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Parton densities: an overview
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pT - integrated pT - unintegrated

Collinear PDFs 
   Inclusive processes 
   pT ~ hardest scale

GPDs 
   Exclusive processes 
   Skewness effects

TMDs 
   (Semi-)inclusive processes 
   pT << hardest scale

UGD 
 BFKL 🔗 🔗 🔗 🔗 
 Small x, large pT 

https://inspirehep.net/literature/103744
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An incomplete family tree
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Wigner distributions 
⇢ (x,kT ,bT )
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Transverse Momentum
Distributions

Z
d2kT

<latexit sha1_base64="CJ3WHKRc+juKWA7Req7XWdlxoH4=">AAACCXicbVC7TsNAEFyHVwivAKKiOREhUUV2JAQdETSUQSIkUhKi82UTTjmfrbs1UmTlC/gKWqjoEC1fQcG/YDsUQJhqNLOrnR0/UtKS6344hYXFpeWV4mppbX1jc6u8vXNjw9gIbIpQhabtc4tKamySJIXtyCAPfIUtf3yR+a17NFaG+pomEfYCPtJyKAWnVOqX97pSExvc1lg34HTnD5PxtH/dL1fcqpuDzRPvm1TqZ9XjOgA0+uXP7iAUcYCahOLWdjw3ol7CDUmhcFrqxhYjLsZ8hJ2Uah6g7SV5/Ck7jC2nkEVomFQsF/HnRsIDayeBn05mGe1fLxP/8zoxDU97idRRTKhFdoikwvyQFUamvSAbSINEPEuOTGomuOFEaCTjQqRinBZVSvvw/n4/T25qVc+teldpMecwQxH24QCOwIMTqMMlNKAJAhJ4hCd4dh6cF+fVeZuNFpzvnV34Bef9Cxqtmt8=</latexit><latexit sha1_base64="/46666NoThADBUDJf6J9iII9jNY=">AAACCXicbVC7TgJBFJ3FF+Jr1VjZTCQmVmSXxGgH0cYSE14JIJkdLjhhdnYzc9eErHyBlZ9gq5WdsfUrLPwE/8FdoFDwVCfn3Jt77vFCKQw6zqeVWVpeWV3Lruc2Nre2d+zdvboJIs2hxgMZ6KbHDEihoIYCJTRDDcz3JDS84WXqN+5AGxGoKo5C6PhsoERfcIaJ1LUP2kIh7d0UadtneOv14+G4W+3aeafgTEAXiTsj+XKpcFq6/36sdO2vdi/gkQ8KuWTGtFwnxE7MNAouYZxrRwZCxodsAK2EKuaD6cST+GN6HBmGAQ1BUyHpRITfGzHzjRn5XjKZZjTzXir+57Ui7J93YqHCCEHx9BAKCZNDhmuR9AK0JzQgsjQ5UKEoZ5ohghaUcZ6IUVJULunDnf9+kdSLBdcpuNdJMRdkiiw5JEfkhLjkjJTJFamQGuEkJk/kmbxYD9ar9Wa9T0cz1mxnn/yB9fED0w2c2A==</latexit><latexit sha1_base64="/46666NoThADBUDJf6J9iII9jNY=">AAACCXicbVC7TgJBFJ3FF+Jr1VjZTCQmVmSXxGgH0cYSE14JIJkdLjhhdnYzc9eErHyBlZ9gq5WdsfUrLPwE/8FdoFDwVCfn3Jt77vFCKQw6zqeVWVpeWV3Lruc2Nre2d+zdvboJIs2hxgMZ6KbHDEihoIYCJTRDDcz3JDS84WXqN+5AGxGoKo5C6PhsoERfcIaJ1LUP2kIh7d0UadtneOv14+G4W+3aeafgTEAXiTsj+XKpcFq6/36sdO2vdi/gkQ8KuWTGtFwnxE7MNAouYZxrRwZCxodsAK2EKuaD6cST+GN6HBmGAQ1BUyHpRITfGzHzjRn5XjKZZjTzXir+57Ui7J93YqHCCEHx9BAKCZNDhmuR9AK0JzQgsjQ5UKEoZ5ohghaUcZ6IUVJULunDnf9+kdSLBdcpuNdJMRdkiiw5JEfkhLjkjJTJFamQGuEkJk/kmbxYD9ar9Wa9T0cz1mxnn/yB9fED0w2c2A==</latexit><latexit sha1_base64="VSHbBBos7HWh1FGxUUzkQZStLag=">AAACCXicbVC7TsNAEDzzDOFlQFQ0JyIkqshOA2UEDWWQ8pISY50vm3DK+WzdrZEiK1/AV9BCRYdo+QoK/gXbuICEqUYzu9rZCWIpDDrOp7Wyura+sVnZqm7v7O7t2weHXRMlmkOHRzLS/YAZkEJBBwVK6McaWBhI6AXT69zvPYA2IlJtnMXghWyixFhwhpnk28dDoZCO7hp0GDK8D8bpdO63fbvm1J0CdJm4JamREi3f/hqOIp6EoJBLZszAdWL0UqZRcAnz6jAxEDM+ZRMYZFSxEIyXFvHn9CwxDCMag6ZC0kKE3xspC42ZhUE2mWc0i14u/ucNEhxfeqlQcYKgeH4IhYTikOFaZL0AHQkNiCxPDlQoyplmiKAFZZxnYpIVVc36cBe/XybdRt116u6tU2telc1UyAk5JefEJRekSW5Ii3QIJyl5Is/kxXq0Xq036/1ndMUqd47IH1gf34Ybmb0=</latexit>
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Distributions
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An incomplete family tree

3

Wigner distributions 
⇢ (x,kT ,bT )

<latexit sha1_base64="gpwX3RwzD6QL+Kv/MLLBSxnlZEI=">AAACIHicbVDLSgNBEJz1GeNr1aOXwSBECGFXBD0GvXiMkBdkQ5iddJIhsw9mesWw5Cf8BL/Cq568iUcF/8XddRFNrFN1VTfdXW4ohUbLejeWlldW19YLG8XNre2dXXNvv6WDSHFo8kAGquMyDVL40ESBEjqhAua5Etru5Cr127egtAj8Bk5D6Hls5Iuh4AwTqW9WHDUOHAlDLN9VHI/h2B3Gk1m/8VO4SeEoMRrjSd8sWVUrA10kdk5KJEe9b346g4BHHvjIJdO6a1sh9mKmUHAJs6ITaQgZn7ARdBPqMw90L86+mtHjSDMMaAiKCkkzEX5PxMzTeuq5SWd6qp73UvE/rxvh8KIXCz+MEHyeLkIhIVukuRJJXEAHQgEiSy8HKnzKmWKIoARlnCdilORXTPKw579fJK3Tqm1V7ZuzUu0yT6ZADskRKRObnJMauSZ10iSc3JNH8kSejQfjxXg13r5bl4x85oD8gfHxBXwlo+4=</latexit><latexit sha1_base64="gpwX3RwzD6QL+Kv/MLLBSxnlZEI=">AAACIHicbVDLSgNBEJz1GeNr1aOXwSBECGFXBD0GvXiMkBdkQ5iddJIhsw9mesWw5Cf8BL/Cq568iUcF/8XddRFNrFN1VTfdXW4ohUbLejeWlldW19YLG8XNre2dXXNvv6WDSHFo8kAGquMyDVL40ESBEjqhAua5Etru5Cr127egtAj8Bk5D6Hls5Iuh4AwTqW9WHDUOHAlDLN9VHI/h2B3Gk1m/8VO4SeEoMRrjSd8sWVUrA10kdk5KJEe9b346g4BHHvjIJdO6a1sh9mKmUHAJs6ITaQgZn7ARdBPqMw90L86+mtHjSDMMaAiKCkkzEX5PxMzTeuq5SWd6qp73UvE/rxvh8KIXCz+MEHyeLkIhIVukuRJJXEAHQgEiSy8HKnzKmWKIoARlnCdilORXTPKw579fJK3Tqm1V7ZuzUu0yT6ZADskRKRObnJMauSZ10iSc3JNH8kSejQfjxXg13r5bl4x85oD8gfHxBXwlo+4=</latexit><latexit sha1_base64="gpwX3RwzD6QL+Kv/MLLBSxnlZEI=">AAACIHicbVDLSgNBEJz1GeNr1aOXwSBECGFXBD0GvXiMkBdkQ5iddJIhsw9mesWw5Cf8BL/Cq568iUcF/8XddRFNrFN1VTfdXW4ohUbLejeWlldW19YLG8XNre2dXXNvv6WDSHFo8kAGquMyDVL40ESBEjqhAua5Etru5Cr127egtAj8Bk5D6Hls5Iuh4AwTqW9WHDUOHAlDLN9VHI/h2B3Gk1m/8VO4SeEoMRrjSd8sWVUrA10kdk5KJEe9b346g4BHHvjIJdO6a1sh9mKmUHAJs6ITaQgZn7ARdBPqMw90L86+mtHjSDMMaAiKCkkzEX5PxMzTeuq5SWd6qp73UvE/rxvh8KIXCz+MEHyeLkIhIVukuRJJXEAHQgEiSy8HKnzKmWKIoARlnCdilORXTPKw579fJK3Tqm1V7ZuzUu0yT6ZADskRKRObnJMauSZ10iSc3JNH8kSejQfjxXg13r5bl4x85oD8gfHxBXwlo+4=</latexit><latexit sha1_base64="bzB0uW1fzy1MgMhO8gWsRy3sg4E=">AAAB5HicbVC7TsNAEFyHVzABQk1zIkKiimwaKJFoKINEHlKwovVlE045n627NVIU5QdoqegQf0XBv2CbFJAw1WhmVzs7caaV4yD49Gpb2zu7e/V9/6DhHx4dNxs9l+ZWUlemOrWDGB1pZajLijUNMkuYxJr68ey29PvPZJ1KzQPPM4oSnBo1URK5kDqjZitoBxXEJglXpAUrjJpfj+NU5gkZlhqdG4ZBxtECLSupaek/5o4ylDOc0rCgBhNy0aKKuRTnuUNORUZWKC0qkX5vLDBxbp7ExWSC/OTWvVL8zxvmPLmOFspkOZOR5SFWmqpDTlpV/E9irCwxY5mchDJCokVmskqglIWYF4X4RR3h+vObpHfZDoN2eB9AHU7hDC4ghCu4gTvoQBckjOEFXj3nvXnvP7XVvFV/J/AH3sc3ljCOsg==</latexit><latexit sha1_base64="IPqw8s4SbGM4BiDrg0OVZYQyE7c=">AAACFXicbVDLSgNBEOz1GWPU6NXLYBAihLDrRY+CF48R8oJsCLOTTjJk9sFMrxiW/ISf4Fd41ZM38ejBf3F3DaKJdaqu6qa7y4uUNGTbH9ba+sbm1nZhp7hb2ts/KB+W2iaMtcCWCFWoux43qGSALZKksBtp5L6nsONNrzO/c4fayDBo0izCvs/HgRxJwSmVBuWaqyehq3BE1fua63OaeKNkOh80fwovLVwtxxM6G5Qrdt3OwVaJsyAVWKAxKH+6w1DEPgYkFDem59gR9ROuSQqF86IbG4y4mPIx9lIacB9NP8m/mrPT2HAKWYSaScVyEX9PJNw3ZuZ7aWd2qln2MvE/rxfT6LKfyCCKCQORLSKpMF9khJZpXMiGUiMRzy5HJgMmuOZEqCXjQqRinOZXTPNwlr9fJe3zumPXnVsbCnAMJ1AFBy7gCm6gAS0Q8ABP8Awv1qP1ar19J7dmLSI8gj+w3r8Ac46iYw==</latexit><latexit sha1_base64="IPqw8s4SbGM4BiDrg0OVZYQyE7c=">AAACFXicbVDLSgNBEOz1GWPU6NXLYBAihLDrRY+CF48R8oJsCLOTTjJk9sFMrxiW/ISf4Fd41ZM38ejBf3F3DaKJdaqu6qa7y4uUNGTbH9ba+sbm1nZhp7hb2ts/KB+W2iaMtcCWCFWoux43qGSALZKksBtp5L6nsONNrzO/c4fayDBo0izCvs/HgRxJwSmVBuWaqyehq3BE1fua63OaeKNkOh80fwovLVwtxxM6G5Qrdt3OwVaJsyAVWKAxKH+6w1DEPgYkFDem59gR9ROuSQqF86IbG4y4mPIx9lIacB9NP8m/mrPT2HAKWYSaScVyEX9PJNw3ZuZ7aWd2qln2MvE/rxfT6LKfyCCKCQORLSKpMF9khJZpXMiGUiMRzy5HJgMmuOZEqCXjQqRinOZXTPNwlr9fJe3zumPXnVsbCnAMJ1AFBy7gCm6gAS0Q8ABP8Awv1qP1ar19J7dmLSI8gj+w3r8Ac46iYw==</latexit><latexit sha1_base64="zia4O2LFe1rBdLSQKz/bRQj/zxE=">AAACIHicbVDLSgNBEJyNrxhfqx69DAYhQgi7XvQY9OIxQl6QDWF20kmGzD6Y6RXDkp/wE/wKr3ryJh4V/Bd310U0sU7VVd10d7mhFBot690orKyurW8UN0tb2zu7e+b+QVsHkeLQ4oEMVNdlGqTwoYUCJXRDBcxzJXTc6VXqd25BaRH4TZyF0PfY2BcjwRkm0sCsOmoSOBJGWLmrOh7DiTuKp/NB86dwk8JRYjzB04FZtmpWBrpM7JyUSY7GwPx0hgGPPPCRS6Z1z7ZC7MdMoeAS5iUn0hAyPmVj6CXUZx7ofpx9NacnkWYY0BAUFZJmIvyeiJmn9cxzk870VL3opeJ/Xi/C0UU/Fn4YIfg8XYRCQrZIcyWSuIAOhQJEll4OVPiUM8UQQQnKOE/EKMmvlORhL36/TNpnNduq2TdWuX6ZJ1MkR+SYVIhNzkmdXJMGaRFO7skjeSLPxoPxYrwab9+tBSOfOSR/YHx8AXrlo+o=</latexit><latexit sha1_base64="gpwX3RwzD6QL+Kv/MLLBSxnlZEI=">AAACIHicbVDLSgNBEJz1GeNr1aOXwSBECGFXBD0GvXiMkBdkQ5iddJIhsw9mesWw5Cf8BL/Cq568iUcF/8XddRFNrFN1VTfdXW4ohUbLejeWlldW19YLG8XNre2dXXNvv6WDSHFo8kAGquMyDVL40ESBEjqhAua5Etru5Cr127egtAj8Bk5D6Hls5Iuh4AwTqW9WHDUOHAlDLN9VHI/h2B3Gk1m/8VO4SeEoMRrjSd8sWVUrA10kdk5KJEe9b346g4BHHvjIJdO6a1sh9mKmUHAJs6ITaQgZn7ARdBPqMw90L86+mtHjSDMMaAiKCkkzEX5PxMzTeuq5SWd6qp73UvE/rxvh8KIXCz+MEHyeLkIhIVukuRJJXEAHQgEiSy8HKnzKmWKIoARlnCdilORXTPKw579fJK3Tqm1V7ZuzUu0yT6ZADskRKRObnJMauSZ10iSc3JNH8kSejQfjxXg13r5bl4x85oD8gfHxBXwlo+4=</latexit><latexit sha1_base64="gpwX3RwzD6QL+Kv/MLLBSxnlZEI=">AAACIHicbVDLSgNBEJz1GeNr1aOXwSBECGFXBD0GvXiMkBdkQ5iddJIhsw9mesWw5Cf8BL/Cq568iUcF/8XddRFNrFN1VTfdXW4ohUbLejeWlldW19YLG8XNre2dXXNvv6WDSHFo8kAGquMyDVL40ESBEjqhAua5Etru5Cr127egtAj8Bk5D6Hls5Iuh4AwTqW9WHDUOHAlDLN9VHI/h2B3Gk1m/8VO4SeEoMRrjSd8sWVUrA10kdk5KJEe9b346g4BHHvjIJdO6a1sh9mKmUHAJs6ITaQgZn7ARdBPqMw90L86+mtHjSDMMaAiKCkkzEX5PxMzTeuq5SWd6qp73UvE/rxvh8KIXCz+MEHyeLkIhIVukuRJJXEAHQgEiSy8HKnzKmWKIoARlnCdilORXTPKw579fJK3Tqm1V7ZuzUu0yT6ZADskRKRObnJMauSZ10iSc3JNH8kSejQfjxXg13r5bl4x85oD8gfHxBXwlo+4=</latexit><latexit sha1_base64="gpwX3RwzD6QL+Kv/MLLBSxnlZEI=">AAACIHicbVDLSgNBEJz1GeNr1aOXwSBECGFXBD0GvXiMkBdkQ5iddJIhsw9mesWw5Cf8BL/Cq568iUcF/8XddRFNrFN1VTfdXW4ohUbLejeWlldW19YLG8XNre2dXXNvv6WDSHFo8kAGquMyDVL40ESBEjqhAua5Etru5Cr127egtAj8Bk5D6Hls5Iuh4AwTqW9WHDUOHAlDLN9VHI/h2B3Gk1m/8VO4SeEoMRrjSd8sWVUrA10kdk5KJEe9b346g4BHHvjIJdO6a1sh9mKmUHAJs6ITaQgZn7ARdBPqMw90L86+mtHjSDMMaAiKCkkzEX5PxMzTeuq5SWd6qp73UvE/rxvh8KIXCz+MEHyeLkIhIVukuRJJXEAHQgEiSy8HKnzKmWKIoARlnCdilORXTPKw579fJK3Tqm1V7ZuzUu0yT6ZADskRKRObnJMauSZ10iSc3JNH8kSejQfjxXg13r5bl4x85oD8gfHxBXwlo+4=</latexit><latexit sha1_base64="gpwX3RwzD6QL+Kv/MLLBSxnlZEI=">AAACIHicbVDLSgNBEJz1GeNr1aOXwSBECGFXBD0GvXiMkBdkQ5iddJIhsw9mesWw5Cf8BL/Cq568iUcF/8XddRFNrFN1VTfdXW4ohUbLejeWlldW19YLG8XNre2dXXNvv6WDSHFo8kAGquMyDVL40ESBEjqhAua5Etru5Cr127egtAj8Bk5D6Hls5Iuh4AwTqW9WHDUOHAlDLN9VHI/h2B3Gk1m/8VO4SeEoMRrjSd8sWVUrA10kdk5KJEe9b346g4BHHvjIJdO6a1sh9mKmUHAJs6ITaQgZn7ARdBPqMw90L86+mtHjSDMMaAiKCkkzEX5PxMzTeuq5SWd6qp73UvE/rxvh8KIXCz+MEHyeLkIhIVukuRJJXEAHQgEiSy8HKnzKmWKIoARlnCdilORXTPKw579fJK3Tqm1V7ZuzUu0yT6ZADskRKRObnJMauSZ10iSc3JNH8kSejQfjxXg13r5bl4x85oD8gfHxBXwlo+4=</latexit><latexit sha1_base64="gpwX3RwzD6QL+Kv/MLLBSxnlZEI=">AAACIHicbVDLSgNBEJz1GeNr1aOXwSBECGFXBD0GvXiMkBdkQ5iddJIhsw9mesWw5Cf8BL/Cq568iUcF/8XddRFNrFN1VTfdXW4ohUbLejeWlldW19YLG8XNre2dXXNvv6WDSHFo8kAGquMyDVL40ESBEjqhAua5Etru5Cr127egtAj8Bk5D6Hls5Iuh4AwTqW9WHDUOHAlDLN9VHI/h2B3Gk1m/8VO4SeEoMRrjSd8sWVUrA10kdk5KJEe9b346g4BHHvjIJdO6a1sh9mKmUHAJs6ITaQgZn7ARdBPqMw90L86+mtHjSDMMaAiKCkkzEX5PxMzTeuq5SWd6qp73UvE/rxvh8KIXCz+MEHyeLkIhIVukuRJJXEAHQgEiSy8HKnzKmWKIoARlnCdilORXTPKw579fJK3Tqm1V7ZuzUu0yT6ZADskRKRObnJMauSZ10iSc3JNH8kSejQfjxXg13r5bl4x85oD8gfHxBXwlo+4=</latexit><latexit sha1_base64="gpwX3RwzD6QL+Kv/MLLBSxnlZEI=">AAACIHicbVDLSgNBEJz1GeNr1aOXwSBECGFXBD0GvXiMkBdkQ5iddJIhsw9mesWw5Cf8BL/Cq568iUcF/8XddRFNrFN1VTfdXW4ohUbLejeWlldW19YLG8XNre2dXXNvv6WDSHFo8kAGquMyDVL40ESBEjqhAua5Etru5Cr127egtAj8Bk5D6Hls5Iuh4AwTqW9WHDUOHAlDLN9VHI/h2B3Gk1m/8VO4SeEoMRrjSd8sWVUrA10kdk5KJEe9b346g4BHHvjIJdO6a1sh9mKmUHAJs6ITaQgZn7ARdBPqMw90L86+mtHjSDMMaAiKCkkzEX5PxMzTeuq5SWd6qp73UvE/rxvh8KIXCz+MEHyeLkIhIVukuRJJXEAHQgEiSy8HKnzKmWKIoARlnCdilORXTPKw579fJK3Tqm1V7ZuzUu0yT6ZADskRKRObnJMauSZ10iSc3JNH8kSejQfjxXg13r5bl4x85oD8gfHxBXwlo+4=</latexit>

Z
d2bT

<latexit sha1_base64="iqeyBxr/0ZCNQEWdnMZ1MWaY48w=">AAACCXicbVC7TsNAEFzzDOFlQFQ0JxASVWQjIeiIoKEMUgKR4hCdLxs4cT5bd2ukyMoX8BW0UNEhWr6Cgn/BdiggYarRzK52dsJESUue9+nMzM7NLyxWlqrLK6tr6+7G5pWNUyOwJWIVm3bILSqpsUWSFLYTgzwKFV6H9+eFf/2AxspYN2mYYDfit1oOpOCUSz13O5CaWP/mkAURp7twkIWjXrPn7nk1rwSbJv4P2auf1o7qANDouV9BPxZphJqE4tZ2fC+hbsYNSaFwVA1SiwkX9/wWOznVPELbzcr4I7afWk4xS9AwqVgp4u+NjEfWDqMwnywy2kmvEP/zOikNTrqZ1ElKqEVxiKTC8pAVRua9IOtLg0S8SI5Maia44URoJONC5GKaF1XN+/Anv58mV4c136v5l3kxZzBGBXZgFw7Ah2OowwU0oAUCMniCZ3hxHp1X5815H4/OOD87W/AHzsc3DIua1g==</latexit><latexit sha1_base64="sHr0oFxvtBKj2Mm4h9xRGFG5v98=">AAACCXicbVC7TgJBFJ3FF+Jr1VjZTCQmVmSXxGgH0cYSE14JIJkdLjhhdnYzc9eErHyBlZ9gq5WdsfUrLPwE/8FdoFDwVCfn3Jt77vFCKQw6zqeVWVpeWV3Lruc2Nre2d+zdvboJIs2hxgMZ6KbHDEihoIYCJTRDDcz3JDS84WXqN+5AGxGoKo5C6PhsoERfcIaJ1LUP2kIh7d0UadtneOv1Y2/crXbtvFNwJqCLxJ2RfLlUOC3dfz9WuvZXuxfwyAeFXDJjWq4TYidmGgWXMM61IwMh40M2gFZCFfPBdOJJ/DE9jgzDgIagqZB0IsLvjZj5xox8L5lMM5p5LxX/81oR9s87sVBhhKB4egiFhMkhw7VIegHaExoQWZocqFCUM80QQQvKOE/EKCkql/Thzn+/SOrFgusU3OukmAsyRZYckiNyQlxyRsrkilRIjXASkyfyTF6sB+vVerPep6MZa7azT/7A+vgBxOuczw==</latexit><latexit sha1_base64="sHr0oFxvtBKj2Mm4h9xRGFG5v98=">AAACCXicbVC7TgJBFJ3FF+Jr1VjZTCQmVmSXxGgH0cYSE14JIJkdLjhhdnYzc9eErHyBlZ9gq5WdsfUrLPwE/8FdoFDwVCfn3Jt77vFCKQw6zqeVWVpeWV3Lruc2Nre2d+zdvboJIs2hxgMZ6KbHDEihoIYCJTRDDcz3JDS84WXqN+5AGxGoKo5C6PhsoERfcIaJ1LUP2kIh7d0UadtneOv1Y2/crXbtvFNwJqCLxJ2RfLlUOC3dfz9WuvZXuxfwyAeFXDJjWq4TYidmGgWXMM61IwMh40M2gFZCFfPBdOJJ/DE9jgzDgIagqZB0IsLvjZj5xox8L5lMM5p5LxX/81oR9s87sVBhhKB4egiFhMkhw7VIegHaExoQWZocqFCUM80QQQvKOE/EKCkql/Thzn+/SOrFgusU3OukmAsyRZYckiNyQlxyRsrkilRIjXASkyfyTF6sB+vVerPep6MZa7azT/7A+vgBxOuczw==</latexit><latexit sha1_base64="p0p+vyR1L+0s1QaA2XCzUE0Ei+4=">AAACCXicbVC7TsNAEDzzDOEVQFQ0JyIkqshOA2UEDWWQ8pJiY50vm3DK+WzdrZEiK1/AV9BCRYdo+QoK/gXbuICEqUYzu9rZCWIpDNr2p7Wyura+sVnZqm7v7O7t1w4OeyZKNIcuj2SkBwEzIIWCLgqUMIg1sDCQ0A+m17nffwBtRKQ6OIvBC9lEibHgDDPJrx27QiEd3TWpGzK8D8ZpMPc7fq1uN+wCdJk4JamTEm2/9uWOIp6EoJBLZszQsWP0UqZRcAnzqpsYiBmfsgkMM6pYCMZLi/hzepYYhhGNQVMhaSHC742UhcbMwiCbzDOaRS8X//OGCY4vvVSoOEFQPD+EQkJxyHAtsl6AjoQGRJYnByoU5UwzRNCCMs4zMcmKqmZ9OIvfL5Nes+HYDefWrreuymYq5IScknPikAvSIjekTbqEk5Q8kWfyYj1ar9ab9f4zumKVO0fkD6yPb3f5mbQ=</latexit>
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Generalized

TMDs

Parton
Distributions

GPDs

PDFs
Parton Distribution Functions

…but wait… 
where is the 

UGD? 
Speaks language of 
Reggeized gluons
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Total spin carried by quarks and  
gluons does not amount to 1/2,  
one needs orbital angular momentum,  
then a 3D description...  

🔗  (proton spin crisis)  [EMC Collaboration, CERN (1987)] 

http://cds.cern.ch/record/183730
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Total spin carried by quarks and  
gluons does not amount to 1/2,  
one needs orbital angular momentum,  
then a 3D description...  

…many other effects in hadronic  
interactions cannot be understood  
in the purely collinear approach 

🔗  (proton spin crisis)  [EMC Collaboration, CERN (1987)] 

http://cds.cern.ch/record/183730
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ΔΣ + ΔG + Lq + Lg

quarks helicity

30 %~

PDF and TMD distributions
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=
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ΔΣ + ΔG + Lq + Lg

quarks helicity

30 %~

orbital angular  
momentum

unknown!

gluons helicity

20% − 50 %~ ?

PDF and TMD distributions
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NLLsc
Bacchetta, Delcarro, Pisano, Radici, Signori 

🔗  arXiv:1703.10157

global fit: Drell-Yan, SIDIS and Z boson

Quark TMDs: current status

http://arxiv.org/abs/arXiv:1703.10157
http://arxiv.org/abs/arXiv:1703.10157


Pavia 2017

6

NLLsc
Bacchetta, Delcarro, Pisano, Radici, Signori 

🔗  arXiv:1703.10157

global fit: Drell-Yan, SIDIS and Z boson

Drell-Yan and Z boson
BSV 2019 
Bertone, Scimemi, Vladimirov 

🔗  arXiv:1902.08474

NNLL’sc

Quark TMDs: current status

http://arxiv.org/abs/arXiv:1703.10157
http://arxiv.org/abs/arXiv:1703.10157


Pavia 2017

6

NLLsc
Bacchetta, Delcarro, Pisano, Radici, Signori 

🔗  arXiv:1703.10157

global fit: Drell-Yan, SIDIS and Z boson

Drell-Yan and Z boson
BSV 2019 
Bertone, Scimemi, Vladimirov 

🔗  arXiv:1902.08474

NNLL’sc

Quark TMDs: current status

N3LLsc
Bacchetta, Bertone, Bissolotti, Bozzi, Delcarro, Piacenza, Radici 

🔗  arXiv:1912.07550

Drell-Yan and Z boson
Pavia 2019

http://arxiv.org/abs/arXiv:1703.10157
http://arxiv.org/abs/arXiv:1703.10157
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Gluon TMDs:  
a largely unexplored territory



Motivation
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Gluon-TMD PDFs: a core sector of EIC studies 

Need for a flexible model, suited to phenomenology 

Unpolarized and polarized gluon TMDs 

Consistent framework for quark TMDs



Assumptions of the model
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   Spin-1/2 spectator (gluon)

mimics proton form factors  
(conserved EM current 

of a free nucleon)

   Effective vertex
Lowest Fock state: 
tri-quark spectator 
on-shell and 
with mass MX

Yµ
g = g1(p

2)�µ + i
g2(p2)

2M
�µ⌫p⌫

<latexit sha1_base64="/ctpjzsukQkQK3GMgj/BnYHgOCY="></latexit>

�g =
1

2(2⇡)3(1� x)P+
Tr


(/P +M)

1 + �5/S

2
G⇤

µ⇢(p)G
⌫�(p)Y⇢⇤

g Yg�(/P � /p+M)

�

<latexit sha1_base64="EbKFg7kPOEXLbaKLkrcEo9T09J4="></latexit>

Yg(p
2)

<latexit sha1_base64="bLkIoHuTKlkHIB+roMWWX2PBrNA="></latexit>

M, P MX

p



Assumptions of the model
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   Link with collinear factorization
-integrated TMDs have to reproduce PDFs 

at the lowest scale ( ) before evolution
pT

Q0

   Dipolar form factor(s)
1.   Cancels singularity of gluon propagator  
2.   Suppresses effects of high pT 
3.   Compensates log divergences arising from pT-integration 

4.   Adds three more parameters:  and  κ1,2 ΛX
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2.6. Transverse momentum distributions

gluon pol.

U circ. lin.

nu
cl

eo
n

po
l.

U fg
1 h?g

1

L gg
1 h?g

1L

T f?g
1T gg

1T hg
1, h?g

1T

Table 2.3. Twist-2 gluon transverse-momentum-dependent distribution functions. U,L,T
correspond to unpolarized, longitudinally polarized and transversely polarized nucleons.
U, circ., lin. correspond to unpolarized, circularly polarized and linearly polarized gluons.
Functions in blue are T-even. Functions in black are T-even and survive integration over
pT . Functions in red are T-odd (see Sec. 2.8).

�h1(x, p2
T )

✏pT {i
T Sj}

T + ✏ST {i
T pj}

T

4M

�h?
1T (x, p2

T )
✏{i
T ↵pj}↵ST

T

2M3

#
. (2.6.33)

The relation between the TMDs and the coefficient functions in the parametrization
of the unintegrated correlator can be found in [78]. The functions h?

1L, f?
1T , h1, and

h?
1T are T -odd (see Sec. 2.8). A more traditional form of the parametrization [76,

88] can be recovered expanding the STT forms for the pT tensors (see App. B),
considering the following relation among three h-type functions:

h1(x, p2
T )

.
= h1T (x, p2

T ) +
p2

T

2M2
h?

1T (x, p2
T ). (2.6.34)

For a comparison between the current and previous notations see [78]. Looking at
(2.6.33), we see that h1 is a rank-1 function and h?

1T is a rank-3 function. Consid-
ering the more traditional forms in [76, 88], h1T contains both rank-1 and rank-3
pieces, so it is not a function with definite rank. For this reason, its usage within a
rank expansion or cross sections with TMDs in bT -space would be problematic13.

Eventually note that, despite the similarity in name, the function h1 for glu-
ons is different from the quark transversity function h1 (e.g., it does not survive
integration over transverse momentum). The properties of the gluon TMD PDFs
are summarized in Tab. 2.3. It is possible to introduce gluon TMD fragmenta-
tion functions too. See, e.g, [57, 72]. In App. D we give the parametrization of
the Fourier-transformed gluon distribution correlator, �ij(x, bT ), and the relations
between the TMD PDFs in momentum (pT ) space and position (bT ) space.

13E.g., eqs. (2.17, 2.18, 2.20) in [89] are inconsistent from a rank point of view.

33

T-even

T-odd

T-even gluon TMDs at twist-2
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pieces, so it is not a function with definite rank. For this reason, its usage within a
rank expansion or cross sections with TMDs in bT -space would be problematic13.

Eventually note that, despite the similarity in name, the function h1 for glu-
ons is different from the quark transversity function h1 (e.g., it does not survive
integration over transverse momentum). The properties of the gluon TMD PDFs
are summarized in Tab. 2.3. It is possible to introduce gluon TMD fragmenta-
tion functions too. See, e.g, [57, 72]. In App. D we give the parametrization of
the Fourier-transformed gluon distribution correlator, �ij(x, bT ), and the relations
between the TMD PDFs in momentum (pT ) space and position (bT ) space.
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  First calculation of leading-twist T-even quark TMDs  
with scalar and axial-vector di-quarks 

🔗  [R. Jakob, P. J. Mulders, J. Rodrigues (1997)] 

  Gluon TMD PDFs and FFs 
🔗  [P.J. Mulders, J. Rodrigues (2001)]  
🔗  [J. Rodrigues, PhD thesis (2001)] 

  Complete calculation of all the leading-twist TMDs  
with scalar di-quarks 

🔗  [S. Meissner, A. Metz, K. Goeke (2007)] 

  Inclusion of different axial-vector di-quark polarization states  
and nucleon-parton-spectator form factors  

🔗  (fit to PDF parametrizations)  [A. Bacchetta, F. Conti, M. Radici (2008)]  
🔗  (application on azimuthal asymmetries)  [A. Bacchetta, M. Radici, F. Conti, M. Guagnelli (2010)]

http://arxiv.org/abs/hep-ph/9704335
http://arxiv.org/pdf/2005.02288.pdf
https://inspirehep.net/literature/923498
http://arxiv.org/abs/hep-ph/0703176
http://arxiv.org/abs/0807.0323
http://arxiv.org/abs/1003.1328


How to improve 
the description?



Yg(p
2)

<latexit sha1_base64="bLkIoHuTKlkHIB+roMWWX2PBrNA="></latexit>

Spectator-system  
spectral-mass function
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spectral-mass function

spectator-model TMD

🔗  [Inspired by G.R. Goldstein, J.O.G. Hernandez, S. Liuti (2011)]

Instead of a single on-shell 
spectator, a continuum of 

spectators

F (x,p2
T ) =

Z 1

M
dMX ⇢X(MX) F̂ (x,p2

T ;MX)
<latexit sha1_base64="RY30C7UR779q0HbsfFvm7Pxvrdc="></latexit>

http://arxiv.org/abs/1012.3776


Spectator-system  
spectral-mass function
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spectral-mass function

spectator-model TMD

low-x (high-µ2) tail ∝(a - b)  
 contributions energetically available at large  

2N-quark contribution
qq̄ MX

moderate-x trend  
pure tri-quark contribution at low  MX

µ2 = M2
X �M2

<latexit sha1_base64="5Z0FmHCk7SHlHg6E4uRWVxg6Low="></latexit>

🔗  [Inspired by G.R. Goldstein, J.O.G. Hernandez, S. Liuti (2011)]

F (x,p2
T ) =

Z 1

M
dMX ⇢X(MX) F̂ (x,p2

T ;MX)
<latexit sha1_base64="RY30C7UR779q0HbsfFvm7Pxvrdc="></latexit>

⇢X
⇣
MX ; {X(pars)} ⌘ {A,B, a, b, C,D,�}

⌘
= µ2a


A

B + µ2b
+

C

⇡�
e�

(MX�D)2

�2

�

<latexit sha1_base64="hCLGFXoegyVn77AGf/V8Ee8JP20="></latexit>

http://arxiv.org/abs/1012.3776


Spectral function vs (a - b)
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low-x (high-µ2) tail ∝(a - b) 
2N-quark contribution

moderate-x trend  
di/tri-quark contribution
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 collinear PDF vs (a - b)xf1
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di/tri-quark contribution
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Unpolarized gluon PDF
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Unpolarized gluon PDF
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no overlearning, just large errors for g1

χ2/ = 0.54 ± 0.38d.o.f.
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Fit specifics

23

no overlearning, just large errors for g1

χ2/ = 0.54 ± 0.38d.o.f.

⟨x⟩g = ∫
1

0
dx x fg

1 (x, Q0) Sg =
1
2

⟨1⟩Δg = ∫
1

0
dx gg

1 (x, Q0)

Our model @  GeVQ0 = 1.64

⟨x⟩g = 0.424(9)

⟨S⟩g = 0.159(11)

Lattice @  GeVQ0 = 2

⟨x⟩g = 0.427(92)

⟨J⟩g = 0.187(46)

🔗  [C. Alexandrou et al. (2020)] 
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Unpolarized gluon TMD
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Worm-gear gluon TMD
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Boer-Mulders gluon TMD
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35

100 replicas
replica 11

all replicas

0.0 0.2 0.4 0.6 0.8 1.0
0

100

200

300

400

500

600

pT2 [GeV2]

xh1⟂
g(x, pT2)

� = �����



Bottom line

36

  Each TMD shows a distinctive - and -behavior 

  Data on gluon TMDs will exclude many replicas  
and constrain parameters not yet so well constrained 

by collinear PDFs 

  Simultaneous fit on two distinct PDFs provides with 

corroborating evidence of reliability of our model 

  Standard CSS 🔗 🔗 evolution can be turned on

x pT

https://inspirehep.net/literature/164211
https://inspirehep.net/literature/922696
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[u/u] -density (Unpolarized)ρ
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…towards twist-2 
T-odd gluon TMDs



T-odd gluon TMDs at twist-2
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2.6. Transverse momentum distributions

gluon pol.

U circ. lin.

nu
cl

eo
n

po
l.

U fg
1 h?g

1

L gg
1 h?g

1L

T f?g
1T gg

1T hg
1, h?g

1T

Table 2.3. Twist-2 gluon transverse-momentum-dependent distribution functions. U,L,T
correspond to unpolarized, longitudinally polarized and transversely polarized nucleons.
U, circ., lin. correspond to unpolarized, circularly polarized and linearly polarized gluons.
Functions in blue are T-even. Functions in black are T-even and survive integration over
pT . Functions in red are T-odd (see Sec. 2.8).

�h1(x, p2
T )

✏pT {i
T Sj}

T + ✏ST {i
T pj}

T

4M

�h?
1T (x, p2

T )
✏{i
T ↵pj}↵ST

T

2M3

#
. (2.6.33)

The relation between the TMDs and the coefficient functions in the parametrization
of the unintegrated correlator can be found in [78]. The functions h?

1L, f?
1T , h1, and

h?
1T are T -odd (see Sec. 2.8). A more traditional form of the parametrization [76,

88] can be recovered expanding the STT forms for the pT tensors (see App. B),
considering the following relation among three h-type functions:

h1(x, p2
T )

.
= h1T (x, p2

T ) +
p2

T

2M2
h?

1T (x, p2
T ). (2.6.34)

For a comparison between the current and previous notations see [78]. Looking at
(2.6.33), we see that h1 is a rank-1 function and h?

1T is a rank-3 function. Consid-
ering the more traditional forms in [76, 88], h1T contains both rank-1 and rank-3
pieces, so it is not a function with definite rank. For this reason, its usage within a
rank expansion or cross sections with TMDs in bT -space would be problematic13.

Eventually note that, despite the similarity in name, the function h1 for glu-
ons is different from the quark transversity function h1 (e.g., it does not survive
integration over transverse momentum). The properties of the gluon TMD PDFs
are summarized in Tab. 2.3. It is possible to introduce gluon TMD fragmenta-
tion functions too. See, e.g, [57, 72]. In App. D we give the parametrization of
the Fourier-transformed gluon distribution correlator, �ij(x, bT ), and the relations
between the TMD PDFs in momentum (pT ) space and position (bT ) space.

13E.g., eqs. (2.17, 2.18, 2.20) in [89] are inconsistent from a rank point of view.

33

T-even

T-odd
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T-odd gluon TMDs  
in the spectator model

No residual gluon-spectator interaction at tree level 

Interference with one-gluon exchange (eikonal)

Calculation of Sivers function underway!
44



T-odd gluon TMDs  
and semi-inclusive reactions

45

1. Almost back-to-back di-jet production 

2. Open-charm (heavy-light meson) states 

3. Almost back-to-back -plus-jet production 

4. Inclusive  production at low 

J/Ψ

J/Ψ pT

Gluon TMDs

39

3

⌘i=� ln
⇥
tan( 12✓i)

⇤
, ✓i being the polar angles of the final

partons in the virtual photon-hadron cms frame. Note
that A now also receives a contribution from �⇤q ! gq,
leading to somewhat smaller asymmetries.

Since the observables involve final-state heavy quarks
or jets, they require high energy colliders, such as a future
Electron-Ion Collider (EIC) or the Large Hadron electron
Collider (LHeC) proposed at CERN. It is essential that
the individual transverse momentaKi? are reconstructed
with an accuracy �K? better than the magnitude of the
sum of the transverse momenta K1? +K2? = qT . Thus
one has to satisfy �K? ⌧ |qT | ⌧ |K?|.

An analogous asymmetry arises in QED, in the ‘tri-
dents’ processes `e(p) ! `µ+µ�e0(p0 orX) or µ�Z !

µ�`¯̀Z [18–21]. This could be described by the distribu-
tion of linearly polarized photons inside a lepton, pro-
ton, or atom. QCD adds the twist that for gluons inside
a hadron, ISI or FSI can considerably modify the result
depending on the process, for example, in HQ produc-
tion in hadronic collisions: p p ! QQ̄X, which can be
studied at BNL’s Relativistic Heavy Ion Collider (RHIC)
and CERN’s LHC, and p p̄ ! QQ̄X at Fermilab’s Teva-
tron. Since the description involves two TMDs, breaking
of TMD factorization becomes a relevant issue, cf. [14]
and references therein. The cross section for the process
h1(P1)+h2(P2)!Q(K1)+Q̄(K2)+X can be written in a
way similar to the hadroproduction of two jets discussed
in Ref. [13], in the following form

d�

dy1dy2d2K1?d2K2?
=

↵2
s

sM2
?

⇥

h
A(q2

T ) +B(q2
T )q

2
T cos 2(�T � �?)

+ C(q2
T )q

4
T cos 4(�T � �?)

i
. (7)

Besides q2
T , the terms A, B and C will depend on other,

often not explicitly indicated, variables as z, M2
Q/M

2
?

and momentum fractions x1, x2 obtained from x1/2 =
(M1? e±y1 +M2? e±y2 ) /

p
s .

In the most naive partonic description the terms A, B,
and C contain convolutions of TMDs. Schematically,

A : fq
1 ⌦ f q̄

1 , fg
1 ⌦ fg

1 ,

B : h? q
1 ⌦ h? q̄

1 ,
M2

Q

M2
?
fg
1 ⌦ h? g

1 ,

C : h? g
1 ⌦ h? g

1 .

Terms with higher powers in M2
Q/M

2
? are left out. In

Fig. 1 the origin of the factorM2
Q/M

2
? in the contribution

of h? g
1 to B is explained.

The factorized description in terms of TMDs is prob-
lematic though. In Ref. [14] it was pointed out that for
hadron or jet pair production in hadron-hadron scatter-
ing TMD factorization fails. The ISI/FSI will not allow
a separation of gauge links into the matrix elements of

the various TMDs. Only in specific simple cases, such
as the single Sivers e↵ect, one can find weighted expres-
sions that do allow a factorized result, but with in gen-
eral di↵erent factors for di↵erent diagrams in the partonic
subprocess [22, 23]. Even if this applies to the present
case for A and B as well, actually two di↵erent func-

tions h?g(2)
1 (x) (and fg(1)

1 (x)) will appear, corresponding
to gluon operators with the color structures fabe fcde and
dabe dcde, respectively [23, 24]. This is similar to what
happens for single transverse spin asymmetries (AN ) in
heavy quark production processes [25–29]. Because there
too two di↵erent (f and d type) gluon correlators arise,
the single-spin asymmetries in D and D̄ meson produc-
tion are found to be di↵erent. However, in the unpo-
larized scattering case considered in this letter the situ-
ation is simpler, since only one operator contributes or
dominates. In the �⇤g ! QQ̄ subprocess only the ma-
trix element with the f f -structure appears, while in the
g g ! QQ̄ subprocess relevant for hadron-hadron colli-
sions the d d-structure dominates (the ff -contribution is
suppressed by 1/N2). A side remark on pT broadening
[30–32]: because of the two di↵erent four-gluon opera-

tors for fg(1)
1 (x) we expect the broadening �p2T in SIDIS,

(�p2T )DIS ⌘ hp2T ieA �hp2T iep, to be di↵erent from the one
in hadron-hadron collisions, (�p2T )hh ⌘ hp2T ipA � hp2T ipp.

In case weighting does allow for factorized expres-
sions, we present here the relevant expressions for B =
B
qq̄!QQ̄ + (M2

Q/M
2
?)B

gg!QQ̄, where

B
qq̄!QQ̄ =

N2
� 1

N2
z2(1� z)2

 
1�

M2
Q

M2
?

!

⇥


H

qq̄(x1, x2, q
2
T ) +H

q̄q(x1, x2, q
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T )

�
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B
gg!QQ̄ =

N
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B1 H
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T ) , (8)
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FIG. 1: Examples of subprocesses contributing to the cos 2�
asymmetries in e p ! e0 QQ̄X and p p ! QQ̄X, respec-
tively. As the helicities of the photons and gluons indicate,
the latter process requires helicity flip in quark propagators
resulting in an M2

Q/M
2
? factor.
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e p ! e jet jet X p p ! ⌘c Xp p ! J/ � X

see, e.g., Boer, den Dunnen, Pisano, Schlegel, Vogelsang, PRL108 (12) 
den Dunnen, Lansberg, Pisano, Schlegel, PRL 112 (14) 

see talk by A. SignoriUnexplored territory!

ep ! e + jet + jet + X
<latexit sha1_base64="HHkuAGmuMgAsVvewBeE4+91xoNY="></latexit>
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1 ,
M2

Q

M2
?
fg
1 ⌦ h? g

1 ,

C : h? g
1 ⌦ h? g

1 .

Terms with higher powers in M2
Q/M

2
? are left out. In

Fig. 1 the origin of the factorM2
Q/M

2
? in the contribution

of h? g
1 to B is explained.

The factorized description in terms of TMDs is prob-
lematic though. In Ref. [14] it was pointed out that for
hadron or jet pair production in hadron-hadron scatter-
ing TMD factorization fails. The ISI/FSI will not allow
a separation of gauge links into the matrix elements of

the various TMDs. Only in specific simple cases, such
as the single Sivers e↵ect, one can find weighted expres-
sions that do allow a factorized result, but with in gen-
eral di↵erent factors for di↵erent diagrams in the partonic
subprocess [22, 23]. Even if this applies to the present
case for A and B as well, actually two di↵erent func-

tions h?g(2)
1 (x) (and fg(1)

1 (x)) will appear, corresponding
to gluon operators with the color structures fabe fcde and
dabe dcde, respectively [23, 24]. This is similar to what
happens for single transverse spin asymmetries (AN ) in
heavy quark production processes [25–29]. Because there
too two di↵erent (f and d type) gluon correlators arise,
the single-spin asymmetries in D and D̄ meson produc-
tion are found to be di↵erent. However, in the unpo-
larized scattering case considered in this letter the situ-
ation is simpler, since only one operator contributes or
dominates. In the �⇤g ! QQ̄ subprocess only the ma-
trix element with the f f -structure appears, while in the
g g ! QQ̄ subprocess relevant for hadron-hadron colli-
sions the d d-structure dominates (the ff -contribution is
suppressed by 1/N2). A side remark on pT broadening
[30–32]: because of the two di↵erent four-gluon opera-

tors for fg(1)
1 (x) we expect the broadening �p2T in SIDIS,

(�p2T )DIS ⌘ hp2T ieA �hp2T iep, to be di↵erent from the one
in hadron-hadron collisions, (�p2T )hh ⌘ hp2T ipA � hp2T ipp.

In case weighting does allow for factorized expres-
sions, we present here the relevant expressions for B =
B
qq̄!QQ̄ + (M2

Q/M
2
?)B

gg!QQ̄, where

B
qq̄!QQ̄ =

N2
� 1

N2
z2(1� z)2

 
1�

M2
Q

M2
?

!

⇥


H

qq̄(x1, x2, q
2
T ) +H

q̄q(x1, x2, q
2
T )

�
,

B
gg!QQ̄ =

N

N2 � 1
B1 H

gg(x1, x2, q
2
T ) , (8)
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1

FIG. 1: Examples of subprocesses contributing to the cos 2�
asymmetries in e p ! e0 QQ̄X and p p ! QQ̄X, respec-
tively. As the helicities of the photons and gluons indicate,
the latter process requires helicity flip in quark propagators
resulting in an M2

Q/M
2
? factor.
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e p ! e jet jet X p p ! ⌘c Xp p ! J/ � X

see, e.g., Boer, den Dunnen, Pisano, Schlegel, Vogelsang, PRL108 (12) 
den Dunnen, Lansberg, Pisano, Schlegel, PRL 112 (14) 

see talk by A. SignoriUnexplored territory!

ep ! e + jet + jet + X
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   Spectral mass to catch small- and moderate-x effects 

   Simultaneous fit of f1 and g1 PDFs via replica method



Closing statements
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  Systematic calculation of all twist-2 T-even gluon TMDs 

   Spectral mass to catch small- and moderate-x effects 

   Simultaneous fit of f1 and g1 PDFs via replica method

   Inclusion of BFKL input on small-x tail 

   Twist-2 T-odd TMDs (Sivers, etc.) soon available! 

   Relevant spin asymmetries to be identified 

   Predictions as inputs to generate pseudodata 

   Extension to quark TMDs in the same framework 
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F (x,b;µ) =
X

j

�
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�
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R(b⇤;µb,µ)fNP(x, b)
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collinear PDF
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coefficients

Sudakov form 
 factor
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hard factor

Logarithmic accuracy
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non perturbative 
function

F (x,b;µ) =
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non perturbative 
function

F (x,b;µ) =
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collinear PDF
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define logarithmic ordering
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Ff/P (x,bT ;µ, ⇣) =
X

j

Cf/j(x, b⇤;µb, ⇣F )⌦ fj/P (x, µb) : A

⇥ exp

⇢
K(b⇤;µb) ln

p
⇣F
µb

+

Z µ

µb

dµ0

µ0


�F � �K ln

p
⇣F
µ0

��
: B

⇥ exp

(
gj/P (x, bT ) + gK(bT ) ln

p
⇣Fp
⇣F,0

)
: C

bT ≪ 1/ΛQCD

CS and RGE  
evolution

non perturbative  
transverse content

matching to the 
collinear region

factorizes as hard  
and longitudinal non-perturbative

parametrized  
and fitted to data

TMDs
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Helicity gluon PDF
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 fixed at 2.1B



Effective vertices

p

P p − P

p

P P − p

igs(p2)
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i
ga(p2)

2
γμγ5

Yg(p
2)
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Quark and gluon correlators
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   Scalar-diquark spectator

   Axial-vector-diquark spectator

   Spin-1/2 spectator (gluon)

Yµ

g
= g1(p

2)�µ + i
g2(p2)

2MH

�µ⌫p⌫
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Quark and gluon correlators
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   Scalar-diquark spectator
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   Spin-1/2 spectator (gluon)
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Spectator-model gluon TMDs (1)
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Spectator-model gluon TMDs (2)
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