OTArpuxat6E8F58AuogEL1rvsV9AROE8INZkjrju9JE2ZIGYoZyctBqolEeIj6pGORo4ToMJtsksND6/RgLJQ93MCJ+3siQ4nWoySynQkyAz1bG5v/1TqpiS/CjHKZGsLx9KE4ZdAIOI4F9qgi2LCRBYQVtX+FeIAUwsaGV7Yh+LMrz0PztOp7Vf/mrFK7LOIogX1wAI6BD85BDVyDOmgADB7BM3gFb86T8+K8Ox/T1gWnmNkDf+R8/gBRhJlw</latexit><latexit sha1_base64="bi5i7g7BQbCnY+yNACiQcjwsrc0=">AAACCXicbZC7TsMwFIYdrqXcAowsFhWChSpBSDBWsDAWiV6kJqoc12mtOraxHUQVZWXhVVgYQIiVN2DjbXDbDNDyS5Y+/+cc2eePJKPaeN63s7C4tLyyWlorr29sbm27O7tNLVKFSQMLJlQ7QpowyknDUMNIWyqCkoiRVjS8Gtdb90RpKvitGUkSJqjPaUwxMtbqujALohje5TBAUirxML0P86OTArpuxat6E8F58AuogEL1rvsV9AROE8INZkjrju9JE2ZIGYoZyctBqolEeIj6pGORo4ToMJtsksND6/RgLJQ93MCJ+3siQ4nWoySynQkyAz1bG5v/1TqpiS/CjHKZGsLx9KE4ZdAIOI4F9qgi2LCRBYQVtX+FeIAUwsaGV7Yh+LMrz0PztOp7Vf/mrFK7LOIogX1wAI6BD85BDVyDOmgADB7BM3gFb86T8+K8Ox/T1gWnmNkDf+R8/gBRhJlw</latexit><latexit sha1_base64="bi5i7g7BQbCnY+yNACiQcjwsrc0=">AAACCXicbZC7TsMwFIYdrqXcAowsFhWChSpBSDBWsDAWiV6kJqoc12mtOraxHUQVZWXhVVgYQIiVN2DjbXDbDNDyS5Y+/+cc2eePJKPaeN63s7C4tLyyWlorr29sbm27O7tNLVKFSQMLJlQ7QpowyknDUMNIWyqCkoiRVjS8Gtdb90RpKvitGUkSJqjPaUwxMtbqujALohje5TBAUirxML0P86OTArpuxat6E8F58AuogEL1rvsV9AROE8INZkjrju9JE2ZIGYoZyctBqolEeIj6pGORo4ToMJtsksND6/RgLJQ93MCJ+3siQ4nWoySynQkyAz1bG5v/1TqpiS/CjHKZGsLx9KE4ZdAIOI4F9qgi2LCRBYQVtX+FeIAUwsaGV7Yh+LMrz0PztOp7Vf/mrFK7LOIogX1wAI6BD85BDVyDOmgADB7BM3gFb86T8+K8Ox/T1gWnmNkDf+R8/gBRhJlw</latexit>

Momentum transfer (2 dimensional vector)

k0
<latexit sha1_base64="Z0+ng2QaGXjlk67dXGGWlgdTdB0=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbRU0lE0GPRi8cK9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHstHM0nQj+hA8pAzaqzUzrpBSEbT81654lbdOcgq8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFrqphoTykZ0gB1LJY1Q+9n83ik5s0qfhLGyJQ2Zq78nMhppPYkC2xlRM9TL3kz8z+ukJrzxMy6T1KBki0VhKoiJyex50ucKmRETSyhT3N5K2JAqyoyNqGRD8JZfXiXNy6rnVr2Hq0rtNo+jCCdwChfgwTXU4B7q0AAGAp7hFd6csfPivDsfi9aCk88cwx84nz99/I+Y</latexit><latexit sha1_base64="Z0+ng2QaGXjlk67dXGGWlgdTdB0=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbRU0lE0GPRi8cK9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHstHM0nQj+hA8pAzaqzUzrpBSEbT81654lbdOcgq8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFrqphoTykZ0gB1LJY1Q+9n83ik5s0qfhLGyJQ2Zq78nMhppPYkC2xlRM9TL3kz8z+ukJrzxMy6T1KBki0VhKoiJyex50ucKmRETSyhT3N5K2JAqyoyNqGRD8JZfXiXNy6rnVr2Hq0rtNo+jCCdwChfgwTXU4B7q0AAGAp7hFd6csfPivDsfi9aCk88cwx84nz99/I+Y</latexit><latexit sha1_base64="Z0+ng2QaGXjlk67dXGGWlgdTdB0=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbRU0lE0GPRi8cK9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHstHM0nQj+hA8pAzaqzUzrpBSEbT81654lbdOcgq8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFrqphoTykZ0gB1LJY1Q+9n83ik5s0qfhLGyJQ2Zq78nMhppPYkC2xlRM9TL3kz8z+ukJrzxMy6T1KBki0VhKoiJyex50ucKmRETSyhT3N5K2JAqyoyNqGRD8JZfXiXNy6rnVr2Hq0rtNo+jCCdwChfgwTXU4B7q0AAGAp7hFd6csfPivDsfi9aCk88cwx84nz99/I+Y</latexit><latexit sha1_base64="Z0+ng2QaGXjlk67dXGGWlgdTdB0=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbRU0lE0GPRi8cK9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHstHM0nQj+hA8pAzaqzUzrpBSEbT81654lbdOcgq8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFrqphoTykZ0gB1LJY1Q+9n83ik5s0qfhLGyJQ2Zq78nMhppPYkC2xlRM9TL3kz8z+ukJrzxMy6T1KBki0VhKoiJyex50ucKmRETSyhT3N5K2JAqyoyNqGRD8JZfXiXNy6rnVr2Hq0rtNo+jCCdwChfgwTXU4B7q0AAGAp7hFd6csfPivDsfi9aCk88cwx84nz99/I+Y</latexit>

Outgoing wave vectorIncoming wave vectork
<latexit sha1_base64="qxIXx+bnCLB217OdtCCd0A2U5ZA=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Ae0oWy2m3bJZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6jhUijeRoGS91LNaRxI3g2iu7nffeLaiEQ94jTlfkzHSoSCUbRSNx8EIYlmw2rNrbsLkHXiFaQGBVrD6tdglLAs5gqZpMb0PTdFP6caBZN8VhlkhqeURXTM+5YqGnPj54tzZ+TCKiMSJtqWQrJQf0/kNDZmGge2M6Y4MaveXPzP62cY3vi5UGmGXLHlojCTBBMy/52MhOYM5dQSyrSwtxI2oZoytAlVbAje6svrpHNV99y693Bda94WcZThDM7hEjxoQBPuoQVtYBDBM7zCm5M6L86787FsLTnFzCn8gfP5AxtJj2c=</latexit><latexit sha1_base64="qxIXx+bnCLB217OdtCCd0A2U5ZA=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Ae0oWy2m3bJZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6jhUijeRoGS91LNaRxI3g2iu7nffeLaiEQ94jTlfkzHSoSCUbRSNx8EIYlmw2rNrbsLkHXiFaQGBVrD6tdglLAs5gqZpMb0PTdFP6caBZN8VhlkhqeURXTM+5YqGnPj54tzZ+TCKiMSJtqWQrJQf0/kNDZmGge2M6Y4MaveXPzP62cY3vi5UGmGXLHlojCTBBMy/52MhOYM5dQSyrSwtxI2oZoytAlVbAje6svrpHNV99y693Bda94WcZThDM7hEjxoQBPuoQVtYBDBM7zCm5M6L86787FsLTnFzCn8gfP5AxtJj2c=</latexit><latexit sha1_base64="qxIXx+bnCLB217OdtCCd0A2U5ZA=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Ae0oWy2m3bJZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6jhUijeRoGS91LNaRxI3g2iu7nffeLaiEQ94jTlfkzHSoSCUbRSNx8EIYlmw2rNrbsLkHXiFaQGBVrD6tdglLAs5gqZpMb0PTdFP6caBZN8VhlkhqeURXTM+5YqGnPj54tzZ+TCKiMSJtqWQrJQf0/kNDZmGge2M6Y4MaveXPzP62cY3vi5UGmGXLHlojCTBBMy/52MhOYM5dQSyrSwtxI2oZoytAlVbAje6svrpHNV99y693Bda94WcZThDM7hEjxoQBPuoQVtYBDBM7zCm5M6L86787FsLTnFzCn8gfP5AxtJj2c=</latexit><latexit sha1_base64="qxIXx+bnCLB217OdtCCd0A2U5ZA=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Ae0oWy2m3bJZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6jhUijeRoGS91LNaRxI3g2iu7nffeLaiEQ94jTlfkzHSoSCUbRSNx8EIYlmw2rNrbsLkHXiFaQGBVrD6tdglLAs5gqZpMb0PTdFP6caBZN8VhlkhqeURXTM+5YqGnPj54tzZ+TCKiMSJtqWQrJQf0/kNDZmGge2M6Y4MaveXPzP62cY3vi5UGmGXLHlojCTBBMy/52MhOYM5dQSyrSwtxI2oZoytAlVbAje6svrpHNV99y693Bda94WcZThDM7hEjxoQBPuoQVtYBDBM7zCm5M6L86787FsLTnFzCn8gfP5AxtJj2c=</latexit>

�(b) =

(
1, on ⌃0

0, outside ⌃0
<latexit sha1_base64="eP4mpg7TCpsBFtYk1KY+FHSlNbo="></latexit><latexit sha1_base64="eP4mpg7TCpsBFtYk1KY+FHSlNbo="></latexit><latexit sha1_base64="eP4mpg7TCpsBFtYk1KY+FHSlNbo="></latexit><latexit sha1_base64="eP4mpg7TCpsBFtYk1KY+FHSlNbo="></latexit>

For the hole:

Fraunhofer diffraction

8



Anna Staśto, Diffraction in hadronic collisions, NCBJ, May 16  2022

Babinet’s principle:

Screen with a hole Obstacle with the same  
size and shape as a hole

S1 S2

Waves diffracted by a hole S1 and obstacle S2  must combine to 
reconstruct the incident wave front.

Diffraction off an obstacle

Play 2ikz
µ xyz Moe g
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rum b
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Play 2ikz
µ xyz Moe g

mud r
rum b

my

my
7 DR e 7

mm
mm

mmmm

my mm
mmmm

mm mm7

Diffraction patterns away from incident direction are the same for 
screen with hole and complementary obstacle.
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U(x, y, z) = Uinc + Uscat
<latexit sha1_base64="22IFNej7g8j+EGuvHfzPBTaeduc=">AAACDHicbVDNSgMxGMzWv1r/qh69BItQsZRdEfQiFL14rOC2hXYp2TTbhibZJcmKddkH8OKrePGgiFcfwJtvY7ruQVsHAsPMfHz5xo8YVdq2v6zCwuLS8kpxtbS2vrG5Vd7eaakwlpi4OGSh7PhIEUYFcTXVjHQiSRD3GWn748up374lUtFQ3OhJRDyOhoIGFCNtpH654lbvapPa/SE8h24/6UkOqcDpUc6VyaUmZdftDHCeODmpgBzNfvmzNwhxzInQmCGluo4daS9BUlPMSFrqxYpECI/RkHQNFYgT5SXZMSk8MMoABqE0T2iYqb8nEsSVmnDfJDnSIzXrTcX/vG6sgzMvoSKKNTEnZouCmEEdwmkzcEAlwZpNDEFYUvNXiEdIIqxNfyVTgjN78jxpHdcdu+5cn1QaF3kdRbAH9kEVOOAUNMAVaAIXYPAAnsALeLUerWfrzXr/iRasfGYX/IH18Q2JkJoN</latexit><latexit sha1_base64="22IFNej7g8j+EGuvHfzPBTaeduc=">AAACDHicbVDNSgMxGMzWv1r/qh69BItQsZRdEfQiFL14rOC2hXYp2TTbhibZJcmKddkH8OKrePGgiFcfwJtvY7ruQVsHAsPMfHz5xo8YVdq2v6zCwuLS8kpxtbS2vrG5Vd7eaakwlpi4OGSh7PhIEUYFcTXVjHQiSRD3GWn748up374lUtFQ3OhJRDyOhoIGFCNtpH654lbvapPa/SE8h24/6UkOqcDpUc6VyaUmZdftDHCeODmpgBzNfvmzNwhxzInQmCGluo4daS9BUlPMSFrqxYpECI/RkHQNFYgT5SXZMSk8MMoABqE0T2iYqb8nEsSVmnDfJDnSIzXrTcX/vG6sgzMvoSKKNTEnZouCmEEdwmkzcEAlwZpNDEFYUvNXiEdIIqxNfyVTgjN78jxpHdcdu+5cn1QaF3kdRbAH9kEVOOAUNMAVaAIXYPAAnsALeLUerWfrzXr/iRasfGYX/IH18Q2JkJoN</latexit><latexit sha1_base64="22IFNej7g8j+EGuvHfzPBTaeduc=">AAACDHicbVDNSgMxGMzWv1r/qh69BItQsZRdEfQiFL14rOC2hXYp2TTbhibZJcmKddkH8OKrePGgiFcfwJtvY7ruQVsHAsPMfHz5xo8YVdq2v6zCwuLS8kpxtbS2vrG5Vd7eaakwlpi4OGSh7PhIEUYFcTXVjHQiSRD3GWn748up374lUtFQ3OhJRDyOhoIGFCNtpH654lbvapPa/SE8h24/6UkOqcDpUc6VyaUmZdftDHCeODmpgBzNfvmzNwhxzInQmCGluo4daS9BUlPMSFrqxYpECI/RkHQNFYgT5SXZMSk8MMoABqE0T2iYqb8nEsSVmnDfJDnSIzXrTcX/vG6sgzMvoSKKNTEnZouCmEEdwmkzcEAlwZpNDEFYUvNXiEdIIqxNfyVTgjN78jxpHdcdu+5cn1QaF3kdRbAH9kEVOOAUNMAVaAIXYPAAnsALeLUerWfrzXr/iRasfGYX/IH18Q2JkJoN</latexit><latexit sha1_base64="22IFNej7g8j+EGuvHfzPBTaeduc=">AAACDHicbVDNSgMxGMzWv1r/qh69BItQsZRdEfQiFL14rOC2hXYp2TTbhibZJcmKddkH8OKrePGgiFcfwJtvY7ruQVsHAsPMfHz5xo8YVdq2v6zCwuLS8kpxtbS2vrG5Vd7eaakwlpi4OGSh7PhIEUYFcTXVjHQiSRD3GWn748up374lUtFQ3OhJRDyOhoIGFCNtpH654lbvapPa/SE8h24/6UkOqcDpUc6VyaUmZdftDHCeODmpgBzNfvmzNwhxzInQmCGluo4daS9BUlPMSFrqxYpECI/RkHQNFYgT5SXZMSk8MMoABqE0T2iYqb8nEsSVmnDfJDnSIzXrTcX/vG6sgzMvoSKKNTEnZouCmEEdwmkzcEAlwZpNDEFYUvNXiEdIIqxNfyVTgjN78jxpHdcdu+5cn1QaF3kdRbAH9kEVOOAUNMAVaAIXYPAAnsALeLUerWfrzXr/iRasfGYX/IH18Q2JkJoN</latexit>

U(x, y, z) = U0(e
ikz + f(q)

eikr

r
)

<latexit sha1_base64="EXX3m+Q4SBoReTmC4wzhQp8eZM8="></latexit><latexit sha1_base64="EXX3m+Q4SBoReTmC4wzhQp8eZM8="></latexit><latexit sha1_base64="EXX3m+Q4SBoReTmC4wzhQp8eZM8="></latexit><latexit sha1_base64="EXX3m+Q4SBoReTmC4wzhQp8eZM8="></latexit>

f(q) =
ik

2⇡

Z
d2b�(b) e�iq·b

<latexit sha1_base64="YOX5u/YL+DK+ffvNT2jGRSgweJg="></latexit><latexit sha1_base64="YOX5u/YL+DK+ffvNT2jGRSgweJg="></latexit><latexit sha1_base64="YOX5u/YL+DK+ffvNT2jGRSgweJg="></latexit><latexit sha1_base64="YOX5u/YL+DK+ffvNT2jGRSgweJg="></latexit>

Scattering amplitude

Scattering amplitude is Fourier transform of the profile function. 
Profile function is inverse Fourier transform of the scattering amplitude.

Play 2ikz
µ xyz Moe g

mud r
rum b

my

my
7 DR e 7

mm
mm

mmmm

my mm
mmmm

mm mm7

Diffraction off an obstacle

�(b) =
1

2⇡ik

Z
d2b f(q) eiq·b

<latexit sha1_base64="IZNZGUSSwILWNINs2TRWETSDtOk="></latexit><latexit sha1_base64="IZNZGUSSwILWNINs2TRWETSDtOk="></latexit><latexit sha1_base64="IZNZGUSSwILWNINs2TRWETSDtOk="></latexit><latexit sha1_base64="IZNZGUSSwILWNINs2TRWETSDtOk="></latexit>
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Diffraction patterns

Circular aperture Rectangular aperture

The diffraction pattern (far away from obstacle)  is a Fourier transform of 
the apertured field.

Source: Wikipedia

Author: Wisky

Source: Wikipedia

Author: Epzcaw
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Diffraction pattern

12

Photo 51

Diffraction can provide very detailed information about the structure of an object. 

The object cannot be destroyed in this process.

Gosling-Franklin 

Source: Wikipedia


Watson-Crick 

Source: Office of Biological and Environmental Research

 of the U.S. Department of Energy Office of Science 




Anna Staśto, Diffraction in hadronic collisions, NCBJ, May 16  2022

Diffraction in hadronic / nuclear physics
In quantum physics: propagation and interaction of particles  as an 

absorption of the various components of their wavefunction 

Electron - hadron(nucleus) scattering (like at EIC)

Target (proton) is intact 
Activity in central regionProton is fragmented (inelastic process)

13
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Scattering at ep collider HERA

HERA:  (1992-2007) 
27.5 GeV electrons/positrons 
820/920 GeV protons 
318 GeV CoM energy 
Lumi: 1031 cm-2 s-1 

Electrons, positrons and protons 

e (27.5 GeV) 

P (920 GeV) 

Equivalent to a 50 TeV beam on 
a fixed target proton 
~2500 times more than SLAC! 

Around 500 pb-1 per experiment 

HERA (1992-2007) 

… the only ever 
collider of electron 
beams with proton 
beams 

ZEUS 

e (27.5 GeV) 

P (920 GeV) 

Physics: 
Structure functions 
Parton density functions 
Established growth of gluon with 
decreasing Bjorken x 
Measurement of coupling constant 
Diffraction 
Jets, heavy quarks 
BSM searches

Low luminosity/limited statistics, no nuclei, no polarized beams

14
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Future DIS machines EIC
EIC: 5-20 GeV electrons 
20-140 GeV CoM energy 
Lumi: 1034 cm-2 s-1 

Polarized e,p,d,3He 
Wide range of nuclei 
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LHeC: 60(50) GeV electrons x 
LHC protons and ions 
1.3 TeV CoM energy for ep 
812 GeV CoM for ePb 
Lumi: 1034 cm-2 s-1 

Simultaneous running with ATLAS 
and CMS in HL-LHC period

FCC-ep: 60(50) GeV 
electrons x 50 TeV protons 
from FCC, lead beams 19.7 
TeV/per nucleon  
3.5 TeV CoM energy for ep 
2.2 TeV CoM for ePb 
Lumi: 1034 cm-2 s-1 

LHeC, PERLE and FCC-eh

50 x 7000 GeV2: 1.2 TeV ep collider

Operation: 2035+, Cost: O(1) BCHF

CDR: 1206.2913 J.Phys.G (550 citations)

Upgrade to 1034 cm-2s-1, for Higgs, BSM

CERN-ACC-Note-2018-0084 (ESSP)

arXiv:2007.14491, subm J.Phys.G

Powerful ERL for Experiments @ Orsay

CDR: 1705.08783 J.Phys.G

CERN-ACC-Note-2018-0086 (ESSP)

Operation: 2025+, Cost: O(20) MEuro

LHeC ERL Parameters and Configuration

Ie=20mA, 802 MHz SRF, 3 turns à

Ee=500 MeV à first 10 MW ERL facility

BINP, CERN, Daresbury, Jlab, Liverpool, Orsay (IJC), +

60 x 50000 GeV2: 3.5 TeV ep collider

Operation: 2050+, Cost (of ep) O(1-2) BCHF

Concurrent Operation with FCC-hh

FCC CDR: 

Eur.Phys.J.ST 228 (2019) 6, 474 Physics

Eur.Phys.J.ST 228 (2019) 4, 755 FCC-hh/eh

Future CERN Colliders: 1810.13022 Bordry+

LHeC, PERLE and FCC-eh

50 x 7000 GeV2: 1.2 TeV ep collider

Operation: 2035+, Cost: O(1) BCHF

CDR: 1206.2913 J.Phys.G (550 citations)

Upgrade to 1034 cm-2s-1, for Higgs, BSM

CERN-ACC-Note-2018-0084 (ESSP)

arXiv:2007.14491, subm J.Phys.G

Powerful ERL for Experiments @ Orsay

CDR: 1705.08783 J.Phys.G

CERN-ACC-Note-2018-0086 (ESSP)

Operation: 2025+, Cost: O(20) MEuro

LHeC ERL Parameters and Configuration

Ie=20mA, 802 MHz SRF, 3 turns à

Ee=500 MeV à first 10 MW ERL facility

BINP, CERN, Daresbury, Jlab, Liverpool, Orsay (IJC), +

60 x 50000 GeV2: 3.5 TeV ep collider

Operation: 2050+, Cost (of ep) O(1-2) BCHF

Concurrent Operation with FCC-hh

FCC CDR: 

Eur.Phys.J.ST 228 (2019) 6, 474 Physics

Eur.Phys.J.ST 228 (2019) 4, 755 FCC-hh/eh

Future CERN Colliders: 1810.13022 Bordry+

Future DIS machines LHeC, FCC-eh at CERN
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Scattering at ep collider HERA
Non-diffractive DIS event
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Diffraction at HERA

10% events at HERA were of diffractive type 

Large portion of the detector void of any particle activity: rapidity gap 

Proton stays intact despite undergoing violent collision with a 50 TeV electron (in its rest frame)

18



Anna Staśto, Diffraction in hadronic collisions, NCBJ, May 16  2022

Rapidity: recap

y =
1

2
ln

E + pz
E � pz

<latexit sha1_base64="o3AVqWOEwM2jpBu/xjgmkf99xWI=">AAACEHicbVBNS8MwGE7n15xfVY9egkMUxNEOQS/CUAYeJ7gPWMtIs3QLS9OSpEIt/Qle/CtePCji1aM3/43p1oNOHwh58jzvy5v38SJGpbKsL6O0sLi0vFJeraytb2xumds7HRnGApM2Dlkoeh6ShFFO2ooqRnqRICjwGOl6k6vc794RIWnIb1USETdAI059ipHS0sA8TOAFdHyBcGpnaT2DDuPFu3kcDe6ztHmSXwOzatWsKeBfYhekCgq0BuanMwxxHBCuMENS9m0rUm6KhKKYkazixJJECE/QiPQ15Sgg0k2nC2XwQCtD6IdCH67gVP3ZkaJAyiTwdGWA1FjOe7n4n9ePlX/uppRHsSIczwb5MYMqhHk6cEgFwYolmiAsqP4rxGOk01A6w4oOwZ5f+S/p1Gu2VbNvTquNyyKOMtgD++AI2OAMNMA1aIE2wOABPIEX8Go8Gs/Gm/E+Ky0ZRc8u+AXj4xuAn5xE</latexit><latexit sha1_base64="o3AVqWOEwM2jpBu/xjgmkf99xWI=">AAACEHicbVBNS8MwGE7n15xfVY9egkMUxNEOQS/CUAYeJ7gPWMtIs3QLS9OSpEIt/Qle/CtePCji1aM3/43p1oNOHwh58jzvy5v38SJGpbKsL6O0sLi0vFJeraytb2xumds7HRnGApM2Dlkoeh6ShFFO2ooqRnqRICjwGOl6k6vc794RIWnIb1USETdAI059ipHS0sA8TOAFdHyBcGpnaT2DDuPFu3kcDe6ztHmSXwOzatWsKeBfYhekCgq0BuanMwxxHBCuMENS9m0rUm6KhKKYkazixJJECE/QiPQ15Sgg0k2nC2XwQCtD6IdCH67gVP3ZkaJAyiTwdGWA1FjOe7n4n9ePlX/uppRHsSIczwb5MYMqhHk6cEgFwYolmiAsqP4rxGOk01A6w4oOwZ5f+S/p1Gu2VbNvTquNyyKOMtgD++AI2OAMNMA1aIE2wOABPIEX8Go8Gs/Gm/E+Ky0ZRc8u+AXj4xuAn5xE</latexit><latexit sha1_base64="o3AVqWOEwM2jpBu/xjgmkf99xWI=">AAACEHicbVBNS8MwGE7n15xfVY9egkMUxNEOQS/CUAYeJ7gPWMtIs3QLS9OSpEIt/Qle/CtePCji1aM3/43p1oNOHwh58jzvy5v38SJGpbKsL6O0sLi0vFJeraytb2xumds7HRnGApM2Dlkoeh6ShFFO2ooqRnqRICjwGOl6k6vc794RIWnIb1USETdAI059ipHS0sA8TOAFdHyBcGpnaT2DDuPFu3kcDe6ztHmSXwOzatWsKeBfYhekCgq0BuanMwxxHBCuMENS9m0rUm6KhKKYkazixJJECE/QiPQ15Sgg0k2nC2XwQCtD6IdCH67gVP3ZkaJAyiTwdGWA1FjOe7n4n9ePlX/uppRHsSIczwb5MYMqhHk6cEgFwYolmiAsqP4rxGOk01A6w4oOwZ5f+S/p1Gu2VbNvTquNyyKOMtgD++AI2OAMNMA1aIE2wOABPIEX8Go8Gs/Gm/E+Ky0ZRc8u+AXj4xuAn5xE</latexit><latexit sha1_base64="o3AVqWOEwM2jpBu/xjgmkf99xWI=">AAACEHicbVBNS8MwGE7n15xfVY9egkMUxNEOQS/CUAYeJ7gPWMtIs3QLS9OSpEIt/Qle/CtePCji1aM3/43p1oNOHwh58jzvy5v38SJGpbKsL6O0sLi0vFJeraytb2xumds7HRnGApM2Dlkoeh6ShFFO2ooqRnqRICjwGOl6k6vc794RIWnIb1USETdAI059ipHS0sA8TOAFdHyBcGpnaT2DDuPFu3kcDe6ztHmSXwOzatWsKeBfYhekCgq0BuanMwxxHBCuMENS9m0rUm6KhKKYkazixJJECE/QiPQ15Sgg0k2nC2XwQCtD6IdCH67gVP3ZkaJAyiTwdGWA1FjOe7n4n9ePlX/uppRHsSIczwb5MYMqhHk6cEgFwYolmiAsqP4rxGOk01A6w4oOwZ5f+S/p1Gu2VbNvTquNyyKOMtgD++AI2OAMNMA1aIE2wOABPIEX8Go8Gs/Gm/E+Ky0ZRc8u+AXj4xuAn5xE</latexit>

pµ = (E, ~pT , pz)
<latexit sha1_base64="5GzKFdfcxhWbBCzgqjhGIoawtG0=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyxChVISEXQjFEVwWaEvaGKYTKft0MlkmJkUaghu/BU3LhRx61e482+ctllo64ELh3Pu5d57Ak6JVLb9beSWlldW1/LrhY3Nre0dc3evKaNYINxAEY1EO4ASU8JwQxFFcZsLDMOA4lYwvJ74rREWkkSsrsYceyHsM9IjCCot+eYBv0/cME4vSzdld4RRwlO/Xub+w4lvFu2KPYW1SJyMFEGGmm9+ud0IxSFmClEoZcexufISKBRBFKcFN5aYQzSEfdzRlMEQSy+ZvpBax1rpWr1I6GLKmqq/JxIYSjkOA90ZQjWQ895E/M/rxKp34SWE8VhhhmaLejG1VGRN8rC6RGCk6FgTiATRt1poAAVESqdW0CE48y8vkuZpxbErzt1ZsXqVxZEHh+AIlIADzkEV3IIaaAAEHsEzeAVvxpPxYrwbH7PWnJHN7IM/MD5/AHrYltI=</latexit><latexit sha1_base64="5GzKFdfcxhWbBCzgqjhGIoawtG0=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyxChVISEXQjFEVwWaEvaGKYTKft0MlkmJkUaghu/BU3LhRx61e482+ctllo64ELh3Pu5d57Ak6JVLb9beSWlldW1/LrhY3Nre0dc3evKaNYINxAEY1EO4ASU8JwQxFFcZsLDMOA4lYwvJ74rREWkkSsrsYceyHsM9IjCCot+eYBv0/cME4vSzdld4RRwlO/Xub+w4lvFu2KPYW1SJyMFEGGmm9+ud0IxSFmClEoZcexufISKBRBFKcFN5aYQzSEfdzRlMEQSy+ZvpBax1rpWr1I6GLKmqq/JxIYSjkOA90ZQjWQ895E/M/rxKp34SWE8VhhhmaLejG1VGRN8rC6RGCk6FgTiATRt1poAAVESqdW0CE48y8vkuZpxbErzt1ZsXqVxZEHh+AIlIADzkEV3IIaaAAEHsEzeAVvxpPxYrwbH7PWnJHN7IM/MD5/AHrYltI=</latexit><latexit sha1_base64="5GzKFdfcxhWbBCzgqjhGIoawtG0=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyxChVISEXQjFEVwWaEvaGKYTKft0MlkmJkUaghu/BU3LhRx61e482+ctllo64ELh3Pu5d57Ak6JVLb9beSWlldW1/LrhY3Nre0dc3evKaNYINxAEY1EO4ASU8JwQxFFcZsLDMOA4lYwvJ74rREWkkSsrsYceyHsM9IjCCot+eYBv0/cME4vSzdld4RRwlO/Xub+w4lvFu2KPYW1SJyMFEGGmm9+ud0IxSFmClEoZcexufISKBRBFKcFN5aYQzSEfdzRlMEQSy+ZvpBax1rpWr1I6GLKmqq/JxIYSjkOA90ZQjWQ895E/M/rxKp34SWE8VhhhmaLejG1VGRN8rC6RGCk6FgTiATRt1poAAVESqdW0CE48y8vkuZpxbErzt1ZsXqVxZEHh+AIlIADzkEV3IIaaAAEHsEzeAVvxpPxYrwbH7PWnJHN7IM/MD5/AHrYltI=</latexit><latexit sha1_base64="5GzKFdfcxhWbBCzgqjhGIoawtG0=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyxChVISEXQjFEVwWaEvaGKYTKft0MlkmJkUaghu/BU3LhRx61e482+ctllo64ELh3Pu5d57Ak6JVLb9beSWlldW1/LrhY3Nre0dc3evKaNYINxAEY1EO4ASU8JwQxFFcZsLDMOA4lYwvJ74rREWkkSsrsYceyHsM9IjCCot+eYBv0/cME4vSzdld4RRwlO/Xub+w4lvFu2KPYW1SJyMFEGGmm9+ud0IxSFmClEoZcexufISKBRBFKcFN5aYQzSEfdzRlMEQSy+ZvpBax1rpWr1I6GLKmqq/JxIYSjkOA90ZQjWQ895E/M/rxKp34SWE8VhhhmaLejG1VGRN8rC6RGCk6FgTiATRt1poAAVESqdW0CE48y8vkuZpxbErzt1ZsXqVxZEHh+AIlIADzkEV3IIaaAAEHsEzeAVvxpPxYrwbH7PWnJHN7IM/MD5/AHrYltI=</latexit>

E

pz
= tanh y

<latexit sha1_base64="Ho8Wp1omuxvN1QKxgeS2vWpsx4Y=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksgqeSiKAXoSiCxwr2A5pQNttNu3SzCbsboYZc/CtePCji1Z/hzX/jts1BWx8MPN6bYWZekHCmtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqTiVhDZJzGPZCbCinAna1Exz2kkkxVHAaTsYXU/89gOVisXiXo8T6kd4IFjICNZG6tkHXigxyW7yLOk95ugSeRqLIRr37KpTc6ZAi8QtSBUKNHr2l9ePSRpRoQnHSnVdJ9F+hqVmhNO84qWKJpiM8IB2DRU4osrPpg/k6NgofRTG0pTQaKr+nshwpNQ4CkxnhPVQzXsT8T+vm+rwws+YSFJNBZktClOOdIwmaaA+k5RoPjYEE8nMrYgMsUlEm8wqJgR3/uVF0jqtuU7NvTur1q+KOMpwCEdwAi6cQx1uoQFNIJDDM7zCm/VkvVjv1sestWQVM/vwB9bnDzhsliQ=</latexit><latexit sha1_base64="Ho8Wp1omuxvN1QKxgeS2vWpsx4Y=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksgqeSiKAXoSiCxwr2A5pQNttNu3SzCbsboYZc/CtePCji1Z/hzX/jts1BWx8MPN6bYWZekHCmtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqTiVhDZJzGPZCbCinAna1Exz2kkkxVHAaTsYXU/89gOVisXiXo8T6kd4IFjICNZG6tkHXigxyW7yLOk95ugSeRqLIRr37KpTc6ZAi8QtSBUKNHr2l9ePSRpRoQnHSnVdJ9F+hqVmhNO84qWKJpiM8IB2DRU4osrPpg/k6NgofRTG0pTQaKr+nshwpNQ4CkxnhPVQzXsT8T+vm+rwws+YSFJNBZktClOOdIwmaaA+k5RoPjYEE8nMrYgMsUlEm8wqJgR3/uVF0jqtuU7NvTur1q+KOMpwCEdwAi6cQx1uoQFNIJDDM7zCm/VkvVjv1sestWQVM/vwB9bnDzhsliQ=</latexit><latexit sha1_base64="Ho8Wp1omuxvN1QKxgeS2vWpsx4Y=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksgqeSiKAXoSiCxwr2A5pQNttNu3SzCbsboYZc/CtePCji1Z/hzX/jts1BWx8MPN6bYWZekHCmtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqTiVhDZJzGPZCbCinAna1Exz2kkkxVHAaTsYXU/89gOVisXiXo8T6kd4IFjICNZG6tkHXigxyW7yLOk95ugSeRqLIRr37KpTc6ZAi8QtSBUKNHr2l9ePSRpRoQnHSnVdJ9F+hqVmhNO84qWKJpiM8IB2DRU4osrPpg/k6NgofRTG0pTQaKr+nshwpNQ4CkxnhPVQzXsT8T+vm+rwws+YSFJNBZktClOOdIwmaaA+k5RoPjYEE8nMrYgMsUlEm8wqJgR3/uVF0jqtuU7NvTur1q+KOMpwCEdwAi6cQx1uoQFNIJDDM7zCm/VkvVjv1sestWQVM/vwB9bnDzhsliQ=</latexit><latexit sha1_base64="Ho8Wp1omuxvN1QKxgeS2vWpsx4Y=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksgqeSiKAXoSiCxwr2A5pQNttNu3SzCbsboYZc/CtePCji1Z/hzX/jts1BWx8MPN6bYWZekHCmtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqTiVhDZJzGPZCbCinAna1Exz2kkkxVHAaTsYXU/89gOVisXiXo8T6kd4IFjICNZG6tkHXigxyW7yLOk95ugSeRqLIRr37KpTc6ZAi8QtSBUKNHr2l9ePSRpRoQnHSnVdJ9F+hqVmhNO84qWKJpiM8IB2DRU4osrPpg/k6NgofRTG0pTQaKr+nshwpNQ4CkxnhPVQzXsT8T+vm+rwws+YSFJNBZktClOOdIwmaaA+k5RoPjYEE8nMrYgMsUlEm8wqJgR3/uVF0jqtuU7NvTur1q+KOMpwCEdwAi6cQx1uoQFNIJDDM7zCm/VkvVjv1sestWQVM/vwB9bnDzhsliQ=</latexit>

Under boosts in z direction rapidity transforms additively

✓
pz
E

◆
=

✓
cosh� sinh�
sinh� cosh�

◆✓
p0z
E0

◆
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Then  y = y0 + �
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Pseudorapidity ⌘ = � ln tan
✓
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Angle between 3-
momentum and z-axis

When y ! ⌘
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Diffraction in electron - proton(nucleus)
Final state: elastically scattered 
proton, or the system with the 

same quantum numbers

X
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Rapidity gap

In order for the rapidity gap to exist it needs to be mediated by the colorless exchange

Diffraction: a reaction characterized by a rapidity gap in the final state
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Figure 1: A diagram of a di↵ractive NC event in deep inelastic process together with the
corresponding variables, in the one-photon exchange approximation. The large rapidity gap is
between the system X and the scattered proton Y (or its low mass excitation).

range in new machines, and in 3.3 the method to obtain the projected pseudodata with errors86

is discussed. In Sec. 4 we present our fitting methodology and the potential for constraining87

of the di↵ractive parton densities by both machines. Sec. 5 is devoted to the prospects of the88

di↵ractive deep inelastic in nuclei. Finally we summarize our findings in Sec. 6.89

2 Di↵ractive cross section and di↵ractive PDFs90

In Fig. 1 we show the diagram depicting a neutral current di↵ractive deep inelastic event.91

Charged currents could also be considered and they were measured at HERA [10] but with large92

statistical uncertainties and in a very restricted region of phase space. Although they could be93

measured at both the LHeC and the FCC-eh with larger statistics and more extended kinematics,94

in this first study we limit ourselves to neutral currents. The incoming electron(positron) with95

four momentum k scatters o↵ the proton, with incoming momentum p, and the interaction96

proceeds through the exchange of a virtual photon with four-momentum q. The kinematic97

variables for an such event include the standard deep inelastic variables98

Q2 = �q2 , x =
�q2

2p · q
, y =

p · q

p · k
, (1)

where Q2 is the (minus) photon virtuality, x is the Bjorken variable and y the inelasticity of the99

process. In addition, the variables100

s = (k + p)2 , W 2 = (q + p)2 , (2)

are the electron-proton center-of-mass energy squared and the photon-proton center-of-mass101

energy squared, respectively. The distinguishing feature of the di↵ractive event ep ! eXY102

is the presence of the large rapidity gap between the di↵ractive system, characterized by the103

invariant mass MX and the final proton (or its low-mass excitation) Y with four momentum p0.104

In addition to the standard DIS variables listed above, di↵ractive events are also characterized105

by an additional set of variables defined as106

t = (p� p0)2 , ⇠ =
Q2 +M2

X � t

Q2 +W 2
, � =

Q2

Q2 +M2
X � t

. (3)

3
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Diffraction and the Pomeron
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In order for the rapidity gap to exist it 
needs to be mediated by the colorless 
diffractive exchange

But what is this diffractive exchange ? 

Usually referred to as the Pomeron. 
Quantum numbers of the vacuum 

Modeled as a composite system of gluons and/or quarks. 
Studying diffractive processes can shed light onto properties of this intriguing object. 
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Figure 1: A diagram of a di↵ractive NC event in deep inelastic process together with the
corresponding variables, in the one-photon exchange approximation. The large rapidity gap is
between the system X and the scattered proton Y (or its low mass excitation).

range in new machines, and in 3.3 the method to obtain the projected pseudodata with errors86

is discussed. In Sec. 4 we present our fitting methodology and the potential for constraining87

of the di↵ractive parton densities by both machines. Sec. 5 is devoted to the prospects of the88

di↵ractive deep inelastic in nuclei. Finally we summarize our findings in Sec. 6.89

2 Di↵ractive cross section and di↵ractive PDFs90

In Fig. 1 we show the diagram depicting a neutral current di↵ractive deep inelastic event.91

Charged currents could also be considered and they were measured at HERA [10] but with large92

statistical uncertainties and in a very restricted region of phase space. Although they could be93

measured at both the LHeC and the FCC-eh with larger statistics and more extended kinematics,94

in this first study we limit ourselves to neutral currents. The incoming electron(positron) with95

four momentum k scatters o↵ the proton, with incoming momentum p, and the interaction96

proceeds through the exchange of a virtual photon with four-momentum q. The kinematic97

variables for an such event include the standard deep inelastic variables98

Q2 = �q2 , x =
�q2

2p · q
, y =

p · q

p · k
, (1)

where Q2 is the (minus) photon virtuality, x is the Bjorken variable and y the inelasticity of the99

process. In addition, the variables100

s = (k + p)2 , W 2 = (q + p)2 , (2)

are the electron-proton center-of-mass energy squared and the photon-proton center-of-mass101

energy squared, respectively. The distinguishing feature of the di↵ractive event ep ! eXY102

is the presence of the large rapidity gap between the di↵ractive system, characterized by the103

invariant mass MX and the final proton (or its low-mass excitation) Y with four momentum p0.104

In addition to the standard DIS variables listed above, di↵ractive events are also characterized105

by an additional set of variables defined as106

t = (p� p0)2 , ⇠ =
Q2 +M2

X � t

Q2 +W 2
, � =

Q2

Q2 +M2
X � t

. (3)

3

Diffraction: a reaction 
characterized by a large rapidity 
gap in the final state
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Diffractive kinematics in DIS
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y =
p · q
p · k

W 2 = (q + p)2

s = (k + p)2
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photon-proton 
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Figure 1: A diagram of a di↵ractive NC event in deep inelastic process together with the
corresponding variables, in the one-photon exchange approximation. The large rapidity gap is
between the system X and the scattered proton Y (or its low mass excitation).

range in new machines, and in 3.3 the method to obtain the projected pseudodata with errors86

is discussed. In Sec. 4 we present our fitting methodology and the potential for constraining87

of the di↵ractive parton densities by both machines. Sec. 5 is devoted to the prospects of the88

di↵ractive deep inelastic in nuclei. Finally we summarize our findings in Sec. 6.89

2 Di↵ractive cross section and di↵ractive PDFs90

In Fig. 1 we show the diagram depicting a neutral current di↵ractive deep inelastic event.91

Charged currents could also be considered and they were measured at HERA [10] but with large92

statistical uncertainties and in a very restricted region of phase space. Although they could be93

measured at both the LHeC and the FCC-eh with larger statistics and more extended kinematics,94

in this first study we limit ourselves to neutral currents. The incoming electron(positron) with95

four momentum k scatters o↵ the proton, with incoming momentum p, and the interaction96

proceeds through the exchange of a virtual photon with four-momentum q. The kinematic97

variables for an such event include the standard deep inelastic variables98

Q2 = �q2 , x =
�q2

2p · q
, y =

p · q

p · k
, (1)

where Q2 is the (minus) photon virtuality, x is the Bjorken variable and y the inelasticity of the99

process. In addition, the variables100

s = (k + p)2 , W 2 = (q + p)2 , (2)

are the electron-proton center-of-mass energy squared and the photon-proton center-of-mass101

energy squared, respectively. The distinguishing feature of the di↵ractive event ep ! eXY102

is the presence of the large rapidity gap between the di↵ractive system, characterized by the103

invariant mass MX and the final proton (or its low-mass excitation) Y with four momentum p0.104

In addition to the standard DIS variables listed above, di↵ractive events are also characterized105

by an additional set of variables defined as106

t = (p� p0)2 , ⇠ =
Q2 +M2

X � t

Q2 +W 2
, � =

Q2

Q2 +M2
X � t

. (3)
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� =
Q2

Q2 + M2
X � t

momentum fraction of the 
Pomeron w.r.t hadron

momentum fraction of parton 
w.r.t Pomeron

t = (p� p0)2 4-momentum transfer squared

⇠ ⌘ xIP =
Q2 +M2

X � t

Q2 +W 2

Diffractive DIS variables: x = ⇠�
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Rapidity gap

Target is scattered elastically: 
elastic scattering  

It can also dissociate into a 
state Y with the same quantum 
numbers, but still separated 
from the rest of particles
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Y+ = 1 + (1� y)2

Reduced cross section depends on two structure functions:

Dimensionless

Dimensions:

Recall the reduced cross section  in inclusive DIS:

<latexit sha1_base64="098HdKljIOdKhctLch/H2L2NSWo="></latexit>

d2�NC

dxdQ2
=

2⇡↵2
em

xQ4
Y+ �r(x,Q

2)

<latexit sha1_base64="SSMfidT7GmlecNYTeKTAoUY2v3w="></latexit>

�r(x,Q
2) = F2(x,Q

2)� y2

Y+
FL(x,Q

2)
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FT = F2 � FL
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FL

transverse structure function

longitudinal structure function

<latexit sha1_base64="5s64Kj8/RvEWlToocgQhaMUM8mo=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gOaWDbbTbt0dxN2N0oJ/R9ePCji1f/izX/jps1BWx8MPN6bYWZemHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2JNOZO0ZZjhtJsoikXIaScc3+R+55EqzWJ5byYJDQQeShYxgo2VHnzNhgL3M18JpKb9as2tuzOgZeIVpAYFmv3qlz+ISSqoNIRjrXuem5ggw8owwum04qeaJpiM8ZD2LJVYUB1ks6un6MQqAxTFypY0aKb+nsiw0HoiQtspsBnpRS8X//N6qYmugozJJDVUkvmiKOXIxCiPAA2YosTwiSWYKGZvRWSEFSbGBlWxIXiLLy+T9lndu6h7d+e1xnURRxmO4BhOwYNLaMAtNKEFBBQ8wyu8OU/Oi/PufMxbS04xcwh/4Hz+AKdZkp0=</latexit>�r
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Y+ = 1 + (1� y)2

Reduced cross section depends on two structure functions:

d4�D

d⇠d�dQ2dt
=

2⇡↵2
em

�Q4
Y+ �D(4)

r (⇠,�, Q2, t)
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FD(4)
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Upon integration over t:
[�D(4)

r ] = GeV�2
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Dimensionless

Dimensions:

Diffractive cross section depends on 4 variables (ξ,β,Q2,t):
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Collinear factorization in diffractive DIS 

•Diffractive cross section can be factorized into the convolution of the perturbatively calculable 
partonic cross sections and diffractive parton distributions (DPDFs). 

•Partonic cross sections are the same as for the inclusive DIS. 

•The DPDFs represent (at least in LO) the probability distributions for partons i in the proton under 
the constraint that the proton is scattered into the system Y with a specified 4-momentum. 

•Factorization should be valid for sufficiently(?) large Q2 (and fixed t and ξ).

Collins

}X

}

k
k'

p p'

(ξ)

(β)

(Q2)

(t)

q
e

p
Y

Figure 1: A diagram of a di↵ractive NC event in deep inelastic process together with the
corresponding variables, in the one-photon exchange approximation. The large rapidity gap is
between the system X and the scattered proton Y (or its low mass excitation).

range in new machines, and in 3.3 the method to obtain the projected pseudodata with errors86

is discussed. In Sec. 4 we present our fitting methodology and the potential for constraining87

of the di↵ractive parton densities by both machines. Sec. 5 is devoted to the prospects of the88

di↵ractive deep inelastic in nuclei. Finally we summarize our findings in Sec. 6.89

2 Di↵ractive cross section and di↵ractive PDFs90

In Fig. 1 we show the diagram depicting a neutral current di↵ractive deep inelastic event.91

Charged currents could also be considered and they were measured at HERA [10] but with large92

statistical uncertainties and in a very restricted region of phase space. Although they could be93

measured at both the LHeC and the FCC-eh with larger statistics and more extended kinematics,94

in this first study we limit ourselves to neutral currents. The incoming electron(positron) with95

four momentum k scatters o↵ the proton, with incoming momentum p, and the interaction96

proceeds through the exchange of a virtual photon with four-momentum q. The kinematic97

variables for an such event include the standard deep inelastic variables98

Q2 = �q2 , x =
�q2

2p · q
, y =

p · q

p · k
, (1)

where Q2 is the (minus) photon virtuality, x is the Bjorken variable and y the inelasticity of the99

process. In addition, the variables100

s = (k + p)2 , W 2 = (q + p)2 , (2)

are the electron-proton center-of-mass energy squared and the photon-proton center-of-mass101

energy squared, respectively. The distinguishing feature of the di↵ractive event ep ! eXY102

is the presence of the large rapidity gap between the di↵ractive system, characterized by the103

invariant mass MX and the final proton (or its low-mass excitation) Y with four momentum p0.104

In addition to the standard DIS variables listed above, di↵ractive events are also characterized105

by an additional set of variables defined as106

t = (p� p0)2 , ⇠ =
Q2 +M2

X � t

Q2 +W 2
, � =

Q2

Q2 +M2
X � t

. (3)

3
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2
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2

Y+
F

D(4)
L (�, ⇠, Q

2
, t) , (4)

where Y+ = 1 + (1 � y)2. In the above equations the reduced cross sections are the

rescaled di↵erential cross sections

d
4
�

D(4)

d⇠d�dQ2dt
=

2⇡↵2
em

�Q4
Y+ �

D(4)
red , (5)

or, upon the integration over t,

d
3
�

D(3)

d⇠d�dQ2
=

2⇡↵2
em

�Q4
Y+ �

D(3)
red . (6)

The subscripts (3) and (4) in the above formulae denote the number of variables

that the di↵ractive cross sections or structure functions depend on. Note that the

structure functions F
D(4)
2,L have dimension GeV�2, whereas F

D(3)
2,L are dimensionless. The

contribution of the longitudinal structure function to the reduced cross sections is rather

small, for the most part, except in the region of y close to unity.

2.2. Collinear factorization in di↵ractive DIS

The standard perturbative QCD approach to di↵ractive cross sections is based on the

collinear factorization [15, 14, 16]. Similarly to the inclusive DIS cross section, the

di↵ractive cross section can be written in a factorized form

F
D(4)
2/L (�, ⇠, Q

2
, t) =

X

i

Z 1

�

dz

z
C2/L,i

✓
�

z
, Q

2

◆
f

D
i (z, ⇠, Q

2
, t) , (7)

where the sum is performed over all parton flavors (gluon, d-quark, u-quark, etc.). In

the case of the lowest order parton model process, z = �. When higher order corrections

are taken into account then z > �. The coe�cient functions C2/L,i can be computed

perturbatively in QCD and are the same as in inclusive deep inelastic scattering case.

The long distance part f
D
i corresponds to the di↵ractive parton distribution functions

(DPDF). Similarily to the inclusive case one can provide operator definition for the

di↵ractive parton densities [16]. The quark di↵ractive distribution function is defined

as

f
D
j (z, ⇠, µ, t) =

1

4⇡

1

2

X

s

Z
dy

�
e

�izp+y� X

X,s0

hp, s| ˜̄ (0, y�
, 0T )|p0

, s
0; Xi

⇥�+hp0
, s

0; X| ̃(0)|p, si , (8)

and gluon di↵ractive distribution

G
D(z, ⇠, µ, t) =

1

2⇡zp+

1

2

X

s

Z
dy

�
e

�izp+y� X

X,s0

hp, s|F̃+µ
a (0, y�

, 0T )|p0
, s

0; Xi

⇥hp0
, s

0; X|F̃+
aµ(0)|p, si . (9)

In the above the quark field is defined as

 ̃j(0, y
�
, 0T ) = P exp

✓
ig

Z 1

y�
dx

�
A

+
c (0, x�

, 0T ) tc

◆
 j(0, y

�
, 0T ) , (10)
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Figure 2. Schematic illustration of the factorization theorem for di↵ractive DIS. By
changing the scale from Q2

0 to Q2, an additional parton is emitted in the di↵ractive
mass X(MX). The blue oval indicates the interaction of partons which form the final
state hadron h (or its low mass excitation) with the the partons in the di↵ractive
mass. This interaction does not change since it cannot resolve the qg system which is
localized at the transverse distance much smaller than 1/Q0.

Note that while the definitions in Eqs. (8) and (9) do not have the form of parton

number operators, it is still customary in the literature [16] to use the term di↵ractive

parton distributions with their ensuing interpretation as conditional probabilities (see

above).

2.3. Di↵ractive fits to HERA data

Both H1 [26] and ZEUS [27] experiments performed fits to the di↵ractive structure

functions based on the collinear factorization and DGLAP evolution. We shall describe

the details and results of the fits below.

Since the di↵ractive parton distribution depends a priori on 4 variables, a large

amount of physical information needs to be incorporated to correctly describe their

shape. It was empirically found that the description of the experimental data was very

good when the Ingelman-Schlein [28] proton vertex factorization is assumed. This means

that the DPDF is factorized into products of two terms, one of which depends on ⇠ and

t only and another one which depends on z and Q
2 [28]

f
D(4)
i (z, ⇠, Q

2
, t) = f

p
IP (⇠, t) f

IP
i (z, Q2) . (12)

A popular physical interpretation of this factorization is that the di↵ractive exchange

can be interpreted as a colorless object called a Pomeron with a partonic structure given

by the parton distributions f
IP
i (�, Q

2), the variable � corresponding to the fraction of

the Pomeron longitudinal momentum carried by the struck parton.

The Pomeron flux factor f
p
IP (⇠, t) represents the probability that a Pomeron with

particular values of ⇠ and t couples to the proton. It is worth to emphasize that in the

diagrammatic language the Pomeron exchange occurs over long space-time intervals,

which is due to the fact that the exchanged gluon quanta have small plus and minus

momentum components. Also let us note that the soft factorization is highly nontrivial

as the structure of the Pomeron could a priori depend on Q
2 - like it happens in the

By changing the scale from Q02  to  Q2   additional gluon is emitted in the diffractive system X 
Soft gluons forming the system h are not able to resolve the qg system since it is localized at a 

distance smaller than 1/Q0

rapidity 
 gap

rapidity 
 gap
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in the inclusive deep inelastic scattering case. The long distance part is given by the di↵ractive139

parton distribution functions. The analogous formula for the t-integrated structure functions140

reads141

FD(3)
2/L (�, ⇠, Q2) =

X

i

Z 1

�

dz

z
C2/L,i

⇣�
z

⌘
fD(3)
i (z, ⇠, Q2) , (8)

where the coe�cient functions C2/L,i are same as in inclusive DIS.142

The di↵ractive parton densities fD
i can be interpreted as conditional probabilities for partons143

in the proton, provided the proton is scattered into the final state system Y with specified 4-144

momentum p0. They are evolved using the DGLAP evolution equations [20–23] similarly to the145

inclusive case.146

3 Simulations for the electron-proton DIS147

3.1 Di↵ractive PDF parametrizations and HERA data148

The fits to the di↵ractive structure functions were performed by H1 [10] and ZEUS [14]. They149

both assume the parametrization of the di↵ractive PDFs as a two component model, which is a150

sum of two di↵ractive exchange contributions:151

fD(4)
i (z, ⇠, Q2, t) = fp

IP (⇠, t) f
IP
i (z,Q2) + fp

IR(⇠, t) f
IR
i (z,Q2) . (9)

For both of these terms vertex factorization is assumed, meaning that the di↵ractive exchange152

can be interpreted as colourless objects called a ‘Pomeron’ or a ‘Reggeon’ with parton distribu-153

tions f IP ,IR
i (�, Q2). The flux factors fp

IP ,IR(⇠, t) represent the probability that a Pomeron/Reggeon154

with given values ⇠, t couples to the proton. They are parametrized using the form motivated155

by Regge theory156

fp
IP ,IR(⇠, t) = AIP ,IR

eBIP ,IRt

⇠2↵IP ,IR(t)�1
, (10)

with the linear trajectory ↵IP ,IR(t) = ↵IP ,IR(0) + ↵0
IP ,IR t. The di↵ractive PDFs relevant to the157

t-integrated cross-sections read158

fD(3)
i (z, ⇠, Q2) = � p

IP (⇠) f
IP
i (z,Q2) + � p

IR(⇠) f
IR
i (z,Q2) , (11)

with159

� p
IP ,IR(⇠) =

Z
dt fp

IP ,IR(⇠, t) . (12)

Note that, the notions of ‘Pomeron’ and ‘Reggeon’ used here to model the hard di↵raction in160

DIS are, in principle, di↵erent from those describing the soft hadron-hadron interactions; in161

particular, the parameters of the fluxes may be di↵erent.162

The di↵ractive parton distributions of the Pomeron at the initial scale µ2
0 = 1.8GeV2 are163

parametrized as164

zfi(z, µ
2
0) = Aiz

Bi(1� z)Ci , (13)

where i is a gluon or a light quark. In the di↵ractive parametrizations all the light quarks (anti-165

quarks) are equal. For the treatment of heavy flavours, a variable flavour number scheme (VFNS)166

is adopted, where the charm and bottom quark DPDFs are generated radiatively via DGLAP167

evolution, and no intrinsic heavy quark distributions were assumed. The structure functions168

are calculated in a General-Mass Variable Flavour Number scheme (GM-VFNS) [24, 25] which169

5

Regge factorization with Pomeron terms works for small ξ<0.01 

At higher ξ additional exchanges `Reggeons’ need to be included 

in the inclusive deep inelastic scattering case. The long distance part is given by the di↵ractive139

parton distribution functions. The analogous formula for the t-integrated structure functions140

reads141

FD(3)
2/L (�, ⇠, Q2) =

X

i

Z 1

�

dz

z
C2/L,i

⇣�
z

⌘
fD(3)
i (z, ⇠, Q2) , (8)

where the coe�cient functions C2/L,i are same as in inclusive DIS.142

The di↵ractive parton densities fD
i can be interpreted as conditional probabilities for partons143

in the proton, provided the proton is scattered into the final state system Y with specified 4-144

momentum p0. They are evolved using the DGLAP evolution equations [20–23] similarly to the145

inclusive case.146

3 Simulations for the electron-proton DIS147

3.1 Di↵ractive PDF parametrizations and HERA data148

The fits to the di↵ractive structure functions were performed by H1 [10] and ZEUS [14]. They149

both assume the parametrization of the di↵ractive PDFs as a two component model, which is a150

sum of two di↵ractive exchange contributions:151

fD(4)
i (z, ⇠, Q2, t) = fp

IP (⇠, t) f
IP
i (z,Q2) + fp

IR(⇠, t) f
IR
i (z,Q2) . (9)
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Figure 1: A diagram of a di↵ractive NC event in deep inelastic process together with the
corresponding variables, in the one-photon exchange approximation. The large rapidity gap is
between the system X and the scattered proton Y (or its low mass excitation).

range in new machines, and in 3.3 the method to obtain the projected pseudodata with errors86

is discussed. In Sec. 4 we present our fitting methodology and the potential for constraining87

of the di↵ractive parton densities by both machines. Sec. 5 is devoted to the prospects of the88

di↵ractive deep inelastic in nuclei. Finally we summarize our findings in Sec. 6.89

2 Di↵ractive cross section and di↵ractive PDFs90

In Fig. 1 we show the diagram depicting a neutral current di↵ractive deep inelastic event.91

Charged currents could also be considered and they were measured at HERA [10] but with large92

statistical uncertainties and in a very restricted region of phase space. Although they could be93

measured at both the LHeC and the FCC-eh with larger statistics and more extended kinematics,94

in this first study we limit ourselves to neutral currents. The incoming electron(positron) with95

four momentum k scatters o↵ the proton, with incoming momentum p, and the interaction96

proceeds through the exchange of a virtual photon with four-momentum q. The kinematic97

variables for an such event include the standard deep inelastic variables98

Q2 = �q2 , x =
�q2

2p · q
, y =

p · q

p · k
, (1)

where Q2 is the (minus) photon virtuality, x is the Bjorken variable and y the inelasticity of the99

process. In addition, the variables100

s = (k + p)2 , W 2 = (q + p)2 , (2)

are the electron-proton center-of-mass energy squared and the photon-proton center-of-mass101

energy squared, respectively. The distinguishing feature of the di↵ractive event ep ! eXY102

is the presence of the large rapidity gap between the di↵ractive system, characterized by the103

invariant mass MX and the final proton (or its low-mass excitation) Y with four momentum p0.104

In addition to the standard DIS variables listed above, di↵ractive events are also characterized105

by an additional set of variables defined as106

t = (p� p0)2 , ⇠ =
Q2 +M2

X � t

Q2 +W 2
, � =

Q2

Q2 +M2
X � t

. (3)
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Linear evolution equations in QCD

t = lnQ2/Q2
0

x

q

γ

N

*
 

q(x, t)

t+δ t

x

y

q

g

γ

N

*
 

q(x, t)+δq(x, t)
quarks with fraction x= Q2

s of target momentum
Evolution equation:

dq(x, t)
dt

=
αs(t)
2π

∫ 1

x

dy
y
Pqq(x/y)q(y, t)

Pqq(z,αs) is the probablity of finding quark in the quark with z(= x/y) frac-
tion of its momentum

.
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Linear evolution

Apart from q(x, t) one has to include g(x, t)
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Set of evolution equations (flavour singlet case):

∂
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g(x, t)

]
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αs(t)
2π

[

Pqq 2NfPqg
Pgq Pgg

]

x
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[

Σ(x, t)
g(x, t)

]

where Σ(x, t) = ∑i[qi(x, t)+ q̄i(x, t)]

DGLAP evolution Nonlinear evolution equations and parton saturation in QCD – p.9/30

Linear evolution equations in QCD

t = lnQ2/Q2
0

x

q

γ

N

*
 

q(x, t)

t+δ t

x

y

q

g

γ

N

*
 

q(x, t)+δq(x, t)
quarks with fraction x= Q2

s of target momentum
Evolution equation:

dq(x, t)
dt

=
αs(t)
2π

∫ 1

x

dy
y
Pqq(x/y)q(y, t)

Pqq(z,αs) is the probablity of finding quark in the quark with z(= x/y) frac-
tion of its momentum

.

Nonlinear evolution equations and parton saturation in QCD – p.8/30



Anna Staśto, Diffraction in hadronic collisions, NCBJ, May 16  2022

Model for diffractive structure functions

30

in the inclusive deep inelastic scattering case. The long distance part is given by the di↵ractive139
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The di↵ractive parton densities fD
i can be interpreted as conditional probabilities for partons143

in the proton, provided the proton is scattered into the final state system Y with specified 4-144

momentum p0. They are evolved using the DGLAP evolution equations [20–23] similarly to the145
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Regge factorization with Pomeron terms works for small ξ<0.01 

At higher ξ additional exchanges `Reggeons’ need to be included 
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Integrated flux:
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Figure 1: A diagram of a di↵ractive NC event in deep inelastic process together with the
corresponding variables, in the one-photon exchange approximation. The large rapidity gap is
between the system X and the scattered proton Y (or its low mass excitation).

range in new machines, and in 3.3 the method to obtain the projected pseudodata with errors86

is discussed. In Sec. 4 we present our fitting methodology and the potential for constraining87

of the di↵ractive parton densities by both machines. Sec. 5 is devoted to the prospects of the88

di↵ractive deep inelastic in nuclei. Finally we summarize our findings in Sec. 6.89

2 Di↵ractive cross section and di↵ractive PDFs90

In Fig. 1 we show the diagram depicting a neutral current di↵ractive deep inelastic event.91

Charged currents could also be considered and they were measured at HERA [10] but with large92

statistical uncertainties and in a very restricted region of phase space. Although they could be93

measured at both the LHeC and the FCC-eh with larger statistics and more extended kinematics,94

in this first study we limit ourselves to neutral currents. The incoming electron(positron) with95

four momentum k scatters o↵ the proton, with incoming momentum p, and the interaction96

proceeds through the exchange of a virtual photon with four-momentum q. The kinematic97

variables for an such event include the standard deep inelastic variables98

Q2 = �q2 , x =
�q2

2p · q
, y =

p · q

p · k
, (1)

where Q2 is the (minus) photon virtuality, x is the Bjorken variable and y the inelasticity of the99

process. In addition, the variables100

s = (k + p)2 , W 2 = (q + p)2 , (2)

are the electron-proton center-of-mass energy squared and the photon-proton center-of-mass101

energy squared, respectively. The distinguishing feature of the di↵ractive event ep ! eXY102

is the presence of the large rapidity gap between the di↵ractive system, characterized by the103

invariant mass MX and the final proton (or its low-mass excitation) Y with four momentum p0.104

In addition to the standard DIS variables listed above, di↵ractive events are also characterized105

by an additional set of variables defined as106

t = (p� p0)2 , ⇠ =
Q2 +M2

X � t

Q2 +W 2
, � =

Q2

Q2 +M2
X � t

. (3)
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Phase space (x,Q2) HERA-EIC
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Figure 2: Kinematic x � Q2 plane showing di↵erent choices of beam energies at the EIC and
the region covered by HERA experiments. Note that ⌘e > �3.5 corresponds to an angular
acceptance of 176.5 degrees for the electron.

Both reduced cross sections �D(3)
red and �D(4)

red have been measured at HERA [1, 2, 4, 5, 10, 31–34].
These data have been used for perturbative QCD analyses based on collinear factorization [16–
18], where the di↵ractive cross section reads

d�ep!eXY (�, ⇠, Q2, t) =
X

i

Z 1

�
dz d�̂ei

✓
�

z
,Q2

◆
fD
i (z, ⇠, Q2, t) , (6)

up to terms of order O(1/Q2). Here, the sum is performed over all parton species (gluon and all
quark flavours). The hard scattering partonic cross section d�̂ei can be computed perturbatively
in QCD and is the same as in the inclusive deep inelastic scattering case. The long distance
part fD

i corresponds to the DPDFs, which can be interpreted as conditional probabilities for
partons in the proton, provided the proton is scattered into the final state system Y with four-
momentum P 0. They are non-perturbative objects to be extracted from data, but their evolution
through the DGLAP evolution equations [35–38] can be computed perturbatively, similarly to
the inclusive case. The analogous formula for the t-integrated structure functions reads

FD(3)
2/L (�, ⇠, Q2) =

X

i

Z 1

�

dz

z
C2/L,i

⇣�
z

⌘
fD(3)
i (z, ⇠, Q2) , (7)

where the coe�cient functions C2/L,i are the same as in inclusive DIS and the DPDFs fD(3)
i (z, ⇠, Q2)

have been determined from comparisons to HERA data [1, 2, 4, 5, 10, 31–34].
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Measurement methods: LRG vs LP

32

Large Rapidity Gap method: 
request a large rapidity gap (ex. ZEUS 2009 
ξ<0.02)

Proton Tagging (Leading Proton) method: 
detection of a leading proton (ex. Leading Proton 
Spectrometer in ZEUS, Forward Proton Spectrometer 
in H1, can go to higher  ξ<0.1)
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Figure 11: The reduced diffractive cross section multiplied by xIP , xIPσ
D(3)
r ,

obtained with the LPS method as a function of xIP for different values of Q2 and β.
The lines are the result of the Regge fit described in Section 10.5. The inner error
bars show the statistical uncertainties and the full bars indicate the statistical and
the systematic uncertainties added in quadrature. The normalisation uncertainty
of +11

−7 % is not shown.
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Diffractive fits
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⇠ = xIP

Comparison of H1-2006B and ZEUS-SJ fits to the H1-LRG 2012 data 
ZEUS-SJ fit seems to better describe the data in the low β region

Example of the DGLAP fit to the diffractive dataHERA models vs. recent HERA data

2017-11-15 Wojtek Slominski - PDFs and Low x at LHeC/FCC-he WG  meeting 4

Compatible description ZEUS-SJ chosen for simulations
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Fit examples to diffractive data at HERA
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CONTENTS 12

Parameter ZEUS S ZEUS C ZEUS SJ H1 A H1 B

Bq 1.34 ±0.05 1.25 ± 0.03 1.23 ± 0.04 2.3± 0.36 1.5 ± 0.12

Cq 0.34 ± 0.043 0.358 ± 0.043 0.332 ± 0.049 0.57 ± 0.15 0.45 ± 0.09

Bg -0.422 ± 0.066 0 -0.161 ± 0.051 0 0

Cg -0.725 ± 0.082 0 -0.232 ± 0.058 -0.95 ± 0.20 0

↵IP (0) 1.12 ± 0.02 1.11 ± 0.02 1.11 ± 0.02 1.118 ± 0.008 1.111 ± 0.007

↵IR(0) 0.732 ± 0.031 0.668 ± 0.040 0.699 ± 0.043 0.5 0.5

↵
0
IP 0 0 GeV�2

0 GeV�2
0.06 GeV�2

0.06 GeV�2

↵
0
IR 0.9 GeV�2

0.9 GeV�2
0.9 GeV�2

0.3 GeV�2
0.3 GeV�2

BIP 7 GeV�2
7 GeV�2

7 GeV�2
5.5 GeV�2

5.5 GeV�2

BIR 2 GeV�2
2 GeV�2

2 GeV�2
1.6 GeV�2

1.6 GeV�2

Table 1. Values of the parameters for ZEUS S, C, SJ fits [27] and H1 A and B fits
[26]. Parameters in bold font have been fixed in the fit.

where i is a gluon or a light quark. The parameters Cq, Cg were allowed to vary and in
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vanishing of the distributions at z = 1 for the solutions to the DGLAP equation, an

exponential regulating factor of exp(�0.01/(1 � z)) has been included.

The parton distributions for the Reggeon component, f
IR
i were taken from a
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di↵er in the details of the choice and number of free parameters and the selection of

data sets. The fits performed in [26] were referred to as NLO H1 fit A and B. The

two sets of parton densities di↵er mainly in the gluon density at high fractional parton

momentum. This region is very poorly constrained by the inclusive di↵ractive scattering

data at HERA kinematic range. ZEUS collaboration also performed three separate fits,

ZEUS C, S and SJ fits [27]. Fits C and S di↵er in the form of gluon parametrization at

large z, whereas fit SJ is essentially based on fit S parametrization but in addition to

inclusive data, di↵ractive dijet data are included in the fit.

In Table 1 we show values of the selected parameters for ZEUS fits S, C and SJ

as well as H1 fits A and B. Note that the parametrizations for ZEUS were specified
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2
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2
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Figure 8: Four upper (lower) plots: the quark (gluon) distributions obtained from
fits ZEUS DPDF SJ (continuous line) and ZEUS DPDF C (dashed line), shown
for four different values of Q2. The shaded error bands show the experimental
uncertainty.
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Figure 8: Four upper (lower) plots: the quark (gluon) distributions obtained from
fits ZEUS DPDF SJ (continuous line) and ZEUS DPDF C (dashed line), shown
for four different values of Q2. The shaded error bands show the experimental
uncertainty.

21

fD
i (x,Q2, xIP , t) = fIP/p(xIP , t) fi(� = x/xIP , Q

2)

36



Anna Staśto, Diffraction in hadronic collisions, NCBJ, May 16  2022

DPDFs: H1 fits

37

CONTENTS 15

Figure 4. Examples of di↵ractive parton distribution functions from ZEUS and H1
analysis. Figures from [27] https://doi.org/10.1016/j.nuclphysb.2010.01.014

and [26] https://doi.org/10.1140/epjc/s10052-006-0035-3.

the higher twist contributions and their impact on the description of the experimental

data in Sec. 3.

2.4. Di↵ractive dijet and charm production

The power of the factorization lies in the observation that the parton densities are

universal, and once extracted from one process can be used to make predictions for the

rates of other hard processes. In the case of di↵raction, the di↵ractive parton densities

can be used to calculate other processes in rapidity gap DIS where the hard scale is

present. At HERA, the di↵ractive parton densities were used to calculate the di↵ractive

charm production and the dijet production both in DIS and in photoproduction.

The factorization formula for the di↵ractive dijet production in DIS takes the

following form

d�(e+p ! e+2jets+X
0+Y ) =

X

i

Z
dt

Z
d⇠

Z
dz d�̂(e+i ! e + 2jets)fD(4)

i (z, ⇠, µ
2
, t)(16)

where the sum is over the contributing partons of type i, and d�̂ is the partonic cross

section. The scale µ
2 is the factorization scale, which is usually identified with the jet

DGLAP fits fail for low 
values of Q2

H1:  Q2<8.5 GeV2

ZEUS:  Q2<5 GeV2

Higher twists / saturation … ?
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Figure 4. Examples of di↵ractive parton distribution functions from ZEUS and H1
analysis. Figures from [27] https://doi.org/10.1016/j.nuclphysb.2010.01.014

and [26] https://doi.org/10.1140/epjc/s10052-006-0035-3.

the higher twist contributions and their impact on the description of the experimental

data in Sec. 3.

2.4. Di↵ractive dijet and charm production

The power of the factorization lies in the observation that the parton densities are

universal, and once extracted from one process can be used to make predictions for the

rates of other hard processes. In the case of di↵raction, the di↵ractive parton densities

can be used to calculate other processes in rapidity gap DIS where the hard scale is

present. At HERA, the di↵ractive parton densities were used to calculate the di↵ractive

charm production and the dijet production both in DIS and in photoproduction.

The factorization formula for the di↵ractive dijet production in DIS takes the

following form
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X
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Z
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where the sum is over the contributing partons of type i, and d�̂ is the partonic cross

section. The scale µ
2 is the factorization scale, which is usually identified with the jet

The factorization allows to use the diffractive parton distributions to predict other processes in 
diffraction with large scale present: universality

Examples include: diffractive dijets, diffractive charm production

Factorization formula for diffractive dijets:

μ2 factorization scale X’ part of the diffractive syste that does not include the jets
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Figure 6. Typical diagrams for di↵ractive dijet production in ep scattering. Graphs
a and b correspond to the direct and resolved photon contributions, respectively.

by introducing a model-dependent suppression factor (rapidity gap survival probability)

either globally or only for the resolved photon contribution [49, 50, 51, 52]. Note that the

calculations at next-to-leading order (NLO) of QCD [53] and beyond [54] demonstrate

that the direct and resolved processes are connected through the factorization of collinear

initial-state singularities. It is also possible that the resolved-photon suppression

factor depends on the parton flavor. Indeed, since the QCD factorization seems to

hold for di↵ractive photoproduction of open charm, the suppression factor should be

introduced only for light parton flavors and should be significantly smaller compared to

the situation, when all channels are suppressed equally. Moreover, it can also depend

on the momentum fraction x� [52]. See also the discussion in the end of the current

subsection.

The cross section for the dijet photoproduction in di↵raction, neglecting any

rapidity gap destruction e↵ects, can be written as a convolution of the di↵ractive parton

distribution functions, photon parton distribution functions and the hard partonic cross

section [55, 56, 57, 51, 49]

d�(e + p ! e + 2 jets + X
0 + Y ) =

X

ij

Z
dy f�/e(y)

Z
dx� fj/�(x�, µ

2) ⇥

⇥
Z

dt

Z
d⇠

Z
dz d�̂(i + j ! 2 jets) f

D(4)
i (z, ⇠, µ2

, t) , (17)

where i and j are parton flavors including the case when i is the photon for the photon

direct contribution. Here, x� is the fraction of the longitudinal momentum of the photon

carried by the parton entering the hard process and y is the longitudinal momentum

fraction of electron carried by the photon. The functions fj/�(x�, µ
2) are the parton

distributions in the photon and f�/e(y) is the flux of equivalent photons calculated

in the Weizsäecker-Williams approximation [58, 59]. In the case of the direct photon

Direct Resolved

DIS, photoproduction photoproduction

DIS diffractive dijets consistent with factorization. 
Used in ZEUS SJ fits for example.

Photoproduction diffractive dijets: ZEUS 
consistent with factorization within errors, 
H1 data lower than predictions
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Diffractive  elastic vector meson production

J/ψ vector meson: charm -anti charm system 

Upsilon vector meson: bottom  - anti bottom system m = 9.46 GeV
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m = 3.09 GeV
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Final state contains only vector meson, 
scattered lepton and proton
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