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Abstract 

  Authors: Piet Mulders, Charlotte Van Hulse  
 
  The Drell-Yan process and electron-positron annihilation offer a natural arena 

for studies of non-collinearity. We [1] show how covariantly defined variables for 
these processes and also for semi-inclusive deep inelastic scattering are suited 
to get a feeling for the magnitude of intrinsic tranverse momenta. 
  [1] P.J. Mulders and C. Van Hulse ArXiv:1903.11467 [hep-ph], PRD 2019 

 
 
 
 
 

  See also:  
  PJM, hep-ph/0010199 (AIP Conf. Proc. 588 (2001) 1, p. 75-88 
  D. Boer, PJM, C. Pisano, ArXiv:0909.4652 [hep-ph], PRD 80 (2009) 094017  
  M. Boglione et al., ArXiv:1904.12882 [hep-ph] 
  Talk of Gunar Schnell 
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Introduction 

  Importance of kinematics in multi-GeV environment of a hard process. 
  Well-known for collinear situation (momentum fractions)  

 
  For two-hadron situation giving access to non-collinearity (although convoluted) 

and a ‘second choice’ of collinearity measures 
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Non-collinearity in the annihilation process 
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Non-collinearity in annihilation process 

  Non-collinearity given by qT: 
  K1.qT = K2.qT = 0  à  2PI fractions  

  Some special frames: 
  Hadrons collinear: 
  γ* collinear with one of the hadrons:  

    
    

  γ* collinear with jet (cm frame)   
                                                         (there are small components along jet) 

  Measures of non-collinearity (no theoretical bias!) 
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The annihilation process (fixing R12) 
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<latexit sha1_base64="VzyyCelUZDn+xfYBmO+2WwKl5p4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoBeh4MVjBfsBbSib7aZdutmE3YlQQ3+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9ybUSsHnCScD+iQyVCwShaqf3Ur5Eb4vXLFbfqzkFWiZeTCuRo9MtfvUHM0ogrZJIa0/XcBP2MahRM8mmplxqeUDamQ961VNGIGz+bnzslZ1YZkDDWthSSufp7IqORMZMosJ0RxZFZ9mbif143xfDaz4RKUuSKLRaFqSQYk9nvZCA0ZygnllCmhb2VsBHVlKFNqGRD8JZfXiWtWtW7qLr3l5W6m8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx84nz+sGY5p</latexit>

ζco l
2

ζco l
1

= ϵ2

ζcol
1 ζcol

2
R12

= 1 − vcm
1 ⋅ vcm

2
2

Rann
12 = 2 K1 ⋅ K2

Q2 ≈ s12
Q2

z1ζco l
2 = z2ζco l

1 = Ran n
12

  Allowed regions for given hadron pairs:  
 



The annihilation process (fixing R12) 

7 

R12
<latexit sha1_base64="3REo77Vij0aWzcK1dHaB9+XWVrw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY8BLx6jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+mfntJ6oNU/LBThIaCjyULGYEWye17vtZUJv2yxW/6s+BVkmQkwrkaPTLX72BIqmg0hKOjekGfmLDDGvLCKfTUi81NMFkjIe066jEgpowm187RWdOGaBYaVfSorn6eyLDwpiJiFynwHZklr2Z+J/XTW18HWZMJqmlkiwWxSlHVqHZ62jANCWWTxzBRDN3KyIjrDGxLqCSCyFYfnmVtGrV4KLq311W6rU8jiKcwCmcQwBXUIdbaEATCDzCM7zCm6e8F+/d+1i0Frx85hj+wPv8AQRCjrQ=</latexit>

R12
<latexit sha1_base64="3REo77Vij0aWzcK1dHaB9+XWVrw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY8BLx6jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+mfntJ6oNU/LBThIaCjyULGYEWye17vtZUJv2yxW/6s+BVkmQkwrkaPTLX72BIqmg0hKOjekGfmLDDGvLCKfTUi81NMFkjIe066jEgpowm187RWdOGaBYaVfSorn6eyLDwpiJiFynwHZklr2Z+J/XTW18HWZMJqmlkiwWxSlHVqHZ62jANCWWTxzBRDN3KyIjrDGxLqCSCyFYfnmVtGrV4KLq311W6rU8jiKcwCmcQwBXUIdbaEATCDzCM7zCm6e8F+/d+1i0Frx85hj+wPv8AQRCjrQ=</latexit>

2R12
<latexit sha1_base64="UbgmtmY6EHier71FjyBSccrnLcI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBg5TdraDHghePVeyHtEvJptk2NMkuSVYoS3+FFw+KePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXScKkKbJOax6oRYU84kbRpmOO0kimIRctoOxzczv/1ElWaxfDCThAYCDyWLGMHGSo9+7+K+n3n+tF+uuFV3DrRKvJxUIEejX/7qDWKSCioN4VjrrucmJsiwMoxwOi31Uk0TTMZ4SLuWSiyoDrL5wVN0ZpUBimJlSxo0V39PZFhoPRGh7RTYjPSyNxP/87qpia6DjMkkNVSSxaIo5cjEaPY9GjBFieETSzBRzN6KyAgrTIzNqGRD8JZfXiUtv+rVqu7dZaXu53EU4QRO4Rw8uII63EIDmkBAwDO8wpujnBfn3flYtBacfOYY/sD5/AGSJY+M</latexit>

2R12
<latexit sha1_base64="UbgmtmY6EHier71FjyBSccrnLcI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBg5TdraDHghePVeyHtEvJptk2NMkuSVYoS3+FFw+KePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXScKkKbJOax6oRYU84kbRpmOO0kimIRctoOxzczv/1ElWaxfDCThAYCDyWLGMHGSo9+7+K+n3n+tF+uuFV3DrRKvJxUIEejX/7qDWKSCioN4VjrrucmJsiwMoxwOi31Uk0TTMZ4SLuWSiyoDrL5wVN0ZpUBimJlSxo0V39PZFhoPRGh7RTYjPSyNxP/87qpia6DjMkkNVSSxaIo5cjEaPY9GjBFieETSzBRzN6KyAgrTIzNqGRD8JZfXiUtv+rVqu7dZaXu53EU4QRO4Rw8uII63EIDmkBAwDO8wpujnBfn3flYtBacfOYY/sD5/AGSJY+M</latexit>

1
2 R12

<latexit sha1_base64="kYVcZH03IrkTm6Lgk54yAls/8HI=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgQkoSBV0W3LisYh/QhDCZTtqhkwczE6GG4K+4caGIW//DnX/jtM1CWw9cOJxzL/feE6ScSWVZ38bS8srq2nplo7q5tb2za+7tt2WSCUJbJOGJ6AZYUs5i2lJMcdpNBcVRwGknGF1P/M4DFZIl8b0ap9SL8CBmISNYack3D10VCkxyu8idwj2783PbKXyzZtWtKdAisUtSgxJN3/xy+wnJIhorwrGUPdtKlZdjoRjhtKi6maQpJiM8oD1NYxxR6eXT6wt0opU+ChOhK1Zoqv6eyHEk5TgKdGeE1VDOexPxP6+XqfDKy1mcZorGZLYozDhSCZpEgfpMUKL4WBNMBNO3IjLEOg2lA6vqEOz5lxdJ26nb53Xr9qLWcMo4KnAEx3AKNlxCA26gCS0g8AjP8ApvxpPxYrwbH7PWJaOcOYA/MD5/AMZnlLg=</latexit>

1
2 R12

<latexit sha1_base64="kYVcZH03IrkTm6Lgk54yAls/8HI=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgQkoSBV0W3LisYh/QhDCZTtqhkwczE6GG4K+4caGIW//DnX/jtM1CWw9cOJxzL/feE6ScSWVZ38bS8srq2nplo7q5tb2za+7tt2WSCUJbJOGJ6AZYUs5i2lJMcdpNBcVRwGknGF1P/M4DFZIl8b0ap9SL8CBmISNYack3D10VCkxyu8idwj2783PbKXyzZtWtKdAisUtSgxJN3/xy+wnJIhorwrGUPdtKlZdjoRjhtKi6maQpJiM8oD1NYxxR6eXT6wt0opU+ChOhK1Zoqv6eyHEk5TgKdGeE1VDOexPxP6+XqfDKy1mcZorGZLYozDhSCZpEgfpMUKL4WBNMBNO3IjLEOg2lA6vqEOz5lxdJ26nb53Xr9qLWcMo4KnAEx3AKNlxCA26gCS0g8AjP8ApvxpPxYrwbH7PWJaOcOYA/MD5/AMZnlLg=</latexit>

1 
1 

SAME  
HEMISPHERE 

z 2
(l
og

sc
al
e)

<latexit sha1_base64="Y7WR5tnaAYBWnhoJYn98BS3C5OE=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDclqYIuC25cVrAPaEKYTCft0JlMmJmINWTjr7hxoYhbP8Odf+O0zUJbD1w4nHMv994TJowq7TjfVmlldW19o7xZ2dre2d2z9w86SqQSkzYWTMheiBRhNCZtTTUjvUQSxENGuuH4eup374lUVMR3epIQn6NhTCOKkTZSYB89Bg0PejwUD1mNiSFUGDFylgd21ak7M8Bl4hakCgq0AvvLGwicchJrzJBSfddJtJ8hqSlmJK94qSIJwmM0JH1DY8SJ8rPZAzk8NcoARkKaijWcqb8nMsSVmvDQdHKkR2rRm4r/ef1UR1d+RuMk1STG80VRyqAWcJoGHFBJsGYTQxCW1NwK8QhJhLXJrGJCcBdfXiadRt09rzu3F9Vmo4ijDI7BCagBF1yCJrgBLdAGGOTgGbyCN+vJerHerY95a8kqZg7BH1ifP8CMlc8=</latexit>

z1 (log scale)
<latexit sha1_base64="OvUjMOgOuLPdoWaEGQzGNlZ6tBo=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDclqYIuC25cVrAPaEKYTCft0JlMmJmINWTjr7hxoYhbP8Odf+O0zUJbD1w4nHMv994TJowq7TjfVmlldW19o7xZ2dre2d2z9w86SqQSkzYWTMheiBRhNCZtTTUjvUQSxENGuuH4eup374lUVMR3epIQn6NhTCOKkTZSYB89Bq4HPR6Kh6zGxBAqjBg5ywO76tSdGeAycQtSBQVagf3lDQROOYk1Zkipvusk2s+Q1BQzkle8VJEE4TEakr6hMeJE+dnsgRyeGmUAIyFNxRrO1N8TGeJKTXhoOjnSI7XoTcX/vH6qoys/o3GSahLj+aIoZVALOE0DDqgkWLOJIQhLam6FeIQkwtpkVjEhuIsvL5NOo+6e153bi2qzUcRRBsfgBNSACy5BE9yAFmgDDHLwDF7Bm/VkvVjv1se8tWQVM4fgD6zPH770lc4=</latexit>

v1·v2 = 0
<latexit sha1_base64="medgWDS6wsZYGvsnju76hdkk/pA=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsxUQTdCwY3LCvYBnWHIZDJtaCYZkkyhDF258VfcuFDErd/gzr8xbUfQ1gMXTs65l9x7wpRRpR3nyyqtrK6tb5Q3K1vbO7t79v5BW4lMYtLCggnZDZEijHLS0lQz0k0lQUnISCcc3kz9zohIRQW/1+OU+AnqcxpTjLSRAvs498IYjiaBm3s4Enry867Da+gEdtWpOTPAZeIWpAoKNAP704sEzhLCNWZIqZ7rpNrPkdQUMzKpeJkiKcJD1Cc9QzlKiPLz2RkTeGqUCMZCmuIaztTfEzlKlBonoelMkB6oRW8q/uf1Mh1f+TnlaaYJx/OP4oxBLeA0ExhRSbBmY0MQltTsCvEASYS1Sa5iQnAXT14m7XrNPa85dxfVhlPEUQZH4AScARdcgga4BU3QAhg8gCfwAl6tR+vZerPe560lq5g5BH9gfXwDvV6X7Q==</latexit>

z1z2 = 2R12
<latexit sha1_base64="1y9hiIn9/c2BdAl3S+VIWTHX3a0=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KkkU9CIUvHisYj+gDWGz3bRLN5uwuym0of/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMC1POlHacb2ttfWNza7u0U97d2z84tI+OmyrJJKENkvBEtkOsKGeCNjTTnLZTSXEcctoKh3czvzWiUrFEPOlxSv0Y9wWLGMHaSIFtTwJ3EnjoFnmPQe5608CuOFVnDrRK3IJUoEA9sL+6vYRkMRWacKxUx3VS7edYakY4nZa7maIpJkPcpx1DBY6p8vP55VN0bpQeihJpSmg0V39P5DhWahyHpjPGeqCWvZn4n9fJdHTj50ykmaaCLBZFGUc6QbMYUI9JSjQfG4KJZOZWRAZYYqJNWGUTgrv88ippelX3suo8XFVqThFHCU7hDC7AhWuowT3UoQEERvAMr/Bm5daL9W59LFrXrGLmBP7A+vwBPjaSCw==</latexit>

⇣col1 ⇣col2 = 1
2R12

<latexit sha1_base64="YJF/FyZYRoXQb0VCIPDsi5D2TdE=">AAACGXicbVDLSgMxFM3UV62vUZdugkVwVSZV0I1QcOOyin1AW4dMmmlDMw+SO0Id5jfc+CtuXCjiUlf+jWk7C209EDj3nHuT3OPFUmhwnG+rsLS8srpWXC9tbG5t79i7e00dJYrxBotkpNoe1VyKkDdAgOTtWHEaeJK3vNHlxG/dc6VFFN7COOa9gA5C4QtGwUiu7XQfOFCX3KXmrmxWVGcFvsBd8BVlKcnSaoZv3JRUM9cuOxVnCrxISE7KKEfdtT+7/YglAQ+BSap1hzgx9FKqQDDJs1I30TymbEQHvGNoSAOue+l0swwfGaWP/UiZEwKeqr8nUhpoPQ480xlQGOp5byL+53US8M97qQjjBHjIZg/5icQQ4UlMuC8UZyDHhlCmhPkrZkNqwgATZsmEQOZXXiTNaoWcVJzr03LNyeMoogN0iI4RQWeohq5QHTUQQ4/oGb2iN+vJerHerY9Za8HKZ/bRH1hfPymIoEw=</latexit>

⇣col1 = R12
<latexit sha1_base64="FPunsTlk4GODbCwVsxs5CbtiwsE=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5JUQTdCwY3LKvYBbQyT6W07dDIJMxOhxiz8FTcuFHHrb7jzb5y2WWjrgQuHc+6dufcEMWdKO863tbC4tLyyWlgrrm9sbm3bO7sNFSWSQp1GPJKtgCjgTEBdM82hFUsgYcChGQwvx37zHqRikbjVoxi8kPQF6zFKtJF8e7/zAJr47l1q3srwBb7xU7eS+XbJKTsT4Hni5qSEctR8+6vTjWgSgtCUE6XarhNrLyVSM8ohK3YSBTGhQ9KHtqGChKC8dLJ/ho+M0sW9SJoSGk/U3xMpCZUahYHpDIkeqFlvLP7ntRPdO/dSJuJEg6DTj3oJxzrC4zBwl0mgmo8MIVQysyumAyIJ1SayognBnT15njQqZfek7FyflqpOHkcBHaBDdIxcdIaq6ArVUB1R9Iie0St6s56sF+vd+pi2Llj5zB76A+vzB72+lTQ=</latexit>

⇣c
o
l

2
=

R
1
2

<latexit sha1_base64="Hn/5z1yXlGQFp8iYGdQAMYJh8ko=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5JUQTdCwY3LKvYBbQyT6aQdOpmEmRuhxiz8FTcuFHHrb7jzb5w+Ftp64MLhnHtn7j1BIrgGx/m2FhaXlldWC2vF9Y3NrW17Z7eh41RRVqexiFUrIJoJLlkdOAjWShQjUSBYMxhcjvzmPVOax/IWhgnzItKTPOSUgJF8e7/zwID4lbvMvJXjC3zjZ24l9+2SU3bGwPPEnZISmqLm21+dbkzTiEmggmjddp0EvIwo4FSwvNhJNUsIHZAeaxsqScS0l433z/GRUbo4jJUpCXis/p7ISKT1MApMZ0Sgr2e9kfif104hPPcyLpMUmKSTj8JUYIjxKAzc5YpREENDCFXc7IppnyhCwURWNCG4syfPk0al7J6UnevTUtWZxlFAB+gQHSMXnaEqukI1VEcUPaJn9IrerCfrxXq3PiatC9Z0Zg/9gfX5A79RlTU=</latexit>

z
1 z
2 =

⇣ col1
⇣ col2

=
R
12

<latexit sha1_base64="Khk8mmQfrUMSc1Zhi5z4sc0IBfA=">AAACFXicbVDLSgMxFM3UV62vUZdugkVwIWUyCroRCm5cVrEPaMchk2ba0MyDJCO0w/yEG3/FjQtF3Aru/BvTziy09UDg3HPuTXKPF3MmlWV9G6Wl5ZXVtfJ6ZWNza3vH3N1rySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3upr67QcqJIvCOzWOqRPgQch8RrDSkmueTFw0cW14CXsTqrCL7lN9aZYXdl5o89ZNkZ25ZtWqWTPARYIKUgUFGq751etHJAloqAjHUnaRFSsnxUIxwmlW6SWSxpiM8IB2NQ1xQKWTzrbK4JFW+tCPhD6hgjP190SKAynHgac7A6yGct6biv953UT5F07KwjhRNCT5Q37CoYrgNCLYZ4ISxceaYCKY/iskQywwUTrIig4Bza+8SFp2DZ3WrJuzat0q4iiDA3AIjgEC56AOrkEDNAEBj+AZvII348l4Md6Nj7y1ZBQz++APjM8fs4Od1w==</latexit>

v
1 ·v

2 =
�
1

<latexit sha1_base64="oHZaWKJ1NRGpokz4148DkCgWbBc=">AAACB3icbVDLSgMxFM34rPU16lKQYBHcWGaqoBuh4MZlBfuAzjBkMpk2NJMMSaZQhu7c+CtuXCji1l9w59+YtiNo64ELJ+fcS+49Ycqo0o7zZS0tr6yurZc2yptb2zu79t5+S4lMYtLEggnZCZEijHLS1FQz0kklQUnISDsc3Ez89pBIRQW/16OU+AnqcRpTjLSRAvso98IYDseBm3s4Enr8867Ba3jmBnbFqTpTwEXiFqQCCjQC+9OLBM4SwjVmSKmu66Taz5HUFDMyLnuZIinCA9QjXUM5Sojy8+kdY3hilAjGQpriGk7V3xM5SpQaJaHpTJDuq3lvIv7ndTMdX/k55WmmCcezj+KMQS3gJBQYUUmwZiNDEJbU7ApxH0mEtYmubEJw509eJK1a1T2vOncXlbpTxFECh+AYnAIXXII6uAUN0AQYPIAn8AJerUfr2Xqz3metS1YxcwD+wPr4BjKNmCU=</latexit>

v1·v2 = 1� 2R12
<latexit sha1_base64="lwOkkvilqAiPkMocBbFTW2IqyzI=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgxpJUQTdCwY3LKvYBTQiTyaQdOsmEmUmhhHyBG3/FjQtF3Lp25984bSNo64ELZ865l7n3+AmjUlnWl1FaWV1b3yhvVra2d3b3zP2DjuSpwKSNOeOi5yNJGI1JW1HFSC8RBEU+I11/dD31u2MiJOXxvZokxI3QIKYhxUhpyTNrmeOHcJx7dubggKv8592AV9A+bdx5md3IPbNq1a0Z4DKxC1IFBVqe+ekEHKcRiRVmSMq+bSXKzZBQFDOSV5xUkgThERqQvqYxioh0s9k5OaxpJYAhF7piBWfq74kMRVJOIl93RkgN5aI3Ff/z+qkKL92MxkmqSIznH4Upg4rDaTYwoIJgxSaaICyo3hXiIRIIK51gRYdgL568TDqNun1Wt27Pq02riKMMjsAxOAE2uABNcANaoA0weABP4AW8Go/Gs/FmvM9bS0Yxcwj+wPj4Buxzmqk=</latexit>

z2
z1

= ϵ2 = M2
2

K1 ⋅ K2

R12
z1z2

= 1 − vcm
1 ⋅ vcm

2
2

Rann
12 = 2 K1 ⋅ K2

Q2 ≈ s12
Q2

z1ζco l
2 = z2ζco l

1 = Ran n
12

  Allowed regions for given hadron pairs:  
 



+π

colζ

2−10 1−10 1

+
πco

l
ζ

2−10

1−10

1

+π
ζ)=0.057+π

col
ζf(

/0.057+π
ζ)=+π

col
ζf(

=
0

2
v• 1

v
=
-1

2
v• 1

v

=
0

2
v• 1

v
=
-1

2
v• 1

v

=
-1

2
v• 1

v

=0.2025+π

col
ζ=0.03000+π

col
ζ=0.0150+π

col
ζ

=0.1975+π

col
ζ

=0.0250+π

col
ζ

=0.1975+π

col
ζ=0.0250+π

col
ζ

<0.00625
12

0.00600<R

>0, same
1,2

ζ

<0, same
2

ζ<0 or 
1

ζ

>0, opp.
1,2

ζ

<0.0300
12

0.02500<R

>0, same
1,2

ζ

>0, opp.
1,2

ζ

<0.20250
12

0.19750<R

>0, opp.
1,2

ζ

Monte Carlo simulation (Pythia, e+e- à ππ at 10.58 GeV) 
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  Two pions  
  R12 ~ 0.2 

    s12 ~ (4.7 GeV)2 
  R12 ~ 0.03 

    s12 ~ (1.8 GeV)2 
  R12 ~ 0.006 

    s12 ~ (0.8 GeV)2 
  For large R12 only 

opposite-hemisphere  
  Regions with ζπ 

negative (red) for 
same-hemisphere  



9 +πz

1−10 1

+
πz

1−10

1

+π
z)=0.057

+π
f(z

/0.057+π
)=z

+π
f(z

=
-1

2
v• 1

v

=
02

v• 1
v

=
-1

2
v• 1

v

=
02

v• 1
v

=
-1

2
v• 1

v

=0.1975+π
z=0.0250+π

z =0.0500+π
z

<0.00625120.00600<R

>0, same
1,2

ζ

<0, same
2

ζ<0 or 
1

ζ

>0, opp.
1,2

ζ

<0.03000120.02500<R

>0, same
1,2

ζ

>0, opp.
1,2

ζ

<0.20250120.19750<R

>0, opp.
1,2

ζ

Monte Carlo simulation (Pythia, e+e- à ππ at 10.58 GeV) 

  Two pions  
  R12 ~ 0.2 

    s12 ~ (4.7 GeV)2 
  R12 ~ 0.03 

    s12 ~ (1.8 GeV)2 
  R12 ~ 0.006 

    s12 ~ (0.8 GeV)2 
  For large R12 only 

opposite-hemisphere  
  Regions with ζπ 

negative (red) for 
same-hemisphere  



10 +π

colζ

2−10 1−10 1

−
Kco

l
ζ

2−10

1−10

1

+π
ζ)=0.71+π

col
ζf(

/0.057+π
ζ)=+π

col
ζf(

=
0

2
v• 1

v
=
-1

2
v• 1

v

=
0

2
v• 1

v
=
-1

2
v• 1

v
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  Negative values even occur (although 
suppressed) when using the thrust 
axis (replacing second hadron) 

Range of 2PI variable ζ
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  Data (extracted from DT/(|qT| sin θ)  show a full range of events as a function of 

sin φh. Experimental acces using one hadron and thrust axis (red) compares well 
with full two-hadron analysis using MC qqbar axis (blue). 

Using the determinant 
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  As expected about a factor square root two between widths for the two-hadron 
(right) and hadron-thrust axis analysis (left)    

Using the determinant 
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Non-collinearity in the Drell-Yan process 
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̂l
p1T

p2T

qT = p1T + p2T

tran sverse plan e

p1T

p2T ξ1P1

ξ2P2

̂s = 2l1 ⋅ l2 = 2p1 ⋅ p2 = Q2

cos θ =
̂t − ̂u

̂s

qT = q − ξ1P1 − ξ2P2

̂t = − 2l1 ⋅ p1 = − Q2 sin2(θ/2) = − y Q2

̂u = − 2l1 ⋅ p2 = − Q2 cos2(θ/2)) = − (1 − y)Q2

y = 1
2 (1 − cos θ)



Non-collinearity in Drell-Yan process 

  Non-collinearity given by  qT: 
  P1.qT = P2.qT = 0  à  2PI fractions  

  Some special frames: 
  Hadrons collinear: 
  γ* collinear with one of the hadrons:  

    
    

  γ* collinear with jet (Collins-Soper frame)   
                                                       (there are small component along jet) 

  Measures of non-collinearity (no theoretical bias!) 
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LT leaving p+ invariant 

qT = q − ξ1P1 − ξ2P2

ξ1 = ξco l
1 − ϵ2ξco l

2
1 − ϵ1ϵ2

≈ ξco l
1 − ϵ2ξco l

2 ξ2 = ξco l
2 − ϵ1ξco l

1
1 − ϵ1ϵ2

≈ ξco l
2 − ϵ1ξco l

1

[ M2

2P+ , P+, 0] ↔ [ M2 + P2
⊥

2P+ , P+, −P⊥]

[p−, p+, 0] ↔ [p−+ p2
⊥

2p+ , p+, − p⊥]

P1T = P2T = 0

q⊥ = P1⊥ = 0 ⇒ qT = −ξ2 P2⊥(qP1)
q⊥ = P2⊥ = 0 ⇒ qT = −ξ1 P1⊥(qP2)

q2
T = Q2 (1 − ξ1

P1 ⋅ q
Q2 − ξ2

P2 ⋅ q
Q2 ) = Q2

2 (2 − ξ1
x1

− ξ2
x2 )

DT ≡ −
4ξ1ξ2 ϵμνρσlμ

1 lν
2 Pρ

1 Pσ
2

Q3

qT = − ξ1 P1⊥ − ξ2 P2⊥ ≡ p1T + p2T

ϵ1 = M2
1

P1 ⋅ P2

ϵ2 = M2
2

P1 ⋅ P2



The Drell-Yan process (fixing R12)  
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  Allowed regions for given hadron pairs:  
 



  Combine these two cases (annihilation and DY) in hadron induced 
hadroproduction with underlying partonic hard process p1 + p2  à  k1 + k2  

 
 

Dijet imbalance in hadronic collisions  
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Non-collinearity in semi-inclusive deep inelastic scattering 
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Non-collinearity in SIDIS 

  Non-collinearity given by  qT: 
P.qT = Kh.qT = 0  à  2PI fractions  

  Some special frames: 
  Hadrons collinear: 
  γ* collinear with one of the hadrons:  

     
  γ* collinear with partons (Brick-Wall frame)   

                                              (there are small component along jet) 
 

  Measures of non-collinearity (no theoretical bias!) 
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SIDIS (fixing R12)  
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z
1 z
2 =

⇣ col1
⇣ col2

=
R
12

<latexit sha1_base64="Khk8mmQfrUMSc1Zhi5z4sc0IBfA=">AAACFXicbVDLSgMxFM3UV62vUZdugkVwIWUyCroRCm5cVrEPaMchk2ba0MyDJCO0w/yEG3/FjQtF3Aru/BvTziy09UDg3HPuTXKPF3MmlWV9G6Wl5ZXVtfJ6ZWNza3vH3N1rySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3upr67QcqJIvCOzWOqRPgQch8RrDSkmueTFw0cW14CXsTqrCL7lN9aZYXdl5o89ZNkZ25ZtWqWTPARYIKUgUFGq751etHJAloqAjHUnaRFSsnxUIxwmlW6SWSxpiM8IB2NQ1xQKWTzrbK4JFW+tCPhD6hgjP190SKAynHgac7A6yGct6biv953UT5F07KwjhRNCT5Q37CoYrgNCLYZ4ISxceaYCKY/iskQywwUTrIig4Bza+8SFp2DZ3WrJuzat0q4iiDA3AIjgEC56AOrkEDNAEBj+AZvII348l4Md6Nj7y1ZBQz++APjM8fs4Od1w==</latexit>

v
1 ·v

2 =
�
1

<latexit sha1_base64="oHZaWKJ1NRGpokz4148DkCgWbBc=">AAACB3icbVDLSgMxFM34rPU16lKQYBHcWGaqoBuh4MZlBfuAzjBkMpk2NJMMSaZQhu7c+CtuXCji1l9w59+YtiNo64ELJ+fcS+49Ycqo0o7zZS0tr6yurZc2yptb2zu79t5+S4lMYtLEggnZCZEijHLS1FQz0kklQUnISDsc3Ez89pBIRQW/16OU+AnqcRpTjLSRAvso98IYDseBm3s4Enr8867Ba3jmBnbFqTpTwEXiFqQCCjQC+9OLBM4SwjVmSKmu66Taz5HUFDMyLnuZIinCA9QjXUM5Sojy8+kdY3hilAjGQpriGk7V3xM5SpQaJaHpTJDuq3lvIv7ndTMdX/k55WmmCcezj+KMQS3gJBQYUUmwZiNDEJbU7ApxH0mEtYmubEJw509eJK1a1T2vOncXlbpTxFECh+AYnAIXXII6uAUN0AQYPIAn8AJerUfr2Xqz3metS1YxcwD+wPr4BjKNmCU=</latexit>

v1·v2 = 0
<latexit sha1_base64="medgWDS6wsZYGvsnju76hdkk/pA=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsxUQTdCwY3LCvYBnWHIZDJtaCYZkkyhDF258VfcuFDErd/gzr8xbUfQ1gMXTs65l9x7wpRRpR3nyyqtrK6tb5Q3K1vbO7t79v5BW4lMYtLCggnZDZEijHLS0lQz0k0lQUnISCcc3kz9zohIRQW/1+OU+AnqcxpTjLSRAvs498IYjiaBm3s4Enry867Da+gEdtWpOTPAZeIWpAoKNAP704sEzhLCNWZIqZ7rpNrPkdQUMzKpeJkiKcJD1Cc9QzlKiPLz2RkTeGqUCMZCmuIaztTfEzlKlBonoelMkB6oRW8q/uf1Mh1f+TnlaaYJx/OP4oxBLeA0ExhRSbBmY0MQltTsCvEASYS1Sa5iQnAXT14m7XrNPa85dxfVhlPEUQZH4AScARdcgga4BU3QAhg8gCfwAl6tR+vZerPe560lq5g5BH9gfXwDvV6X7Q==</latexit>

v1·v2 = 1� 2R12
<latexit sha1_base64="lwOkkvilqAiPkMocBbFTW2IqyzI=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgxpJUQTdCwY3LKvYBTQiTyaQdOsmEmUmhhHyBG3/FjQtF3Lp25984bSNo64ELZ865l7n3+AmjUlnWl1FaWV1b3yhvVra2d3b3zP2DjuSpwKSNOeOi5yNJGI1JW1HFSC8RBEU+I11/dD31u2MiJOXxvZokxI3QIKYhxUhpyTNrmeOHcJx7dubggKv8592AV9A+bdx5md3IPbNq1a0Z4DKxC1IFBVqe+ekEHKcRiRVmSMq+bSXKzZBQFDOSV5xUkgThERqQvqYxioh0s9k5OaxpJYAhF7piBWfq74kMRVJOIl93RkgN5aI3Ff/z+qkKL92MxkmqSIznH4Upg4rDaTYwoIJgxSaaICyo3hXiIRIIK51gRYdgL568TDqNun1Wt27Pq02riKMMjsAxOAE2uABNcANaoA0weABP4AW8Go/Gs/FmvM9bS0Yxcwj+wPj4Buxzmqk=</latexit>

z1z2 = 2R12
<latexit sha1_base64="1y9hiIn9/c2BdAl3S+VIWTHX3a0=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KkkU9CIUvHisYj+gDWGz3bRLN5uwuym0of/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMC1POlHacb2ttfWNza7u0U97d2z84tI+OmyrJJKENkvBEtkOsKGeCNjTTnLZTSXEcctoKh3czvzWiUrFEPOlxSv0Y9wWLGMHaSIFtTwJ3EnjoFnmPQe5608CuOFVnDrRK3IJUoEA9sL+6vYRkMRWacKxUx3VS7edYakY4nZa7maIpJkPcpx1DBY6p8vP55VN0bpQeihJpSmg0V39P5DhWahyHpjPGeqCWvZn4n9fJdHTj50ykmaaCLBZFGUc6QbMYUI9JSjQfG4KJZOZWRAZYYqJNWGUTgrv88ippelX3suo8XFVqThFHCU7hDC7AhWuowT3UoQEERvAMr/Bm5daL9W59LFrXrGLmBP7A+vwBPjaSCw==</latexit>

⇣col1 ⇣col2 = 1
2R12

<latexit sha1_base64="YJF/FyZYRoXQb0VCIPDsi5D2TdE=">AAACGXicbVDLSgMxFM3UV62vUZdugkVwVSZV0I1QcOOyin1AW4dMmmlDMw+SO0Id5jfc+CtuXCjiUlf+jWk7C209EDj3nHuT3OPFUmhwnG+rsLS8srpWXC9tbG5t79i7e00dJYrxBotkpNoe1VyKkDdAgOTtWHEaeJK3vNHlxG/dc6VFFN7COOa9gA5C4QtGwUiu7XQfOFCX3KXmrmxWVGcFvsBd8BVlKcnSaoZv3JRUM9cuOxVnCrxISE7KKEfdtT+7/YglAQ+BSap1hzgx9FKqQDDJs1I30TymbEQHvGNoSAOue+l0swwfGaWP/UiZEwKeqr8nUhpoPQ480xlQGOp5byL+53US8M97qQjjBHjIZg/5icQQ4UlMuC8UZyDHhlCmhPkrZkNqwgATZsmEQOZXXiTNaoWcVJzr03LNyeMoogN0iI4RQWeohq5QHTUQQ4/oGb2iN+vJerHerY9Za8HKZ/bRH1hfPymIoEw=</latexit>

z1 = 1
<latexit sha1_base64="cwUsTJlCm3/6Rn4/0qFz5rCJVrE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oBeh4MVjBfsBbSib7aRdutmE3Y1QQ3+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357UdUmsfywUwS9CM6lDzkjBortZ/6HrkhXr9ccavuHGSVeDmpQI5Gv/zVG8QsjVAaJqjWXc9NjJ9RZTgTOC31Uo0JZWM6xK6lkkao/Wx+7pScWWVAwljZkobM1d8TGY20nkSB7YyoGellbyb+53VTE177GZdJalCyxaIwFcTEZPY7GXCFzIiJJZQpbm8lbEQVZcYmVLIheMsvr5LWRdW7rLr3tUrdzeMowgmcwjl4cAV1uIMGNIHBGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx+qkY5o</latexit>

z 2
=

1
<latexit sha1_base64="VzyyCelUZDn+xfYBmO+2WwKl5p4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoBeh4MVjBfsBbSib7aZdutmE3YlQQ3+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9ybUSsHnCScD+iQyVCwShaqf3Ur5Eb4vXLFbfqzkFWiZeTCuRo9MtfvUHM0ogrZJIa0/XcBP2MahRM8mmplxqeUDamQ961VNGIGz+bnzslZ1YZkDDWthSSufp7IqORMZMosJ0RxZFZ9mbif143xfDaz4RKUuSKLRaFqSQYk9nvZCA0ZygnllCmhb2VsBHVlKFNqGRD8JZfXiWtWtW7qLr3l5W6m8dRhBM4hXPw4ArqcAcNaAKDMTzDK7w5ifPivDsfi9aCk88cwx84nz+sGY5p</latexit>

ζco l
2

ζco l
1

= ϵ2

ζco l
h

x
= zh

ξco l = RSIDIS
12

RSIDIS
12 = 2 P ⋅ Ph

Q2

ζh

ξ R12
= 1 − vbw ⋅ vbw

h

2 |vbw | |vbw
h |

  Allowed regions for given hadron pairs (target and current fragmentation) 
 



SIDIS (fixing R12)  

26 

R12
<latexit sha1_base64="3REo77Vij0aWzcK1dHaB9+XWVrw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY8BLx6jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+mfntJ6oNU/LBThIaCjyULGYEWye17vtZUJv2yxW/6s+BVkmQkwrkaPTLX72BIqmg0hKOjekGfmLDDGvLCKfTUi81NMFkjIe066jEgpowm187RWdOGaBYaVfSorn6eyLDwpiJiFynwHZklr2Z+J/XTW18HWZMJqmlkiwWxSlHVqHZ62jANCWWTxzBRDN3KyIjrDGxLqCSCyFYfnmVtGrV4KLq311W6rU8jiKcwCmcQwBXUIdbaEATCDzCM7zCm6e8F+/d+1i0Frx85hj+wPv8AQRCjrQ=</latexit>

R12
<latexit sha1_base64="3REo77Vij0aWzcK1dHaB9+XWVrw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY8BLx6jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+mfntJ6oNU/LBThIaCjyULGYEWye17vtZUJv2yxW/6s+BVkmQkwrkaPTLX72BIqmg0hKOjekGfmLDDGvLCKfTUi81NMFkjIe066jEgpowm187RWdOGaBYaVfSorn6eyLDwpiJiFynwHZklr2Z+J/XTW18HWZMJqmlkiwWxSlHVqHZ62jANCWWTxzBRDN3KyIjrDGxLqCSCyFYfnmVtGrV4KLq311W6rU8jiKcwCmcQwBXUIdbaEATCDzCM7zCm6e8F+/d+1i0Frx85hj+wPv8AQRCjrQ=</latexit>

2R12
<latexit sha1_base64="UbgmtmY6EHier71FjyBSccrnLcI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBg5TdraDHghePVeyHtEvJptk2NMkuSVYoS3+FFw+KePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXScKkKbJOax6oRYU84kbRpmOO0kimIRctoOxzczv/1ElWaxfDCThAYCDyWLGMHGSo9+7+K+n3n+tF+uuFV3DrRKvJxUIEejX/7qDWKSCioN4VjrrucmJsiwMoxwOi31Uk0TTMZ4SLuWSiyoDrL5wVN0ZpUBimJlSxo0V39PZFhoPRGh7RTYjPSyNxP/87qpia6DjMkkNVSSxaIo5cjEaPY9GjBFieETSzBRzN6KyAgrTIzNqGRD8JZfXiUtv+rVqu7dZaXu53EU4QRO4Rw8uII63EIDmkBAwDO8wpujnBfn3flYtBacfOYY/sD5/AGSJY+M</latexit>

2R12
<latexit sha1_base64="UbgmtmY6EHier71FjyBSccrnLcI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBg5TdraDHghePVeyHtEvJptk2NMkuSVYoS3+FFw+KePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXScKkKbJOax6oRYU84kbRpmOO0kimIRctoOxzczv/1ElWaxfDCThAYCDyWLGMHGSo9+7+K+n3n+tF+uuFV3DrRKvJxUIEejX/7qDWKSCioN4VjrrucmJsiwMoxwOi31Uk0TTMZ4SLuWSiyoDrL5wVN0ZpUBimJlSxo0V39PZFhoPRGh7RTYjPSyNxP/87qpia6DjMkkNVSSxaIo5cjEaPY9GjBFieETSzBRzN6KyAgrTIzNqGRD8JZfXiUtv+rVqu7dZaXu53EU4QRO4Rw8uII63EIDmkBAwDO8wpujnBfn3flYtBacfOYY/sD5/AGSJY+M</latexit>

1
2 R12

<latexit sha1_base64="kYVcZH03IrkTm6Lgk54yAls/8HI=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgQkoSBV0W3LisYh/QhDCZTtqhkwczE6GG4K+4caGIW//DnX/jtM1CWw9cOJxzL/feE6ScSWVZ38bS8srq2nplo7q5tb2za+7tt2WSCUJbJOGJ6AZYUs5i2lJMcdpNBcVRwGknGF1P/M4DFZIl8b0ap9SL8CBmISNYack3D10VCkxyu8idwj2783PbKXyzZtWtKdAisUtSgxJN3/xy+wnJIhorwrGUPdtKlZdjoRjhtKi6maQpJiM8oD1NYxxR6eXT6wt0opU+ChOhK1Zoqv6eyHEk5TgKdGeE1VDOexPxP6+XqfDKy1mcZorGZLYozDhSCZpEgfpMUKL4WBNMBNO3IjLEOg2lA6vqEOz5lxdJ26nb53Xr9qLWcMo4KnAEx3AKNlxCA26gCS0g8AjP8ApvxpPxYrwbH7PWJaOcOYA/MD5/AMZnlLg=</latexit>

1
2 R12

<latexit sha1_base64="kYVcZH03IrkTm6Lgk54yAls/8HI=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgQkoSBV0W3LisYh/QhDCZTtqhkwczE6GG4K+4caGIW//DnX/jtM1CWw9cOJxzL/feE6ScSWVZ38bS8srq2nplo7q5tb2za+7tt2WSCUJbJOGJ6AZYUs5i2lJMcdpNBcVRwGknGF1P/M4DFZIl8b0ap9SL8CBmISNYack3D10VCkxyu8idwj2783PbKXyzZtWtKdAisUtSgxJN3/xy+wnJIhorwrGUPdtKlZdjoRjhtKi6maQpJiM8oD1NYxxR6eXT6wt0opU+ChOhK1Zoqv6eyHEk5TgKdGeE1VDOexPxP6+XqfDKy1mcZorGZLYozDhSCZpEgfpMUKL4WBNMBNO3IjLEOg2lA6vqEOz5lxdJ26nb53Xr9qLWcMo4KnAEx3AKNlxCA26gCS0g8AjP8ApvxpPxYrwbH7PWJaOcOYA/MD5/AMZnlLg=</latexit>

1 
1 

SAME  
HEMISPHERE 

z 2
(l
og

sc
al
e)

<latexit sha1_base64="Y7WR5tnaAYBWnhoJYn98BS3C5OE=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDclqYIuC25cVrAPaEKYTCft0JlMmJmINWTjr7hxoYhbP8Odf+O0zUJbD1w4nHMv994TJowq7TjfVmlldW19o7xZ2dre2d2z9w86SqQSkzYWTMheiBRhNCZtTTUjvUQSxENGuuH4eup374lUVMR3epIQn6NhTCOKkTZSYB89Bg0PejwUD1mNiSFUGDFylgd21ak7M8Bl4hakCgq0AvvLGwicchJrzJBSfddJtJ8hqSlmJK94qSIJwmM0JH1DY8SJ8rPZAzk8NcoARkKaijWcqb8nMsSVmvDQdHKkR2rRm4r/ef1UR1d+RuMk1STG80VRyqAWcJoGHFBJsGYTQxCW1NwK8QhJhLXJrGJCcBdfXiadRt09rzu3F9Vmo4ijDI7BCagBF1yCJrgBLdAGGOTgGbyCN+vJerHerY95a8kqZg7BH1ifP8CMlc8=</latexit>

z1 (log scale)
<latexit sha1_base64="OvUjMOgOuLPdoWaEGQzGNlZ6tBo=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDclqYIuC25cVrAPaEKYTCft0JlMmJmINWTjr7hxoYhbP8Odf+O0zUJbD1w4nHMv994TJowq7TjfVmlldW19o7xZ2dre2d2z9w86SqQSkzYWTMheiBRhNCZtTTUjvUQSxENGuuH4eup374lUVMR3epIQn6NhTCOKkTZSYB89Bq4HPR6Kh6zGxBAqjBg5ywO76tSdGeAycQtSBQVagf3lDQROOYk1Zkipvusk2s+Q1BQzkle8VJEE4TEakr6hMeJE+dnsgRyeGmUAIyFNxRrO1N8TGeJKTXhoOjnSI7XoTcX/vH6qoys/o3GSahLj+aIoZVALOE0DDqgkWLOJIQhLam6FeIQkwtpkVjEhuIsvL5NOo+6e153bi2qzUcRRBsfgBNSACy5BE9yAFmgDDHLwDF7Bm/VkvVjv1se8tWQVM4fgD6zPH770lc4=</latexit>

v1·v2 = 0
<latexit sha1_base64="medgWDS6wsZYGvsnju76hdkk/pA=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsxUQTdCwY3LCvYBnWHIZDJtaCYZkkyhDF258VfcuFDErd/gzr8xbUfQ1gMXTs65l9x7wpRRpR3nyyqtrK6tb5Q3K1vbO7t79v5BW4lMYtLCggnZDZEijHLS0lQz0k0lQUnISCcc3kz9zohIRQW/1+OU+AnqcxpTjLSRAvs498IYjiaBm3s4Enry867Da+gEdtWpOTPAZeIWpAoKNAP704sEzhLCNWZIqZ7rpNrPkdQUMzKpeJkiKcJD1Cc9QzlKiPLz2RkTeGqUCMZCmuIaztTfEzlKlBonoelMkB6oRW8q/uf1Mh1f+TnlaaYJx/OP4oxBLeA0ExhRSbBmY0MQltTsCvEASYS1Sa5iQnAXT14m7XrNPa85dxfVhlPEUQZH4AScARdcgga4BU3QAhg8gCfwAl6tR+vZerPe560lq5g5BH9gfXwDvV6X7Q==</latexit>

z1z2 = 2R12
<latexit sha1_base64="1y9hiIn9/c2BdAl3S+VIWTHX3a0=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KkkU9CIUvHisYj+gDWGz3bRLN5uwuym0of/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMC1POlHacb2ttfWNza7u0U97d2z84tI+OmyrJJKENkvBEtkOsKGeCNjTTnLZTSXEcctoKh3czvzWiUrFEPOlxSv0Y9wWLGMHaSIFtTwJ3EnjoFnmPQe5608CuOFVnDrRK3IJUoEA9sL+6vYRkMRWacKxUx3VS7edYakY4nZa7maIpJkPcpx1DBY6p8vP55VN0bpQeihJpSmg0V39P5DhWahyHpjPGeqCWvZn4n9fJdHTj50ykmaaCLBZFGUc6QbMYUI9JSjQfG4KJZOZWRAZYYqJNWGUTgrv88ippelX3suo8XFVqThFHCU7hDC7AhWuowT3UoQEERvAMr/Bm5daL9W59LFrXrGLmBP7A+vwBPjaSCw==</latexit>

⇣col1 ⇣col2 = 1
2R12

<latexit sha1_base64="YJF/FyZYRoXQb0VCIPDsi5D2TdE=">AAACGXicbVDLSgMxFM3UV62vUZdugkVwVSZV0I1QcOOyin1AW4dMmmlDMw+SO0Id5jfc+CtuXCjiUlf+jWk7C209EDj3nHuT3OPFUmhwnG+rsLS8srpWXC9tbG5t79i7e00dJYrxBotkpNoe1VyKkDdAgOTtWHEaeJK3vNHlxG/dc6VFFN7COOa9gA5C4QtGwUiu7XQfOFCX3KXmrmxWVGcFvsBd8BVlKcnSaoZv3JRUM9cuOxVnCrxISE7KKEfdtT+7/YglAQ+BSap1hzgx9FKqQDDJs1I30TymbEQHvGNoSAOue+l0swwfGaWP/UiZEwKeqr8nUhpoPQ480xlQGOp5byL+53US8M97qQjjBHjIZg/5icQQ4UlMuC8UZyDHhlCmhPkrZkNqwgATZsmEQOZXXiTNaoWcVJzr03LNyeMoogN0iI4RQWeohq5QHTUQQ4/oGb2iN+vJerHerY9Za8HKZ/bRH1hfPymIoEw=</latexit>

⇣col1 = R12
<latexit sha1_base64="FPunsTlk4GODbCwVsxs5CbtiwsE=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5JUQTdCwY3LKvYBbQyT6W07dDIJMxOhxiz8FTcuFHHrb7jzb5y2WWjrgQuHc+6dufcEMWdKO863tbC4tLyyWlgrrm9sbm3bO7sNFSWSQp1GPJKtgCjgTEBdM82hFUsgYcChGQwvx37zHqRikbjVoxi8kPQF6zFKtJF8e7/zAJr47l1q3srwBb7xU7eS+XbJKTsT4Hni5qSEctR8+6vTjWgSgtCUE6XarhNrLyVSM8ohK3YSBTGhQ9KHtqGChKC8dLJ/ho+M0sW9SJoSGk/U3xMpCZUahYHpDIkeqFlvLP7ntRPdO/dSJuJEg6DTj3oJxzrC4zBwl0mgmo8MIVQysyumAyIJ1SayognBnT15njQqZfek7FyflqpOHkcBHaBDdIxcdIaq6ArVUB1R9Iie0St6s56sF+vd+pi2Llj5zB76A+vzB72+lTQ=</latexit>
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Concluding remarks 

  Collinear fractions are key ingredients in the hadron – parton transition (in 
processes such as DIS and single hadron production in annihilation  

  Difference between collinear fractions contain information on (convoluted) 3D 
structure in processes like SIDIS, two-hadron inclusive annihilation and Drell-
Yan. 

  Inclusion of lepton plane provides additional (also convoluted) information on 
individual transverse momenta (azimuthal structure in transverse plane). 
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