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Outline
• Introduction: diffraction in optics


• Diffraction in hadronic collisions. Example: elastic vector 
meson production


• Inclusive diffraction


• Prospects for EIC

EIC Yellow Report, 2103.05419

Armesto, Newman, Slominski, Stasto 1901.09076
EIC White paper 1212.1701

W. Slominski, 2nd Yellow Report Workshop, Pavia, 2021
Note: I will focus on ep/eA. Not pp.
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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 : 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>

Amplitude
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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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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
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Diffraction patterns

Circular aperture Rectangular aperture

In Fraunhofer regime the diffraction pattern (far field)  is a Fourier transform 
of the apertured field.

Source: Wikipedia

Author: Wisky

Source: Wikipedia

Author: Epzcaw
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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
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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.
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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 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

No activity in vicinity
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Proton is fragmented

12



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
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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

 

e k Q2
elk't

target 9ua quark

Plp

elk Q2
elk't

r

n

4 momentum transfer at a 
lepton vertex 

Longitudinal momentum fraction of 
the target carried by the struck quark 

(in infinite momentum frame)

Electron-proton cms energy squared

Q2 = �q2 = �(k � k0)2
<latexit sha1_base64="3DINoYTPnZ0lxEt8SP1YLVcVbCc=">AAAB+3icbVDLTsJAFJ3iC/FVcelmIjHiAtISE92YEN24hEQeCRQyHaYw6XRaZ6ZG0vArblxojFt/xJ1/4xS6UPAk9+bknHszd44bMSqVZX0bubX1jc2t/HZhZ3dv/8A8LLZlGAtMWjhkoei6SBJGOWkpqhjpRoKgwGWk4/q3qd95JELSkN+raUScAI059ShGSktDs9gc1K4rD2kr+xX/7HxQG5olq2rNAVeJnZESyNAYml/9UYjjgHCFGZKyZ1uRchIkFMWMzAr9WJIIYR+NSU9TjgIinWR++wyeamUEvVDo4grO1d8bCQqknAaungyQmshlLxX/83qx8q6chPIoVoTjxUNezKAKYRoEHFFBsGJTTRAWVN8K8QQJhJWOq6BDsJe/vErataptVe3mRal+k8WRB8fgBJSBDS5BHdyBBmgBDJ7AM3gFb8bMeDHejY/FaM7Ido7AHxifP3uqkiA=</latexit><latexit sha1_base64="3DINoYTPnZ0lxEt8SP1YLVcVbCc=">AAAB+3icbVDLTsJAFJ3iC/FVcelmIjHiAtISE92YEN24hEQeCRQyHaYw6XRaZ6ZG0vArblxojFt/xJ1/4xS6UPAk9+bknHszd44bMSqVZX0bubX1jc2t/HZhZ3dv/8A8LLZlGAtMWjhkoei6SBJGOWkpqhjpRoKgwGWk4/q3qd95JELSkN+raUScAI059ShGSktDs9gc1K4rD2kr+xX/7HxQG5olq2rNAVeJnZESyNAYml/9UYjjgHCFGZKyZ1uRchIkFMWMzAr9WJIIYR+NSU9TjgIinWR++wyeamUEvVDo4grO1d8bCQqknAaungyQmshlLxX/83qx8q6chPIoVoTjxUNezKAKYRoEHFFBsGJTTRAWVN8K8QQJhJWOq6BDsJe/vErataptVe3mRal+k8WRB8fgBJSBDS5BHdyBBmgBDJ7AM3gFb8bMeDHejY/FaM7Ido7AHxifP3uqkiA=</latexit><latexit sha1_base64="3DINoYTPnZ0lxEt8SP1YLVcVbCc=">AAAB+3icbVDLTsJAFJ3iC/FVcelmIjHiAtISE92YEN24hEQeCRQyHaYw6XRaZ6ZG0vArblxojFt/xJ1/4xS6UPAk9+bknHszd44bMSqVZX0bubX1jc2t/HZhZ3dv/8A8LLZlGAtMWjhkoei6SBJGOWkpqhjpRoKgwGWk4/q3qd95JELSkN+raUScAI059ShGSktDs9gc1K4rD2kr+xX/7HxQG5olq2rNAVeJnZESyNAYml/9UYjjgHCFGZKyZ1uRchIkFMWMzAr9WJIIYR+NSU9TjgIinWR++wyeamUEvVDo4grO1d8bCQqknAaungyQmshlLxX/83qx8q6chPIoVoTjxUNezKAKYRoEHFFBsGJTTRAWVN8K8QQJhJWOq6BDsJe/vErataptVe3mRal+k8WRB8fgBJSBDS5BHdyBBmgBDJ7AM3gFb8bMeDHejY/FaM7Ido7AHxifP3uqkiA=</latexit><latexit sha1_base64="3DINoYTPnZ0lxEt8SP1YLVcVbCc=">AAAB+3icbVDLTsJAFJ3iC/FVcelmIjHiAtISE92YEN24hEQeCRQyHaYw6XRaZ6ZG0vArblxojFt/xJ1/4xS6UPAk9+bknHszd44bMSqVZX0bubX1jc2t/HZhZ3dv/8A8LLZlGAtMWjhkoei6SBJGOWkpqhjpRoKgwGWk4/q3qd95JELSkN+raUScAI059ShGSktDs9gc1K4rD2kr+xX/7HxQG5olq2rNAVeJnZESyNAYml/9UYjjgHCFGZKyZ1uRchIkFMWMzAr9WJIIYR+NSU9TjgIinWR++wyeamUEvVDo4grO1d8bCQqknAaungyQmshlLxX/83qx8q6chPIoVoTjxUNezKAKYRoEHFFBsGJTTRAWVN8K8QQJhJWOq6BDsJe/vErataptVe3mRal+k8WRB8fgBJSBDS5BHdyBBmgBDJ7AM3gFb8bMeDHejY/FaM7Ido7AHxifP3uqkiA=</latexit>

W 2 = (q + p)2
<latexit sha1_base64="4xTcmU4VlCWCC/8fN+gxDz5OTi8=">AAAB8nicbVBNSwMxEJ31s9avqkcvwSJUhLJbBL0IRS8eK9gP2G5LNs22odlkTbJCKf0ZXjwo4tVf481/Y9ruQVsfDDzem2FmXphwpo3rfjsrq2vrG5u5rfz2zu7efuHgsKFlqgitE8mlaoVYU84ErRtmOG0liuI45LQZDm+nfvOJKs2keDCjhAYx7gsWMYKNlfxmp3JdejxPzjqVbqHolt0Z0DLxMlKEDLVu4avdkySNqTCEY619z01MMMbKMMLpJN9ONU0wGeI+9S0VOKY6GM9OnqBTq/RQJJUtYdBM/T0xxrHWozi0nTE2A73oTcX/PD810VUwZiJJDRVkvihKOTISTf9HPaYoMXxkCSaK2VsRGWCFibEp5W0I3uLLy6RRKXtu2bu/KFZvsjhycAwnUAIPLqEKd1CDOhCQ8Ayv8OYY58V5dz7mrStONnMEf+B8/gBXeY/5</latexit><latexit sha1_base64="4xTcmU4VlCWCC/8fN+gxDz5OTi8=">AAAB8nicbVBNSwMxEJ31s9avqkcvwSJUhLJbBL0IRS8eK9gP2G5LNs22odlkTbJCKf0ZXjwo4tVf481/Y9ruQVsfDDzem2FmXphwpo3rfjsrq2vrG5u5rfz2zu7efuHgsKFlqgitE8mlaoVYU84ErRtmOG0liuI45LQZDm+nfvOJKs2keDCjhAYx7gsWMYKNlfxmp3JdejxPzjqVbqHolt0Z0DLxMlKEDLVu4avdkySNqTCEY619z01MMMbKMMLpJN9ONU0wGeI+9S0VOKY6GM9OnqBTq/RQJJUtYdBM/T0xxrHWozi0nTE2A73oTcX/PD810VUwZiJJDRVkvihKOTISTf9HPaYoMXxkCSaK2VsRGWCFibEp5W0I3uLLy6RRKXtu2bu/KFZvsjhycAwnUAIPLqEKd1CDOhCQ8Ayv8OYY58V5dz7mrStONnMEf+B8/gBXeY/5</latexit><latexit sha1_base64="4xTcmU4VlCWCC/8fN+gxDz5OTi8=">AAAB8nicbVBNSwMxEJ31s9avqkcvwSJUhLJbBL0IRS8eK9gP2G5LNs22odlkTbJCKf0ZXjwo4tVf481/Y9ruQVsfDDzem2FmXphwpo3rfjsrq2vrG5u5rfz2zu7efuHgsKFlqgitE8mlaoVYU84ErRtmOG0liuI45LQZDm+nfvOJKs2keDCjhAYx7gsWMYKNlfxmp3JdejxPzjqVbqHolt0Z0DLxMlKEDLVu4avdkySNqTCEY619z01MMMbKMMLpJN9ONU0wGeI+9S0VOKY6GM9OnqBTq/RQJJUtYdBM/T0xxrHWozi0nTE2A73oTcX/PD810VUwZiJJDRVkvihKOTISTf9HPaYoMXxkCSaK2VsRGWCFibEp5W0I3uLLy6RRKXtu2bu/KFZvsjhycAwnUAIPLqEKd1CDOhCQ8Ayv8OYY58V5dz7mrStONnMEf+B8/gBXeY/5</latexit><latexit sha1_base64="4xTcmU4VlCWCC/8fN+gxDz5OTi8=">AAAB8nicbVBNSwMxEJ31s9avqkcvwSJUhLJbBL0IRS8eK9gP2G5LNs22odlkTbJCKf0ZXjwo4tVf481/Y9ruQVsfDDzem2FmXphwpo3rfjsrq2vrG5u5rfz2zu7efuHgsKFlqgitE8mlaoVYU84ErRtmOG0liuI45LQZDm+nfvOJKs2keDCjhAYx7gsWMYKNlfxmp3JdejxPzjqVbqHolt0Z0DLxMlKEDLVu4avdkySNqTCEY619z01MMMbKMMLpJN9ONU0wGeI+9S0VOKY6GM9OnqBTq/RQJJUtYdBM/T0xxrHWozi0nTE2A73oTcX/PD810VUwZiJJDRVkvihKOTISTf9HPaYoMXxkCSaK2VsRGWCFibEp5W0I3uLLy6RRKXtu2bu/KFZvsjhycAwnUAIPLqEKd1CDOhCQ8Ayv8OYY58V5dz7mrStONnMEf+B8/gBXeY/5</latexit>

Photon-proton cms energy squared

s = (k + p)2
<latexit sha1_base64="93H25UAI/EK4zW+JihxaBc5fgic=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahIpTdIuhFKHrxWMF+SLuWbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++3kVlbX1jfym4Wt7Z3dveL+QVNHiSK0QSIeqXaANeVM0oZhhtN2rCgWAaetYHQz9VtPVGkWyXszjqkv8ECykBFsrPSgr8qjs/j0sdorltyKOwNaJl5GSpCh3it+dfsRSQSVhnCsdcdzY+OnWBlGOJ0UuommMSYjPKAdSyUWVPvp7OAJOrFKH4WRsiUNmqm/J1IstB6LwHYKbIZ60ZuK/3mdxISXfspknBgqyXxRmHBkIjT9HvWZosTwsSWYKGZvRWSIFSbGZlSwIXiLLy+TZrXiuRXv7rxUu87iyMMRHEMZPLiAGtxCHRpAQMAzvMKbo5wX5935mLfmnGzmEP7A+fwBT86Paw==</latexit><latexit sha1_base64="93H25UAI/EK4zW+JihxaBc5fgic=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahIpTdIuhFKHrxWMF+SLuWbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++3kVlbX1jfym4Wt7Z3dveL+QVNHiSK0QSIeqXaANeVM0oZhhtN2rCgWAaetYHQz9VtPVGkWyXszjqkv8ECykBFsrPSgr8qjs/j0sdorltyKOwNaJl5GSpCh3it+dfsRSQSVhnCsdcdzY+OnWBlGOJ0UuommMSYjPKAdSyUWVPvp7OAJOrFKH4WRsiUNmqm/J1IstB6LwHYKbIZ60ZuK/3mdxISXfspknBgqyXxRmHBkIjT9HvWZosTwsSWYKGZvRWSIFSbGZlSwIXiLLy+TZrXiuRXv7rxUu87iyMMRHEMZPLiAGtxCHRpAQMAzvMKbo5wX5935mLfmnGzmEP7A+fwBT86Paw==</latexit><latexit sha1_base64="93H25UAI/EK4zW+JihxaBc5fgic=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahIpTdIuhFKHrxWMF+SLuWbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++3kVlbX1jfym4Wt7Z3dveL+QVNHiSK0QSIeqXaANeVM0oZhhtN2rCgWAaetYHQz9VtPVGkWyXszjqkv8ECykBFsrPSgr8qjs/j0sdorltyKOwNaJl5GSpCh3it+dfsRSQSVhnCsdcdzY+OnWBlGOJ0UuommMSYjPKAdSyUWVPvp7OAJOrFKH4WRsiUNmqm/J1IstB6LwHYKbIZ60ZuK/3mdxISXfspknBgqyXxRmHBkIjT9HvWZosTwsSWYKGZvRWSIFSbGZlSwIXiLLy+TZrXiuRXv7rxUu87iyMMRHEMZPLiAGtxCHRpAQMAzvMKbo5wX5935mLfmnGzmEP7A+fwBT86Paw==</latexit><latexit sha1_base64="93H25UAI/EK4zW+JihxaBc5fgic=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahIpTdIuhFKHrxWMF+SLuWbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++3kVlbX1jfym4Wt7Z3dveL+QVNHiSK0QSIeqXaANeVM0oZhhtN2rCgWAaetYHQz9VtPVGkWyXszjqkv8ECykBFsrPSgr8qjs/j0sdorltyKOwNaJl5GSpCh3it+dfsRSQSVhnCsdcdzY+OnWBlGOJ0UuommMSYjPKAdSyUWVPvp7OAJOrFKH4WRsiUNmqm/J1IstB6LwHYKbIZ60ZuK/3mdxISXfspknBgqyXxRmHBkIjT9HvWZosTwsSWYKGZvRWSIFSbGZlSwIXiLLy+TZrXiuRXv7rxUu87iyMMRHEMZPLiAGtxCHRpAQMAzvMKbo5wX5935mLfmnGzmEP7A+fwBT86Paw==</latexit>

x = Q2/2p · q
<latexit sha1_base64="EnBKFsMlNZBy7TxmkcJ+/Jx0/Qw=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInmpSBL0IRS8eW7Af0May2WzbpZts3J2INfSXePGgiFd/ijf/jds2B219MPB4b4aZeX4suAbH+bZyK6tr6xv5zcLW9s5u0d7bb2qZKMoaVAqp2j7RTPCINYCDYO1YMRL6grX80fXUbz0wpbmMbmEcMy8kg4j3OSVgpJ5dfLys31VOK3GXBhLwfc8uOWVnBrxM3IyUUIZaz/7qBpImIYuACqJ1x3Vi8FKigFPBJoVuollM6IgMWMfQiIRMe+ns8Ak+NkqA+1KZigDP1N8TKQm1Hoe+6QwJDPWiNxX/8zoJ9C+8lEdxAiyi80X9RGCQeJoCDrhiFMTYEEIVN7diOiSKUDBZFUwI7uLLy6RZKbtO2a2flapXWRx5dIiO0Aly0TmqohtUQw1EUYKe0St6s56sF+vd+pi35qxs5gD9gfX5A2CAkj8=</latexit><latexit sha1_base64="EnBKFsMlNZBy7TxmkcJ+/Jx0/Qw=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInmpSBL0IRS8eW7Af0May2WzbpZts3J2INfSXePGgiFd/ijf/jds2B219MPB4b4aZeX4suAbH+bZyK6tr6xv5zcLW9s5u0d7bb2qZKMoaVAqp2j7RTPCINYCDYO1YMRL6grX80fXUbz0wpbmMbmEcMy8kg4j3OSVgpJ5dfLys31VOK3GXBhLwfc8uOWVnBrxM3IyUUIZaz/7qBpImIYuACqJ1x3Vi8FKigFPBJoVuollM6IgMWMfQiIRMe+ns8Ak+NkqA+1KZigDP1N8TKQm1Hoe+6QwJDPWiNxX/8zoJ9C+8lEdxAiyi80X9RGCQeJoCDrhiFMTYEEIVN7diOiSKUDBZFUwI7uLLy6RZKbtO2a2flapXWRx5dIiO0Aly0TmqohtUQw1EUYKe0St6s56sF+vd+pi35qxs5gD9gfX5A2CAkj8=</latexit><latexit sha1_base64="EnBKFsMlNZBy7TxmkcJ+/Jx0/Qw=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInmpSBL0IRS8eW7Af0May2WzbpZts3J2INfSXePGgiFd/ijf/jds2B219MPB4b4aZeX4suAbH+bZyK6tr6xv5zcLW9s5u0d7bb2qZKMoaVAqp2j7RTPCINYCDYO1YMRL6grX80fXUbz0wpbmMbmEcMy8kg4j3OSVgpJ5dfLys31VOK3GXBhLwfc8uOWVnBrxM3IyUUIZaz/7qBpImIYuACqJ1x3Vi8FKigFPBJoVuollM6IgMWMfQiIRMe+ns8Ak+NkqA+1KZigDP1N8TKQm1Hoe+6QwJDPWiNxX/8zoJ9C+8lEdxAiyi80X9RGCQeJoCDrhiFMTYEEIVN7diOiSKUDBZFUwI7uLLy6RZKbtO2a2flapXWRx5dIiO0Aly0TmqohtUQw1EUYKe0St6s56sF+vd+pi35qxs5gD9gfX5A2CAkj8=</latexit><latexit sha1_base64="EnBKFsMlNZBy7TxmkcJ+/Jx0/Qw=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInmpSBL0IRS8eW7Af0May2WzbpZts3J2INfSXePGgiFd/ijf/jds2B219MPB4b4aZeX4suAbH+bZyK6tr6xv5zcLW9s5u0d7bb2qZKMoaVAqp2j7RTPCINYCDYO1YMRL6grX80fXUbz0wpbmMbmEcMy8kg4j3OSVgpJ5dfLys31VOK3GXBhLwfc8uOWVnBrxM3IyUUIZaz/7qBpImIYuACqJ1x3Vi8FKigFPBJoVuollM6IgMWMfQiIRMe+ns8Ak+NkqA+1KZigDP1N8TKQm1Hoe+6QwJDPWiNxX/8zoJ9C+8lEdxAiyi80X9RGCQeJoCDrhiFMTYEEIVN7diOiSKUDBZFUwI7uLLy6RZKbtO2a2flapXWRx5dIiO0Aly0TmqohtUQw1EUYKe0St6s56sF+vd+pi35qxs5gD9gfX5A2CAkj8=</latexit>

y = q · p/k · p
<latexit sha1_base64="SOH7PtdSuqqlemh5XiYNqkkQJQ4=">AAAB/nicbZDLSsNAFIYn9VbrLSqu3AwWwVVNRNCNUHTjsoK9QBvKZDJph04mceZECKHgq7hxoYhbn8Odb+O0zUJbfxj4+M85nDO/nwiuwXG+rdLS8srqWnm9srG5tb1j7+61dJwqypo0FrHq+EQzwSVrAgfBOoliJPIFa/ujm0m9/ciU5rG8hyxhXkQGkoecEjBW3z7Irh56NIgBJ/h0hAvs21Wn5kyFF8EtoIoKNfr2Vy+IaRoxCVQQrbuuk4CXEwWcCjau9FLNEkJHZMC6BiWJmPby6fljfGycAIexMk8Cnrq/J3ISaZ1FvumMCAz1fG1i/lfrphBeejmXSQpM0tmiMBUYYjzJAgdcMQoiM0Co4uZWTIdEEQomsYoJwZ3/8iK0zmquU3Pvzqv16yKOMjpER+gEuegC1dEtaqAmoihHz+gVvVlP1ov1bn3MWktWMbOP/sj6/AG2kJSq</latexit><latexit sha1_base64="SOH7PtdSuqqlemh5XiYNqkkQJQ4=">AAAB/nicbZDLSsNAFIYn9VbrLSqu3AwWwVVNRNCNUHTjsoK9QBvKZDJph04mceZECKHgq7hxoYhbn8Odb+O0zUJbfxj4+M85nDO/nwiuwXG+rdLS8srqWnm9srG5tb1j7+61dJwqypo0FrHq+EQzwSVrAgfBOoliJPIFa/ujm0m9/ciU5rG8hyxhXkQGkoecEjBW3z7Irh56NIgBJ/h0hAvs21Wn5kyFF8EtoIoKNfr2Vy+IaRoxCVQQrbuuk4CXEwWcCjau9FLNEkJHZMC6BiWJmPby6fljfGycAIexMk8Cnrq/J3ISaZ1FvumMCAz1fG1i/lfrphBeejmXSQpM0tmiMBUYYjzJAgdcMQoiM0Co4uZWTIdEEQomsYoJwZ3/8iK0zmquU3Pvzqv16yKOMjpER+gEuegC1dEtaqAmoihHz+gVvVlP1ov1bn3MWktWMbOP/sj6/AG2kJSq</latexit><latexit sha1_base64="SOH7PtdSuqqlemh5XiYNqkkQJQ4=">AAAB/nicbZDLSsNAFIYn9VbrLSqu3AwWwVVNRNCNUHTjsoK9QBvKZDJph04mceZECKHgq7hxoYhbn8Odb+O0zUJbfxj4+M85nDO/nwiuwXG+rdLS8srqWnm9srG5tb1j7+61dJwqypo0FrHq+EQzwSVrAgfBOoliJPIFa/ujm0m9/ciU5rG8hyxhXkQGkoecEjBW3z7Irh56NIgBJ/h0hAvs21Wn5kyFF8EtoIoKNfr2Vy+IaRoxCVQQrbuuk4CXEwWcCjau9FLNEkJHZMC6BiWJmPby6fljfGycAIexMk8Cnrq/J3ISaZ1FvumMCAz1fG1i/lfrphBeejmXSQpM0tmiMBUYYjzJAgdcMQoiM0Co4uZWTIdEEQomsYoJwZ3/8iK0zmquU3Pvzqv16yKOMjpER+gEuegC1dEtaqAmoihHz+gVvVlP1ov1bn3MWktWMbOP/sj6/AG2kJSq</latexit><latexit sha1_base64="SOH7PtdSuqqlemh5XiYNqkkQJQ4=">AAAB/nicbZDLSsNAFIYn9VbrLSqu3AwWwVVNRNCNUHTjsoK9QBvKZDJph04mceZECKHgq7hxoYhbn8Odb+O0zUJbfxj4+M85nDO/nwiuwXG+rdLS8srqWnm9srG5tb1j7+61dJwqypo0FrHq+EQzwSVrAgfBOoliJPIFa/ujm0m9/ciU5rG8hyxhXkQGkoecEjBW3z7Irh56NIgBJ/h0hAvs21Wn5kyFF8EtoIoKNfr2Vy+IaRoxCVQQrbuuk4CXEwWcCjau9FLNEkJHZMC6BiWJmPby6fljfGycAIexMk8Cnrq/J3ISaZ1FvumMCAz1fG1i/lfrphBeejmXSQpM0tmiMBUYYjzJAgdcMQoiM0Co4uZWTIdEEQomsYoJwZ3/8iK0zmquU3Pvzqv16yKOMjpER+gEuegC1dEtaqAmoihHz+gVvVlP1ov1bn3MWktWMbOP/sj6/AG2kJSq</latexit>

Inelasticity
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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)

17



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

◆

<latexit sha1_base64="0m0iquMSERj+qoeycFtAn9hgDb0="></latexit><latexit sha1_base64="0m0iquMSERj+qoeycFtAn9hgDb0="></latexit><latexit sha1_base64="0m0iquMSERj+qoeycFtAn9hgDb0="></latexit><latexit sha1_base64="0m0iquMSERj+qoeycFtAn9hgDb0="></latexit>

Then  y = y0 + �
<latexit sha1_base64="tiTH9NLvGX1fc4cPN4UrwchuXvA=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZREMpuEfQiFL14rGA/pF1KNs22oUl2SbLCsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++0UVlbX1jeKm6Wt7Z3dvfL+QUtHiSK0SSIeqU6ANeVM0qZhhtNOrCgWAaftYHw79dtPVGkWyQeTxtQXeChZyAg2VnpMr9PT8148Yv1yxa26M6Bl4uWkAjka/fJXbxCRRFBpCMdadz03Nn6GlWGE00mpl2gaYzLGQ9q1VGJBtZ/NDp6gE6sMUBgpW9Kgmfp7IsNC61QEtlNgM9KL3lT8z+smJrzyMybjxFBJ5ovChCMToen3aMAUJYanlmCimL0VkRFWmBibUcmG4C2+vExatarnVr37i0r9Jo+jCEdwDGfgwSXU4Q4a0AQCAp7hFd4c5bw4787HvLXg5DOH8AfO5w8dl4/y</latexit><latexit sha1_base64="tiTH9NLvGX1fc4cPN4UrwchuXvA=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZREMpuEfQiFL14rGA/pF1KNs22oUl2SbLCsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++0UVlbX1jeKm6Wt7Z3dvfL+QUtHiSK0SSIeqU6ANeVM0qZhhtNOrCgWAaftYHw79dtPVGkWyQeTxtQXeChZyAg2VnpMr9PT8148Yv1yxa26M6Bl4uWkAjka/fJXbxCRRFBpCMdadz03Nn6GlWGE00mpl2gaYzLGQ9q1VGJBtZ/NDp6gE6sMUBgpW9Kgmfp7IsNC61QEtlNgM9KL3lT8z+smJrzyMybjxFBJ5ovChCMToen3aMAUJYanlmCimL0VkRFWmBibUcmG4C2+vExatarnVr37i0r9Jo+jCEdwDGfgwSXU4Q4a0AQCAp7hFd4c5bw4787HvLXg5DOH8AfO5w8dl4/y</latexit><latexit sha1_base64="tiTH9NLvGX1fc4cPN4UrwchuXvA=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZREMpuEfQiFL14rGA/pF1KNs22oUl2SbLCsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++0UVlbX1jeKm6Wt7Z3dvfL+QUtHiSK0SSIeqU6ANeVM0qZhhtNOrCgWAaftYHw79dtPVGkWyQeTxtQXeChZyAg2VnpMr9PT8148Yv1yxa26M6Bl4uWkAjka/fJXbxCRRFBpCMdadz03Nn6GlWGE00mpl2gaYzLGQ9q1VGJBtZ/NDp6gE6sMUBgpW9Kgmfp7IsNC61QEtlNgM9KL3lT8z+smJrzyMybjxFBJ5ovChCMToen3aMAUJYanlmCimL0VkRFWmBibUcmG4C2+vExatarnVr37i0r9Jo+jCEdwDGfgwSXU4Q4a0AQCAp7hFd4c5bw4787HvLXg5DOH8AfO5w8dl4/y</latexit><latexit sha1_base64="tiTH9NLvGX1fc4cPN4UrwchuXvA=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZREMpuEfQiFL14rGA/pF1KNs22oUl2SbLCsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++0UVlbX1jeKm6Wt7Z3dvfL+QUtHiSK0SSIeqU6ANeVM0qZhhtNOrCgWAaftYHw79dtPVGkWyQeTxtQXeChZyAg2VnpMr9PT8148Yv1yxa26M6Bl4uWkAjka/fJXbxCRRFBpCMdadz03Nn6GlWGE00mpl2gaYzLGQ9q1VGJBtZ/NDp6gE6sMUBgpW9Kgmfp7IsNC61QEtlNgM9KL3lT8z+smJrzyMybjxFBJ5ovChCMToen3aMAUJYanlmCimL0VkRFWmBibUcmG4C2+vExatarnVr37i0r9Jo+jCEdwDGfgwSXU4Q4a0AQCAp7hFd4c5bw4787HvLXg5DOH8AfO5w8dl4/y</latexit>

Pseudorapidity ⌘ = � ln tan
✓

2
<latexit sha1_base64="2NYOnFdoq9FQUrIS+VaYiaNbVbM=">AAACCnicbVDLSsNAFJ34rPUVdelmtAhuLEkRdCMU3bisYB/QhDKZTtqhk0mYuRFKyNqNv+LGhSJu/QJ3/o3TNgttPXAvh3PuZeaeIBFcg+N8W0vLK6tr66WN8ubW9s6uvbff0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB2MbiZ++4EpzWN5D+OE+REZSB5ySsBIPfvIY0DwFT7zhMQeENNCRWjmwdAYeVbLe3bFqTpT4EXiFqSCCjR69pfXj2kaMQlUEK27rpOAnxEFnAqWl71Us4TQERmwrqGSREz72fSUHJ8YpY/DWJmSgKfq742MRFqPo8BMRgSGet6biP953RTCSz/jMkmBSTp7KEwFhhhPcsF9rhgFMTaEUMXNXzEdEhMFmPTKJgR3/uRF0qpVXafq3p1X6tdFHCV0iI7RKXLRBaqjW9RATUTRI3pGr+jNerJerHfrYza6ZBU7B+gPrM8f/geZ1g==</latexit><latexit sha1_base64="2NYOnFdoq9FQUrIS+VaYiaNbVbM=">AAACCnicbVDLSsNAFJ34rPUVdelmtAhuLEkRdCMU3bisYB/QhDKZTtqhk0mYuRFKyNqNv+LGhSJu/QJ3/o3TNgttPXAvh3PuZeaeIBFcg+N8W0vLK6tr66WN8ubW9s6uvbff0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB2MbiZ++4EpzWN5D+OE+REZSB5ySsBIPfvIY0DwFT7zhMQeENNCRWjmwdAYeVbLe3bFqTpT4EXiFqSCCjR69pfXj2kaMQlUEK27rpOAnxEFnAqWl71Us4TQERmwrqGSREz72fSUHJ8YpY/DWJmSgKfq742MRFqPo8BMRgSGet6biP953RTCSz/jMkmBSTp7KEwFhhhPcsF9rhgFMTaEUMXNXzEdEhMFmPTKJgR3/uRF0qpVXafq3p1X6tdFHCV0iI7RKXLRBaqjW9RATUTRI3pGr+jNerJerHfrYza6ZBU7B+gPrM8f/geZ1g==</latexit><latexit sha1_base64="2NYOnFdoq9FQUrIS+VaYiaNbVbM=">AAACCnicbVDLSsNAFJ34rPUVdelmtAhuLEkRdCMU3bisYB/QhDKZTtqhk0mYuRFKyNqNv+LGhSJu/QJ3/o3TNgttPXAvh3PuZeaeIBFcg+N8W0vLK6tr66WN8ubW9s6uvbff0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB2MbiZ++4EpzWN5D+OE+REZSB5ySsBIPfvIY0DwFT7zhMQeENNCRWjmwdAYeVbLe3bFqTpT4EXiFqSCCjR69pfXj2kaMQlUEK27rpOAnxEFnAqWl71Us4TQERmwrqGSREz72fSUHJ8YpY/DWJmSgKfq742MRFqPo8BMRgSGet6biP953RTCSz/jMkmBSTp7KEwFhhhPcsF9rhgFMTaEUMXNXzEdEhMFmPTKJgR3/uRF0qpVXafq3p1X6tdFHCV0iI7RKXLRBaqjW9RATUTRI3pGr+jNerJerHfrYza6ZBU7B+gPrM8f/geZ1g==</latexit><latexit sha1_base64="2NYOnFdoq9FQUrIS+VaYiaNbVbM=">AAACCnicbVDLSsNAFJ34rPUVdelmtAhuLEkRdCMU3bisYB/QhDKZTtqhk0mYuRFKyNqNv+LGhSJu/QJ3/o3TNgttPXAvh3PuZeaeIBFcg+N8W0vLK6tr66WN8ubW9s6uvbff0nGqKGvSWMSqExDNBJesCRwE6ySKkSgQrB2MbiZ++4EpzWN5D+OE+REZSB5ySsBIPfvIY0DwFT7zhMQeENNCRWjmwdAYeVbLe3bFqTpT4EXiFqSCCjR69pfXj2kaMQlUEK27rpOAnxEFnAqWl71Us4TQERmwrqGSREz72fSUHJ8YpY/DWJmSgKfq742MRFqPo8BMRgSGet6biP953RTCSz/jMkmBSTp7KEwFhhhPcsF9rhgFMTaEUMXNXzEdEhMFmPTKJgR3/uRF0qpVXafq3p1X6tdFHCV0iI7RKXLRBaqjW9RATUTRI3pGr+jNerJerHfrYza6ZBU7B+gPrM8f/geZ1g==</latexit>

Angle between 3-
momentum and z-axis

When m ⌧ ~pT
<latexit sha1_base64="tBtNLA0F3w1RwpARYeaCA/pb6ss=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU0lE0GPRi8cK/YImhM122y7d3YTdTaGG/hIvHhTx6k/x5r9x2+agrQ8GHu/NMDMvTjnTxvO+nY3Nre2d3dJeef/g8KjiHp+0dZIpQlsk4YnqxlhTziRtGWY47aaKYhFz2onH93O/M6FKs0Q2zTSlocBDyQaMYGOlyK0IFHCOggkleTqLmpFb9WreAmid+AWpQoFG5H4F/YRkgkpDONa653upCXOsDCOczspBpmmKyRgPac9SiQXVYb44fIYurNJHg0TZkgYt1N8TORZaT0VsOwU2I73qzcX/vF5mBrdhzmSaGSrJctEg48gkaJ4C6jNFieFTSzBRzN6KyAgrTIzNqmxD8FdfXiftq5rv1fzH62r9roijBGdwDpfgww3U4QEa0AICGTzDK7w5T86L8+58LFs3nGLmFP7A+fwBSheS1w==</latexit><latexit sha1_base64="tBtNLA0F3w1RwpARYeaCA/pb6ss=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU0lE0GPRi8cK/YImhM122y7d3YTdTaGG/hIvHhTx6k/x5r9x2+agrQ8GHu/NMDMvTjnTxvO+nY3Nre2d3dJeef/g8KjiHp+0dZIpQlsk4YnqxlhTziRtGWY47aaKYhFz2onH93O/M6FKs0Q2zTSlocBDyQaMYGOlyK0IFHCOggkleTqLmpFb9WreAmid+AWpQoFG5H4F/YRkgkpDONa653upCXOsDCOczspBpmmKyRgPac9SiQXVYb44fIYurNJHg0TZkgYt1N8TORZaT0VsOwU2I73qzcX/vF5mBrdhzmSaGSrJctEg48gkaJ4C6jNFieFTSzBRzN6KyAgrTIzNqmxD8FdfXiftq5rv1fzH62r9roijBGdwDpfgww3U4QEa0AICGTzDK7w5T86L8+58LFs3nGLmFP7A+fwBSheS1w==</latexit><latexit sha1_base64="tBtNLA0F3w1RwpARYeaCA/pb6ss=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU0lE0GPRi8cK/YImhM122y7d3YTdTaGG/hIvHhTx6k/x5r9x2+agrQ8GHu/NMDMvTjnTxvO+nY3Nre2d3dJeef/g8KjiHp+0dZIpQlsk4YnqxlhTziRtGWY47aaKYhFz2onH93O/M6FKs0Q2zTSlocBDyQaMYGOlyK0IFHCOggkleTqLmpFb9WreAmid+AWpQoFG5H4F/YRkgkpDONa653upCXOsDCOczspBpmmKyRgPac9SiQXVYb44fIYurNJHg0TZkgYt1N8TORZaT0VsOwU2I73qzcX/vF5mBrdhzmSaGSrJctEg48gkaJ4C6jNFieFTSzBRzN6KyAgrTIzNqmxD8FdfXiftq5rv1fzH62r9roijBGdwDpfgww3U4QEa0AICGTzDK7w5T86L8+58LFs3nGLmFP7A+fwBSheS1w==</latexit><latexit sha1_base64="tBtNLA0F3w1RwpARYeaCA/pb6ss=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU0lE0GPRi8cK/YImhM122y7d3YTdTaGG/hIvHhTx6k/x5r9x2+agrQ8GHu/NMDMvTjnTxvO+nY3Nre2d3dJeef/g8KjiHp+0dZIpQlsk4YnqxlhTziRtGWY47aaKYhFz2onH93O/M6FKs0Q2zTSlocBDyQaMYGOlyK0IFHCOggkleTqLmpFb9WreAmid+AWpQoFG5H4F/YRkgkpDONa653upCXOsDCOczspBpmmKyRgPac9SiQXVYb44fIYurNJHg0TZkgYt1N8TORZaT0VsOwU2I73qzcX/vF5mBrdhzmSaGSrJctEg48gkaJ4C6jNFieFTSzBRzN6KyAgrTIzNqmxD8FdfXiftq5rv1fzH62r9roijBGdwDpfgww3U4QEa0AICGTzDK7w5T86L8+58LFs3nGLmFP7A+fwBSheS1w==</latexit>

y ! ⌘
<latexit sha1_base64="MZ+KNxPcDmInpjnSUIkrRlQJz9g=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiF48V7Ae0oWy2m3bpZjfsTtQQ+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MBHcgOd9O6W19Y3NrfJ2ZWd3b//APay2jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXByM/M7D0wbruQ9ZAkLYjKSPOKUgJUGbjXDfc1HYyBaq0fcZ0AGbs2re3PgVeIXpIYKNAfuV3+oaBozCVQQY3q+l0CQEw2cCjat9FPDEkInZMR6lkoSMxPk89un+NQqQxwpbUsCnqu/J3ISG5PFoe2MCYzNsjcT//N6KURXQc5lkgKTdLEoSgUGhWdB4CHXjILILCFUc3srpmOiCQUbV8WG4C+/vEra53Xfq/t3F7XGdRFHGR2jE3SGfHSJGugWNVELUfSEntErenOmzovz7nwsWktOMXOE/sD5/AHh2pRT</latexit><latexit sha1_base64="MZ+KNxPcDmInpjnSUIkrRlQJz9g=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiF48V7Ae0oWy2m3bpZjfsTtQQ+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MBHcgOd9O6W19Y3NrfJ2ZWd3b//APay2jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXByM/M7D0wbruQ9ZAkLYjKSPOKUgJUGbjXDfc1HYyBaq0fcZ0AGbs2re3PgVeIXpIYKNAfuV3+oaBozCVQQY3q+l0CQEw2cCjat9FPDEkInZMR6lkoSMxPk89un+NQqQxwpbUsCnqu/J3ISG5PFoe2MCYzNsjcT//N6KURXQc5lkgKTdLEoSgUGhWdB4CHXjILILCFUc3srpmOiCQUbV8WG4C+/vEra53Xfq/t3F7XGdRFHGR2jE3SGfHSJGugWNVELUfSEntErenOmzovz7nwsWktOMXOE/sD5/AHh2pRT</latexit><latexit sha1_base64="MZ+KNxPcDmInpjnSUIkrRlQJz9g=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiF48V7Ae0oWy2m3bpZjfsTtQQ+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MBHcgOd9O6W19Y3NrfJ2ZWd3b//APay2jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXByM/M7D0wbruQ9ZAkLYjKSPOKUgJUGbjXDfc1HYyBaq0fcZ0AGbs2re3PgVeIXpIYKNAfuV3+oaBozCVQQY3q+l0CQEw2cCjat9FPDEkInZMR6lkoSMxPk89un+NQqQxwpbUsCnqu/J3ISG5PFoe2MCYzNsjcT//N6KURXQc5lkgKTdLEoSgUGhWdB4CHXjILILCFUc3srpmOiCQUbV8WG4C+/vEra53Xfq/t3F7XGdRFHGR2jE3SGfHSJGugWNVELUfSEntErenOmzovz7nwsWktOMXOE/sD5/AHh2pRT</latexit><latexit sha1_base64="MZ+KNxPcDmInpjnSUIkrRlQJz9g=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiF48V7Ae0oWy2m3bpZjfsTtQQ+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MBHcgOd9O6W19Y3NrfJ2ZWd3b//APay2jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXByM/M7D0wbruQ9ZAkLYjKSPOKUgJUGbjXDfc1HYyBaq0fcZ0AGbs2re3PgVeIXpIYKNAfuV3+oaBozCVQQY3q+l0CQEw2cCjat9FPDEkInZMR6lkoSMxPk89un+NQqQxwpbUsCnqu/J3ISG5PFoe2MCYzNsjcT//N6KURXQc5lkgKTdLEoSgUGhWdB4CHXjILILCFUc3srpmOiCQUbV8WG4C+/vEra53Xfq/t3F7XGdRFHGR2jE3SGfHSJGugWNVELUfSEntErenOmzovz7nwsWktOMXOE/sD5/AHh2pRT</latexit>

then 
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Diffraction in electron - proton(nucleus)

t
<latexit sha1_base64="fInOqGTCCrWkRGJFOZWK1l6FLBY=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eGzBfkAbymY7adduNmF3IpTSX+DFgyJe/Une/Ddu2xy09cHA470ZZuaFqRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmGDBElspxpZHEpshaO7md96Qm1Eoh5onGIQs4ESkeCMrFSnXqnsVbw53FXi56QMOWq90le3n/AsRkVcMmM6vpdSMGGaBJc4LXYzgynjIzbAjqWKxWiCyfzQqXtulb4bJdqWIneu/p6YsNiYcRzazpjR0Cx7M/E/r5NRdBNMhEozQsUXi6JMupS4s6/dvtDISY4tYVwLe6vLh0wzTjabog3BX355lTQvK75X8etX5eptHkcBTuEMLsCHa6jCPdSgARwQnuEV3pxH58V5dz4WrWtOPnMCf+B8/gDgKYz4</latexit><latexit sha1_base64="fInOqGTCCrWkRGJFOZWK1l6FLBY=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eGzBfkAbymY7adduNmF3IpTSX+DFgyJe/Une/Ddu2xy09cHA470ZZuaFqRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmGDBElspxpZHEpshaO7md96Qm1Eoh5onGIQs4ESkeCMrFSnXqnsVbw53FXi56QMOWq90le3n/AsRkVcMmM6vpdSMGGaBJc4LXYzgynjIzbAjqWKxWiCyfzQqXtulb4bJdqWIneu/p6YsNiYcRzazpjR0Cx7M/E/r5NRdBNMhEozQsUXi6JMupS4s6/dvtDISY4tYVwLe6vLh0wzTjabog3BX355lTQvK75X8etX5eptHkcBTuEMLsCHa6jCPdSgARwQnuEV3pxH58V5dz4WrWtOPnMCf+B8/gDgKYz4</latexit><latexit sha1_base64="fInOqGTCCrWkRGJFOZWK1l6FLBY=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eGzBfkAbymY7adduNmF3IpTSX+DFgyJe/Une/Ddu2xy09cHA470ZZuaFqRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmGDBElspxpZHEpshaO7md96Qm1Eoh5onGIQs4ESkeCMrFSnXqnsVbw53FXi56QMOWq90le3n/AsRkVcMmM6vpdSMGGaBJc4LXYzgynjIzbAjqWKxWiCyfzQqXtulb4bJdqWIneu/p6YsNiYcRzazpjR0Cx7M/E/r5NRdBNMhEozQsUXi6JMupS4s6/dvtDISY4tYVwLe6vLh0wzTjabog3BX355lTQvK75X8etX5eptHkcBTuEMLsCHa6jCPdSgARwQnuEV3pxH58V5dz4WrWtOPnMCf+B8/gDgKYz4</latexit><latexit sha1_base64="fInOqGTCCrWkRGJFOZWK1l6FLBY=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eGzBfkAbymY7adduNmF3IpTSX+DFgyJe/Une/Ddu2xy09cHA470ZZuaFqRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmGDBElspxpZHEpshaO7md96Qm1Eoh5onGIQs4ESkeCMrFSnXqnsVbw53FXi56QMOWq90le3n/AsRkVcMmM6vpdSMGGaBJc4LXYzgynjIzbAjqWKxWiCyfzQqXtulb4bJdqWIneu/p6YsNiYcRzazpjR0Cx7M/E/r5NRdBNMhEozQsUXi6JMupS4s6/dvtDISY4tYVwLe6vLh0wzTjabog3BX355lTQvK75X8etX5eptHkcBTuEMLsCHa6jCPdSgARwQnuEV3pxH58V5dz4WrWtOPnMCf+B8/gDgKYz4</latexit>

Momentum transfer at the 
proton vertex (target recoil)

X
<latexit sha1_base64="hf6hOeTjseL13iz+i/MO/ptaY5E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2R2UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtbmM3A==</latexit><latexit sha1_base64="hf6hOeTjseL13iz+i/MO/ptaY5E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2R2UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtbmM3A==</latexit><latexit sha1_base64="hf6hOeTjseL13iz+i/MO/ptaY5E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2R2UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtbmM3A==</latexit><latexit sha1_base64="hf6hOeTjseL13iz+i/MO/ptaY5E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2R2UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtbmM3A==</latexit>

Diffractive system with mass Mx

Rapidity gap

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

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

Diffraction: a reaction characterized by a large rapidity gap in the final state
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Diffraction and the Pomeron
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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Example : elastic vector meson production

J/ψ vector meson: charm -anti charm system 

Upsilon vector meson: bottom  - anti bottom system m = 9.46 GeV
<latexit sha1_base64="xmKOdR7rwrKc1jc0M1T8m0aDt6w=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgKiQiPhCh6EKXFewDmlAm00k7dGYSZiZCCPVX3LhQxK0f4s6/cdpmoa0HLhzOuZd77wkTRpV23W+rtLS8srpWXq9sbG5t79i7ey0VpxKTJo5ZLDshUoRRQZqaakY6iSSIh4y0w9HNxG8/EqloLB50lpCAo4GgEcVIG6lnV/nVhXNyCv1LmPuSw1vSGvfsmuu4U8BF4hWkBgo0evaX349xyonQmCGlup6b6CBHUlPMyLjip4okCI/QgHQNFYgTFeTT48fw0Ch9GMXSlNBwqv6eyBFXKuOh6eRID9W8NxH/87qpjs6DnIok1UTg2aIoZVDHcJIE7FNJsGaZIQhLam6FeIgkwtrkVTEhePMvL5LWseO5jnd/UqtfF3GUwT44AEfAA2egDu5AAzQBBhl4Bq/gzXqyXqx362PWWrKKmSr4A+vzBwGjkxA=</latexit><latexit sha1_base64="xmKOdR7rwrKc1jc0M1T8m0aDt6w=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgKiQiPhCh6EKXFewDmlAm00k7dGYSZiZCCPVX3LhQxK0f4s6/cdpmoa0HLhzOuZd77wkTRpV23W+rtLS8srpWXq9sbG5t79i7ey0VpxKTJo5ZLDshUoRRQZqaakY6iSSIh4y0w9HNxG8/EqloLB50lpCAo4GgEcVIG6lnV/nVhXNyCv1LmPuSw1vSGvfsmuu4U8BF4hWkBgo0evaX349xyonQmCGlup6b6CBHUlPMyLjip4okCI/QgHQNFYgTFeTT48fw0Ch9GMXSlNBwqv6eyBFXKuOh6eRID9W8NxH/87qpjs6DnIok1UTg2aIoZVDHcJIE7FNJsGaZIQhLam6FeIgkwtrkVTEhePMvL5LWseO5jnd/UqtfF3GUwT44AEfAA2egDu5AAzQBBhl4Bq/gzXqyXqx362PWWrKKmSr4A+vzBwGjkxA=</latexit><latexit sha1_base64="xmKOdR7rwrKc1jc0M1T8m0aDt6w=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgKiQiPhCh6EKXFewDmlAm00k7dGYSZiZCCPVX3LhQxK0f4s6/cdpmoa0HLhzOuZd77wkTRpV23W+rtLS8srpWXq9sbG5t79i7ey0VpxKTJo5ZLDshUoRRQZqaakY6iSSIh4y0w9HNxG8/EqloLB50lpCAo4GgEcVIG6lnV/nVhXNyCv1LmPuSw1vSGvfsmuu4U8BF4hWkBgo0evaX349xyonQmCGlup6b6CBHUlPMyLjip4okCI/QgHQNFYgTFeTT48fw0Ch9GMXSlNBwqv6eyBFXKuOh6eRID9W8NxH/87qpjs6DnIok1UTg2aIoZVDHcJIE7FNJsGaZIQhLam6FeIgkwtrkVTEhePMvL5LWseO5jnd/UqtfF3GUwT44AEfAA2egDu5AAzQBBhl4Bq/gzXqyXqx362PWWrKKmSr4A+vzBwGjkxA=</latexit><latexit sha1_base64="xmKOdR7rwrKc1jc0M1T8m0aDt6w=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgKiQiPhCh6EKXFewDmlAm00k7dGYSZiZCCPVX3LhQxK0f4s6/cdpmoa0HLhzOuZd77wkTRpV23W+rtLS8srpWXq9sbG5t79i7ey0VpxKTJo5ZLDshUoRRQZqaakY6iSSIh4y0w9HNxG8/EqloLB50lpCAo4GgEcVIG6lnV/nVhXNyCv1LmPuSw1vSGvfsmuu4U8BF4hWkBgo0evaX349xyonQmCGlup6b6CBHUlPMyLjip4okCI/QgHQNFYgTFeTT48fw0Ch9GMXSlNBwqv6eyBFXKuOh6eRID9W8NxH/87qpjs6DnIok1UTg2aIoZVDHcJIE7FNJsGaZIQhLam6FeIgkwtrkVTEhePMvL5LWseO5jnd/UqtfF3GUwT44AEfAA2egDu5AAzQBBhl4Bq/gzXqyXqx362PWWrKKmSr4A+vzBwGjkxA=</latexit>

m = 3.09 GeV
<latexit sha1_base64="oK1RBueBEEfoQcyZHE/bSH9Dao8=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgKiQqqIhQdKHLCvYBTSiT6aQdOjMJMxMhhPorblwo4tYPceffOG2z0NYDFw7n3Mu994QJo0q77rdVWlpeWV0rr1c2Nre2d+zdvZaKU4lJE8cslp0QKcKoIE1NNSOdRBLEQ0ba4ehm4rcfiVQ0Fg86S0jA0UDQiGKkjdSzq/zqxHEvoH8Jc19yeEta455dcx13CrhIvILUQIFGz/7y+zFOOREaM6RU13MTHeRIaooZGVf8VJEE4REakK6hAnGignx6/BgeGqUPo1iaEhpO1d8TOeJKZTw0nRzpoZr3JuJ/XjfV0XmQU5Gkmgg8WxSlDOoYTpKAfSoJ1iwzBGFJza0QD5FEWJu8KiYEb/7lRdI6djzX8e5Pa/XrIo4y2AcH4Ah44AzUwR1ogCbAIAPP4BW8WU/Wi/VufcxaS1YxUwV/YH3+APaHkwk=</latexit><latexit sha1_base64="oK1RBueBEEfoQcyZHE/bSH9Dao8=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgKiQqqIhQdKHLCvYBTSiT6aQdOjMJMxMhhPorblwo4tYPceffOG2z0NYDFw7n3Mu994QJo0q77rdVWlpeWV0rr1c2Nre2d+zdvZaKU4lJE8cslp0QKcKoIE1NNSOdRBLEQ0ba4ehm4rcfiVQ0Fg86S0jA0UDQiGKkjdSzq/zqxHEvoH8Jc19yeEta455dcx13CrhIvILUQIFGz/7y+zFOOREaM6RU13MTHeRIaooZGVf8VJEE4REakK6hAnGignx6/BgeGqUPo1iaEhpO1d8TOeJKZTw0nRzpoZr3JuJ/XjfV0XmQU5Gkmgg8WxSlDOoYTpKAfSoJ1iwzBGFJza0QD5FEWJu8KiYEb/7lRdI6djzX8e5Pa/XrIo4y2AcH4Ah44AzUwR1ogCbAIAPP4BW8WU/Wi/VufcxaS1YxUwV/YH3+APaHkwk=</latexit><latexit sha1_base64="oK1RBueBEEfoQcyZHE/bSH9Dao8=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgKiQqqIhQdKHLCvYBTSiT6aQdOjMJMxMhhPorblwo4tYPceffOG2z0NYDFw7n3Mu994QJo0q77rdVWlpeWV0rr1c2Nre2d+zdvZaKU4lJE8cslp0QKcKoIE1NNSOdRBLEQ0ba4ehm4rcfiVQ0Fg86S0jA0UDQiGKkjdSzq/zqxHEvoH8Jc19yeEta455dcx13CrhIvILUQIFGz/7y+zFOOREaM6RU13MTHeRIaooZGVf8VJEE4REakK6hAnGignx6/BgeGqUPo1iaEhpO1d8TOeJKZTw0nRzpoZr3JuJ/XjfV0XmQU5Gkmgg8WxSlDOoYTpKAfSoJ1iwzBGFJza0QD5FEWJu8KiYEb/7lRdI6djzX8e5Pa/XrIo4y2AcH4Ah44AzUwR1ogCbAIAPP4BW8WU/Wi/VufcxaS1YxUwV/YH3+APaHkwk=</latexit><latexit sha1_base64="oK1RBueBEEfoQcyZHE/bSH9Dao8=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgKiQqqIhQdKHLCvYBTSiT6aQdOjMJMxMhhPorblwo4tYPceffOG2z0NYDFw7n3Mu994QJo0q77rdVWlpeWV0rr1c2Nre2d+zdvZaKU4lJE8cslp0QKcKoIE1NNSOdRBLEQ0ba4ehm4rcfiVQ0Fg86S0jA0UDQiGKkjdSzq/zqxHEvoH8Jc19yeEta455dcx13CrhIvILUQIFGz/7y+zFOOREaM6RU13MTHeRIaooZGVf8VJEE4REakK6hAnGignx6/BgeGqUPo1iaEhpO1d8TOeJKZTw0nRzpoZr3JuJ/XjfV0XmQU5Gkmgg8WxSlDOoYTpKAfSoJ1iwzBGFJza0QD5FEWJu8KiYEb/7lRdI6djzX8e5Pa/XrIo4y2AcH4Ah44AzUwR1ogCbAIAPP4BW8WU/Wi/VufcxaS1YxUwV/YH3+APaHkwk=</latexit>

Final state contains only vector meson, 
scattered lepton and proton
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Figure 7: Differential cross section dσ/dt for elastic J/ψ production as a function of |t| a) in
four bins of Q2 in the range 40 < Wγp < 160GeV. 〈Q2〉 indicates the bin centre value in the
Q2 range considered. The inner error bars show the statistical error, while the outer error bars
show the statistical and systematic uncertainties added in quadrature. The solid lines show fits
to the data of the form dσ/dt ∝ ebt. The dashed curve shows the result of a fit proposed by
Frankfurt and Strikman [8]. Figures b) and c) show the photoproduction measurements in the
ranges 135 < Wγp < 235 GeV and 205 < Wγp < 305 GeV.
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profile of the target
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mVum 12b I zR

Diffractive elastic vector meson production as a way to study nucleon structure

R ⇡ 0.84÷ 0.87 fm
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Proton charge radius

b ⇡ 0.5÷ 0.6 fm
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Radius measured in diffractive 
scattering of vector mesons

Experiments  on elastic VM production suggest gluons are concentrated in 
smaller regions than quarks
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Figure 10: The values of the t slope parameter b(Wγp) as a function of Wγp in the range |t| <
1.2GeV2 for a) photoproduction and b) electroproduction. 〈Q2〉 indicates the bin centre value
in the Q2 range considered. The data points are the results of one-dimensional fits of the form
dσ/dt ∝ ebt inWγp bins. The inner error bars show the statistical errors, while the outer error
bars show the statistical and systematic uncertainties added in quadrature. The solid lines show
the results of the two-dimensional fits (equation 2) as in figure 9. In a) the data are compared
with results from the ZEUS collaboration [6].
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Figure 7: Differential cross section dσ/dt for elastic J/ψ production as a function of |t| a) in
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28

Growth of the target size with energy

The slope growths with energy
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Elastic vector meson production at EIC 0
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Figure 2.26: Top: cross-section for �
⇤
p ! J/ p in two bins of xV and Q

2. Bottom: the
distribution of gluons in impact parameter bT obtained from the J/ production cross section.
The bands have the same meaning as in Figure 2.21.

ics such as shadowing, anti-shadowing or the
EMC e↵ect. An overview and references can
be found in Sec. 5.9.1 of [2]. Coherent ex-
clusive reactions such as J/ production on
heavy nuclear targets have the potential to
map out the geometry of the nucleus in high-
energy processes and thus to quantify the ini-
tial conditions of heavy-ion collisions. As dis-
cussed in Sec. 3.2.2, they may o↵er detailed
information about parton saturation by ex-
hibiting the bT dependence of the amplitude
N(x, rT , bT ) for scattering a color dipole of
size rT at a transverse distance bT from the
center of the nucleus.

Scattering processes at high Q
2 in which

two or more nucleons are simultaneously
knocked out of a nucleus provide an oppor-

tunity to study short-range correlations be-
tween nucleons in a nucleus. Fixed-target ex-
periments [138, 139] have obtained intriguing
results, which not only provide detailed in-
sight into the nucleon-nucleon interaction at
short distances but also have astrophysical
implications [140]. At the EIC, one will have
the unique opportunity to study the role of
gluon degrees of freedom in these short-range
correlations. For instance, in exclusive J/ 
production o↵ light nuclei accompanied by
knockout nucleons, see Sec. 5.12 of [2]. Such
studies have the potential to greatly increase
our understanding of nuclear forces in the
transition region between hadronic and par-
tonic degrees of freedom.
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Elastic vector meson production at EIC: 
Nuclei
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Figure 3.23: d�/dt distributions for exclusive J/ (left) and � (right) production in coherent and
incoherent events in di↵ractive e+Au collisions. Predictions from saturation and non-saturation
models are shown.

[209], an e+A event generator specialized
for di↵ractive exclusive vector meson produc-
tion based on the bSat [208] dipole model.
We limit the calculation to 1 < Q

2
< 10

GeV2 and x < 0.01 to stay within the va-
lidity range of saturation and non-saturation
models. The produced events were passed
through an experimental filter and scaled to
reflect an integrated luminosity of 10 fb�1/A.
The basic experimental cuts are listed in the
legends of the panels in Fig. 3.22. As ex-
pected, the di↵erence between the satura-
tion and non-saturation curves is small for
the smaller-sized J/ (< 20%), which is less
sensitive to saturation e↵ects, but is substan-
tial for the larger �, which is more sensitive
to the saturation region. In both cases, the
di↵erence is larger than the statistical errors.
In fact, the small errors for di↵ractive � pro-
duction indicate that this measurement can
already provide substantial insight into the
saturation mechanism after a few weeks of
EIC running. Although this measurement
could be already feasible at an EIC with
low collision energies, the saturation e↵ects
would be less pronounced due to the larger
values of x. For large Q

2, the two ratios
asymptotically approach unity.

As explained earlier in Sec. 3.2.1, coher-

ent di↵ractive events allow one to learn about
the shape and the degree of “blackness” of
the black disk: this enables one to study the
spatial distribution of gluons in the nucleus.
Exclusive vector meson production in di↵rac-
tive e+A collisions is the cleanest such pro-
cess, due to the low number of particles in the
final state. This would not only provide us
with further insight into saturation physics
but also constitute a highly important con-
tribution to heavy-ion physics by providing a
quantitative understanding of the initial con-
ditions of a heavy ion collision as described
in Sec. 3.4.2. It might even shed some light
on the role of glue and thus QCD in the nu-
clear structure of light nuclei (see Sec. 3.3).
As described above, in di↵ractive DIS, the
virtual photon interacts with the nucleus via
a color-neutral exchange, which is dominated
by two gluons at the lowest order. It is pre-
cisely this two gluon exchange which yields a
di↵ractive measurement of the gluon density
in a nucleus.

Experimentally the key to the spatial
gluon distribution is the measurement of the
d�/dt distribution. As follows from the op-
tical analogy presented in Sec. 3.2.1, the
Fourier-transform of (the square root of) this
distribution is the source distribution of the

87

e+Au ! e+Au+ J/ 
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Figure 3.24: The Fourier transforms obtained in [201] from the distributions in Figure 3.23 for
J/ -mesons in the upper row and �-mesons in the lower row. The results from both saturation
(right) and non-saturation (left) models are shown. The used input Woods-Saxon distribution
is shown as a reference in all four plots.

object probed, i.e., the dipole scattering am-
plitudeN(x, rT , bT ) on the nucleus with r

2
T ⇠

1/(Q2 + M
2
V ), where MV is the mass of

the vector meson [186] (see also the Sidebar
on page 42). Note that related studies can
be conducted in ultra-peripheral collisions of
nuclei, albeit with a limited kinematic reach.
This is discussed in section 3.4.2.

Figure 3.23 shows the d�/dt distribution
for J/ on the left and � mesons on the
right. The coherent distribution depends on
the shape of the source while the incoher-
ent distribution provides valuable informa-
tion on the fluctuations or “lumpiness” of
the source [199]. As discussed above, we
are able to distinguish both by detecting the
neutrons emitted by the nuclear breakup in
the incoherent case. Again, we compare to
predictions of saturation and non-saturation
models. Just as for the previous figures, the
curves were generated with the Sartre event
generator and had to pass through an ex-
perimental filter. The experimental cuts are
listed in the figures.

As the J/ is smaller than the �, one

sees little di↵erence between the saturation
and no-saturation scenarios for exclusive J/ 
production but a pronounced e↵ect for the
�, as expected. For the former, the statisti-
cal errors after the 3rd minimum become ex-
cessively large requiring substantially more
than the simulated integrated luminosity of
10 fb�1/A. The situation is more favorable
for the �, where enough statistics up to the
4th minimum are available. The ⇢ meson has
even higher rates and is also quite sensitive
to saturation e↵ects. However, it su↵ers cur-
rently from large theoretical uncertainties in
the knowledge of its wave-function, making
calculations less reliable.

The coherent distributions in Figure 3.23
can be used to obtain information about
the gluon distribution in impact parame-
ter space F (b) through a two-dimensional
Fourier transform of the square root of the
coherent elastic cross section [186, 201]

F (b) =

1Z

0

dq q

2⇡
J0(q b)

r
d�coherent

dt
(3.13)
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F (b) =

Z 1

0

q dq

2⇡
J0(qb)

r
d�coherent

dt
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Figure 3.23: d�/dt distributions for exclusive J/ (left) and � (right) production in coherent and
incoherent events in di↵ractive e+Au collisions. Predictions from saturation and non-saturation
models are shown.

[209], an e+A event generator specialized
for di↵ractive exclusive vector meson produc-
tion based on the bSat [208] dipole model.
We limit the calculation to 1 < Q

2
< 10

GeV2 and x < 0.01 to stay within the va-
lidity range of saturation and non-saturation
models. The produced events were passed
through an experimental filter and scaled to
reflect an integrated luminosity of 10 fb�1/A.
The basic experimental cuts are listed in the
legends of the panels in Fig. 3.22. As ex-
pected, the di↵erence between the satura-
tion and non-saturation curves is small for
the smaller-sized J/ (< 20%), which is less
sensitive to saturation e↵ects, but is substan-
tial for the larger �, which is more sensitive
to the saturation region. In both cases, the
di↵erence is larger than the statistical errors.
In fact, the small errors for di↵ractive � pro-
duction indicate that this measurement can
already provide substantial insight into the
saturation mechanism after a few weeks of
EIC running. Although this measurement
could be already feasible at an EIC with
low collision energies, the saturation e↵ects
would be less pronounced due to the larger
values of x. For large Q

2, the two ratios
asymptotically approach unity.

As explained earlier in Sec. 3.2.1, coher-

ent di↵ractive events allow one to learn about
the shape and the degree of “blackness” of
the black disk: this enables one to study the
spatial distribution of gluons in the nucleus.
Exclusive vector meson production in di↵rac-
tive e+A collisions is the cleanest such pro-
cess, due to the low number of particles in the
final state. This would not only provide us
with further insight into saturation physics
but also constitute a highly important con-
tribution to heavy-ion physics by providing a
quantitative understanding of the initial con-
ditions of a heavy ion collision as described
in Sec. 3.4.2. It might even shed some light
on the role of glue and thus QCD in the nu-
clear structure of light nuclei (see Sec. 3.3).
As described above, in di↵ractive DIS, the
virtual photon interacts with the nucleus via
a color-neutral exchange, which is dominated
by two gluons at the lowest order. It is pre-
cisely this two gluon exchange which yields a
di↵ractive measurement of the gluon density
in a nucleus.

Experimentally the key to the spatial
gluon distribution is the measurement of the
d�/dt distribution. As follows from the op-
tical analogy presented in Sec. 3.2.1, the
Fourier-transform of (the square root of) this
distribution is the source distribution of the

87

Coherent vs incoherent

mVnm 2b

µ
A

e COO

8.8.08
0

A
00

8.8.08
O

e

j TH

mVnm 2b

µ
A

e COO

8.8.08
0

A
00

8.8.08
O

e

j TH

H
O

ooooO
c co O

00O

a e

j TH

Coherent

(Nucleus stays intact)

Incoherent

Nucleus breaks up

Coherent:
Depends on the shape 
of the source, average 

distribution

Incoherent:
Provides information 
about the fluctuations 

or lumpiness of the 
source 29



 

e k Q2
elk't

target 9ua quark

Plp

elk Q2
elk't

r

n

Inclusive Diffraction in e p(A)
t

<latexit sha1_base64="fInOqGTCCrWkRGJFOZWK1l6FLBY=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eGzBfkAbymY7adduNmF3IpTSX+DFgyJe/Une/Ddu2xy09cHA470ZZuaFqRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmGDBElspxpZHEpshaO7md96Qm1Eoh5onGIQs4ESkeCMrFSnXqnsVbw53FXi56QMOWq90le3n/AsRkVcMmM6vpdSMGGaBJc4LXYzgynjIzbAjqWKxWiCyfzQqXtulb4bJdqWIneu/p6YsNiYcRzazpjR0Cx7M/E/r5NRdBNMhEozQsUXi6JMupS4s6/dvtDISY4tYVwLe6vLh0wzTjabog3BX355lTQvK75X8etX5eptHkcBTuEMLsCHa6jCPdSgARwQnuEV3pxH58V5dz4WrWtOPnMCf+B8/gDgKYz4</latexit><latexit sha1_base64="fInOqGTCCrWkRGJFOZWK1l6FLBY=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eGzBfkAbymY7adduNmF3IpTSX+DFgyJe/Une/Ddu2xy09cHA470ZZuaFqRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmGDBElspxpZHEpshaO7md96Qm1Eoh5onGIQs4ESkeCMrFSnXqnsVbw53FXi56QMOWq90le3n/AsRkVcMmM6vpdSMGGaBJc4LXYzgynjIzbAjqWKxWiCyfzQqXtulb4bJdqWIneu/p6YsNiYcRzazpjR0Cx7M/E/r5NRdBNMhEozQsUXi6JMupS4s6/dvtDISY4tYVwLe6vLh0wzTjabog3BX355lTQvK75X8etX5eptHkcBTuEMLsCHa6jCPdSgARwQnuEV3pxH58V5dz4WrWtOPnMCf+B8/gDgKYz4</latexit><latexit sha1_base64="fInOqGTCCrWkRGJFOZWK1l6FLBY=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eGzBfkAbymY7adduNmF3IpTSX+DFgyJe/Une/Ddu2xy09cHA470ZZuaFqRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmGDBElspxpZHEpshaO7md96Qm1Eoh5onGIQs4ESkeCMrFSnXqnsVbw53FXi56QMOWq90le3n/AsRkVcMmM6vpdSMGGaBJc4LXYzgynjIzbAjqWKxWiCyfzQqXtulb4bJdqWIneu/p6YsNiYcRzazpjR0Cx7M/E/r5NRdBNMhEozQsUXi6JMupS4s6/dvtDISY4tYVwLe6vLh0wzTjabog3BX355lTQvK75X8etX5eptHkcBTuEMLsCHa6jCPdSgARwQnuEV3pxH58V5dz4WrWtOPnMCf+B8/gDgKYz4</latexit><latexit sha1_base64="fInOqGTCCrWkRGJFOZWK1l6FLBY=">AAAB6HicbVBNS8NAEJ34WetX1aOXYBE8lUQEPRa9eGzBfkAbymY7adduNmF3IpTSX+DFgyJe/Une/Ddu2xy09cHA470ZZuaFqRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNk2SaY4MnMtHtkBmUQmGDBElspxpZHEpshaO7md96Qm1Eoh5onGIQs4ESkeCMrFSnXqnsVbw53FXi56QMOWq90le3n/AsRkVcMmM6vpdSMGGaBJc4LXYzgynjIzbAjqWKxWiCyfzQqXtulb4bJdqWIneu/p6YsNiYcRzazpjR0Cx7M/E/r5NRdBNMhEozQsUXi6JMupS4s6/dvtDISY4tYVwLe6vLh0wzTjabog3BX355lTQvK75X8etX5eptHkcBTuEMLsCHa6jCPdSgARwQnuEV3pxH58V5dz4WrWtOPnMCf+B8/gDgKYz4</latexit>

P,A P,A(Y)
� =

Q2

Q2 + M2
X � t

momentum fraction of 
the Pomeron w.r.t hadron

momentum fraction of 
parton w.r.t Pomeron

⇠ ⌘ xIP =
Q2 +M2

X � t

Q2 +W 2

xBj = xIP �

xBj =
Q2

2p · q
<latexit sha1_base64="aW6vQZIrBvYHkGzyejHI6m+4j3c=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiRF0I1Q6sZlC/YBTQyTyaQdO5PEmYlYQvZu/BU3LhRx6w+482+cPhbaeuDC4Zx7ufceP2FUKsv6Ngorq2vrG8XN0tb2zu6euX/QkXEqMGnjmMWi5yNJGI1IW1HFSC8RBHGfka4/upz43XsiJI2jazVOiMvRIKIhxUhpyTPLD17mCA4btzm8gE4oEM5aN7U8qyUODmIF73LPrFhVawq4TOw5qYA5mp755QQxTjmJFGZIyr5tJcrNkFAUM5KXnFSSBOERGpC+phHiRLrZ9JccHmslgGEsdEUKTtXfExniUo65rzs5UkO56E3E/7x+qsJzN6NRkioS4dmiMGVQxXASDAyoIFixsSYIC6pvhXiIdB5Kx1fSIdiLLy+TTq1qW1W7dVqpN+ZxFMERKIMTYIMzUAdXoAnaAINH8AxewZvxZLwY78bHrLVgzGcOwR8Ynz/rBJpU</latexit><latexit sha1_base64="aW6vQZIrBvYHkGzyejHI6m+4j3c=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiRF0I1Q6sZlC/YBTQyTyaQdO5PEmYlYQvZu/BU3LhRx6w+482+cPhbaeuDC4Zx7ufceP2FUKsv6Ngorq2vrG8XN0tb2zu6euX/QkXEqMGnjmMWi5yNJGI1IW1HFSC8RBHGfka4/upz43XsiJI2jazVOiMvRIKIhxUhpyTPLD17mCA4btzm8gE4oEM5aN7U8qyUODmIF73LPrFhVawq4TOw5qYA5mp755QQxTjmJFGZIyr5tJcrNkFAUM5KXnFSSBOERGpC+phHiRLrZ9JccHmslgGEsdEUKTtXfExniUo65rzs5UkO56E3E/7x+qsJzN6NRkioS4dmiMGVQxXASDAyoIFixsSYIC6pvhXiIdB5Kx1fSIdiLLy+TTq1qW1W7dVqpN+ZxFMERKIMTYIMzUAdXoAnaAINH8AxewZvxZLwY78bHrLVgzGcOwR8Ynz/rBJpU</latexit><latexit sha1_base64="aW6vQZIrBvYHkGzyejHI6m+4j3c=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiRF0I1Q6sZlC/YBTQyTyaQdO5PEmYlYQvZu/BU3LhRx6w+482+cPhbaeuDC4Zx7ufceP2FUKsv6Ngorq2vrG8XN0tb2zu6euX/QkXEqMGnjmMWi5yNJGI1IW1HFSC8RBHGfka4/upz43XsiJI2jazVOiMvRIKIhxUhpyTPLD17mCA4btzm8gE4oEM5aN7U8qyUODmIF73LPrFhVawq4TOw5qYA5mp755QQxTjmJFGZIyr5tJcrNkFAUM5KXnFSSBOERGpC+phHiRLrZ9JccHmslgGEsdEUKTtXfExniUo65rzs5UkO56E3E/7x+qsJzN6NRkioS4dmiMGVQxXASDAyoIFixsSYIC6pvhXiIdB5Kx1fSIdiLLy+TTq1qW1W7dVqpN+ZxFMERKIMTYIMzUAdXoAnaAINH8AxewZvxZLwY78bHrLVgzGcOwR8Ynz/rBJpU</latexit><latexit sha1_base64="aW6vQZIrBvYHkGzyejHI6m+4j3c=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiRF0I1Q6sZlC/YBTQyTyaQdO5PEmYlYQvZu/BU3LhRx6w+482+cPhbaeuDC4Zx7ufceP2FUKsv6Ngorq2vrG8XN0tb2zu6euX/QkXEqMGnjmMWi5yNJGI1IW1HFSC8RBHGfka4/upz43XsiJI2jazVOiMvRIKIhxUhpyTPLD17mCA4btzm8gE4oEM5aN7U8qyUODmIF73LPrFhVawq4TOw5qYA5mp755QQxTjmJFGZIyr5tJcrNkFAUM5KXnFSSBOERGpC+phHiRLrZ9JccHmslgGEsdEUKTtXfExniUo65rzs5UkO56E3E/7x+qsJzN6NRkioS4dmiMGVQxXASDAyoIFixsSYIC6pvhXiIdB5Kx1fSIdiLLy+TTq1qW1W7dVqpN+ZxFMERKIMTYIMzUAdXoAnaAINH8AxewZvxZLwY78bHrLVgzGcOwR8Ynz/rBJpU</latexit>

Inclusive diffraction: system X can contain anything (jets, heavy quarks), 

Can learn about structure of the diffractive exchange

4-momentum transfer squared

Bjorken x

(minus) photon virtualityQ2 = �q2

Rapidity gap ln 1/xIP
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Diffractive structure functions

d3�D

dxIP dx dQ2
=

2⇡↵2
em

xQ4
Y+ �D(3)

r (xIP , x,Q
2)

Y+ = 1 + (1� y)2

For y not to close to unity we have: �D(3)
r ' FD(3)

2

3 variables

FD(3)
T,L (x,Q2, xIP ) =

Z 0

�1
dtFD(4)

T,L (x,Q2, xIP , t)

Integrated vs unintegrated structure functions over t:

FD(4)
2 = FD(4)

T + FD(4)
L

4 variables

�D(3)
r = FD(3)

2 � y2

Y+
FD(3)
L

Reduced  diffractive cross section depends on two structure functions :

Transverse photon 
polarization and 

longitudinal 
polarization
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� > 1°
0.001 < y < 0.96
� < 1
� < 0.4
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Phase space of HERA and future 
colliders

EIC: large x, up by factor 10,

small / moderate Q2

LHeC: small x, 

xmin down by factor 20,

 wide range of Q2,up by 
factor 100


FCC-eh: very small x, 

down by factor 200, 

Q2 up by factor 1000
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Collinear factorization in diffraction

Collinear factorization in diffractive DIS 

• Diffractive cross section can be factorized into 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 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 xIP).

Collins

elk
elk't

r

F

elk
elk't

r

E

tagging of the final proton, which was performed at HERA using Roman pot insertions to the
forward beam-pipe, for example the FPS (LPS) of the H1 (ZEUS) collaborations. Most of the
HERA data are based, however, on the large rapidity gap (LRG) technique, which results in a
small proton dissociative admixture – the response from detector components at very forward
rapidities, supplemented with dedicated MC modelling, were used to normalize these results to
the coherent cross-sections [25, 26].

Di↵ractive cross sections in the neutral current case can be presented in the form of the
reduced cross sections [25]

d4�D

d⇠d�dQ2dt
=

2⇡↵2
em

�Q4
Y+ �D(4)

r , (4a)

or, upon integration over t,
d3�D

d⇠d�dQ2
=

2⇡↵2
em

�Q4
Y+ �D(3)

r , (4b)

where Y+ = 1+(1�y)2 and the reduced cross sections can be expressed in terms of two di↵ractive
structure functions FD

2 and FD
L . In the one-photon approximation, the relations are

�D(3)
r = FD(3)

2 (�, ⇠, Q2)�
y2

Y+
FD(3)
L (�, ⇠, Q2) , (5a)

�D(4)
r = FD(4)

2 (�, ⇠, Q2, t)�
y2

Y+
FD(4)
L (�, ⇠, Q2, t) . (5b)

Note that the structure functions FD(4)
2,L have dimension GeV�2, while FD(3)

2,L are dimensionless.

In this analysis we neglect Z0 exchange, though it should be included in future studies.

The reduced cross sections �D
r depend on centre-of-mass energy via y = Q2

⇠�s . The Y+ factors
ensure that in the region where y is not too close to unity,

�D
r ' FD

2 (6)

to good approximation.

Both �D(3)
r and �D(4)

r have been measured at the HERA collider [1, 2, 25–31] and used to
obtain QCD-inspired parametrizations.

The standard perturbative QCD approach to di↵ractive cross sections is based on collinear
factorization [5–7]. It was demonstrated that, similarly to the inclusive DIS cross section, the
di↵ractive cross section can be written, up to terms of order O(1/Q2), in a factorized form

d�ep!eXY (�, ⇠, Q2, t) =
X

i

Z 1

�
dz d�̂ei

✓
�

z
,Q2

◆
fD
i (z, ⇠, Q2, t) , (7)

where the sum is performed over all parton flavours (gluon, d-quark, u-quark, etc.). 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
di↵ractive parton distribution functions, which can be interpreted as conditional probabilities
for partons in the proton, provided the proton is scattered into the final state system Y with
specified 4-momentum p0. They are evolved using the DGLAP evolution equations [32–35]
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) , (8)

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

5
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DPDF parametrization

Regge factorization (additional assumption)

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

2)

where k=g,d. Light quarks equal u=d=s.

Pomeron flux is parametrized as parton distributions in the Pomeron, evolved 
with DGLAP evolution and initial conditions

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

2) + nIRfIR/p(xIP , t) f
IR
i (�, Q2)

For good description of the data usually subleading Reggeons are included

↵IP (t) = ↵IP (0) + ↵0
IP t

fk(z) = Akz
Bk(1� z)Ck

elk
elk't

r

F

elk
elk't

r

E

fIP/p(xIP , t) = AIP
eBIP t

x2↵IP (t)
IP � 1
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35

Diffractive fits
⇠ = 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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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.
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Inclusive diffraction possibilities at EIC

• Precision measurement of 

• Access to large 

• Possibility of disentangling Pomeron and Reggeon components

• Precise measurements of diffractive parton densities at large z

• Measurements of the diffractive longitudinal structure function


Physics with protons

Physics with nuclei

• Measurements of 


• First extraction of the nuclear diffractive parton distribution functions


• Simultaneous measurements of shadowing and diffraction in the same 
experimental setup

�D(3)
red ,�D(4)

red
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Forward instrumentation at EIC
548 11.6. FAR-FORWARD DETECTORS
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Figure 11.86: Image of the Far-Forward IR and the associated detector components.
Image generated using Geant4+EicRoot.

Detector (x,z) Position [m] Dimensions q [mrad] Notes
ZDC (0.96, 37.5) (60cm, 60cm, 2m) q < 5.5 ⇠4.0 mrad at f = p

Roman Pots (2 stations) (0.85, 26.0) (0.94, 28.0) (25cm, 10cm, n/a) 0.0 < q < 5.5 10 s cut.
Off-Momentum Detector (0.8, 22.5), (0.85, 24.5) (30cm, 30cm, n/a) 0.0 < q < 5.0 0.4 < xL < 0.6
B0 Spectrometer (x = 0.19, 5.4 < z < 6.4) (26cm, 27cm, n/a) 5.5 < q < 13.0 ⇠20 mrad at f=0

Table 11.44: Summary of far-forward detector locations and angular acceptances for charged
hadrons, neutrons, photons, and light nuclei or nuclear fragments. In some cases, the an-
gular acceptance is not uniform in f, as noted in the table. For the three silicon detectors
(Roman Pots, Off-Momentum Detectors, and B0 spectrometer) a depth is not given, just the
2D size of the silicon plane. For the Roman Pots and Off-Momentum Detectors, the sim-
ulations have two silicon planes spaced 2m apart, while the B0 detectors have four silicon
planes evenly spaced along the 1.2m length of the B0pf dipole magnet bore. The planes have
a ”hole” for the passage of the hadron beam pipe that has a radius of 3.2cm.

light nuclei which are separated from the hadron beam by up to 5 mrad. The windows
on the pots through which protons or light nuclei can enter to be measured by the silicon
detectors are generally placed within 1 mm or so of the beam (depending on the beam
optics and hence the transverse beam size at the RP location), with safe distance being
defined as the “10 sx,y” region, where sx,y is the transverse size of the beam in x and y.
Fig. 11.87 shows a cartoon sketch of the basic concept being considered, but note that
the stainless steel pots themselves are not shown in the cartoon. In this section, basic
requirements for the sensors will be discussed first, and technology appropriate for use in
the EIC diffractive physics program will be discussed at the end.

Basic Requirements for Roman Pots

In general, the Roman Pots need to have both the necessary acceptance and resolution
to carry out the diffractive physics program at the EIC. The acceptance is driven by the
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optics and hence the transverse beam size at the RP location), with safe distance being
defined as the “10 sx,y” region, where sx,y is the transverse size of the beam in x and y.
Fig. 11.87 shows a cartoon sketch of the basic concept being considered, but note that
the stainless steel pots themselves are not shown in the cartoon. In this section, basic
requirements for the sensors will be discussed first, and technology appropriate for use in
the EIC diffractive physics program will be discussed at the end.

Basic Requirements for Roman Pots

In general, the Roman Pots need to have both the necessary acceptance and resolution
to carry out the diffractive physics program at the EIC. The acceptance is driven by the

Excellent capabilities in the forward region for t measurement of the scattered proton
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430 CHAPTER 8. DETECTOR REQUIREMENTS
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Figure 8.125: Distribution of final state protons in the RAPGAP simulation of diffractive DIS
at the EIC (electrons with energy 18 GeV and protons of 275 GeV). Top left: generator level
distribution in the plane of h versus xL = 1 � x. Top right: similar distribution after passing
through a simple model of instrumental effects (migrations and acceptance). Bottom left:
distribution mapped onto the pane of xL versus t after passing through the simulation of
migration and acceptance effects. Bottom right: one dimensional projection onto the t axis
after passing through the simulation of migration and acceptance effects. No lower limit on
the acceptance in q is applied in these figures.

Inclusive diffraction in ep: extended range in t and xL

RAPGAP MC simulation

Gap in acceptance between Roman pots and B0 detectors, at relatively large value of t


Gap moves to lower t for smaller energies


Could be mitigated  in the design with two EIC detectors, and different forward 
instrumentation in the second case.

EIC YR
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Inclusive diffraction in ep: secondary exchange

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

2) + nIRfIR/p(xIP , t) f
IR
i (�, Q2)

Regge factorization works at low 

At higher values need additional term : Reggeon terms

Pomeron flux is parametrized as

↵IP (t) = ↵IP (0) + ↵0
IP t

fIP/p(xIP , t) = AIP
eBIP t

x2↵IP (t)
IP � 1
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Regge facWori]aWion Zorks aW loZ ߦ (< 0.01).
AW higher ߦ, sXbleading e[changes (reggeons/mesons) enWer Whe game
― they are all parametrized by a single additional “Reggeon” term

³ReJJeRQ´ SF ∝ SLRQ, 𝐑
𝐑

గ

஻௧

ଶఈ ௧ ିଵ ZLWK ଴
ᇱ 3 SDUDPHWHUV SHU IOX[

𝐏 ଴ߤ
ଶ𝐏 IURP PRPHURQ PDFV YLD NLO DGLAP HYROXWLRQ VWDUWLQJ DW ߤ଴
ଶ = 1.8 GH92

௞
𝐏

௞
஻ೖ ஼ೖ

𝑞 ൌ 𝑑 ൌ ݑ ൌ 𝑠

3 SDUDPHWHUV SHU PDF

𝐏,𝐑 = ReJJe-W\Se IOX[:

FURP HERA ILWV (ZEUS-SJ), 
P aQd R KaYe YeU\ dLIIeUeQW VKaSeV LQ ߦ, ݐ :

4CD

௉
ି଴.ଶଶ ି଻ ௧

ோ
଴.଺ାଵ.଼ ௧ ିଶ ௧

Beyond 
HERA

42



Inclusive diffraction in ep: FLD

FL from fits to pseudo-data for �sys = 2% (a)
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The pseudo-data are fitted to �red = F2 � YL(y)FL
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YL(y) =
y2

1 + (1� y)2
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F2 and FL are free parameters in the fit

Systematic error 2%


18 beam setups


469 bins selected such that 
they are common to at least 

four beam setups
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Nuclear cross sections: EIC
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Frankfurt, Guzey, Strikman model: high and low shadowing model predictions
Pseudodata simulated under the same assumptions: 5% systematics, luminosity 2 fb-1

Illustration of the possible reach in (Q2,β,ξ) kinematics
Reduced cross section



Summary
• Diffraction observed in hadronic collisions (ep,pp …)


• Provides important information about nucleon/nuclear structure


• Sensitive to the nature of the Pomeron


• EIC can provide precise measurements on:


• Reduced cross sections, particularly with t-dependence and with nuclei


• Exclusive processes, i.e. with vector mesons in the final state


• Longitudinal diffractive structure function


• Explore relation between the diffraction and nuclear shadowing


• Many more…
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