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Transverse momentum dependent PDFs (TMDs)
Collinear factorization fails in the presence of two ordered scales

Solution: consistent ‘TMD’ framework which also takes the intrinsic 
transverse momentum of the partons into account Collins (2011)

Many theoretical and experimental challenges: proves of 
factorization theorems, loss of universality, difficult extraction

TMD PDFs are fundamental objects: insight into 3D structure of the 
proton, spin physics

Used since many years to successfully describe single spin 
asymmetries by means of the Sivers function by the Torino and 
Cagliari groups

This talk: J/Psi+jet in DIS as a probe of gluon TMDs -> almost 
completely unknown (that is; beyond the many interesting efforts at 
low-x!)
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e+ p ! e+ J/ + jet
<latexit sha1_base64="Dk96bBiFgL05Zo8O193f8T+7LlI=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIsgFGoigi6LbsRVBfuAJpTJ9KYdOzMJMxOhhG7c+CtuXCji1n9w5984abvQ6oGBwzn3MvecMGFUadf9sgoLi0vLK8XV0tr6xuaWvb3TVHEqCTRIzGLZDrECRgU0NNUM2okEzEMGrXB4mfute5CKxuJWjxIIOO4LGlGCtZG69j5UEl/HDlSuj/26ohWfYz2QPLsDPe7aZbfqTuD8Jd6MlNEM9a796fdiknIQmjCsVMdzEx1kWGpKGIxLfqogwWSI+9AxVGAOKsgmKcbOoVF6ThRL84R2JurPjQxzpUY8NJP5jWrey8X/vE6qo/MgoyJJNQgy/ShKmWNi55U4PSqBaDYyBBNJza0OGWCJiTbFlUwJ3nzkv6R5UvXcqndzWq5dzOoooj10gI6Qh85QDV2hOmoggh7QE3pBr9aj9Wy9We/T0YI129lFv2B9fAOS9Zf+</latexit><latexit sha1_base64="Dk96bBiFgL05Zo8O193f8T+7LlI=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIsgFGoigi6LbsRVBfuAJpTJ9KYdOzMJMxOhhG7c+CtuXCji1n9w5984abvQ6oGBwzn3MvecMGFUadf9sgoLi0vLK8XV0tr6xuaWvb3TVHEqCTRIzGLZDrECRgU0NNUM2okEzEMGrXB4mfute5CKxuJWjxIIOO4LGlGCtZG69j5UEl/HDlSuj/26ohWfYz2QPLsDPe7aZbfqTuD8Jd6MlNEM9a796fdiknIQmjCsVMdzEx1kWGpKGIxLfqogwWSI+9AxVGAOKsgmKcbOoVF6ThRL84R2JurPjQxzpUY8NJP5jWrey8X/vE6qo/MgoyJJNQgy/ShKmWNi55U4PSqBaDYyBBNJza0OGWCJiTbFlUwJ3nzkv6R5UvXcqndzWq5dzOoooj10gI6Qh85QDV2hOmoggh7QE3pBr9aj9Wy9We/T0YI129lFv2B9fAOS9Zf+</latexit><latexit sha1_base64="Dk96bBiFgL05Zo8O193f8T+7LlI=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIsgFGoigi6LbsRVBfuAJpTJ9KYdOzMJMxOhhG7c+CtuXCji1n9w5984abvQ6oGBwzn3MvecMGFUadf9sgoLi0vLK8XV0tr6xuaWvb3TVHEqCTRIzGLZDrECRgU0NNUM2okEzEMGrXB4mfute5CKxuJWjxIIOO4LGlGCtZG69j5UEl/HDlSuj/26ohWfYz2QPLsDPe7aZbfqTuD8Jd6MlNEM9a796fdiknIQmjCsVMdzEx1kWGpKGIxLfqogwWSI+9AxVGAOKsgmKcbOoVF6ThRL84R2JurPjQxzpUY8NJP5jWrey8X/vE6qo/MgoyJJNQgy/ShKmWNi55U4PSqBaDYyBBNJza0OGWCJiTbFlUwJ3nzkv6R5UvXcqndzWq5dzOoooj10gI6Qh85QDV2hOmoggh7QE3pBr9aj9Wy9We/T0YI129lFv2B9fAOS9Zf+</latexit><latexit sha1_base64="Dk96bBiFgL05Zo8O193f8T+7LlI=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIsgFGoigi6LbsRVBfuAJpTJ9KYdOzMJMxOhhG7c+CtuXCji1n9w5984abvQ6oGBwzn3MvecMGFUadf9sgoLi0vLK8XV0tr6xuaWvb3TVHEqCTRIzGLZDrECRgU0NNUM2okEzEMGrXB4mfute5CKxuJWjxIIOO4LGlGCtZG69j5UEl/HDlSuj/26ohWfYz2QPLsDPe7aZbfqTuD8Jd6MlNEM9a796fdiknIQmjCsVMdzEx1kWGpKGIxLfqogwWSI+9AxVGAOKsgmKcbOoVF6ThRL84R2JurPjQxzpUY8NJP5jWrey8X/vE6qo/MgoyJJNQgy/ShKmWNi55U4PSqBaDYyBBNJza0OGWCJiTbFlUwJ3nzkv6R5UvXcqndzWq5dzOoooj10gI6Qh85QDV2hOmoggh7QE3pBr9aj9Wy9We/T0YI129lFv2B9fAOS9Zf+</latexit>
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e+ p ! e+ J/ + jet
<latexit sha1_base64="Dk96bBiFgL05Zo8O193f8T+7LlI=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIsgFGoigi6LbsRVBfuAJpTJ9KYdOzMJMxOhhG7c+CtuXCji1n9w5984abvQ6oGBwzn3MvecMGFUadf9sgoLi0vLK8XV0tr6xuaWvb3TVHEqCTRIzGLZDrECRgU0NNUM2okEzEMGrXB4mfute5CKxuJWjxIIOO4LGlGCtZG69j5UEl/HDlSuj/26ohWfYz2QPLsDPe7aZbfqTuD8Jd6MlNEM9a796fdiknIQmjCsVMdzEx1kWGpKGIxLfqogwWSI+9AxVGAOKsgmKcbOoVF6ThRL84R2JurPjQxzpUY8NJP5jWrey8X/vE6qo/MgoyJJNQgy/ShKmWNi55U4PSqBaDYyBBNJza0OGWCJiTbFlUwJ3nzkv6R5UvXcqndzWq5dzOoooj10gI6Qh85QDV2hOmoggh7QE3pBr9aj9Wy9We/T0YI129lFv2B9fAOS9Zf+</latexit><latexit sha1_base64="Dk96bBiFgL05Zo8O193f8T+7LlI=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIsgFGoigi6LbsRVBfuAJpTJ9KYdOzMJMxOhhG7c+CtuXCji1n9w5984abvQ6oGBwzn3MvecMGFUadf9sgoLi0vLK8XV0tr6xuaWvb3TVHEqCTRIzGLZDrECRgU0NNUM2okEzEMGrXB4mfute5CKxuJWjxIIOO4LGlGCtZG69j5UEl/HDlSuj/26ohWfYz2QPLsDPe7aZbfqTuD8Jd6MlNEM9a796fdiknIQmjCsVMdzEx1kWGpKGIxLfqogwWSI+9AxVGAOKsgmKcbOoVF6ThRL84R2JurPjQxzpUY8NJP5jWrey8X/vE6qo/MgoyJJNQgy/ShKmWNi55U4PSqBaDYyBBNJza0OGWCJiTbFlUwJ3nzkv6R5UvXcqndzWq5dzOoooj10gI6Qh85QDV2hOmoggh7QE3pBr9aj9Wy9We/T0YI129lFv2B9fAOS9Zf+</latexit><latexit sha1_base64="Dk96bBiFgL05Zo8O193f8T+7LlI=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIsgFGoigi6LbsRVBfuAJpTJ9KYdOzMJMxOhhG7c+CtuXCji1n9w5984abvQ6oGBwzn3MvecMGFUadf9sgoLi0vLK8XV0tr6xuaWvb3TVHEqCTRIzGLZDrECRgU0NNUM2okEzEMGrXB4mfute5CKxuJWjxIIOO4LGlGCtZG69j5UEl/HDlSuj/26ohWfYz2QPLsDPe7aZbfqTuD8Jd6MlNEM9a796fdiknIQmjCsVMdzEx1kWGpKGIxLfqogwWSI+9AxVGAOKsgmKcbOoVF6ThRL84R2JurPjQxzpUY8NJP5jWrey8X/vE6qo/MgoyJJNQgy/ShKmWNi55U4PSqBaDYyBBNJza0OGWCJiTbFlUwJ3nzkv6R5UvXcqndzWq5dzOoooj10gI6Qh85QDV2hOmoggh7QE3pBr9aj9Wy9We/T0YI129lFv2B9fAOS9Zf+</latexit><latexit sha1_base64="Dk96bBiFgL05Zo8O193f8T+7LlI=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIsgFGoigi6LbsRVBfuAJpTJ9KYdOzMJMxOhhG7c+CtuXCji1n9w5984abvQ6oGBwzn3MvecMGFUadf9sgoLi0vLK8XV0tr6xuaWvb3TVHEqCTRIzGLZDrECRgU0NNUM2okEzEMGrXB4mfute5CKxuJWjxIIOO4LGlGCtZG69j5UEl/HDlSuj/26ohWfYz2QPLsDPe7aZbfqTuD8Jd6MlNEM9a796fdiknIQmjCsVMdzEx1kWGpKGIxLfqogwWSI+9AxVGAOKsgmKcbOoVF6ThRL84R2JurPjQxzpUY8NJP5jWrey8X/vE6qo/MgoyJJNQgy/ShKmWNi55U4PSqBaDYyBBNJza0OGWCJiTbFlUwJ3nzkv6R5UvXcqndzWq5dzOoooj10gI6Qh85QDV2hOmoggh7QE3pBr9aj9Wy9We/T0YI129lFv2B9fAOS9Zf+</latexit>

|K?| =
PQ? � pj?

2<latexit sha1_base64="3YxqpMP5lotYmqfSior4+Jh4oDc=">AAACHXicbZDLSgMxFIYzXmu9VV26CRbBjWWmFnQjFN0IblqwF+iUIZNm2tjMTEgyQknnRdz4Km5cKOLCjfg2ZtoutPVA4OP/zyHn/D5nVCrb/raWlldW19ZzG/nNre2d3cLeflPGicCkgWMWi7aPJGE0Ig1FFSNtLggKfUZa/vA681sPREgaR3dqxEk3RP2IBhQjZSSvUBnfei4ngsPxpRsIhHXN026I1AAjpuvpxEtPuafvp5jqcuoVinbJnhRcBGcGRTCrmlf4dHsxTkISKcyQlB3H5qqrkVAUM5Lm3UQSjvAQ9UnHYIRCIrt6cl0Kj43Sg0EszIsUnKi/JzQKpRyFvunM9pbzXib+53USFVx0NY14okiEpx8FCYMqhllUsEcFwYqNDCAsqNkV4gEyGSkTaN6E4MyfvAjNcsk5K5XrlWL1ahZHDhyCI3ACHHAOquAG1EADYPAInsEreLOerBfr3fqYti5Zs5kD8Kesrx+wA6ON</latexit>

|q?| = PQ? + pj?
<latexit sha1_base64="rd9fsRSoawxtpewcsP2vmV9NJM0=">AAACE3icbZDLSsNAFIYnXmu9RV26GSyCKJSkCroRim5ctmAv0IYwmU7asZNknJkIJc07uPFV3LhQxK0bd76NkzYLbf1h4OM/5zDn/B5nVCrL+jYWFpeWV1YLa8X1jc2tbXNntymjWGDSwBGLRNtDkjAakoaiipE2FwQFHiMtb3id1VsPREgahbdqxIkToH5IfYqR0pZrHo/v3S4ngsPxZc1NugFSA4xYUk8nbnrC3eRuiq5ZssrWRHAe7BxKIFfNNb+6vQjHAQkVZkjKjm1x5SRIKIoZSYvdWBKO8BD1SUdjiAIinWRyUwoPtdODfiT0CxWcuL8nEhRIOQo83ZntLGdrmflfrRMr/8JJaMhjRUI8/ciPGVQRzAKCPSoIVmykAWFB9a4QD5BAWOkYizoEe/bkeWhWyvZpuVI/K1Wv8jgKYB8cgCNgg3NQBTegBhoAg0fwDF7Bm/FkvBjvxse0dcHIZ/bAHxmfP4VQnzM=</latexit>

|q?| ⌧ |K?|
<latexit sha1_base64="Oan4qERDMVIR03bwrhv+pum2WgY=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4KrMVEGXRTeCmwr2AZ1hyKSZNjSTiUlGKNNu/BU3LhRx62e4829M2xG09cCFk3PuJfeeUDCqtON8WYWl5ZXVteJ6aWNza3vH3t1rqiSVmDRwwhLZDpEijHLS0FQz0haSoDhkpBUOriZ+64FIRRN+p4eC+DHqcRpRjLSRAvtgdB94gkgBRx5jo5ufR2CXnYozBVwkbk7KIEc9sD+9boLTmHCNGVKq4zpC+xmSmmJGxiUvVUQgPEA90jGUo5goP5seMIbHRunCKJGmuIZT9fdEhmKlhnFoOmOk+2rem4j/eZ1URxd+RrlINeF49lGUMqgTOEkDdqkkWLOhIQhLanaFuI8kwtpkVjIhuPMnL5JmteKeVqq3Z+XaZR5HERyCI3ACXHAOauAa1EEDYDAGT+AFvFqP1rP1Zr3PWgtWPrMP/sD6+AboApaZ</latexit>

TMD regime:
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y =
P · q
P · l

<latexit sha1_base64="lyBU0t52aN20iZTsMq/oW6gp2oI="></latexit><latexit sha1_base64="lyBU0t52aN20iZTsMq/oW6gp2oI="></latexit><latexit sha1_base64="lyBU0t52aN20iZTsMq/oW6gp2oI="></latexit><latexit sha1_base64="lyBU0t52aN20iZTsMq/oW6gp2oI="></latexit>

Q2 = xBys
<latexit sha1_base64="FVJZHj1KiA/+IfT3LdQDPARFrTY="></latexit><latexit sha1_base64="FVJZHj1KiA/+IfT3LdQDPARFrTY="></latexit><latexit sha1_base64="FVJZHj1KiA/+IfT3LdQDPARFrTY="></latexit><latexit sha1_base64="FVJZHj1KiA/+IfT3LdQDPARFrTY="></latexit>

z =
PQ · P
q · P

<latexit sha1_base64="CKarqQ4fQv67D+v538xj6wDjxr8="></latexit><latexit sha1_base64="CKarqQ4fQv67D+v538xj6wDjxr8="></latexit><latexit sha1_base64="CKarqQ4fQv67D+v538xj6wDjxr8="></latexit><latexit sha1_base64="CKarqQ4fQv67D+v538xj6wDjxr8="></latexit>

x = xB
ŝ+Q2

Q2
<latexit sha1_base64="x4vdhB0aUWrvfyQdopTCLXpCreo=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBZBEEpSBN0IpW5ctmAf0MQwmU7aoZNJmJlIS8jGjb/ixoUibv0Hd/6Nk7YLbT1wL4dz7mXmHj9mVCrL+jYKK6tr6xvFzdLW9s7unrl/0JZRIjBp4YhFousjSRjlpKWoYqQbC4JCn5GOP7rJ/c4DEZJG/E5NYuKGaMBpQDFSWvLM4/H12Ks7gUA4dYZIpTI7b95XszRvnlm2KtYUcJnYc1IGczQ888vpRzgJCVeYISl7thUrN0VCUcxIVnISSWKER2hAeppyFBLpptMrMniqlT4MIqGLKzhVf2+kKJRyEvp6MkRqKBe9XPzP6yUquHJTyuNEEY5nDwUJgyqCeSSwTwXBik00QVhQ/VeIh0gnonRwJR2CvXjyMmlXK7ZVsZsX5Vp9HkcRHIETcAZscAlq4BY0QAtg8AiewSt4M56MF+Pd+JiNFoz5ziH4A+PzB0hUmGo=</latexit><latexit sha1_base64="x4vdhB0aUWrvfyQdopTCLXpCreo=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBZBEEpSBN0IpW5ctmAf0MQwmU7aoZNJmJlIS8jGjb/ixoUibv0Hd/6Nk7YLbT1wL4dz7mXmHj9mVCrL+jYKK6tr6xvFzdLW9s7unrl/0JZRIjBp4YhFousjSRjlpKWoYqQbC4JCn5GOP7rJ/c4DEZJG/E5NYuKGaMBpQDFSWvLM4/H12Ks7gUA4dYZIpTI7b95XszRvnlm2KtYUcJnYc1IGczQ888vpRzgJCVeYISl7thUrN0VCUcxIVnISSWKER2hAeppyFBLpptMrMniqlT4MIqGLKzhVf2+kKJRyEvp6MkRqKBe9XPzP6yUquHJTyuNEEY5nDwUJgyqCeSSwTwXBik00QVhQ/VeIh0gnonRwJR2CvXjyMmlXK7ZVsZsX5Vp9HkcRHIETcAZscAlq4BY0QAtg8AiewSt4M56MF+Pd+JiNFoz5ziH4A+PzB0hUmGo=</latexit><latexit sha1_base64="x4vdhB0aUWrvfyQdopTCLXpCreo=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBZBEEpSBN0IpW5ctmAf0MQwmU7aoZNJmJlIS8jGjb/ixoUibv0Hd/6Nk7YLbT1wL4dz7mXmHj9mVCrL+jYKK6tr6xvFzdLW9s7unrl/0JZRIjBp4YhFousjSRjlpKWoYqQbC4JCn5GOP7rJ/c4DEZJG/E5NYuKGaMBpQDFSWvLM4/H12Ks7gUA4dYZIpTI7b95XszRvnlm2KtYUcJnYc1IGczQ888vpRzgJCVeYISl7thUrN0VCUcxIVnISSWKER2hAeppyFBLpptMrMniqlT4MIqGLKzhVf2+kKJRyEvp6MkRqKBe9XPzP6yUquHJTyuNEEY5nDwUJgyqCeSSwTwXBik00QVhQ/VeIh0gnonRwJR2CvXjyMmlXK7ZVsZsX5Vp9HkcRHIETcAZscAlq4BY0QAtg8AiewSt4M56MF+Pd+JiNFoz5ziH4A+PzB0hUmGo=</latexit><latexit sha1_base64="x4vdhB0aUWrvfyQdopTCLXpCreo=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBZBEEpSBN0IpW5ctmAf0MQwmU7aoZNJmJlIS8jGjb/ixoUibv0Hd/6Nk7YLbT1wL4dz7mXmHj9mVCrL+jYKK6tr6xvFzdLW9s7unrl/0JZRIjBp4YhFousjSRjlpKWoYqQbC4JCn5GOP7rJ/c4DEZJG/E5NYuKGaMBpQDFSWvLM4/H12Ks7gUA4dYZIpTI7b95XszRvnlm2KtYUcJnYc1IGczQ888vpRzgJCVeYISl7thUrN0VCUcxIVnISSWKER2hAeppyFBLpptMrMniqlT4MIqGLKzhVf2+kKJRyEvp6MkRqKBe9XPzP6yUquHJTyuNEEY5nDwUJgyqCeSSwTwXBik00QVhQ/VeIh0gnonRwJR2CvXjyMmlXK7ZVsZsX5Vp9HkcRHIETcAZscAlq4BY0QAtg8AiewSt4M56MF+Pd+JiNFoz5ziH4A+PzB0hUmGo=</latexit>

e+ p ! e+ J/ + jet
<latexit sha1_base64="Dk96bBiFgL05Zo8O193f8T+7LlI=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIsgFGoigi6LbsRVBfuAJpTJ9KYdOzMJMxOhhG7c+CtuXCji1n9w5984abvQ6oGBwzn3MvecMGFUadf9sgoLi0vLK8XV0tr6xuaWvb3TVHEqCTRIzGLZDrECRgU0NNUM2okEzEMGrXB4mfute5CKxuJWjxIIOO4LGlGCtZG69j5UEl/HDlSuj/26ohWfYz2QPLsDPe7aZbfqTuD8Jd6MlNEM9a796fdiknIQmjCsVMdzEx1kWGpKGIxLfqogwWSI+9AxVGAOKsgmKcbOoVF6ThRL84R2JurPjQxzpUY8NJP5jWrey8X/vE6qo/MgoyJJNQgy/ShKmWNi55U4PSqBaDYyBBNJza0OGWCJiTbFlUwJ3nzkv6R5UvXcqndzWq5dzOoooj10gI6Qh85QDV2hOmoggh7QE3pBr9aj9Wy9We/T0YI129lFv2B9fAOS9Zf+</latexit><latexit sha1_base64="Dk96bBiFgL05Zo8O193f8T+7LlI=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIsgFGoigi6LbsRVBfuAJpTJ9KYdOzMJMxOhhG7c+CtuXCji1n9w5984abvQ6oGBwzn3MvecMGFUadf9sgoLi0vLK8XV0tr6xuaWvb3TVHEqCTRIzGLZDrECRgU0NNUM2okEzEMGrXB4mfute5CKxuJWjxIIOO4LGlGCtZG69j5UEl/HDlSuj/26ohWfYz2QPLsDPe7aZbfqTuD8Jd6MlNEM9a796fdiknIQmjCsVMdzEx1kWGpKGIxLfqogwWSI+9AxVGAOKsgmKcbOoVF6ThRL84R2JurPjQxzpUY8NJP5jWrey8X/vE6qo/MgoyJJNQgy/ShKmWNi55U4PSqBaDYyBBNJza0OGWCJiTbFlUwJ3nzkv6R5UvXcqndzWq5dzOoooj10gI6Qh85QDV2hOmoggh7QE3pBr9aj9Wy9We/T0YI129lFv2B9fAOS9Zf+</latexit><latexit sha1_base64="Dk96bBiFgL05Zo8O193f8T+7LlI=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIsgFGoigi6LbsRVBfuAJpTJ9KYdOzMJMxOhhG7c+CtuXCji1n9w5984abvQ6oGBwzn3MvecMGFUadf9sgoLi0vLK8XV0tr6xuaWvb3TVHEqCTRIzGLZDrECRgU0NNUM2okEzEMGrXB4mfute5CKxuJWjxIIOO4LGlGCtZG69j5UEl/HDlSuj/26ohWfYz2QPLsDPe7aZbfqTuD8Jd6MlNEM9a796fdiknIQmjCsVMdzEx1kWGpKGIxLfqogwWSI+9AxVGAOKsgmKcbOoVF6ThRL84R2JurPjQxzpUY8NJP5jWrey8X/vE6qo/MgoyJJNQgy/ShKmWNi55U4PSqBaDYyBBNJza0OGWCJiTbFlUwJ3nzkv6R5UvXcqndzWq5dzOoooj10gI6Qh85QDV2hOmoggh7QE3pBr9aj9Wy9We/T0YI129lFv2B9fAOS9Zf+</latexit><latexit sha1_base64="Dk96bBiFgL05Zo8O193f8T+7LlI=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIsgFGoigi6LbsRVBfuAJpTJ9KYdOzMJMxOhhG7c+CtuXCji1n9w5984abvQ6oGBwzn3MvecMGFUadf9sgoLi0vLK8XV0tr6xuaWvb3TVHEqCTRIzGLZDrECRgU0NNUM2okEzEMGrXB4mfute5CKxuJWjxIIOO4LGlGCtZG69j5UEl/HDlSuj/26ohWfYz2QPLsDPe7aZbfqTuD8Jd6MlNEM9a796fdiknIQmjCsVMdzEx1kWGpKGIxLfqogwWSI+9AxVGAOKsgmKcbOoVF6ThRL84R2JurPjQxzpUY8NJP5jWrey8X/vE6qo/MgoyJJNQgy/ShKmWNi55U4PSqBaDYyBBNJza0OGWCJiTbFlUwJ3nzkv6R5UvXcqndzWq5dzOoooj10gI6Qh85QDV2hOmoggh7QE3pBr9aj9Wy9We/T0YI129lFv2B9fAOS9Zf+</latexit>
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2

e+ p ! e+ J/ + jet
<latexit sha1_base64="Dk96bBiFgL05Zo8O193f8T+7LlI=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIsgFGoigi6LbsRVBfuAJpTJ9KYdOzMJMxOhhG7c+CtuXCji1n9w5984abvQ6oGBwzn3MvecMGFUadf9sgoLi0vLK8XV0tr6xuaWvb3TVHEqCTRIzGLZDrECRgU0NNUM2okEzEMGrXB4mfute5CKxuJWjxIIOO4LGlGCtZG69j5UEl/HDlSuj/26ohWfYz2QPLsDPe7aZbfqTuD8Jd6MlNEM9a796fdiknIQmjCsVMdzEx1kWGpKGIxLfqogwWSI+9AxVGAOKsgmKcbOoVF6ThRL84R2JurPjQxzpUY8NJP5jWrey8X/vE6qo/MgoyJJNQgy/ShKmWNi55U4PSqBaDYyBBNJza0OGWCJiTbFlUwJ3nzkv6R5UvXcqndzWq5dzOoooj10gI6Qh85QDV2hOmoggh7QE3pBr9aj9Wy9We/T0YI129lFv2B9fAOS9Zf+</latexit><latexit sha1_base64="Dk96bBiFgL05Zo8O193f8T+7LlI=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIsgFGoigi6LbsRVBfuAJpTJ9KYdOzMJMxOhhG7c+CtuXCji1n9w5984abvQ6oGBwzn3MvecMGFUadf9sgoLi0vLK8XV0tr6xuaWvb3TVHEqCTRIzGLZDrECRgU0NNUM2okEzEMGrXB4mfute5CKxuJWjxIIOO4LGlGCtZG69j5UEl/HDlSuj/26ohWfYz2QPLsDPe7aZbfqTuD8Jd6MlNEM9a796fdiknIQmjCsVMdzEx1kWGpKGIxLfqogwWSI+9AxVGAOKsgmKcbOoVF6ThRL84R2JurPjQxzpUY8NJP5jWrey8X/vE6qo/MgoyJJNQgy/ShKmWNi55U4PSqBaDYyBBNJza0OGWCJiTbFlUwJ3nzkv6R5UvXcqndzWq5dzOoooj10gI6Qh85QDV2hOmoggh7QE3pBr9aj9Wy9We/T0YI129lFv2B9fAOS9Zf+</latexit><latexit sha1_base64="Dk96bBiFgL05Zo8O193f8T+7LlI=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIsgFGoigi6LbsRVBfuAJpTJ9KYdOzMJMxOhhG7c+CtuXCji1n9w5984abvQ6oGBwzn3MvecMGFUadf9sgoLi0vLK8XV0tr6xuaWvb3TVHEqCTRIzGLZDrECRgU0NNUM2okEzEMGrXB4mfute5CKxuJWjxIIOO4LGlGCtZG69j5UEl/HDlSuj/26ohWfYz2QPLsDPe7aZbfqTuD8Jd6MlNEM9a796fdiknIQmjCsVMdzEx1kWGpKGIxLfqogwWSI+9AxVGAOKsgmKcbOoVF6ThRL84R2JurPjQxzpUY8NJP5jWrey8X/vE6qo/MgoyJJNQgy/ShKmWNi55U4PSqBaDYyBBNJza0OGWCJiTbFlUwJ3nzkv6R5UvXcqndzWq5dzOoooj10gI6Qh85QDV2hOmoggh7QE3pBr9aj9Wy9We/T0YI129lFv2B9fAOS9Zf+</latexit><latexit sha1_base64="Dk96bBiFgL05Zo8O193f8T+7LlI=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIsgFGoigi6LbsRVBfuAJpTJ9KYdOzMJMxOhhG7c+CtuXCji1n9w5984abvQ6oGBwzn3MvecMGFUadf9sgoLi0vLK8XV0tr6xuaWvb3TVHEqCTRIzGLZDrECRgU0NNUM2okEzEMGrXB4mfute5CKxuJWjxIIOO4LGlGCtZG69j5UEl/HDlSuj/26ohWfYz2QPLsDPe7aZbfqTuD8Jd6MlNEM9a796fdiknIQmjCsVMdzEx1kWGpKGIxLfqogwWSI+9AxVGAOKsgmKcbOoVF6ThRL84R2JurPjQxzpUY8NJP5jWrey8X/vE6qo/MgoyJJNQgy/ShKmWNi55U4PSqBaDYyBBNJza0OGWCJiTbFlUwJ3nzkv6R5UvXcqndzWq5dzOoooj10gI6Qh85QDV2hOmoggh7QE3pBr9aj9Wy9We/T0YI129lFv2B9fAOS9Zf+</latexit>
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gluon correlator

lepton tensor hard part
2

Ingredients of the cross section
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Gluon correlator
field strength

gauge link / Wilson lineproton state
Unpolarized target:

unpolarized TMD linearly polarized TMD

fig. from den Dunnen, Lansberg, Pisano, Schlegel (2014)

Mulders, Rodrigues (2001) 
Meissner, Metz & Goeke (2007)
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Gluon correlator
field strength

gauge link / Wilson lineproton state
Transversely polarized target:

Sivers function circularly polarized TMD

linearly polarized TMDs
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Definition of the angles

work in lepton plane 

|K?| =
PQ? � pj?

2<latexit sha1_base64="3YxqpMP5lotYmqfSior4+Jh4oDc=">AAACHXicbZDLSgMxFIYzXmu9VV26CRbBjWWmFnQjFN0IblqwF+iUIZNm2tjMTEgyQknnRdz4Km5cKOLCjfg2ZtoutPVA4OP/zyHn/D5nVCrb/raWlldW19ZzG/nNre2d3cLeflPGicCkgWMWi7aPJGE0Ig1FFSNtLggKfUZa/vA681sPREgaR3dqxEk3RP2IBhQjZSSvUBnfei4ngsPxpRsIhHXN026I1AAjpuvpxEtPuafvp5jqcuoVinbJnhRcBGcGRTCrmlf4dHsxTkISKcyQlB3H5qqrkVAUM5Lm3UQSjvAQ9UnHYIRCIrt6cl0Kj43Sg0EszIsUnKi/JzQKpRyFvunM9pbzXib+53USFVx0NY14okiEpx8FCYMqhllUsEcFwYqNDCAsqNkV4gEyGSkTaN6E4MyfvAjNcsk5K5XrlWL1ahZHDhyCI3ACHHAOquAG1EADYPAInsEreLOerBfr3fqYti5Zs5kD8Kesrx+wA6ON</latexit>

|q?| = PQ? + pj?
<latexit sha1_base64="rd9fsRSoawxtpewcsP2vmV9NJM0=">AAACE3icbZDLSsNAFIYnXmu9RV26GSyCKJSkCroRim5ctmAv0IYwmU7asZNknJkIJc07uPFV3LhQxK0bd76NkzYLbf1h4OM/5zDn/B5nVCrL+jYWFpeWV1YLa8X1jc2tbXNntymjWGDSwBGLRNtDkjAakoaiipE2FwQFHiMtb3id1VsPREgahbdqxIkToH5IfYqR0pZrHo/v3S4ngsPxZc1NugFSA4xYUk8nbnrC3eRuiq5ZssrWRHAe7BxKIFfNNb+6vQjHAQkVZkjKjm1x5SRIKIoZSYvdWBKO8BD1SUdjiAIinWRyUwoPtdODfiT0CxWcuL8nEhRIOQo83ZntLGdrmflfrRMr/8JJaMhjRUI8/ciPGVQRzAKCPSoIVmykAWFB9a4QD5BAWOkYizoEe/bkeWhWyvZpuVI/K1Wv8jgKYB8cgCNgg3NQBTegBhoAg0fwDF7Bm/FkvBjvxse0dcHIZ/bAHxmfP4VQnzM=</latexit>

|q?| ⌧ |K?|
<latexit sha1_base64="Oan4qERDMVIR03bwrhv+pum2WgY=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4KrMVEGXRTeCmwr2AZ1hyKSZNjSTiUlGKNNu/BU3LhRx62e4829M2xG09cCFk3PuJfeeUDCqtON8WYWl5ZXVteJ6aWNza3vH3t1rqiSVmDRwwhLZDpEijHLS0FQz0haSoDhkpBUOriZ+64FIRRN+p4eC+DHqcRpRjLSRAvtgdB94gkgBRx5jo5ufR2CXnYozBVwkbk7KIEc9sD+9boLTmHCNGVKq4zpC+xmSmmJGxiUvVUQgPEA90jGUo5goP5seMIbHRunCKJGmuIZT9fdEhmKlhnFoOmOk+2rem4j/eZ1URxd+RrlINeF49lGUMqgTOEkDdqkkWLOhIQhLanaFuI8kwtpkVjIhuPMnL5JmteKeVqq3Z+XaZR5HERyCI3ACXHAOauAa1EEDYDAGT+AFvFqP1rP1Zr3PWgtWPrMP/sD6+AboApaZ</latexit>

TMD regime:
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Resulting cross section

Similar structure as in the case of dijet or heavy-quark pair 
production Pisano, Boer, Brodsky, Buffing & Mulders (2013); 

Boer, Mulders, Pisano, Zhou (2016)
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Resulting cross section
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Azimuthal asymmetries

polarized gluon TMDs satisfy the following positivity bounds:

AW (�T ,�?,�S) = 2

R
d�Td�?W (�T ,�?,�S)d�(�T ,�?,�S)R

d�Td�?d�(�T ,�?,�S)
<latexit sha1_base64="d8tszIVE6xm9c940dguCqhQVYvg="></latexit>

are sensitive to ratios of TMDs
e.g.:
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Azimuthal asymmetries: maxima

Q2=1 GeV2

Q2=10 GeV2

Q2=100 GeV2

1 2 3 4 5 6
Kt HGeVL

0 .1

0 .2

0 .3

0 .4
Acos 2 fT

Acos 2 fT fo r JêY + je t in DIS, z = 0 .6 and y = 0 .01
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Azimuthal asymmetries: maxima

Q2=1 GeV2

Q2=10 GeV2

Q2=100 GeV2

1 2 3 4 5 6
Kt HGeVL

0 .1

0 .2

0 .3

0 .4
Acos 2 fT

Acos 2 fT fo r U + je t in DIS, z = 0 .6 and y = 0 .01
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Azimuthal asymmetries: maxima

Q2=1 GeV2

Q2=10 GeV2

Q2=100 GeV2

0 .0 0 .2 0 .4 0 .6 0 .8 1 .0
y

0 .1

0 .2

0 .3

0 .4
Acos 2 fT

Acos 2 fT fo r JêY + je t in DIS, z = 0 .6 and Kt = 1 GeV
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Azimuthal asymmetries: maxima

Q2=1 GeV2

Q2=10 GeV2

Q2=100 GeV2

0 .0 0 .2 0 .4 0 .6 0 .8 1 .0
y

0 .1

0 .2

0 .3

0 .4
Acos 2 fT

Acos 2 fT fo r U + je t in DIS, z = 0 .6 and Kt = 1 GeV
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Azimuthal asymmetries: maxima

Q2=1 GeV2

Q2=10 GeV2

Q2=100 GeV2

1 2 3 4 5 6
Kt HGeVL

0 .05

0 .10

0 .15

0 .20

0 .25
Acos 2 Hffi-fT L

Acos 2 Hffi-fT L fo r JêY + je t in DIS, z = 0 .8 and y = 0 .01
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Azimuthal asymmetries: maxima

Q2=1 GeV2

Q2=10 GeV2

Q2=100 GeV2

1 2 3 4 5 6
Kt HGeVL

0 .05

0 .10

0 .15

0 .20

0 .25
Acos 2 Hffi-fT L

Acos 2 Hffi-fT L fo r U + je t in DIS, z = 0 .8 and y = 0 .01



 20

Conclusions

 20

Asymmetries are sitting in a corner of phase space, but are 
potentially sizeable

Work in progress: taking color octet contributions to the 
NRQCD description of the quarkonium into account

Thanks to the organizers, 
thanks for your attention!

Extension of similar study of single inclusive quarkonium 
production Bacchetta, Boer, Pisano, PT (2018)

Predictions at low-x based on Color Glass Condensate 
calculations of dijet or heavy-quark production

Marquet, Petreska, Roiesnel (2016) 
Marquet, Roiesnel, PT (2018) 



Backup slides
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Problem of bound states involves multiple scales
Non-Relativistic QCD (NRQCD)

From                        , we have                 for charmonium and              
                for bottomium.    provides small expansion parameter

v2 ' 0.3
<latexit sha1_base64="a1BOLjIBSsSTkDtkxTDOgamFsn8="></latexit><latexit sha1_base64="a1BOLjIBSsSTkDtkxTDOgamFsn8="></latexit><latexit sha1_base64="a1BOLjIBSsSTkDtkxTDOgamFsn8="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="s6XccZBgtUEHARC1wT3/c1mMLbc="></latexit><latexit sha1_base64="s6XccZBgtUEHARC1wT3/c1mMLbc="></latexit><latexit sha1_base64="r6ycOwMQZ2Gk4zlY7bcIB0LLq4M="></latexit><latexit sha1_base64="a1BOLjIBSsSTkDtkxTDOgamFsn8="></latexit><latexit sha1_base64="a1BOLjIBSsSTkDtkxTDOgamFsn8="></latexit><latexit sha1_base64="a1BOLjIBSsSTkDtkxTDOgamFsn8="></latexit><latexit sha1_base64="a1BOLjIBSsSTkDtkxTDOgamFsn8="></latexit><latexit sha1_base64="a1BOLjIBSsSTkDtkxTDOgamFsn8="></latexit><latexit sha1_base64="a1BOLjIBSsSTkDtkxTDOgamFsn8="></latexit>

v2 ' 0.1
<latexit sha1_base64="PaP0mD0Iw9QNUrjDUwRLD/PxqQI="></latexit><latexit sha1_base64="PaP0mD0Iw9QNUrjDUwRLD/PxqQI="></latexit><latexit sha1_base64="PaP0mD0Iw9QNUrjDUwRLD/PxqQI="></latexit><latexit sha1_base64="PaP0mD0Iw9QNUrjDUwRLD/PxqQI="></latexit>

For a quarkonium with mass      and relative velocity    of quarks in 
rest frame:

M
<latexit sha1_base64="Xjl5GlhIPO4FcsDmbl4jUOGBpYc="></latexit><latexit sha1_base64="Xjl5GlhIPO4FcsDmbl4jUOGBpYc="></latexit><latexit sha1_base64="Xjl5GlhIPO4FcsDmbl4jUOGBpYc="></latexit><latexit sha1_base64="Xjl5GlhIPO4FcsDmbl4jUOGBpYc="></latexit>

v
<latexit sha1_base64="WJ+uICu3RJ3PeutbHdgXIlM2kDY="></latexit><latexit sha1_base64="WJ+uICu3RJ3PeutbHdgXIlM2kDY="></latexit><latexit sha1_base64="WJ+uICu3RJ3PeutbHdgXIlM2kDY="></latexit><latexit sha1_base64="WJ+uICu3RJ3PeutbHdgXIlM2kDY="></latexit>

           energy        momentum     mass
Mv2 < Mv < M

<latexit sha1_base64="8ugowv3avT3F17pBjyicZvlyen8="></latexit><latexit sha1_base64="8ugowv3avT3F17pBjyicZvlyen8="></latexit><latexit sha1_base64="8ugowv3avT3F17pBjyicZvlyen8="></latexit><latexit sha1_base64="8ugowv3avT3F17pBjyicZvlyen8="></latexit>

nonperturbative             ?             perturbative

Mv2 ⇠ ⇤QCD
<latexit sha1_base64="b/Wwb40LPBxOSP5R7c3BqgtQvRA="></latexit><latexit sha1_base64="b/Wwb40LPBxOSP5R7c3BqgtQvRA="></latexit><latexit sha1_base64="b/Wwb40LPBxOSP5R7c3BqgtQvRA="></latexit><latexit sha1_base64="b/Wwb40LPBxOSP5R7c3BqgtQvRA="></latexit>

NRQCD provides factorization between perturbative small distance 
physics            , and long distance effects at lengthJ/ ⇠ 1/Mv

<latexit sha1_base64="6bGU3txDLkCLRbDVyCLqLTY0cnA="></latexit><latexit sha1_base64="6bGU3txDLkCLRbDVyCLqLTY0cnA="></latexit><latexit sha1_base64="6bGU3txDLkCLRbDVyCLqLTY0cnA="></latexit><latexit sha1_base64="6bGU3txDLkCLRbDVyCLqLTY0cnA="></latexit>

⇠ 1/M
<latexit sha1_base64="uxGe6217WojC6AUANslXWYcAEU4="></latexit><latexit sha1_base64="uxGe6217WojC6AUANslXWYcAEU4="></latexit><latexit sha1_base64="uxGe6217WojC6AUANslXWYcAEU4="></latexit><latexit sha1_base64="uxGe6217WojC6AUANslXWYcAEU4="></latexit>

Hadronization is encoded in Long-Distance Matrix Elements 
(LDMEs) which follow scaling rules in 

v
<latexit sha1_base64="WJ+uICu3RJ3PeutbHdgXIlM2kDY="></latexit><latexit sha1_base64="WJ+uICu3RJ3PeutbHdgXIlM2kDY="></latexit><latexit sha1_base64="WJ+uICu3RJ3PeutbHdgXIlM2kDY="></latexit><latexit sha1_base64="WJ+uICu3RJ3PeutbHdgXIlM2kDY="></latexit>

Bodwin, Braaten and Lepage (1995)

v
<latexit sha1_base64="m3S3ubd9domfw/2okRqzlKfrIn0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7m0IJ/QdePCji1X/kzX/jps1Bqw8GHu/NMDMvSATXxnW/nNLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWBym/udKSrNY/loZgn6ER1JHnJGjZUeppVBtebW3QXIX+IVpAYFmoPqZ38YszRCaZigWvc8NzF+RpXhTOC80k81JpRN6Ah7lkoaofazxaVzcmaVIQljZUsaslB/TmQ00noWBbYzomasV71c/M/rpSa89jMuk9SgZMtFYSqIiUn+NhlyhcyImSWUKW5vJWxMFWXGhpOH4K2+/Je0L+qeW/fuL2uNmyKOMpzAKZyDB1fQgDtoQgsYhPAEL/DqTJxn5815X7aWnGLmGH7B+fgGF8KNDg==</latexit><latexit sha1_base64="m3S3ubd9domfw/2okRqzlKfrIn0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7m0IJ/QdePCji1X/kzX/jps1Bqw8GHu/NMDMvSATXxnW/nNLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWBym/udKSrNY/loZgn6ER1JHnJGjZUeppVBtebW3QXIX+IVpAYFmoPqZ38YszRCaZigWvc8NzF+RpXhTOC80k81JpRN6Ah7lkoaofazxaVzcmaVIQljZUsaslB/TmQ00noWBbYzomasV71c/M/rpSa89jMuk9SgZMtFYSqIiUn+NhlyhcyImSWUKW5vJWxMFWXGhpOH4K2+/Je0L+qeW/fuL2uNmyKOMpzAKZyDB1fQgDtoQgsYhPAEL/DqTJxn5815X7aWnGLmGH7B+fgGF8KNDg==</latexit><latexit sha1_base64="m3S3ubd9domfw/2okRqzlKfrIn0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7m0IJ/QdePCji1X/kzX/jps1Bqw8GHu/NMDMvSATXxnW/nNLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWBym/udKSrNY/loZgn6ER1JHnJGjZUeppVBtebW3QXIX+IVpAYFmoPqZ38YszRCaZigWvc8NzF+RpXhTOC80k81JpRN6Ah7lkoaofazxaVzcmaVIQljZUsaslB/TmQ00noWBbYzomasV71c/M/rpSa89jMuk9SgZMtFYSqIiUn+NhlyhcyImSWUKW5vJWxMFWXGhpOH4K2+/Je0L+qeW/fuL2uNmyKOMpzAKZyDB1fQgDtoQgsYhPAEL/DqTJxn5815X7aWnGLmGH7B+fgGF8KNDg==</latexit><latexit sha1_base64="m3S3ubd9domfw/2okRqzlKfrIn0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7m0IJ/QdePCji1X/kzX/jps1Bqw8GHu/NMDMvSATXxnW/nNLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWBym/udKSrNY/loZgn6ER1JHnJGjZUeppVBtebW3QXIX+IVpAYFmoPqZ38YszRCaZigWvc8NzF+RpXhTOC80k81JpRN6Ah7lkoaofazxaVzcmaVIQljZUsaslB/TmQ00noWBbYzomasV71c/M/rpSa89jMuk9SgZMtFYSqIiUn+NhlyhcyImSWUKW5vJWxMFWXGhpOH4K2+/Je0L+qeW/fuL2uNmyKOMpzAKZyDB1fQgDtoQgsYhPAEL/DqTJxn5815X7aWnGLmGH7B+fgGF8KNDg==</latexit>


