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Factorization

2

• All predictions rely on factorizing hard scattering from universal 
nonperturbative parton distributions          of incoming protons: 

• Probe intrinsic                     of partons in proton,               . 

• Key process is                 . Can we replace hadron h by jet?

fi(x)
<latexit sha1_base64="byVdUR7CIOUpn0tbMjL4Ydq7ABo=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBHqpeyKoMeKF48V7Ae0S8mm2TY2myxJVixL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfaGV1bX1js7BV3N7Z3dsvHRw2jUo1ZQ2qhNLtkBgmuGQNy61g7UQzEoeCtcLRzdRvPTJtuJL3dpywICYDySNOiXVSM+rxytNZr1T2qt4MeJn4OSlDjnqv9NXtK5rGTFoqiDEd30tskBFtORVsUuymhiWEjsiAdRyVJGYmyGbXTvCpU/o4UtqVtHim/p7ISGzMOA5dZ0zs0Cx6U/E/r5Pa6CrIuExSyySdL4pSga3C09dxn2tGrRg7Qqjm7lZMh0QTal1ARReCv/jyMmmeV32v6t9dlGvXeRwFOIYTqIAPl1CDW6hDAyg8wDO8whtS6AW9o4956wrKZ47gD9DnD+iajqw=</latexit><latexit sha1_base64="byVdUR7CIOUpn0tbMjL4Ydq7ABo=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBHqpeyKoMeKF48V7Ae0S8mm2TY2myxJVixL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfaGV1bX1js7BV3N7Z3dsvHRw2jUo1ZQ2qhNLtkBgmuGQNy61g7UQzEoeCtcLRzdRvPTJtuJL3dpywICYDySNOiXVSM+rxytNZr1T2qt4MeJn4OSlDjnqv9NXtK5rGTFoqiDEd30tskBFtORVsUuymhiWEjsiAdRyVJGYmyGbXTvCpU/o4UtqVtHim/p7ISGzMOA5dZ0zs0Cx6U/E/r5Pa6CrIuExSyySdL4pSga3C09dxn2tGrRg7Qqjm7lZMh0QTal1ARReCv/jyMmmeV32v6t9dlGvXeRwFOIYTqIAPl1CDW6hDAyg8wDO8whtS6AW9o4956wrKZ47gD9DnD+iajqw=</latexit><latexit sha1_base64="byVdUR7CIOUpn0tbMjL4Ydq7ABo=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBHqpeyKoMeKF48V7Ae0S8mm2TY2myxJVixL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfaGV1bX1js7BV3N7Z3dsvHRw2jUo1ZQ2qhNLtkBgmuGQNy61g7UQzEoeCtcLRzdRvPTJtuJL3dpywICYDySNOiXVSM+rxytNZr1T2qt4MeJn4OSlDjnqv9NXtK5rGTFoqiDEd30tskBFtORVsUuymhiWEjsiAdRyVJGYmyGbXTvCpU/o4UtqVtHim/p7ISGzMOA5dZ0zs0Cx6U/E/r5Pa6CrIuExSyySdL4pSga3C09dxn2tGrRg7Qqjm7lZMh0QTal1ARReCv/jyMmmeV32v6t9dlGvXeRwFOIYTqIAPl1CDW6hDAyg8wDO8whtS6AW9o4956wrKZ47gD9DnD+iajqw=</latexit><latexit sha1_base64="byVdUR7CIOUpn0tbMjL4Ydq7ABo=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBHqpeyKoMeKF48V7Ae0S8mm2TY2myxJVixL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfaGV1bX1js7BV3N7Z3dsvHRw2jUo1ZQ2qhNLtkBgmuGQNy61g7UQzEoeCtcLRzdRvPTJtuJL3dpywICYDySNOiXVSM+rxytNZr1T2qt4MeJn4OSlDjnqv9NXtK5rGTFoqiDEd30tskBFtORVsUuymhiWEjsiAdRyVJGYmyGbXTvCpU/o4UtqVtHim/p7ISGzMOA5dZ0zs0Cx6U/E/r5Pa6CrIuExSyySdL4pSga3C09dxn2tGrRg7Qqjm7lZMh0QTal1ARReCv/jyMmmeV32v6t9dlGvXeRwFOIYTqIAPl1CDW6hDAyg8wDO8whtS6AW9o4956wrKZ47gD9DnD+iajqw=</latexit>

fi(x, pT )
<latexit sha1_base64="/KyrWP8PbUCA8tbwYmG7Dg/2JhU=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSJUkLIrgh4rXjxW6Be2y5JNs21okl2SrFiW/gsvHhTx6r/x5r8xbfegrQ8GHu/NMDMvTDjTxnW/nZXVtfWNzcJWcXtnd2+/dHDY0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTsc3U799iNVmsWyYcYJ9QUeSBYxgo2VHqKAVZ7Ok6BxFpTKbtWdAS0TLydlyFEPSl+9fkxSQaUhHGvd9dzE+BlWhhFOJ8VeqmmCyQgPaNdSiQXVfja7eIJOrdJHUaxsSYNm6u+JDAutxyK0nQKboV70puJ/Xjc10bWfMZmkhkoyXxSlHJkYTd9HfaYoMXxsCSaK2VsRGWKFibEhFW0I3uLLy6R1UfXcqnd/Wa7d5HEU4BhOoAIeXEEN7qAOTSAg4Rle4c3Rzovz7nzMW1ecfOYI/sD5/AGCkZAj</latexit><latexit sha1_base64="/KyrWP8PbUCA8tbwYmG7Dg/2JhU=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSJUkLIrgh4rXjxW6Be2y5JNs21okl2SrFiW/gsvHhTx6r/x5r8xbfegrQ8GHu/NMDMvTDjTxnW/nZXVtfWNzcJWcXtnd2+/dHDY0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTsc3U799iNVmsWyYcYJ9QUeSBYxgo2VHqKAVZ7Ok6BxFpTKbtWdAS0TLydlyFEPSl+9fkxSQaUhHGvd9dzE+BlWhhFOJ8VeqmmCyQgPaNdSiQXVfja7eIJOrdJHUaxsSYNm6u+JDAutxyK0nQKboV70puJ/Xjc10bWfMZmkhkoyXxSlHJkYTd9HfaYoMXxsCSaK2VsRGWKFibEhFW0I3uLLy6R1UfXcqnd/Wa7d5HEU4BhOoAIeXEEN7qAOTSAg4Rle4c3Rzovz7nzMW1ecfOYI/sD5/AGCkZAj</latexit><latexit sha1_base64="/KyrWP8PbUCA8tbwYmG7Dg/2JhU=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSJUkLIrgh4rXjxW6Be2y5JNs21okl2SrFiW/gsvHhTx6r/x5r8xbfegrQ8GHu/NMDMvTDjTxnW/nZXVtfWNzcJWcXtnd2+/dHDY0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTsc3U799iNVmsWyYcYJ9QUeSBYxgo2VHqKAVZ7Ok6BxFpTKbtWdAS0TLydlyFEPSl+9fkxSQaUhHGvd9dzE+BlWhhFOJ8VeqmmCyQgPaNdSiQXVfja7eIJOrdJHUaxsSYNm6u+JDAutxyK0nQKboV70puJ/Xjc10bWfMZmkhkoyXxSlHJkYTd9HfaYoMXxsCSaK2VsRGWKFibEhFW0I3uLLy6R1UfXcqnd/Wa7d5HEU4BhOoAIeXEEN7qAOTSAg4Rle4c3Rzovz7nzMW1ecfOYI/sD5/AGCkZAj</latexit><latexit sha1_base64="/KyrWP8PbUCA8tbwYmG7Dg/2JhU=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSJUkLIrgh4rXjxW6Be2y5JNs21okl2SrFiW/gsvHhTx6r/x5r8xbfegrQ8GHu/NMDMvTDjTxnW/nZXVtfWNzcJWcXtnd2+/dHDY0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTsc3U799iNVmsWyYcYJ9QUeSBYxgo2VHqKAVZ7Ok6BxFpTKbtWdAS0TLydlyFEPSl+9fkxSQaUhHGvd9dzE+BlWhhFOJ8VeqmmCyQgPaNdSiQXVfja7eIJOrdJHUaxsSYNm6u+JDAutxyK0nQKboV70puJ/Xjc10bWfMZmkhkoyXxSlHJkYTd9HfaYoMXxsCSaK2VsRGWKFibEhFW0I3uLLy6R1UfXcqnd/Wa7d5HEU4BhOoAIeXEEN7qAOTSAg4Rle4c3Rzovz7nzMW1ecfOYI/sD5/AGCkZAj</latexit>
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<latexit sha1_base64="ITorOXNFnW3KRmkccDXpORjnUKI="></latexit><latexit sha1_base64="ITorOXNFnW3KRmkccDXpORjnUKI="></latexit><latexit sha1_base64="ITorOXNFnW3KRmkccDXpORjnUKI="></latexit><latexit sha1_base64="ITorOXNFnW3KRmkccDXpORjnUKI="></latexit>

pT ⇠ ⇤QCD
<latexit sha1_base64="9OQyM1zKLm6OMQAmBFTVcnX4yic="></latexit><latexit sha1_base64="9OQyM1zKLm6OMQAmBFTVcnX4yic="></latexit><latexit sha1_base64="9OQyM1zKLm6OMQAmBFTVcnX4yic="></latexit><latexit sha1_base64="9OQyM1zKLm6OMQAmBFTVcnX4yic="></latexit>

ep ! ehX
<latexit sha1_base64="7ydODDJRlNHPrv88MX7vOzNjqbY=">AAAB8XicbVDLSsNAFL2pr1pfUZduBovgqiQi6LLixmUF+8A2lMn0ph06mYSZiVBC/8KNC0Xc+jfu/BunbRbaemDgcM69zD0nTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LBTFIMYjqUPOKMGis9Ykp6JiE46vTdqlfz5iCrxC9IFQo0+u5Xb5CwLEZpmKBad30vNUFOleFM4LTSyzSmlI3pELuWShqjDvL5xVNyZpUBiRJlnzRkrv7eyGms9SQO7WRMzUgvezPxP6+bmeg6yLlMM4OSLT6KMkFsyFl8MuAKmRETSyhT3N5K2IgqyowtqWJL8Jcjr5LWRc33av79ZbV+U9RRhhM4hXPw4QrqcAcNaAIDCc/wCm+Odl6cd+djMVpyip1j+APn8wfPvZBW</latexit><latexit sha1_base64="7ydODDJRlNHPrv88MX7vOzNjqbY=">AAAB8XicbVDLSsNAFL2pr1pfUZduBovgqiQi6LLixmUF+8A2lMn0ph06mYSZiVBC/8KNC0Xc+jfu/BunbRbaemDgcM69zD0nTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LBTFIMYjqUPOKMGis9Ykp6JiE46vTdqlfz5iCrxC9IFQo0+u5Xb5CwLEZpmKBad30vNUFOleFM4LTSyzSmlI3pELuWShqjDvL5xVNyZpUBiRJlnzRkrv7eyGms9SQO7WRMzUgvezPxP6+bmeg6yLlMM4OSLT6KMkFsyFl8MuAKmRETSyhT3N5K2IgqyowtqWJL8Jcjr5LWRc33av79ZbV+U9RRhhM4hXPw4QrqcAcNaAIDCc/wCm+Odl6cd+djMVpyip1j+APn8wfPvZBW</latexit><latexit sha1_base64="7ydODDJRlNHPrv88MX7vOzNjqbY=">AAAB8XicbVDLSsNAFL2pr1pfUZduBovgqiQi6LLixmUF+8A2lMn0ph06mYSZiVBC/8KNC0Xc+jfu/BunbRbaemDgcM69zD0nTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LBTFIMYjqUPOKMGis9Ykp6JiE46vTdqlfz5iCrxC9IFQo0+u5Xb5CwLEZpmKBad30vNUFOleFM4LTSyzSmlI3pELuWShqjDvL5xVNyZpUBiRJlnzRkrv7eyGms9SQO7WRMzUgvezPxP6+bmeg6yLlMM4OSLT6KMkFsyFl8MuAKmRETSyhT3N5K2IgqyowtqWJL8Jcjr5LWRc33av79ZbV+U9RRhhM4hXPw4QrqcAcNaAIDCc/wCm+Odl6cd+djMVpyip1j+APn8wfPvZBW</latexit><latexit sha1_base64="7ydODDJRlNHPrv88MX7vOzNjqbY=">AAAB8XicbVDLSsNAFL2pr1pfUZduBovgqiQi6LLixmUF+8A2lMn0ph06mYSZiVBC/8KNC0Xc+jfu/BunbRbaemDgcM69zD0nTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LBTFIMYjqUPOKMGis9Ykp6JiE46vTdqlfz5iCrxC9IFQo0+u5Xb5CwLEZpmKBad30vNUFOleFM4LTSyzSmlI3pELuWShqjDvL5xVNyZpUBiRJlnzRkrv7eyGms9SQO7WRMzUgvezPxP6+bmeg6yLlMM4OSLT6KMkFsyFl8MuAKmRETSyhT3N5K2IgqyowtqWJL8Jcjr5LWRc33av79ZbV+U9RRhhM4hXPw4QrqcAcNaAIDCc/wCm+Odl6cd+djMVpyip1j+APn8wfPvZBW</latexit>

pry x Et PF
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1. Introduction: 

A. Transverse momentum factorization 

B. Jets and Winner-Take-All axis 

2. Processes: 

A.   

B.   

C.                         [Chien, Rahn, Schrijnder van Velzen, Shao, WW, Wu] 

3. Conclusions

e+e� ! JJX
<latexit sha1_base64="wW3lRIJsY8sxruT6m/CTLVTVNX4=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMgiGFXBD1GvEhOEcwDkk2YnfQmQ2YfzMwqYcl/ePGgiFf/xZt/4yTZgyYWNBRV3XR3ebHgStv2t5VbWV1b38hvFra2d3b3ivsHDRUlkmGdRSKSLY8qFDzEuuZaYCuWSANPYNMb3U795iNKxaPwQY9jdAM6CLnPGdVG6mL3DLvnpKMjUq22esWSXbZnIMvEyUgJMtR6xa9OP2JJgKFmgirVduxYuymVmjOBk0InURhTNqIDbBsa0gCVm86unpATo/SJH0lToSYz9fdESgOlxoFnOgOqh2rRm4r/ee1E+9duysM40Riy+SI/EcQ8OY2A9LlEpsXYEMokN7cSNqSSMm2CKpgQnMWXl0njouzYZef+slS5yeLIwxEcwyk4cAUVuIMa1IGBhGd4hTfryXqx3q2PeWvOymYO4Q+szx+rqJFO</latexit><latexit sha1_base64="wW3lRIJsY8sxruT6m/CTLVTVNX4=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMgiGFXBD1GvEhOEcwDkk2YnfQmQ2YfzMwqYcl/ePGgiFf/xZt/4yTZgyYWNBRV3XR3ebHgStv2t5VbWV1b38hvFra2d3b3ivsHDRUlkmGdRSKSLY8qFDzEuuZaYCuWSANPYNMb3U795iNKxaPwQY9jdAM6CLnPGdVG6mL3DLvnpKMjUq22esWSXbZnIMvEyUgJMtR6xa9OP2JJgKFmgirVduxYuymVmjOBk0InURhTNqIDbBsa0gCVm86unpATo/SJH0lToSYz9fdESgOlxoFnOgOqh2rRm4r/ee1E+9duysM40Riy+SI/EcQ8OY2A9LlEpsXYEMokN7cSNqSSMm2CKpgQnMWXl0njouzYZef+slS5yeLIwxEcwyk4cAUVuIMa1IGBhGd4hTfryXqx3q2PeWvOymYO4Q+szx+rqJFO</latexit><latexit sha1_base64="wW3lRIJsY8sxruT6m/CTLVTVNX4=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMgiGFXBD1GvEhOEcwDkk2YnfQmQ2YfzMwqYcl/ePGgiFf/xZt/4yTZgyYWNBRV3XR3ebHgStv2t5VbWV1b38hvFra2d3b3ivsHDRUlkmGdRSKSLY8qFDzEuuZaYCuWSANPYNMb3U795iNKxaPwQY9jdAM6CLnPGdVG6mL3DLvnpKMjUq22esWSXbZnIMvEyUgJMtR6xa9OP2JJgKFmgirVduxYuymVmjOBk0InURhTNqIDbBsa0gCVm86unpATo/SJH0lToSYz9fdESgOlxoFnOgOqh2rRm4r/ee1E+9duysM40Riy+SI/EcQ8OY2A9LlEpsXYEMokN7cSNqSSMm2CKpgQnMWXl0njouzYZef+slS5yeLIwxEcwyk4cAUVuIMa1IGBhGd4hTfryXqx3q2PeWvOymYO4Q+szx+rqJFO</latexit><latexit sha1_base64="wW3lRIJsY8sxruT6m/CTLVTVNX4=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMgiGFXBD1GvEhOEcwDkk2YnfQmQ2YfzMwqYcl/ePGgiFf/xZt/4yTZgyYWNBRV3XR3ebHgStv2t5VbWV1b38hvFra2d3b3ivsHDRUlkmGdRSKSLY8qFDzEuuZaYCuWSANPYNMb3U795iNKxaPwQY9jdAM6CLnPGdVG6mL3DLvnpKMjUq22esWSXbZnIMvEyUgJMtR6xa9OP2JJgKFmgirVduxYuymVmjOBk0InURhTNqIDbBsa0gCVm86unpATo/SJH0lToSYz9fdESgOlxoFnOgOqh2rRm4r/ee1E+9duysM40Riy+SI/EcQ8OY2A9LlEpsXYEMokN7cSNqSSMm2CKpgQnMWXl0njouzYZef+slS5yeLIwxEcwyk4cAUVuIMa1IGBhGd4hTfryXqx3q2PeWvOymYO4Q+szx+rqJFO</latexit>
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pp ! V JX
<latexit sha1_base64="0L9gk5GDKjetqVTt7n+FsKPDTHM=">AAAB8XicbVBNSwMxFHxbv2r9qnr0EiyCp7Irgh4rXsRTBVuL7VKyabYNzWZD8lYopf/CiwdFvPpvvPlvTNs9aOtAYJh5j7yZSEth0fe/vcLK6tr6RnGztLW9s7tX3j9o2jQzjDdYKlPTiqjlUijeQIGSt7ThNIkkf4iG11P/4YkbK1J1jyPNw4T2lYgFo+ikR61JB1PSvG11yxW/6s9AlkmQkwrkqHfLX51eyrKEK2SSWtsOfI3hmBoUTPJJqZNZrikb0j5vO6powm04nl08ISdO6ZE4Ne4pJDP198aYJtaOkshNJhQHdtGbiv957Qzjy3AslM6QKzb/KM4kcSGn8UlPGM5QjhyhzAh3K2EDaihDV1LJlRAsRl4mzbNq4FeDu/NK7SqvowhHcAynEMAF1OAG6tAABgqe4RXePOu9eO/ex3y04OU7h/AH3ucPnFyQNA==</latexit><latexit sha1_base64="0L9gk5GDKjetqVTt7n+FsKPDTHM=">AAAB8XicbVBNSwMxFHxbv2r9qnr0EiyCp7Irgh4rXsRTBVuL7VKyabYNzWZD8lYopf/CiwdFvPpvvPlvTNs9aOtAYJh5j7yZSEth0fe/vcLK6tr6RnGztLW9s7tX3j9o2jQzjDdYKlPTiqjlUijeQIGSt7ThNIkkf4iG11P/4YkbK1J1jyPNw4T2lYgFo+ikR61JB1PSvG11yxW/6s9AlkmQkwrkqHfLX51eyrKEK2SSWtsOfI3hmBoUTPJJqZNZrikb0j5vO6powm04nl08ISdO6ZE4Ne4pJDP198aYJtaOkshNJhQHdtGbiv957Qzjy3AslM6QKzb/KM4kcSGn8UlPGM5QjhyhzAh3K2EDaihDV1LJlRAsRl4mzbNq4FeDu/NK7SqvowhHcAynEMAF1OAG6tAABgqe4RXePOu9eO/ex3y04OU7h/AH3ucPnFyQNA==</latexit><latexit sha1_base64="0L9gk5GDKjetqVTt7n+FsKPDTHM=">AAAB8XicbVBNSwMxFHxbv2r9qnr0EiyCp7Irgh4rXsRTBVuL7VKyabYNzWZD8lYopf/CiwdFvPpvvPlvTNs9aOtAYJh5j7yZSEth0fe/vcLK6tr6RnGztLW9s7tX3j9o2jQzjDdYKlPTiqjlUijeQIGSt7ThNIkkf4iG11P/4YkbK1J1jyPNw4T2lYgFo+ikR61JB1PSvG11yxW/6s9AlkmQkwrkqHfLX51eyrKEK2SSWtsOfI3hmBoUTPJJqZNZrikb0j5vO6powm04nl08ISdO6ZE4Ne4pJDP198aYJtaOkshNJhQHdtGbiv957Qzjy3AslM6QKzb/KM4kcSGn8UlPGM5QjhyhzAh3K2EDaihDV1LJlRAsRl4mzbNq4FeDu/NK7SqvowhHcAynEMAF1OAG6tAABgqe4RXePOu9eO/ex3y04OU7h/AH3ucPnFyQNA==</latexit><latexit sha1_base64="0L9gk5GDKjetqVTt7n+FsKPDTHM=">AAAB8XicbVBNSwMxFHxbv2r9qnr0EiyCp7Irgh4rXsRTBVuL7VKyabYNzWZD8lYopf/CiwdFvPpvvPlvTNs9aOtAYJh5j7yZSEth0fe/vcLK6tr6RnGztLW9s7tX3j9o2jQzjDdYKlPTiqjlUijeQIGSt7ThNIkkf4iG11P/4YkbK1J1jyPNw4T2lYgFo+ikR61JB1PSvG11yxW/6s9AlkmQkwrkqHfLX51eyrKEK2SSWtsOfI3hmBoUTPJJqZNZrikb0j5vO6powm04nl08ISdO6ZE4Ne4pJDP198aYJtaOkshNJhQHdtGbiv957Qzjy3AslM6QKzb/KM4kcSGn8UlPGM5QjhyhzAh3K2EDaihDV1LJlRAsRl4mzbNq4FeDu/NK7SqvowhHcAynEMAF1OAG6tAABgqe4RXePOu9eO/ex3y04OU7h/AH3ucPnFyQNA==</latexit>

ep ! eJX
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}[Gutierrez-Reyes, Scimemi, WW, Zoppi]



1A. Example: Z-boson      spectrum

• Cross section dominated by small     , where it suffers from 
large logarithms 
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Fig. 1. Comparison of the normalised transverse momentum
distribution for neutral and charged Drell-Yan pair production
at NLL+LO (green, dotted), NNLL+NLO (blue, dashed) and
N3LL+NNLO (red, solid) at

p
s = 13 TeV for the fiducial

volume defined in the text. The lower panel shows the ratio to
the NNLL+NLO result.
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Fig. 2. Comparison of the normalised transverse momentum
distribution for neutral and charged Drell-Yan pair produc-
tion at NNLO (green, dotted), NNLL+NLO (blue, dashed)
and N3LL+NNLO (red, solid) at

p
s = 13 TeV for the fiducial

volume defined in the text. For reference, the Pythia8 predic-
tion in the AZ tune is also shown, and the lower panel shows
the ratio of each prediction to the Pythia8 result.

[Bizon et al]

L = ln(Q/qT )
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1A. Transverse momentum factorization

• For              , radiation is collinear or soft. 

• Factorize physics at scales           
[Collins, Soper, Sterman; Becher, Neubert; Chiu, Jain, Neill, Rothstein; Echevarria, Idilbi, Scimemi; …] 
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Q, qT
<latexit sha1_base64="3MTjJyUTEWJ8fWbL+iM4xWw2XpM=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5RdEfRY8eKxhX5Bu5Rsmm1js8maZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrW9sbhW3Szu7e/sH5cOjtpaJIrRFJJeqG2BNORO0ZZjhtBsriqOA004wucv8zhNVmknRNNOY+hEeCRYygo2V2o0L9DhoDsoVt+rOgVaJl5MK5KgPyl/9oSRJRIUhHGvd89zY+ClWhhFOZ6V+ommMyQSPaM9SgSOq/XR+7QydWWWIQqlsCYPm6u+JFEdaT6PAdkbYjPWyl4n/eb3EhDd+ykScGCrIYlGYcGQkyl5HQ6YoMXxqCSaK2VsRGWOFibEBlWwI3vLLq6R9WfXcqte4qtRu8ziKcAKncA4eXEMN7qEOLSDwAM/wCm+OdF6cd+dj0Vpw8plj+APn8weVK452</latexit><latexit sha1_base64="3MTjJyUTEWJ8fWbL+iM4xWw2XpM=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5RdEfRY8eKxhX5Bu5Rsmm1js8maZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrW9sbhW3Szu7e/sH5cOjtpaJIrRFJJeqG2BNORO0ZZjhtBsriqOA004wucv8zhNVmknRNNOY+hEeCRYygo2V2o0L9DhoDsoVt+rOgVaJl5MK5KgPyl/9oSRJRIUhHGvd89zY+ClWhhFOZ6V+ommMyQSPaM9SgSOq/XR+7QydWWWIQqlsCYPm6u+JFEdaT6PAdkbYjPWyl4n/eb3EhDd+ykScGCrIYlGYcGQkyl5HQ6YoMXxqCSaK2VsRGWOFibEBlWwI3vLLq6R9WfXcqte4qtRu8ziKcAKncA4eXEMN7qEOLSDwAM/wCm+OdF6cd+dj0Vpw8plj+APn8weVK452</latexit><latexit sha1_base64="3MTjJyUTEWJ8fWbL+iM4xWw2XpM=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5RdEfRY8eKxhX5Bu5Rsmm1js8maZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrW9sbhW3Szu7e/sH5cOjtpaJIrRFJJeqG2BNORO0ZZjhtBsriqOA004wucv8zhNVmknRNNOY+hEeCRYygo2V2o0L9DhoDsoVt+rOgVaJl5MK5KgPyl/9oSRJRIUhHGvd89zY+ClWhhFOZ6V+ommMyQSPaM9SgSOq/XR+7QydWWWIQqlsCYPm6u+JFEdaT6PAdkbYjPWyl4n/eb3EhDd+ykScGCrIYlGYcGQkyl5HQ6YoMXxqCSaK2VsRGWOFibEBlWwI3vLLq6R9WfXcqte4qtRu8ziKcAKncA4eXEMN7qEOLSDwAM/wCm+OdF6cd+dj0Vpw8plj+APn8weVK452</latexit><latexit sha1_base64="3MTjJyUTEWJ8fWbL+iM4xWw2XpM=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5RdEfRY8eKxhX5Bu5Rsmm1js8maZIWy9D948aCIV/+PN/+N2XYP2vpg4PHeDDPzgpgzbVz32ymsrW9sbhW3Szu7e/sH5cOjtpaJIrRFJJeqG2BNORO0ZZjhtBsriqOA004wucv8zhNVmknRNNOY+hEeCRYygo2V2o0L9DhoDsoVt+rOgVaJl5MK5KgPyl/9oSRJRIUhHGvd89zY+ClWhhFOZ6V+ommMyQSPaM9SgSOq/XR+7QydWWWIQqlsCYPm6u+JFEdaT6PAdkbYjPWyl4n/eb3EhDd+ykScGCrIYlGYcGQkyl5HQ6YoMXxqCSaK2VsRGWOFibEBlWwI3vLLq6R9WfXcqte4qtRu8ziKcAKncA4eXEMN7qEOLSDwAM/wCm+OdF6cd+dj0Vpw8plj+APn8weVK452</latexit>

d�

dQ dY d~qT
= H(Q)

Z
d~pT,a Ba(~pT,a, xa)

Z
d~pT,b Bb(~pT,b, xb)

⇥
Z

d~pT,s, S(~pT,s) �(~qT � ~pT,a � ~pT,b � ~pT,s)
<latexit sha1_base64="4Uwqekp+xRlWcaPaPuuKbT9Y8lc="></latexit><latexit sha1_base64="4Uwqekp+xRlWcaPaPuuKbT9Y8lc="></latexit><latexit sha1_base64="4Uwqekp+xRlWcaPaPuuKbT9Y8lc="></latexit><latexit sha1_base64="4Uwqekp+xRlWcaPaPuuKbT9Y8lc="></latexit>

or
t.io

yr im



1A. Renormalization group and resummation

• Each ingredient in factorization involves single scale. E.g. 

• Resum large logarithms by evaluating ingredients at their 
natural scale and evolving them to a common scale:

6

H(Q,µ) / 1 +
↵sCF

4⇡


� ln2

Q
2

µ2
+ 3 ln

Q
2

µ2
� 8 +

7⇡2

6

�

<latexit sha1_base64="YLvCkcXhU33ULfpViQQ7No1qC70="></latexit><latexit sha1_base64="YLvCkcXhU33ULfpViQQ7No1qC70="></latexit><latexit sha1_base64="YLvCkcXhU33ULfpViQQ7No1qC70="></latexit><latexit sha1_base64="YLvCkcXhU33ULfpViQQ7No1qC70="></latexit>

d

d lnµ
H(Q,µ) = �H(Q,µ)H(Q,µ)

H(Q,µ) = exp
h
�↵sCF

4⇡
ln2

Q
2

µ2
+ . . .

i
H(Q,Q)

<latexit sha1_base64="cNmkIfkNDiwbtC2m8dVKe8t/vWk="></latexit><latexit sha1_base64="cNmkIfkNDiwbtC2m8dVKe8t/vWk="></latexit><latexit sha1_base64="cNmkIfkNDiwbtC2m8dVKe8t/vWk="></latexit><latexit sha1_base64="cNmkIfkNDiwbtC2m8dVKe8t/vWk="></latexit>
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1A. Rapidity logarithms

• There is a mismatch of logarithms:

7

ln2(Q/qT )
?
= ln2(Q/µ) + ln2(qT /µ)

<latexit sha1_base64="YVnD5/73ik2TJ5grWqVI+2DWaPA="></latexit><latexit sha1_base64="YVnD5/73ik2TJ5grWqVI+2DWaPA="></latexit><latexit sha1_base64="YVnD5/73ik2TJ5grWqVI+2DWaPA="></latexit><latexit sha1_base64="YVnD5/73ik2TJ5grWqVI+2DWaPA="></latexit>



1A. Rapidity logarithms

• There is a mismatch of logarithms:  

• Beam and soft function require rapidity regularization:

8

S(1)(~pT ) / ↵s
µ2✏

(~p 2
T )

1+✏

Z
dy

<latexit sha1_base64="Bv9WQsx0TXk/N34wHyFEMrsmrFk="></latexit><latexit sha1_base64="Bv9WQsx0TXk/N34wHyFEMrsmrFk="></latexit><latexit sha1_base64="Bv9WQsx0TXk/N34wHyFEMrsmrFk="></latexit><latexit sha1_base64="Bv9WQsx0TXk/N34wHyFEMrsmrFk="></latexit>

ln2(Q/qT ) = ln2(Q/µ)� ln2(qT /µ)� 2 ln(Q/qT ) ln(qT /µ)
<latexit sha1_base64="h49YdR7IYJOCEpCiZRW9bqIZ2Ek="></latexit><latexit sha1_base64="h49YdR7IYJOCEpCiZRW9bqIZ2Ek="></latexit><latexit sha1_base64="h49YdR7IYJOCEpCiZRW9bqIZ2Ek="></latexit><latexit sha1_base64="h49YdR7IYJOCEpCiZRW9bqIZ2Ek="></latexit>



1A. Rapidity logarithms

• There is a mismatch of logarithms:  

• Beam and soft function require rapidity regularization: 

• Rapidity divergences        lead to rapidity renormalization  
→ corresponding   -evolution resums rapidity logarithms. 
[Chiu, Jain, Neill, Rothstein; see also Collins, Soper; Collins; Becher, Neubert, …]

9

ln2(Q/qT ) = ln2(Q/µ)� ln2(qT /µ)� 2 ln(Q/qT ) ln(qT /µ)
<latexit sha1_base64="h49YdR7IYJOCEpCiZRW9bqIZ2Ek="></latexit><latexit sha1_base64="h49YdR7IYJOCEpCiZRW9bqIZ2Ek="></latexit><latexit sha1_base64="h49YdR7IYJOCEpCiZRW9bqIZ2Ek="></latexit><latexit sha1_base64="h49YdR7IYJOCEpCiZRW9bqIZ2Ek="></latexit>

S(1)(~pT ) / ↵s
µ2✏ ⌫⌘

(~p 2
T )

1+✏+⌘/2

Z
dy |2 sinh y|�⌘

<latexit sha1_base64="p9j+kUHRQ4+hq6ovZpFcbNGxJHo="></latexit><latexit sha1_base64="p9j+kUHRQ4+hq6ovZpFcbNGxJHo="></latexit><latexit sha1_base64="p9j+kUHRQ4+hq6ovZpFcbNGxJHo="></latexit><latexit sha1_base64="p9j+kUHRQ4+hq6ovZpFcbNGxJHo="></latexit>

1/⌘
<latexit sha1_base64="SG5cvonK/eT98wkphxrga4KdUZ4=">AAAB/XicbVBNS8NAEN3Urxq/qh69LBbBU01E0GPFi8cK9gOaUjabSbt2dxN2N0IJxb/gVe/exKu/xau/xG2bg7Y+GHi8N8PMvDDlTBvP+3JKK6tr6xvlTXdre2d3r7J/0NJJpig0acIT1QmJBs4kNA0zHDqpAiJCDu1wdDP124+gNEvkvRmn0BNkIFnMKDFWavlnARjSr1S9mjcDXiZ+QaqoQKNf+Q6ihGYCpKGcaN31vdT0cqIMoxwmbpBpSAkdkQF0LZVEgO7ls2sn+MQqEY4TZUsaPFN/T+REaD0Woe0UxAz1ojcV//O6mYmvejmTaWZA0vmiOOPYJHj6Oo6YAmr42BJCFbO3YjokilBjA3LdIIIYB1GcB0rgaGJD8RcjWCat85rv1fy7i2r9uoinjI7QMTpFPrpEdXSLGqiJKHpAz+gFvTpPzpvz7nzMW0tOMXOI/sD5/AHIJpSd</latexit><latexit sha1_base64="SG5cvonK/eT98wkphxrga4KdUZ4=">AAAB/XicbVBNS8NAEN3Urxq/qh69LBbBU01E0GPFi8cK9gOaUjabSbt2dxN2N0IJxb/gVe/exKu/xau/xG2bg7Y+GHi8N8PMvDDlTBvP+3JKK6tr6xvlTXdre2d3r7J/0NJJpig0acIT1QmJBs4kNA0zHDqpAiJCDu1wdDP124+gNEvkvRmn0BNkIFnMKDFWavlnARjSr1S9mjcDXiZ+QaqoQKNf+Q6ihGYCpKGcaN31vdT0cqIMoxwmbpBpSAkdkQF0LZVEgO7ls2sn+MQqEY4TZUsaPFN/T+REaD0Woe0UxAz1ojcV//O6mYmvejmTaWZA0vmiOOPYJHj6Oo6YAmr42BJCFbO3YjokilBjA3LdIIIYB1GcB0rgaGJD8RcjWCat85rv1fy7i2r9uoinjI7QMTpFPrpEdXSLGqiJKHpAz+gFvTpPzpvz7nzMW0tOMXOI/sD5/AHIJpSd</latexit><latexit sha1_base64="SG5cvonK/eT98wkphxrga4KdUZ4=">AAAB/XicbVBNS8NAEN3Urxq/qh69LBbBU01E0GPFi8cK9gOaUjabSbt2dxN2N0IJxb/gVe/exKu/xau/xG2bg7Y+GHi8N8PMvDDlTBvP+3JKK6tr6xvlTXdre2d3r7J/0NJJpig0acIT1QmJBs4kNA0zHDqpAiJCDu1wdDP124+gNEvkvRmn0BNkIFnMKDFWavlnARjSr1S9mjcDXiZ+QaqoQKNf+Q6ihGYCpKGcaN31vdT0cqIMoxwmbpBpSAkdkQF0LZVEgO7ls2sn+MQqEY4TZUsaPFN/T+REaD0Woe0UxAz1ojcV//O6mYmvejmTaWZA0vmiOOPYJHj6Oo6YAmr42BJCFbO3YjokilBjA3LdIIIYB1GcB0rgaGJD8RcjWCat85rv1fy7i2r9uoinjI7QMTpFPrpEdXSLGqiJKHpAz+gFvTpPzpvz7nzMW0tOMXOI/sD5/AHIJpSd</latexit><latexit sha1_base64="SG5cvonK/eT98wkphxrga4KdUZ4=">AAAB/XicbVBNS8NAEN3Urxq/qh69LBbBU01E0GPFi8cK9gOaUjabSbt2dxN2N0IJxb/gVe/exKu/xau/xG2bg7Y+GHi8N8PMvDDlTBvP+3JKK6tr6xvlTXdre2d3r7J/0NJJpig0acIT1QmJBs4kNA0zHDqpAiJCDu1wdDP124+gNEvkvRmn0BNkIFnMKDFWavlnARjSr1S9mjcDXiZ+QaqoQKNf+Q6ihGYCpKGcaN31vdT0cqIMoxwmbpBpSAkdkQF0LZVEgO7ls2sn+MQqEY4TZUsaPFN/T+REaD0Woe0UxAz1ojcV//O6mYmvejmTaWZA0vmiOOPYJHj6Oo6YAmr42BJCFbO3YjokilBjA3LdIIIYB1GcB0rgaGJD8RcjWCat85rv1fy7i2r9uoinjI7QMTpFPrpEdXSLGqiJKHpAz+gFvTpPzpvz7nzMW0tOMXOI/sD5/AHIJpSd</latexit>

⌫
<latexit sha1_base64="qalF1LAP4u5PhxQy39ZFg0e9xbA=">AAAB+nicbVBNS8NAEN3Urxq/qh69LBbBU0lE0GPFi8eKthaaUDabSbt0dxN2N0KJ/Qle9e5NvPpnvPpL3LY5aOuDgcd7M8zMizLOtPG8L6eysrq2vlHddLe2d3b3avsHHZ3mikKbpjxV3Yho4ExC2zDDoZspICLi8BCNrqf+wyMozVJ5b8YZhIIMJEsYJcZKd4HM+7W61/BmwMvEL0kdlWj1a99BnNJcgDSUE617vpeZsCDKMMph4ga5hozQERlAz1JJBOiwmJ06wSdWiXGSKlvS4Jn6e6IgQuuxiGynIGaoF72p+J/Xy01yGRZMZrkBSeeLkpxjk+Lp3zhmCqjhY0sIVczeiumQKEKNTcd1gxgSHMRJESiB44kNxV+MYJl0zhq+1/Bvz+vNqzKeKjpCx+gU+egCNdENaqE2omiAntELenWenDfn3fmYt1accuYQ/YHz+QM1gJPI</latexit><latexit sha1_base64="qalF1LAP4u5PhxQy39ZFg0e9xbA=">AAAB+nicbVBNS8NAEN3Urxq/qh69LBbBU0lE0GPFi8eKthaaUDabSbt0dxN2N0KJ/Qle9e5NvPpnvPpL3LY5aOuDgcd7M8zMizLOtPG8L6eysrq2vlHddLe2d3b3avsHHZ3mikKbpjxV3Yho4ExC2zDDoZspICLi8BCNrqf+wyMozVJ5b8YZhIIMJEsYJcZKd4HM+7W61/BmwMvEL0kdlWj1a99BnNJcgDSUE617vpeZsCDKMMph4ga5hozQERlAz1JJBOiwmJ06wSdWiXGSKlvS4Jn6e6IgQuuxiGynIGaoF72p+J/Xy01yGRZMZrkBSeeLkpxjk+Lp3zhmCqjhY0sIVczeiumQKEKNTcd1gxgSHMRJESiB44kNxV+MYJl0zhq+1/Bvz+vNqzKeKjpCx+gU+egCNdENaqE2omiAntELenWenDfn3fmYt1accuYQ/YHz+QM1gJPI</latexit><latexit sha1_base64="qalF1LAP4u5PhxQy39ZFg0e9xbA=">AAAB+nicbVBNS8NAEN3Urxq/qh69LBbBU0lE0GPFi8eKthaaUDabSbt0dxN2N0KJ/Qle9e5NvPpnvPpL3LY5aOuDgcd7M8zMizLOtPG8L6eysrq2vlHddLe2d3b3avsHHZ3mikKbpjxV3Yho4ExC2zDDoZspICLi8BCNrqf+wyMozVJ5b8YZhIIMJEsYJcZKd4HM+7W61/BmwMvEL0kdlWj1a99BnNJcgDSUE617vpeZsCDKMMph4ga5hozQERlAz1JJBOiwmJ06wSdWiXGSKlvS4Jn6e6IgQuuxiGynIGaoF72p+J/Xy01yGRZMZrkBSeeLkpxjk+Lp3zhmCqjhY0sIVczeiumQKEKNTcd1gxgSHMRJESiB44kNxV+MYJl0zhq+1/Bvz+vNqzKeKjpCx+gU+egCNdENaqE2omiAntELenWenDfn3fmYt1accuYQ/YHz+QM1gJPI</latexit><latexit sha1_base64="qalF1LAP4u5PhxQy39ZFg0e9xbA=">AAAB+nicbVBNS8NAEN3Urxq/qh69LBbBU0lE0GPFi8eKthaaUDabSbt0dxN2N0KJ/Qle9e5NvPpnvPpL3LY5aOuDgcd7M8zMizLOtPG8L6eysrq2vlHddLe2d3b3avsHHZ3mikKbpjxV3Yho4ExC2zDDoZspICLi8BCNrqf+wyMozVJ5b8YZhIIMJEsYJcZKd4HM+7W61/BmwMvEL0kdlWj1a99BnNJcgDSUE617vpeZsCDKMMph4ga5hozQERlAz1JJBOiwmJ06wSdWiXGSKlvS4Jn6e6IgQuuxiGynIGaoF72p+J/Xy01yGRZMZrkBSeeLkpxjk+Lp3zhmCqjhY0sIVczeiumQKEKNTcd1gxgSHMRJESiB44kNxV+MYJl0zhq+1/Bvz+vNqzKeKjpCx+gU+egCNdENaqE2omiAntELenWenDfn3fmYt1accuYQ/YHz+QM1gJPI</latexit>

r Q H

E S B
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1A. Transverse momentum distributions (TMDs)

• Beam functions can be matched onto PDFs for  
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pT � ⇤QCD
<latexit sha1_base64="JDXsDRRpk5iQhEzKIxIqL6VahYQ=">AAACEnicbZDLSsNAGIUnXmu8RV2Jm8EiuCqJCLqs1IULFy30Bk0Ik8kkHTq5MDMRSii+hK/gVvfuxK0v4NYncZJmoa0HBg7n/D8z83kpo0Ka5pe2srq2vrFZ29K3d3b39o2Dw75IMo5JDycs4UMPCcJoTHqSSkaGKSco8hgZeJNW0Q8eCBc0ibtymhInQmFMA4qRVJFrHKduF9phCO17teQjN7d5BDut25lr1M2GWQouG6sydVCp7Rrftp/gLCKxxAwJMbLMVDo54pJiRma6nQmSIjxBIRkpG6OICCcvvzCDZyrxYZBwdWIJy/T3Ro4iIaaRpyYjJMdisSvC/7pRJoNrJ6dxmkkS4/lFQcagTGDBA/qUEyzZVBmEOVVvhXiMOMJSUdN12ycBtP2gxOIXUKxFBMumf9GwzIbVuaw3byo8NXACTsE5sMAVaII70AY9gMEjeAYv4FV70t60d+1jPrqiVTtH4I+0zx8LcZxK</latexit><latexit sha1_base64="JDXsDRRpk5iQhEzKIxIqL6VahYQ=">AAACEnicbZDLSsNAGIUnXmu8RV2Jm8EiuCqJCLqs1IULFy30Bk0Ik8kkHTq5MDMRSii+hK/gVvfuxK0v4NYncZJmoa0HBg7n/D8z83kpo0Ka5pe2srq2vrFZ29K3d3b39o2Dw75IMo5JDycs4UMPCcJoTHqSSkaGKSco8hgZeJNW0Q8eCBc0ibtymhInQmFMA4qRVJFrHKduF9phCO17teQjN7d5BDut25lr1M2GWQouG6sydVCp7Rrftp/gLCKxxAwJMbLMVDo54pJiRma6nQmSIjxBIRkpG6OICCcvvzCDZyrxYZBwdWIJy/T3Ro4iIaaRpyYjJMdisSvC/7pRJoNrJ6dxmkkS4/lFQcagTGDBA/qUEyzZVBmEOVVvhXiMOMJSUdN12ycBtP2gxOIXUKxFBMumf9GwzIbVuaw3byo8NXACTsE5sMAVaII70AY9gMEjeAYv4FV70t60d+1jPrqiVTtH4I+0zx8LcZxK</latexit><latexit sha1_base64="JDXsDRRpk5iQhEzKIxIqL6VahYQ=">AAACEnicbZDLSsNAGIUnXmu8RV2Jm8EiuCqJCLqs1IULFy30Bk0Ik8kkHTq5MDMRSii+hK/gVvfuxK0v4NYncZJmoa0HBg7n/D8z83kpo0Ka5pe2srq2vrFZ29K3d3b39o2Dw75IMo5JDycs4UMPCcJoTHqSSkaGKSco8hgZeJNW0Q8eCBc0ibtymhInQmFMA4qRVJFrHKduF9phCO17teQjN7d5BDut25lr1M2GWQouG6sydVCp7Rrftp/gLCKxxAwJMbLMVDo54pJiRma6nQmSIjxBIRkpG6OICCcvvzCDZyrxYZBwdWIJy/T3Ro4iIaaRpyYjJMdisSvC/7pRJoNrJ6dxmkkS4/lFQcagTGDBA/qUEyzZVBmEOVVvhXiMOMJSUdN12ycBtP2gxOIXUKxFBMumf9GwzIbVuaw3byo8NXACTsE5sMAVaII70AY9gMEjeAYv4FV70t60d+1jPrqiVTtH4I+0zx8LcZxK</latexit><latexit sha1_base64="JDXsDRRpk5iQhEzKIxIqL6VahYQ=">AAACEnicbZDLSsNAGIUnXmu8RV2Jm8EiuCqJCLqs1IULFy30Bk0Ik8kkHTq5MDMRSii+hK/gVvfuxK0v4NYncZJmoa0HBg7n/D8z83kpo0Ka5pe2srq2vrFZ29K3d3b39o2Dw75IMo5JDycs4UMPCcJoTHqSSkaGKSco8hgZeJNW0Q8eCBc0ibtymhInQmFMA4qRVJFrHKduF9phCO17teQjN7d5BDut25lr1M2GWQouG6sydVCp7Rrftp/gLCKxxAwJMbLMVDo54pJiRma6nQmSIjxBIRkpG6OICCcvvzCDZyrxYZBwdWIJy/T3Ro4iIaaRpyYjJMdisSvC/7pRJoNrJ6dxmkkS4/lFQcagTGDBA/qUEyzZVBmEOVVvhXiMOMJSUdN12ycBtP2gxOIXUKxFBMumf9GwzIbVuaw3byo8NXACTsE5sMAVaII70AY9gMEjeAYv4FV70t60d+1jPrqiVTtH4I+0zx8LcZxK</latexit>

Bi(~pT , x, µ, ⌫) =
X

j

Z
dx0

x0 Iij
⇣
~pT ,

x

x0 , µ, ⌫
⌘
fj(x

0, µ)

<latexit sha1_base64="K35OMXRv4nIzeSOW+RIRRApq72Y="></latexit><latexit sha1_base64="K35OMXRv4nIzeSOW+RIRRApq72Y="></latexit><latexit sha1_base64="K35OMXRv4nIzeSOW+RIRRApq72Y="></latexit><latexit sha1_base64="K35OMXRv4nIzeSOW+RIRRApq72Y="></latexit>

µΛ µB µHchanging x changing t

(a)

!−

Soft

Soft

!+

Pa Pb

Jet b Jet a

(b)

Figure 2: (a) Physics described by the beam function. Starting at a low hadronic scale µΛ the proton
is described by a PDF f . At the scale µB, the proton is probed by measuring radiation in the final
state, identifying a parton j described by fj(ξ, µB). Above µB , the initial state becomes an incoming
jet described by Iij(t, x/ξ, µ) for an off-shell parton i with spacelike virtuality −t, which enters the
hard interaction at µH . (b) Schematic picture of the final state for isolated Drell-Yan.

virtuality t′ of the parton i, while leaving its identity and momentum fraction unchanged,

µ
d

dµ
Bi(t, x, µ) =

∫
dt′ γiB(t− t′, µ)Bi(t

′, x, µ) . (1.3)

This evolution stops at the hard scale µH , where the off-shell parton i enters the hard partonic

collision. For µ ≥ µB the initial state is also sensitive to soft radiation as shown by the orange

wider angle gluons in Fig. 2(a). For cases where the beam function description suffices this

soft radiation eikonalizes, and the corresponding soft Wilson line is one component of the soft

function S that appears in the factorized cross section.

In general, a beam function combines the PDF with a description of all energetic initial-

state radiation that is collinear to the incoming proton direction up to t # Q2. The parton’s

virtuality t effectively measures the transverse spread of the radiation around the beam axis.

The specific type of beam function may depend on details of the measurements, much as

how jet functions depend on the algorithm used to identify radiation in the jet [7, 8, 9].

Our discussion here will focus on the most inclusive beam function, which probes t through

the measurement of hadrons in the entire forward hemisphere corresponding to the proton’s

direction. The utility of beam functions is that for a class of cross sections they provide a

universal description of initial-state radiation that does not need to be modeled or computed

on a case by case basis.

An example of a factorization theorem that involves beam functions is the “isolated Drell-

Yan” process, pp → X#+#−. Here, as depicted in Fig. 2(b), X is allowed to contain forward

energetic radiation in jets about the beam axis, but only soft wide-angle radiation with no

central jets. The presence of energetic forward radiation is an unavoidable consequence for

processes involving generic parton momentum fractions x that are away from the threshold
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[Collins, Soper; Stewart, Tackmann, WW]



1A. Transverse momentum distributions (TMDs)

• Beam functions can be matched onto PDFs for   

• For                   , the beam functions describes the intrinsic 
transverse momenta of partons in the proton (TMD PDFs). 

• Often one absorbs the soft function into the beam functions.
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Figure 2: (a) Physics described by the beam function. Starting at a low hadronic scale µΛ the proton
is described by a PDF f . At the scale µB, the proton is probed by measuring radiation in the final
state, identifying a parton j described by fj(ξ, µB). Above µB , the initial state becomes an incoming
jet described by Iij(t, x/ξ, µ) for an off-shell parton i with spacelike virtuality −t, which enters the
hard interaction at µH . (b) Schematic picture of the final state for isolated Drell-Yan.

virtuality t′ of the parton i, while leaving its identity and momentum fraction unchanged,

µ
d

dµ
Bi(t, x, µ) =

∫
dt′ γiB(t− t′, µ)Bi(t

′, x, µ) . (1.3)

This evolution stops at the hard scale µH , where the off-shell parton i enters the hard partonic

collision. For µ ≥ µB the initial state is also sensitive to soft radiation as shown by the orange

wider angle gluons in Fig. 2(a). For cases where the beam function description suffices this

soft radiation eikonalizes, and the corresponding soft Wilson line is one component of the soft

function S that appears in the factorized cross section.

In general, a beam function combines the PDF with a description of all energetic initial-

state radiation that is collinear to the incoming proton direction up to t # Q2. The parton’s

virtuality t effectively measures the transverse spread of the radiation around the beam axis.

The specific type of beam function may depend on details of the measurements, much as

how jet functions depend on the algorithm used to identify radiation in the jet [7, 8, 9].

Our discussion here will focus on the most inclusive beam function, which probes t through

the measurement of hadrons in the entire forward hemisphere corresponding to the proton’s

direction. The utility of beam functions is that for a class of cross sections they provide a

universal description of initial-state radiation that does not need to be modeled or computed

on a case by case basis.

An example of a factorization theorem that involves beam functions is the “isolated Drell-

Yan” process, pp → X#+#−. Here, as depicted in Fig. 2(b), X is allowed to contain forward

energetic radiation in jets about the beam axis, but only soft wide-angle radiation with no

central jets. The presence of energetic forward radiation is an unavoidable consequence for

processes involving generic parton momentum fractions x that are away from the threshold
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1A. Polarization

• Gluon TMDs can be linearly polarized for unpolarized protons: 

• Many more possibilities with polarization. E.g. quark TMDs:
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TMD table (leading twist only)

7

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h�1

L g1L h�1L

T f�1T g1T h1, h�1T

Twist-2 TMDs

Mulders-Tangerman, NPB 461 (96) 
Boer-Mulders, PRD 57 (98)

TMDs in black survive integration over transverse momentum  
TMDs in red are time-reversal odd

•                     :  
integral over      is zero, 
match onto twist 2. 

•            : 
T-odd, match onto twist 3.

g1T , h
?
1L, h

?
1T
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Goal: TMDs and Jets

• Three standard TMD factorization theorems: 

• Question 1: Can we replace h by a jet?  

• Question 2: TMDs for processes with >2 collinear directions? 13

d�(pp ! V X)

dQ dY d~qT
= Hqq̄!V (Q)Bq(~qT , x1)⌦Bq̄(~qT , x2)

d�(ep ! ehX)

dQ dx dz d~qT
= Heq!eq(Q)Bq(~qT , x)⌦Dq!h(~qT , z)

d�(e+e� ! h1h2X)

dz1 dz2 d~qT
= He+e�!qq̄(Q)Dq!h1(~qT , z1)⌦Dq!h2(~qT , z2)
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1B. Jets

• First evidence for gluons from 3-jet event:
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1B. Jets

• First evidence for gluons from 3-jet event: 

• Jets at the LHC: How should we define them?
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Overview N-Jettiness Higgs+0 Jets Jet Mass Applications and Outlook

What is a Jet?

Energetic quarks and gluons produce jets of hadrons

Theory:

g

g

g
g

q

q

q

q

Experiment:
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1B. Cone algorithms

• Sterman-Weinberg jets: back-to-back cones with angle   , 
containing all but fraction    of event energy. 

• Extension to multiple jets hard: Seeds for initial jet directions? 
How to handle overlapping cones? IR safety?  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1B. Clustering algorithms

• Determine distances between “particles”. E.g. Cam/Aachen: 

• Combine nearest “particles”: 

• Repeat until distances larger than jet radius parameter    .
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Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
“ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas of
the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by the
specific set of ghosts used, and change when the ghosts are modified.

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures a jet’s
susceptibility to point-like radiation, and the active area (A) which measures its susceptibility to
diffuse radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft one p2, separated by a y − φ distance ∆12. In usual
IRC safe jet algorithms (JA), the passive area aJA,R(∆12) is πR2 when ∆12 = 0, but changes when
∆12 is increased. In contrast, since the boundaries of anti-kt jets are unaffected by soft radiation,
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1B. Clustering algorithms

• Determine distances between “particles”. E.g. Cam/Aachen: 

• Combine nearest “particles”: 

• Repeat until distances larger than jet radius parameter    . 
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Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
“ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas of
the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by the
specific set of ghosts used, and change when the ghosts are modified.

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures a jet’s
susceptibility to point-like radiation, and the active area (A) which measures its susceptibility to
diffuse radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft one p2, separated by a y − φ distance ∆12. In usual
IRC safe jet algorithms (JA), the passive area aJA,R(∆12) is πR2 when ∆12 = 0, but changes when
∆12 is increased. In contrast, since the boundaries of anti-kt jets are unaffected by soft radiation,
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Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
“ghosts”, clustered with four di�erent jets algorithms, illustrating the “active” catchment areas of
the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by the
specific set of ghosts used, and change when the ghosts are modified.

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
di�erent algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures a jet’s
susceptibility to point-like radiation, and the active area (A) which measures its susceptibility to
di�use radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft one p2, separated by a y � � distance �12. In usual
IRC safe jet algorithms (JA), the passive area aJA,R(�12) is �R2 when �12 = 0, but changes when
�12 is increased. In contrast, since the boundaries of anti-kt jets are una�ected by soft radiation,
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1B. Winner-Take-All axis

• Jet axis along jet momentum: recoiled by soft radiation in jet  
→ Theory: non-global logarithms, Exp: contamination.
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psoft?<latexit sha1_base64="HELZubt7ZXVYSxMY6hwmU4yDKi0=">AAAB/nicdVBNSwMxEM36bf2qiicvwSJ4WrJt0XoTvXhUsLbQ1pJNZzWY3Q3JrFiWgn/FiwdFvPo7vPlvTGsFFX0w8Hhvhpl5oVbSImPv3sTk1PTM7Nx8YWFxaXmluLp2btPMCKiLVKWmGXILSiZQR4kKmtoAj0MFjfD6aOg3bsBYmSZn2NfQifllIiMpODqpW9zQ3bYGoy/yNsIt5jaNcDDoFkvM36/sVoIaZX61tldmzBFWC8pOCXw2QomMcdItvrV7qchiSFAobm0rYBo7OTcohYJBoZ1Z0Fxc80toOZrwGGwnH50/oNtO6dEoNa4SpCP1+0TOY2v7ceg6Y45X9rc3FP/yWhlGtU4uE50hJOJzUZQpiikdZkF70oBA1XeECyPdrVRcccMFusQKLoSvT+n/5LzsB8wPTqulg8NxHHNkk2yRHRKQPXJAjskJqRNBcnJPHsmTd+c9eM/ey2frhDeeWSc/4L1+AAPNltE=</latexit><latexit sha1_base64="HELZubt7ZXVYSxMY6hwmU4yDKi0=">AAAB/nicdVBNSwMxEM36bf2qiicvwSJ4WrJt0XoTvXhUsLbQ1pJNZzWY3Q3JrFiWgn/FiwdFvPo7vPlvTGsFFX0w8Hhvhpl5oVbSImPv3sTk1PTM7Nx8YWFxaXmluLp2btPMCKiLVKWmGXILSiZQR4kKmtoAj0MFjfD6aOg3bsBYmSZn2NfQifllIiMpODqpW9zQ3bYGoy/yNsIt5jaNcDDoFkvM36/sVoIaZX61tldmzBFWC8pOCXw2QomMcdItvrV7qchiSFAobm0rYBo7OTcohYJBoZ1Z0Fxc80toOZrwGGwnH50/oNtO6dEoNa4SpCP1+0TOY2v7ceg6Y45X9rc3FP/yWhlGtU4uE50hJOJzUZQpiikdZkF70oBA1XeECyPdrVRcccMFusQKLoSvT+n/5LzsB8wPTqulg8NxHHNkk2yRHRKQPXJAjskJqRNBcnJPHsmTd+c9eM/ey2frhDeeWSc/4L1+AAPNltE=</latexit><latexit sha1_base64="HELZubt7ZXVYSxMY6hwmU4yDKi0=">AAAB/nicdVBNSwMxEM36bf2qiicvwSJ4WrJt0XoTvXhUsLbQ1pJNZzWY3Q3JrFiWgn/FiwdFvPo7vPlvTGsFFX0w8Hhvhpl5oVbSImPv3sTk1PTM7Nx8YWFxaXmluLp2btPMCKiLVKWmGXILSiZQR4kKmtoAj0MFjfD6aOg3bsBYmSZn2NfQifllIiMpODqpW9zQ3bYGoy/yNsIt5jaNcDDoFkvM36/sVoIaZX61tldmzBFWC8pOCXw2QomMcdItvrV7qchiSFAobm0rYBo7OTcohYJBoZ1Z0Fxc80toOZrwGGwnH50/oNtO6dEoNa4SpCP1+0TOY2v7ceg6Y45X9rc3FP/yWhlGtU4uE50hJOJzUZQpiikdZkF70oBA1XeECyPdrVRcccMFusQKLoSvT+n/5LzsB8wPTqulg8NxHHNkk2yRHRKQPXJAjskJqRNBcnJPHsmTd+c9eM/ey2frhDeeWSc/4L1+AAPNltE=</latexit><latexit sha1_base64="HELZubt7ZXVYSxMY6hwmU4yDKi0=">AAAB/nicdVBNSwMxEM36bf2qiicvwSJ4WrJt0XoTvXhUsLbQ1pJNZzWY3Q3JrFiWgn/FiwdFvPo7vPlvTGsFFX0w8Hhvhpl5oVbSImPv3sTk1PTM7Nx8YWFxaXmluLp2btPMCKiLVKWmGXILSiZQR4kKmtoAj0MFjfD6aOg3bsBYmSZn2NfQifllIiMpODqpW9zQ3bYGoy/yNsIt5jaNcDDoFkvM36/sVoIaZX61tldmzBFWC8pOCXw2QomMcdItvrV7qchiSFAobm0rYBo7OTcohYJBoZ1Z0Fxc80toOZrwGGwnH50/oNtO6dEoNa4SpCP1+0TOY2v7ceg6Y45X9rc3FP/yWhlGtU4uE50hJOJzUZQpiikdZkF70oBA1XeECyPdrVRcccMFusQKLoSvT+n/5LzsB8wPTqulg8NxHHNkk2yRHRKQPXJAjskJqRNBcnJPHsmTd+c9eM/ey2frhDeeWSc/4L1+AAPNltE=</latexit> = 0
<latexit sha1_base64="sNRa6migR4nhR4s6i31xjdL0aOE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqBeh6MVjFfsBbSib7aZdutmE3YlQQv+BFw+KePUfefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnGScD+iQyVCwSha6eHa7ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fja/dErOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4ZWfCZWkyBVbLApTSTAms7fJQGjOUE4soUwLeythI6opQxtOyYbgLb+8SloXVc+teveXlfpNHkcRTuAUzsGDGtThDhrQBAYhPMMrvDlj58V5dz4WrQUnnzmGP3A+fwD6roz7</latexit><latexit sha1_base64="sNRa6migR4nhR4s6i31xjdL0aOE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqBeh6MVjFfsBbSib7aZdutmE3YlQQv+BFw+KePUfefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnGScD+iQyVCwSha6eHa7ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fja/dErOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4ZWfCZWkyBVbLApTSTAms7fJQGjOUE4soUwLeythI6opQxtOyYbgLb+8SloXVc+teveXlfpNHkcRTuAUzsGDGtThDhrQBAYhPMMrvDlj58V5dz4WrQUnnzmGP3A+fwD6roz7</latexit><latexit sha1_base64="sNRa6migR4nhR4s6i31xjdL0aOE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqBeh6MVjFfsBbSib7aZdutmE3YlQQv+BFw+KePUfefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnGScD+iQyVCwSha6eHa7ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fja/dErOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4ZWfCZWkyBVbLApTSTAms7fJQGjOUE4soUwLeythI6opQxtOyYbgLb+8SloXVc+teveXlfpNHkcRTuAUzsGDGtThDhrQBAYhPMMrvDlj58V5dz4WrQUnnzmGP3A+fwD6roz7</latexit><latexit sha1_base64="sNRa6migR4nhR4s6i31xjdL0aOE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqBeh6MVjFfsBbSib7aZdutmE3YlQQv+BFw+KePUfefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnGScD+iQyVCwSha6eHa7ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fja/dErOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4ZWfCZWkyBVbLApTSTAms7fJQGjOUE4soUwLeythI6opQxtOyYbgLb+8SloXVc+teveXlfpNHkcRTuAUzsGDGtThDhrQBAYhPMMrvDlj58V5dz4WrQUnnzmGP3A+fwD6roz7</latexit>

Jet axis
<latexit sha1_base64="8Dql8bJc/Qhf491IwSfU4mdTRhw=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInsKuCHoMehFPEcwDkiXMTnqTIbMPZnolccmXePGgiFc/xZt/4yTZgyYWNBRV3XR3+YkUGh3n2yqsrW9sbhW3Szu7e/tl++CwqeNUcWjwWMaq7TMNUkTQQIES2okCFvoSWv7oZua3HkFpEUcPOEnAC9kgEoHgDI3Us8tdhDFmd4CUjYWe9uyKU3XmoKvEzUmF5Kj37K9uP+ZpCBFyybTuuE6CXsYUCi5hWuqmGhLGR2wAHUMjFoL2svnhU3pqlD4NYmUqQjpXf09kLNR6EvqmM2Q41MveTPzP66QYXHmZiJIUIeKLRUEqKcZ0lgLtCwUc5cQQxpUwt1I+ZIpxNFmVTAju8surpHledZ2qe39RqV3ncRTJMTkhZ8Qll6RGbkmdNAgnKXkmr+TNerJerHfrY9FasPKZI/IH1ucPCfuTUg==</latexit><latexit sha1_base64="8Dql8bJc/Qhf491IwSfU4mdTRhw=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInsKuCHoMehFPEcwDkiXMTnqTIbMPZnolccmXePGgiFc/xZt/4yTZgyYWNBRV3XR3+YkUGh3n2yqsrW9sbhW3Szu7e/tl++CwqeNUcWjwWMaq7TMNUkTQQIES2okCFvoSWv7oZua3HkFpEUcPOEnAC9kgEoHgDI3Us8tdhDFmd4CUjYWe9uyKU3XmoKvEzUmF5Kj37K9uP+ZpCBFyybTuuE6CXsYUCi5hWuqmGhLGR2wAHUMjFoL2svnhU3pqlD4NYmUqQjpXf09kLNR6EvqmM2Q41MveTPzP66QYXHmZiJIUIeKLRUEqKcZ0lgLtCwUc5cQQxpUwt1I+ZIpxNFmVTAju8surpHledZ2qe39RqV3ncRTJMTkhZ8Qll6RGbkmdNAgnKXkmr+TNerJerHfrY9FasPKZI/IH1ucPCfuTUg==</latexit><latexit sha1_base64="8Dql8bJc/Qhf491IwSfU4mdTRhw=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInsKuCHoMehFPEcwDkiXMTnqTIbMPZnolccmXePGgiFc/xZt/4yTZgyYWNBRV3XR3+YkUGh3n2yqsrW9sbhW3Szu7e/tl++CwqeNUcWjwWMaq7TMNUkTQQIES2okCFvoSWv7oZua3HkFpEUcPOEnAC9kgEoHgDI3Us8tdhDFmd4CUjYWe9uyKU3XmoKvEzUmF5Kj37K9uP+ZpCBFyybTuuE6CXsYUCi5hWuqmGhLGR2wAHUMjFoL2svnhU3pqlD4NYmUqQjpXf09kLNR6EvqmM2Q41MveTPzP66QYXHmZiJIUIeKLRUEqKcZ0lgLtCwUc5cQQxpUwt1I+ZIpxNFmVTAju8surpHledZ2qe39RqV3ncRTJMTkhZ8Qll6RGbkmdNAgnKXkmr+TNerJerHfrY9FasPKZI/IH1ucPCfuTUg==</latexit><latexit sha1_base64="8Dql8bJc/Qhf491IwSfU4mdTRhw=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInsKuCHoMehFPEcwDkiXMTnqTIbMPZnolccmXePGgiFc/xZt/4yTZgyYWNBRV3XR3+YkUGh3n2yqsrW9sbhW3Szu7e/tl++CwqeNUcWjwWMaq7TMNUkTQQIES2okCFvoSWv7oZua3HkFpEUcPOEnAC9kgEoHgDI3Us8tdhDFmd4CUjYWe9uyKU3XmoKvEzUmF5Kj37K9uP+ZpCBFyybTuuE6CXsYUCi5hWuqmGhLGR2wAHUMjFoL2svnhU3pqlD4NYmUqQjpXf09kLNR6EvqmM2Q41MveTPzP66QYXHmZiJIUIeKLRUEqKcZ0lgLtCwUc5cQQxpUwt1I+ZIpxNFmVTAju8surpHledZ2qe39RqV3ncRTJMTkhZ8Qll6RGbkmdNAgnKXkmr+TNerJerHfrY9FasPKZI/IH1ucPCfuTUg==</latexit>

hard
<latexit sha1_base64="rz7FMgqPsuJ5mSA9QZEss8u61HM=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YPRndFNy4r2Ae0Q8lk0jY08yC5I5ahn+HGhSJu/Rp3/o2ZtoKKHggczrmX3HP8RAoNhHxYK6tr6xubha3i9s7u3n7p4LCt41Qx3mKxjFXXp5pLEfEWCJC8myhOQ1/yjj+5yv3OHVdaxNEtTBPuhXQUiaFgFIzU6wO/h2xMVTAblMrEJnXXvahiYldJxXFyQtxKrVbHjk3mKKMlmoPSez+IWRryCJikWvcckoCXUQWCST4r9lPNE8omdMR7hkY05NrL5ifP8KlRAjyMlXkR4Ln6fSOjodbT0DeTIYWx/u3l4l9eL4XhuZeJKEmBR2zx0TCVGGKc58eBUJyBnBpCmRLmVsxMfsrAtFQ0JXwlxf+TdsV2iO3c1MqNy2UdBXSMTtAZcpCLGugaNVELMRSjB/SEni2wHq0X63UxumItd47QD1hvnzuvkd8=</latexit><latexit sha1_base64="rz7FMgqPsuJ5mSA9QZEss8u61HM=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YPRndFNy4r2Ae0Q8lk0jY08yC5I5ahn+HGhSJu/Rp3/o2ZtoKKHggczrmX3HP8RAoNhHxYK6tr6xubha3i9s7u3n7p4LCt41Qx3mKxjFXXp5pLEfEWCJC8myhOQ1/yjj+5yv3OHVdaxNEtTBPuhXQUiaFgFIzU6wO/h2xMVTAblMrEJnXXvahiYldJxXFyQtxKrVbHjk3mKKMlmoPSez+IWRryCJikWvcckoCXUQWCST4r9lPNE8omdMR7hkY05NrL5ifP8KlRAjyMlXkR4Ln6fSOjodbT0DeTIYWx/u3l4l9eL4XhuZeJKEmBR2zx0TCVGGKc58eBUJyBnBpCmRLmVsxMfsrAtFQ0JXwlxf+TdsV2iO3c1MqNy2UdBXSMTtAZcpCLGugaNVELMRSjB/SEni2wHq0X63UxumItd47QD1hvnzuvkd8=</latexit><latexit sha1_base64="rz7FMgqPsuJ5mSA9QZEss8u61HM=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YPRndFNy4r2Ae0Q8lk0jY08yC5I5ahn+HGhSJu/Rp3/o2ZtoKKHggczrmX3HP8RAoNhHxYK6tr6xubha3i9s7u3n7p4LCt41Qx3mKxjFXXp5pLEfEWCJC8myhOQ1/yjj+5yv3OHVdaxNEtTBPuhXQUiaFgFIzU6wO/h2xMVTAblMrEJnXXvahiYldJxXFyQtxKrVbHjk3mKKMlmoPSez+IWRryCJikWvcckoCXUQWCST4r9lPNE8omdMR7hkY05NrL5ifP8KlRAjyMlXkR4Ln6fSOjodbT0DeTIYWx/u3l4l9eL4XhuZeJKEmBR2zx0TCVGGKc58eBUJyBnBpCmRLmVsxMfsrAtFQ0JXwlxf+TdsV2iO3c1MqNy2UdBXSMTtAZcpCLGugaNVELMRSjB/SEni2wHq0X63UxumItd47QD1hvnzuvkd8=</latexit><latexit sha1_base64="rz7FMgqPsuJ5mSA9QZEss8u61HM=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YPRndFNy4r2Ae0Q8lk0jY08yC5I5ahn+HGhSJu/Rp3/o2ZtoKKHggczrmX3HP8RAoNhHxYK6tr6xubha3i9s7u3n7p4LCt41Qx3mKxjFXXp5pLEfEWCJC8myhOQ1/yjj+5yv3OHVdaxNEtTBPuhXQUiaFgFIzU6wO/h2xMVTAblMrEJnXXvahiYldJxXFyQtxKrVbHjk3mKKMlmoPSez+IWRryCJikWvcckoCXUQWCST4r9lPNE8omdMR7hkY05NrL5ifP8KlRAjyMlXkR4Ln6fSOjodbT0DeTIYWx/u3l4l9eL4XhuZeJKEmBR2zx0TCVGGKc58eBUJyBnBpCmRLmVsxMfsrAtFQ0JXwlxf+TdsV2iO3c1MqNy2UdBXSMTtAZcpCLGugaNVELMRSjB/SEni2wHq0X63UxumItd47QD1hvnzuvkd8=</latexit>

kcoll?
<latexit sha1_base64="n2deWSEFbqM6o73c9TIInMfzqpk=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKiR966rgxmUF+4Amhsl00g6dTMLMRCyhv+LGhSJu/RF3/o3Th6CiBy4czrl35t4TJIxKZdsfRm5tfWNzK79d2Nnd2z8wD4tdGacCkw6OWSz6AZKEUU46iipG+okgKAoY6QWTy7nfuyNC0pjfqGlCvAiNOA0pRkpLvlmc+G5CRHKbuSKC+j02882SbdnVZqNeg7ZVdhq1Wl2TeqVZrpxDx7IXKIEV2r757g5jnEaEK8yQlAPHTpSXIaEoZmRWcFNJEoQnaEQGmnIUEelli91n8FQrQxjGQhdXcKF+n8hQJOU0CnRnhNRY/vbm4l/eIFVh08soT1JFOF5+FKYMqhjOg4BDKghWbKoJwoLqXSEeI4Gw0nEVdAhfl8L/SbdsObblXFdLrYtVHHlwDE7AGXBAA7TAFWiDDsDgHjyAJ/BszIxH48V4XbbmjNXMEfgB4+0TxseU5g==</latexit><latexit sha1_base64="n2deWSEFbqM6o73c9TIInMfzqpk=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKiR966rgxmUF+4Amhsl00g6dTMLMRCyhv+LGhSJu/RF3/o3Th6CiBy4czrl35t4TJIxKZdsfRm5tfWNzK79d2Nnd2z8wD4tdGacCkw6OWSz6AZKEUU46iipG+okgKAoY6QWTy7nfuyNC0pjfqGlCvAiNOA0pRkpLvlmc+G5CRHKbuSKC+j02882SbdnVZqNeg7ZVdhq1Wl2TeqVZrpxDx7IXKIEV2r757g5jnEaEK8yQlAPHTpSXIaEoZmRWcFNJEoQnaEQGmnIUEelli91n8FQrQxjGQhdXcKF+n8hQJOU0CnRnhNRY/vbm4l/eIFVh08soT1JFOF5+FKYMqhjOg4BDKghWbKoJwoLqXSEeI4Gw0nEVdAhfl8L/SbdsObblXFdLrYtVHHlwDE7AGXBAA7TAFWiDDsDgHjyAJ/BszIxH48V4XbbmjNXMEfgB4+0TxseU5g==</latexit><latexit sha1_base64="n2deWSEFbqM6o73c9TIInMfzqpk=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKiR966rgxmUF+4Amhsl00g6dTMLMRCyhv+LGhSJu/RF3/o3Th6CiBy4czrl35t4TJIxKZdsfRm5tfWNzK79d2Nnd2z8wD4tdGacCkw6OWSz6AZKEUU46iipG+okgKAoY6QWTy7nfuyNC0pjfqGlCvAiNOA0pRkpLvlmc+G5CRHKbuSKC+j02882SbdnVZqNeg7ZVdhq1Wl2TeqVZrpxDx7IXKIEV2r757g5jnEaEK8yQlAPHTpSXIaEoZmRWcFNJEoQnaEQGmnIUEelli91n8FQrQxjGQhdXcKF+n8hQJOU0CnRnhNRY/vbm4l/eIFVh08soT1JFOF5+FKYMqhjOg4BDKghWbKoJwoLqXSEeI4Gw0nEVdAhfl8L/SbdsObblXFdLrYtVHHlwDE7AGXBAA7TAFWiDDsDgHjyAJ/BszIxH48V4XbbmjNXMEfgB4+0TxseU5g==</latexit><latexit sha1_base64="n2deWSEFbqM6o73c9TIInMfzqpk=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKiR966rgxmUF+4Amhsl00g6dTMLMRCyhv+LGhSJu/RF3/o3Th6CiBy4czrl35t4TJIxKZdsfRm5tfWNzK79d2Nnd2z8wD4tdGacCkw6OWSz6AZKEUU46iipG+okgKAoY6QWTy7nfuyNC0pjfqGlCvAiNOA0pRkpLvlmc+G5CRHKbuSKC+j02882SbdnVZqNeg7ZVdhq1Wl2TeqVZrpxDx7IXKIEV2r757g5jnEaEK8yQlAPHTpSXIaEoZmRWcFNJEoQnaEQGmnIUEelli91n8FQrQxjGQhdXcKF+n8hQJOU0CnRnhNRY/vbm4l/eIFVh08soT1JFOF5+FKYMqhjOg4BDKghWbKoJwoLqXSEeI4Gw0nEVdAhfl8L/SbdsObblXFdLrYtVHHlwDE7AGXBAA7TAFWiDDsDgHjyAJ/BszIxH48V4XbbmjNXMEfgB4+0TxseU5g==</latexit>

ksoft?
<latexit sha1_base64="zgiglupksLMxTnEWMBEv19IIvWw=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKkzaYltXBTcuK9gHNDFMppN26OTBzEQsIb/ixoUibv0Rd/6N04egogcuHM65l3vv8RPOpELowyisrW9sbhW3Szu7e/sH5mG5J+NUENolMY/FwMeSchbRrmKK00EiKA59Tvv+9HLu9++okCyObtQsoW6IxxELGMFKS55ZnnpOQkVymzkihDIOVO6ZFWS17GqzcQ6RVUe1OmpqghqoVa1B20ILVMAKHc98d0YxSUMaKcKxlEMbJcrNsFCMcJqXnFTSBJMpHtOhphEOqXSzxe05PNXKCAax0BUpuFC/T2Q4lHIW+rozxGoif3tz8S9vmKqg6WYsSlJFI7JcFKQcqhjOg4AjJihRfKYJJoLpWyGZYIGJ0nGVdAhfn8L/Sa9q2ciyr+uV9sUqjiI4BifgDNigAdrgCnRAFxBwDx7AE3g2cuPReDFel60FYzVzBH7AePsEzoyU6g==</latexit><latexit sha1_base64="zgiglupksLMxTnEWMBEv19IIvWw=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKkzaYltXBTcuK9gHNDFMppN26OTBzEQsIb/ixoUibv0Rd/6N04egogcuHM65l3vv8RPOpELowyisrW9sbhW3Szu7e/sH5mG5J+NUENolMY/FwMeSchbRrmKK00EiKA59Tvv+9HLu9++okCyObtQsoW6IxxELGMFKS55ZnnpOQkVymzkihDIOVO6ZFWS17GqzcQ6RVUe1OmpqghqoVa1B20ILVMAKHc98d0YxSUMaKcKxlEMbJcrNsFCMcJqXnFTSBJMpHtOhphEOqXSzxe05PNXKCAax0BUpuFC/T2Q4lHIW+rozxGoif3tz8S9vmKqg6WYsSlJFI7JcFKQcqhjOg4AjJihRfKYJJoLpWyGZYIGJ0nGVdAhfn8L/Sa9q2ciyr+uV9sUqjiI4BifgDNigAdrgCnRAFxBwDx7AE3g2cuPReDFel60FYzVzBH7AePsEzoyU6g==</latexit><latexit sha1_base64="zgiglupksLMxTnEWMBEv19IIvWw=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKkzaYltXBTcuK9gHNDFMppN26OTBzEQsIb/ixoUibv0Rd/6N04egogcuHM65l3vv8RPOpELowyisrW9sbhW3Szu7e/sH5mG5J+NUENolMY/FwMeSchbRrmKK00EiKA59Tvv+9HLu9++okCyObtQsoW6IxxELGMFKS55ZnnpOQkVymzkihDIOVO6ZFWS17GqzcQ6RVUe1OmpqghqoVa1B20ILVMAKHc98d0YxSUMaKcKxlEMbJcrNsFCMcJqXnFTSBJMpHtOhphEOqXSzxe05PNXKCAax0BUpuFC/T2Q4lHIW+rozxGoif3tz8S9vmKqg6WYsSlJFI7JcFKQcqhjOg4AjJihRfKYJJoLpWyGZYIGJ0nGVdAhfn8L/Sa9q2ciyr+uV9sUqjiI4BifgDNigAdrgCnRAFxBwDx7AE3g2cuPReDFel60FYzVzBH7AePsEzoyU6g==</latexit><latexit sha1_base64="zgiglupksLMxTnEWMBEv19IIvWw=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKkzaYltXBTcuK9gHNDFMppN26OTBzEQsIb/ixoUibv0Rd/6N04egogcuHM65l3vv8RPOpELowyisrW9sbhW3Szu7e/sH5mG5J+NUENolMY/FwMeSchbRrmKK00EiKA59Tvv+9HLu9++okCyObtQsoW6IxxELGMFKS55ZnnpOQkVymzkihDIOVO6ZFWS17GqzcQ6RVUe1OmpqghqoVa1B20ILVMAKHc98d0YxSUMaKcKxlEMbJcrNsFCMcJqXnFTSBJMpHtOhphEOqXSzxe05PNXKCAax0BUpuFC/T2Q4lHIW+rozxGoif3tz8S9vmKqg6WYsSlJFI7JcFKQcqhjOg4AjJihRfKYJJoLpWyGZYIGJ0nGVdAhfn8L/Sa9q2ciyr+uV9sUqjiI4BifgDNigAdrgCnRAFxBwDx7AE3g2cuPReDFel60FYzVzBH7AePsEzoyU6g==</latexit>

kcoll?
<latexit sha1_base64="qM86goofrkAEOEj7yF1SWdhIH0Y=">AAAB+3icdVDLSgMxFM34rPU11qWbYBFcDZm+3RXcuKxgH9AZh0yaaUMzD5KMWIb5FTcuFHHrj7jzb0wfgooeuHA4597k3uMnnEmF0Iextr6xubVd2Cnu7u0fHJpHpZ6MU0Fol8Q8FgMfS8pZRLuKKU4HiaA49Dnt+9PLud+/o0KyOLpRs4S6IR5HLGAEKy15ZmnqOQkVyW3miBDq93jumWVkoVqr2ahDZFXsZr3e0KRRbVWqF9C20AJlsELHM9+dUUzSkEaKcCzl0EaJcjMsFCOc5kUnlTTBZIrHdKhphEMq3Wyxew7PtDKCQSx0RQou1O8TGQ6lnIW+7gyxmsjf3lz8yxumKmi5GYuSVNGILD8KUg5VDOdBwBETlCg+0wQTwfSukEywwETpuIo6hK9L4f+kV7FsZNnXtXK7toqjAE7AKTgHNmiCNrgCHdAFBNyDB/AEno3ceDRejNdl65qxmjkGP2C8fQLE+ZTg</latexit><latexit sha1_base64="qM86goofrkAEOEj7yF1SWdhIH0Y=">AAAB+3icdVDLSgMxFM34rPU11qWbYBFcDZm+3RXcuKxgH9AZh0yaaUMzD5KMWIb5FTcuFHHrj7jzb0wfgooeuHA4597k3uMnnEmF0Iextr6xubVd2Cnu7u0fHJpHpZ6MU0Fol8Q8FgMfS8pZRLuKKU4HiaA49Dnt+9PLud+/o0KyOLpRs4S6IR5HLGAEKy15ZmnqOQkVyW3miBDq93jumWVkoVqr2ahDZFXsZr3e0KRRbVWqF9C20AJlsELHM9+dUUzSkEaKcCzl0EaJcjMsFCOc5kUnlTTBZIrHdKhphEMq3Wyxew7PtDKCQSx0RQou1O8TGQ6lnIW+7gyxmsjf3lz8yxumKmi5GYuSVNGILD8KUg5VDOdBwBETlCg+0wQTwfSukEywwETpuIo6hK9L4f+kV7FsZNnXtXK7toqjAE7AKTgHNmiCNrgCHdAFBNyDB/AEno3ceDRejNdl65qxmjkGP2C8fQLE+ZTg</latexit><latexit sha1_base64="qM86goofrkAEOEj7yF1SWdhIH0Y=">AAAB+3icdVDLSgMxFM34rPU11qWbYBFcDZm+3RXcuKxgH9AZh0yaaUMzD5KMWIb5FTcuFHHrj7jzb0wfgooeuHA4597k3uMnnEmF0Iextr6xubVd2Cnu7u0fHJpHpZ6MU0Fol8Q8FgMfS8pZRLuKKU4HiaA49Dnt+9PLud+/o0KyOLpRs4S6IR5HLGAEKy15ZmnqOQkVyW3miBDq93jumWVkoVqr2ahDZFXsZr3e0KRRbVWqF9C20AJlsELHM9+dUUzSkEaKcCzl0EaJcjMsFCOc5kUnlTTBZIrHdKhphEMq3Wyxew7PtDKCQSx0RQou1O8TGQ6lnIW+7gyxmsjf3lz8yxumKmi5GYuSVNGILD8KUg5VDOdBwBETlCg+0wQTwfSukEywwETpuIo6hK9L4f+kV7FsZNnXtXK7toqjAE7AKTgHNmiCNrgCHdAFBNyDB/AEno3ceDRejNdl65qxmjkGP2C8fQLE+ZTg</latexit><latexit sha1_base64="qM86goofrkAEOEj7yF1SWdhIH0Y=">AAAB+3icdVDLSgMxFM34rPU11qWbYBFcDZm+3RXcuKxgH9AZh0yaaUMzD5KMWIb5FTcuFHHrj7jzb0wfgooeuHA4597k3uMnnEmF0Iextr6xubVd2Cnu7u0fHJpHpZ6MU0Fol8Q8FgMfS8pZRLuKKU4HiaA49Dnt+9PLud+/o0KyOLpRs4S6IR5HLGAEKy15ZmnqOQkVyW3miBDq93jumWVkoVqr2ahDZFXsZr3e0KRRbVWqF9C20AJlsELHM9+dUUzSkEaKcCzl0EaJcjMsFCOc5kUnlTTBZIrHdKhphEMq3Wyxew7PtDKCQSx0RQou1O8TGQ6lnIW+7gyxmsjf3lz8yxumKmi5GYuSVNGILD8KUg5VDOdBwBETlCg+0wQTwfSukEywwETpuIo6hK9L4f+kV7FsZNnXtXK7toqjAE7AKTgHNmiCNrgCHdAFBNyDB/AEno3ceDRejNdl65qxmjkGP2C8fQLE+ZTg</latexit>

ksoft?
<latexit sha1_base64="wh5us3LSjE6eWHlqSoQzhvqlg84=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFchUkbbLsruHFZwT6giWEynbRDJw9mJmIJ+RU3LhRx64+482+cPgQVPXDhcM693HtPkHImFUIfxtr6xubWdmmnvLu3f3BoHlV6MskEoV2S8EQMAiwpZzHtKqY4HaSC4ijgtB9ML+d+/44KyZL4Rs1S6kV4HLOQEay05JuVqe+mVKS3uSsiKJNQFb5ZRVbLrjUbFxBZDqo7qKkJaqBWrQ5tCy1QBSt0fPPdHSUki2isCMdSDm2UKi/HQjHCaVF2M0lTTKZ4TIeaxjii0ssXtxfwTCsjGCZCV6zgQv0+keNIylkU6M4Iq4n87c3Fv7xhpsKml7M4zRSNyXJRmHGoEjgPAo6YoETxmSaYCKZvhWSCBSZKx1XWIXx9Cv8nvZplI8u+dqptZxVHCZyAU3AObNAAbXAFOqALCLgHD+AJPBuF8Wi8GK/L1jVjNXMMfsB4+wTMvpTk</latexit><latexit sha1_base64="wh5us3LSjE6eWHlqSoQzhvqlg84=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFchUkbbLsruHFZwT6giWEynbRDJw9mJmIJ+RU3LhRx64+482+cPgQVPXDhcM693HtPkHImFUIfxtr6xubWdmmnvLu3f3BoHlV6MskEoV2S8EQMAiwpZzHtKqY4HaSC4ijgtB9ML+d+/44KyZL4Rs1S6kV4HLOQEay05JuVqe+mVKS3uSsiKJNQFb5ZRVbLrjUbFxBZDqo7qKkJaqBWrQ5tCy1QBSt0fPPdHSUki2isCMdSDm2UKi/HQjHCaVF2M0lTTKZ4TIeaxjii0ssXtxfwTCsjGCZCV6zgQv0+keNIylkU6M4Iq4n87c3Fv7xhpsKml7M4zRSNyXJRmHGoEjgPAo6YoETxmSaYCKZvhWSCBSZKx1XWIXx9Cv8nvZplI8u+dqptZxVHCZyAU3AObNAAbXAFOqALCLgHD+AJPBuF8Wi8GK/L1jVjNXMMfsB4+wTMvpTk</latexit><latexit sha1_base64="wh5us3LSjE6eWHlqSoQzhvqlg84=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFchUkbbLsruHFZwT6giWEynbRDJw9mJmIJ+RU3LhRx64+482+cPgQVPXDhcM693HtPkHImFUIfxtr6xubWdmmnvLu3f3BoHlV6MskEoV2S8EQMAiwpZzHtKqY4HaSC4ijgtB9ML+d+/44KyZL4Rs1S6kV4HLOQEay05JuVqe+mVKS3uSsiKJNQFb5ZRVbLrjUbFxBZDqo7qKkJaqBWrQ5tCy1QBSt0fPPdHSUki2isCMdSDm2UKi/HQjHCaVF2M0lTTKZ4TIeaxjii0ssXtxfwTCsjGCZCV6zgQv0+keNIylkU6M4Iq4n87c3Fv7xhpsKml7M4zRSNyXJRmHGoEjgPAo6YoETxmSaYCKZvhWSCBSZKx1XWIXx9Cv8nvZplI8u+dqptZxVHCZyAU3AObNAAbXAFOqALCLgHD+AJPBuF8Wi8GK/L1jVjNXMMfsB4+wTMvpTk</latexit><latexit sha1_base64="wh5us3LSjE6eWHlqSoQzhvqlg84=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFchUkbbLsruHFZwT6giWEynbRDJw9mJmIJ+RU3LhRx64+482+cPgQVPXDhcM693HtPkHImFUIfxtr6xubWdmmnvLu3f3BoHlV6MskEoV2S8EQMAiwpZzHtKqY4HaSC4ijgtB9ML+d+/44KyZL4Rs1S6kV4HLOQEay05JuVqe+mVKS3uSsiKJNQFb5ZRVbLrjUbFxBZDqo7qKkJaqBWrQ5tCy1QBSt0fPPdHSUki2isCMdSDm2UKi/HQjHCaVF2M0lTTKZ4TIeaxjii0ssXtxfwTCsjGCZCV6zgQv0+keNIylkU6M4Iq4n87c3Fv7xhpsKml7M4zRSNyXJRmHGoEjgPAo6YoETxmSaYCKZvhWSCBSZKx1XWIXx9Cv8nvZplI8u+dqptZxVHCZyAU3AObNAAbXAFOqALCLgHD+AJPBuF8Wi8GK/L1jVjNXMMfsB4+wTMvpTk</latexit>



1B. Winner-Take-All axis

• Jet axis along jet momentum: recoiled by soft radiation in jet  
→ Theory: non-global logarithms, Exp: contamination. 

• Absent for Winner-Take-All (WTA) recombination scheme:

20

pcoll?
<latexit sha1_base64="J1Y/UtqxIyfUnj9yoxXwUxprBM0=">AAAB/nicdVBNSwMxEM36WetXVTx5CRbB05LVYu2t6MVjBVuFtpZsOtVgdjcks2JZCv4VLx4U8erv8Oa/Mf0QVPTBwOO9mWTmhVpJi4x9eFPTM7Nz87mF/OLS8spqYW29YZPUCKiLRCXmIuQWlIyhjhIVXGgDPAoVnIc3x0P//BaMlUl8hn0N7YhfxbInBUcndQqbutPSYPRl1kK4w8y9qAaDTqHIfLZfPmAlyvx9dhjsVRwpM1YuVWjgsxGKZIJap/De6iYijSBGobi1zYBpbGfcoBQKBvlWakFzccOvoOlozCOw7Wy0/oDuOKVLe4lxFSMdqd8nMh5Z249C1xlxvLa/vaH4l9dMsXfYzmSsU4RYjD/qpYpiQodZ0K40IFD1HeHCSLcrFdfccIEusbwL4etS+j9p7PkB84PTUrF6NIkjR7bINtklASmTKjkhNVIngmTkgTyRZ+/ee/RevNdx65Q3mdkgP+C9fQLl5Za+</latexit><latexit sha1_base64="J1Y/UtqxIyfUnj9yoxXwUxprBM0=">AAAB/nicdVBNSwMxEM36WetXVTx5CRbB05LVYu2t6MVjBVuFtpZsOtVgdjcks2JZCv4VLx4U8erv8Oa/Mf0QVPTBwOO9mWTmhVpJi4x9eFPTM7Nz87mF/OLS8spqYW29YZPUCKiLRCXmIuQWlIyhjhIVXGgDPAoVnIc3x0P//BaMlUl8hn0N7YhfxbInBUcndQqbutPSYPRl1kK4w8y9qAaDTqHIfLZfPmAlyvx9dhjsVRwpM1YuVWjgsxGKZIJap/De6iYijSBGobi1zYBpbGfcoBQKBvlWakFzccOvoOlozCOw7Wy0/oDuOKVLe4lxFSMdqd8nMh5Z249C1xlxvLa/vaH4l9dMsXfYzmSsU4RYjD/qpYpiQodZ0K40IFD1HeHCSLcrFdfccIEusbwL4etS+j9p7PkB84PTUrF6NIkjR7bINtklASmTKjkhNVIngmTkgTyRZ+/ee/RevNdx65Q3mdkgP+C9fQLl5Za+</latexit><latexit sha1_base64="J1Y/UtqxIyfUnj9yoxXwUxprBM0=">AAAB/nicdVBNSwMxEM36WetXVTx5CRbB05LVYu2t6MVjBVuFtpZsOtVgdjcks2JZCv4VLx4U8erv8Oa/Mf0QVPTBwOO9mWTmhVpJi4x9eFPTM7Nz87mF/OLS8spqYW29YZPUCKiLRCXmIuQWlIyhjhIVXGgDPAoVnIc3x0P//BaMlUl8hn0N7YhfxbInBUcndQqbutPSYPRl1kK4w8y9qAaDTqHIfLZfPmAlyvx9dhjsVRwpM1YuVWjgsxGKZIJap/De6iYijSBGobi1zYBpbGfcoBQKBvlWakFzccOvoOlozCOw7Wy0/oDuOKVLe4lxFSMdqd8nMh5Z249C1xlxvLa/vaH4l9dMsXfYzmSsU4RYjD/qpYpiQodZ0K40IFD1HeHCSLcrFdfccIEusbwL4etS+j9p7PkB84PTUrF6NIkjR7bINtklASmTKjkhNVIngmTkgTyRZ+/ee/RevNdx65Q3mdkgP+C9fQLl5Za+</latexit><latexit sha1_base64="J1Y/UtqxIyfUnj9yoxXwUxprBM0=">AAAB/nicdVBNSwMxEM36WetXVTx5CRbB05LVYu2t6MVjBVuFtpZsOtVgdjcks2JZCv4VLx4U8erv8Oa/Mf0QVPTBwOO9mWTmhVpJi4x9eFPTM7Nz87mF/OLS8spqYW29YZPUCKiLRCXmIuQWlIyhjhIVXGgDPAoVnIc3x0P//BaMlUl8hn0N7YhfxbInBUcndQqbutPSYPRl1kK4w8y9qAaDTqHIfLZfPmAlyvx9dhjsVRwpM1YuVWjgsxGKZIJap/De6iYijSBGobi1zYBpbGfcoBQKBvlWakFzccOvoOlozCOw7Wy0/oDuOKVLe4lxFSMdqd8nMh5Z249C1xlxvLa/vaH4l9dMsXfYzmSsU4RYjD/qpYpiQodZ0K40IFD1HeHCSLcrFdfccIEusbwL4etS+j9p7PkB84PTUrF6NIkjR7bINtklASmTKjkhNVIngmTkgTyRZ+/ee/RevNdx65Q3mdkgP+C9fQLl5Za+</latexit>

psoft?
<latexit sha1_base64="HELZubt7ZXVYSxMY6hwmU4yDKi0=">AAAB/nicdVBNSwMxEM36bf2qiicvwSJ4WrJt0XoTvXhUsLbQ1pJNZzWY3Q3JrFiWgn/FiwdFvPo7vPlvTGsFFX0w8Hhvhpl5oVbSImPv3sTk1PTM7Nx8YWFxaXmluLp2btPMCKiLVKWmGXILSiZQR4kKmtoAj0MFjfD6aOg3bsBYmSZn2NfQifllIiMpODqpW9zQ3bYGoy/yNsIt5jaNcDDoFkvM36/sVoIaZX61tldmzBFWC8pOCXw2QomMcdItvrV7qchiSFAobm0rYBo7OTcohYJBoZ1Z0Fxc80toOZrwGGwnH50/oNtO6dEoNa4SpCP1+0TOY2v7ceg6Y45X9rc3FP/yWhlGtU4uE50hJOJzUZQpiikdZkF70oBA1XeECyPdrVRcccMFusQKLoSvT+n/5LzsB8wPTqulg8NxHHNkk2yRHRKQPXJAjskJqRNBcnJPHsmTd+c9eM/ey2frhDeeWSc/4L1+AAPNltE=</latexit><latexit sha1_base64="HELZubt7ZXVYSxMY6hwmU4yDKi0=">AAAB/nicdVBNSwMxEM36bf2qiicvwSJ4WrJt0XoTvXhUsLbQ1pJNZzWY3Q3JrFiWgn/FiwdFvPo7vPlvTGsFFX0w8Hhvhpl5oVbSImPv3sTk1PTM7Nx8YWFxaXmluLp2btPMCKiLVKWmGXILSiZQR4kKmtoAj0MFjfD6aOg3bsBYmSZn2NfQifllIiMpODqpW9zQ3bYGoy/yNsIt5jaNcDDoFkvM36/sVoIaZX61tldmzBFWC8pOCXw2QomMcdItvrV7qchiSFAobm0rYBo7OTcohYJBoZ1Z0Fxc80toOZrwGGwnH50/oNtO6dEoNa4SpCP1+0TOY2v7ceg6Y45X9rc3FP/yWhlGtU4uE50hJOJzUZQpiikdZkF70oBA1XeECyPdrVRcccMFusQKLoSvT+n/5LzsB8wPTqulg8NxHHNkk2yRHRKQPXJAjskJqRNBcnJPHsmTd+c9eM/ey2frhDeeWSc/4L1+AAPNltE=</latexit><latexit sha1_base64="HELZubt7ZXVYSxMY6hwmU4yDKi0=">AAAB/nicdVBNSwMxEM36bf2qiicvwSJ4WrJt0XoTvXhUsLbQ1pJNZzWY3Q3JrFiWgn/FiwdFvPo7vPlvTGsFFX0w8Hhvhpl5oVbSImPv3sTk1PTM7Nx8YWFxaXmluLp2btPMCKiLVKWmGXILSiZQR4kKmtoAj0MFjfD6aOg3bsBYmSZn2NfQifllIiMpODqpW9zQ3bYGoy/yNsIt5jaNcDDoFkvM36/sVoIaZX61tldmzBFWC8pOCXw2QomMcdItvrV7qchiSFAobm0rYBo7OTcohYJBoZ1Z0Fxc80toOZrwGGwnH50/oNtO6dEoNa4SpCP1+0TOY2v7ceg6Y45X9rc3FP/yWhlGtU4uE50hJOJzUZQpiikdZkF70oBA1XeECyPdrVRcccMFusQKLoSvT+n/5LzsB8wPTqulg8NxHHNkk2yRHRKQPXJAjskJqRNBcnJPHsmTd+c9eM/ey2frhDeeWSc/4L1+AAPNltE=</latexit><latexit sha1_base64="HELZubt7ZXVYSxMY6hwmU4yDKi0=">AAAB/nicdVBNSwMxEM36bf2qiicvwSJ4WrJt0XoTvXhUsLbQ1pJNZzWY3Q3JrFiWgn/FiwdFvPo7vPlvTGsFFX0w8Hhvhpl5oVbSImPv3sTk1PTM7Nx8YWFxaXmluLp2btPMCKiLVKWmGXILSiZQR4kKmtoAj0MFjfD6aOg3bsBYmSZn2NfQifllIiMpODqpW9zQ3bYGoy/yNsIt5jaNcDDoFkvM36/sVoIaZX61tldmzBFWC8pOCXw2QomMcdItvrV7qchiSFAobm0rYBo7OTcohYJBoZ1Z0Fxc80toOZrwGGwnH50/oNtO6dEoNa4SpCP1+0TOY2v7ceg6Y45X9rc3FP/yWhlGtU4uE50hJOJzUZQpiikdZkF70oBA1XeECyPdrVRcccMFusQKLoSvT+n/5LzsB8wPTqulg8NxHHNkk2yRHRKQPXJAjskJqRNBcnJPHsmTd+c9eM/ey2frhDeeWSc/4L1+AAPNltE=</latexit>

pcoll?<latexit sha1_base64="J1Y/UtqxIyfUnj9yoxXwUxprBM0=">AAAB/nicdVBNSwMxEM36WetXVTx5CRbB05LVYu2t6MVjBVuFtpZsOtVgdjcks2JZCv4VLx4U8erv8Oa/Mf0QVPTBwOO9mWTmhVpJi4x9eFPTM7Nz87mF/OLS8spqYW29YZPUCKiLRCXmIuQWlIyhjhIVXGgDPAoVnIc3x0P//BaMlUl8hn0N7YhfxbInBUcndQqbutPSYPRl1kK4w8y9qAaDTqHIfLZfPmAlyvx9dhjsVRwpM1YuVWjgsxGKZIJap/De6iYijSBGobi1zYBpbGfcoBQKBvlWakFzccOvoOlozCOw7Wy0/oDuOKVLe4lxFSMdqd8nMh5Z249C1xlxvLa/vaH4l9dMsXfYzmSsU4RYjD/qpYpiQodZ0K40IFD1HeHCSLcrFdfccIEusbwL4etS+j9p7PkB84PTUrF6NIkjR7bINtklASmTKjkhNVIngmTkgTyRZ+/ee/RevNdx65Q3mdkgP+C9fQLl5Za+</latexit><latexit sha1_base64="J1Y/UtqxIyfUnj9yoxXwUxprBM0=">AAAB/nicdVBNSwMxEM36WetXVTx5CRbB05LVYu2t6MVjBVuFtpZsOtVgdjcks2JZCv4VLx4U8erv8Oa/Mf0QVPTBwOO9mWTmhVpJi4x9eFPTM7Nz87mF/OLS8spqYW29YZPUCKiLRCXmIuQWlIyhjhIVXGgDPAoVnIc3x0P//BaMlUl8hn0N7YhfxbInBUcndQqbutPSYPRl1kK4w8y9qAaDTqHIfLZfPmAlyvx9dhjsVRwpM1YuVWjgsxGKZIJap/De6iYijSBGobi1zYBpbGfcoBQKBvlWakFzccOvoOlozCOw7Wy0/oDuOKVLe4lxFSMdqd8nMh5Z249C1xlxvLa/vaH4l9dMsXfYzmSsU4RYjD/qpYpiQodZ0K40IFD1HeHCSLcrFdfccIEusbwL4etS+j9p7PkB84PTUrF6NIkjR7bINtklASmTKjkhNVIngmTkgTyRZ+/ee/RevNdx65Q3mdkgP+C9fQLl5Za+</latexit><latexit sha1_base64="J1Y/UtqxIyfUnj9yoxXwUxprBM0=">AAAB/nicdVBNSwMxEM36WetXVTx5CRbB05LVYu2t6MVjBVuFtpZsOtVgdjcks2JZCv4VLx4U8erv8Oa/Mf0QVPTBwOO9mWTmhVpJi4x9eFPTM7Nz87mF/OLS8spqYW29YZPUCKiLRCXmIuQWlIyhjhIVXGgDPAoVnIc3x0P//BaMlUl8hn0N7YhfxbInBUcndQqbutPSYPRl1kK4w8y9qAaDTqHIfLZfPmAlyvx9dhjsVRwpM1YuVWjgsxGKZIJap/De6iYijSBGobi1zYBpbGfcoBQKBvlWakFzccOvoOlozCOw7Wy0/oDuOKVLe4lxFSMdqd8nMh5Z249C1xlxvLa/vaH4l9dMsXfYzmSsU4RYjD/qpYpiQodZ0K40IFD1HeHCSLcrFdfccIEusbwL4etS+j9p7PkB84PTUrF6NIkjR7bINtklASmTKjkhNVIngmTkgTyRZ+/ee/RevNdx65Q3mdkgP+C9fQLl5Za+</latexit><latexit sha1_base64="J1Y/UtqxIyfUnj9yoxXwUxprBM0=">AAAB/nicdVBNSwMxEM36WetXVTx5CRbB05LVYu2t6MVjBVuFtpZsOtVgdjcks2JZCv4VLx4U8erv8Oa/Mf0QVPTBwOO9mWTmhVpJi4x9eFPTM7Nz87mF/OLS8spqYW29YZPUCKiLRCXmIuQWlIyhjhIVXGgDPAoVnIc3x0P//BaMlUl8hn0N7YhfxbInBUcndQqbutPSYPRl1kK4w8y9qAaDTqHIfLZfPmAlyvx9dhjsVRwpM1YuVWjgsxGKZIJap/De6iYijSBGobi1zYBpbGfcoBQKBvlWakFzccOvoOlozCOw7Wy0/oDuOKVLe4lxFSMdqd8nMh5Z249C1xlxvLa/vaH4l9dMsXfYzmSsU4RYjD/qpYpiQodZ0K40IFD1HeHCSLcrFdfccIEusbwL4etS+j9p7PkB84PTUrF6NIkjR7bINtklASmTKjkhNVIngmTkgTyRZ+/ee/RevNdx65Q3mdkgP+C9fQLl5Za+</latexit>

+
<latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit>

psoft?<latexit sha1_base64="HELZubt7ZXVYSxMY6hwmU4yDKi0=">AAAB/nicdVBNSwMxEM36bf2qiicvwSJ4WrJt0XoTvXhUsLbQ1pJNZzWY3Q3JrFiWgn/FiwdFvPo7vPlvTGsFFX0w8Hhvhpl5oVbSImPv3sTk1PTM7Nx8YWFxaXmluLp2btPMCKiLVKWmGXILSiZQR4kKmtoAj0MFjfD6aOg3bsBYmSZn2NfQifllIiMpODqpW9zQ3bYGoy/yNsIt5jaNcDDoFkvM36/sVoIaZX61tldmzBFWC8pOCXw2QomMcdItvrV7qchiSFAobm0rYBo7OTcohYJBoZ1Z0Fxc80toOZrwGGwnH50/oNtO6dEoNa4SpCP1+0TOY2v7ceg6Y45X9rc3FP/yWhlGtU4uE50hJOJzUZQpiikdZkF70oBA1XeECyPdrVRcccMFusQKLoSvT+n/5LzsB8wPTqulg8NxHHNkk2yRHRKQPXJAjskJqRNBcnJPHsmTd+c9eM/ey2frhDeeWSc/4L1+AAPNltE=</latexit><latexit sha1_base64="HELZubt7ZXVYSxMY6hwmU4yDKi0=">AAAB/nicdVBNSwMxEM36bf2qiicvwSJ4WrJt0XoTvXhUsLbQ1pJNZzWY3Q3JrFiWgn/FiwdFvPo7vPlvTGsFFX0w8Hhvhpl5oVbSImPv3sTk1PTM7Nx8YWFxaXmluLp2btPMCKiLVKWmGXILSiZQR4kKmtoAj0MFjfD6aOg3bsBYmSZn2NfQifllIiMpODqpW9zQ3bYGoy/yNsIt5jaNcDDoFkvM36/sVoIaZX61tldmzBFWC8pOCXw2QomMcdItvrV7qchiSFAobm0rYBo7OTcohYJBoZ1Z0Fxc80toOZrwGGwnH50/oNtO6dEoNa4SpCP1+0TOY2v7ceg6Y45X9rc3FP/yWhlGtU4uE50hJOJzUZQpiikdZkF70oBA1XeECyPdrVRcccMFusQKLoSvT+n/5LzsB8wPTqulg8NxHHNkk2yRHRKQPXJAjskJqRNBcnJPHsmTd+c9eM/ey2frhDeeWSc/4L1+AAPNltE=</latexit><latexit sha1_base64="HELZubt7ZXVYSxMY6hwmU4yDKi0=">AAAB/nicdVBNSwMxEM36bf2qiicvwSJ4WrJt0XoTvXhUsLbQ1pJNZzWY3Q3JrFiWgn/FiwdFvPo7vPlvTGsFFX0w8Hhvhpl5oVbSImPv3sTk1PTM7Nx8YWFxaXmluLp2btPMCKiLVKWmGXILSiZQR4kKmtoAj0MFjfD6aOg3bsBYmSZn2NfQifllIiMpODqpW9zQ3bYGoy/yNsIt5jaNcDDoFkvM36/sVoIaZX61tldmzBFWC8pOCXw2QomMcdItvrV7qchiSFAobm0rYBo7OTcohYJBoZ1Z0Fxc80toOZrwGGwnH50/oNtO6dEoNa4SpCP1+0TOY2v7ceg6Y45X9rc3FP/yWhlGtU4uE50hJOJzUZQpiikdZkF70oBA1XeECyPdrVRcccMFusQKLoSvT+n/5LzsB8wPTqulg8NxHHNkk2yRHRKQPXJAjskJqRNBcnJPHsmTd+c9eM/ey2frhDeeWSc/4L1+AAPNltE=</latexit><latexit sha1_base64="HELZubt7ZXVYSxMY6hwmU4yDKi0=">AAAB/nicdVBNSwMxEM36bf2qiicvwSJ4WrJt0XoTvXhUsLbQ1pJNZzWY3Q3JrFiWgn/FiwdFvPo7vPlvTGsFFX0w8Hhvhpl5oVbSImPv3sTk1PTM7Nx8YWFxaXmluLp2btPMCKiLVKWmGXILSiZQR4kKmtoAj0MFjfD6aOg3bsBYmSZn2NfQifllIiMpODqpW9zQ3bYGoy/yNsIt5jaNcDDoFkvM36/sVoIaZX61tldmzBFWC8pOCXw2QomMcdItvrV7qchiSFAobm0rYBo7OTcohYJBoZ1Z0Fxc80toOZrwGGwnH50/oNtO6dEoNa4SpCP1+0TOY2v7ceg6Y45X9rc3FP/yWhlGtU4uE50hJOJzUZQpiikdZkF70oBA1XeECyPdrVRcccMFusQKLoSvT+n/5LzsB8wPTqulg8NxHHNkk2yRHRKQPXJAjskJqRNBcnJPHsmTd+c9eM/ey2frhDeeWSc/4L1+AAPNltE=</latexit> = 0
<latexit sha1_base64="sNRa6migR4nhR4s6i31xjdL0aOE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqBeh6MVjFfsBbSib7aZdutmE3YlQQv+BFw+KePUfefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnGScD+iQyVCwSha6eHa7ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fja/dErOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4ZWfCZWkyBVbLApTSTAms7fJQGjOUE4soUwLeythI6opQxtOyYbgLb+8SloXVc+teveXlfpNHkcRTuAUzsGDGtThDhrQBAYhPMMrvDlj58V5dz4WrQUnnzmGP3A+fwD6roz7</latexit><latexit sha1_base64="sNRa6migR4nhR4s6i31xjdL0aOE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqBeh6MVjFfsBbSib7aZdutmE3YlQQv+BFw+KePUfefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnGScD+iQyVCwSha6eHa7ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fja/dErOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4ZWfCZWkyBVbLApTSTAms7fJQGjOUE4soUwLeythI6opQxtOyYbgLb+8SloXVc+teveXlfpNHkcRTuAUzsGDGtThDhrQBAYhPMMrvDlj58V5dz4WrQUnnzmGP3A+fwD6roz7</latexit><latexit sha1_base64="sNRa6migR4nhR4s6i31xjdL0aOE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqBeh6MVjFfsBbSib7aZdutmE3YlQQv+BFw+KePUfefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnGScD+iQyVCwSha6eHa7ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fja/dErOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4ZWfCZWkyBVbLApTSTAms7fJQGjOUE4soUwLeythI6opQxtOyYbgLb+8SloXVc+teveXlfpNHkcRTuAUzsGDGtThDhrQBAYhPMMrvDlj58V5dz4WrQUnnzmGP3A+fwD6roz7</latexit><latexit sha1_base64="sNRa6migR4nhR4s6i31xjdL0aOE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqBeh6MVjFfsBbSib7aZdutmE3YlQQv+BFw+KePUfefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnGScD+iQyVCwSha6eHa7ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fja/dErOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4ZWfCZWkyBVbLApTSTAms7fJQGjOUE4soUwLeythI6opQxtOyYbgLb+8SloXVc+teveXlfpNHkcRTuAUzsGDGtThDhrQBAYhPMMrvDlj58V5dz4WrQUnnzmGP3A+fwD6roz7</latexit>

Jet axis
<latexit sha1_base64="8Dql8bJc/Qhf491IwSfU4mdTRhw=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInsKuCHoMehFPEcwDkiXMTnqTIbMPZnolccmXePGgiFc/xZt/4yTZgyYWNBRV3XR3+YkUGh3n2yqsrW9sbhW3Szu7e/tl++CwqeNUcWjwWMaq7TMNUkTQQIES2okCFvoSWv7oZua3HkFpEUcPOEnAC9kgEoHgDI3Us8tdhDFmd4CUjYWe9uyKU3XmoKvEzUmF5Kj37K9uP+ZpCBFyybTuuE6CXsYUCi5hWuqmGhLGR2wAHUMjFoL2svnhU3pqlD4NYmUqQjpXf09kLNR6EvqmM2Q41MveTPzP66QYXHmZiJIUIeKLRUEqKcZ0lgLtCwUc5cQQxpUwt1I+ZIpxNFmVTAju8surpHledZ2qe39RqV3ncRTJMTkhZ8Qll6RGbkmdNAgnKXkmr+TNerJerHfrY9FasPKZI/IH1ucPCfuTUg==</latexit><latexit sha1_base64="8Dql8bJc/Qhf491IwSfU4mdTRhw=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInsKuCHoMehFPEcwDkiXMTnqTIbMPZnolccmXePGgiFc/xZt/4yTZgyYWNBRV3XR3+YkUGh3n2yqsrW9sbhW3Szu7e/tl++CwqeNUcWjwWMaq7TMNUkTQQIES2okCFvoSWv7oZua3HkFpEUcPOEnAC9kgEoHgDI3Us8tdhDFmd4CUjYWe9uyKU3XmoKvEzUmF5Kj37K9uP+ZpCBFyybTuuE6CXsYUCi5hWuqmGhLGR2wAHUMjFoL2svnhU3pqlD4NYmUqQjpXf09kLNR6EvqmM2Q41MveTPzP66QYXHmZiJIUIeKLRUEqKcZ0lgLtCwUc5cQQxpUwt1I+ZIpxNFmVTAju8surpHledZ2qe39RqV3ncRTJMTkhZ8Qll6RGbkmdNAgnKXkmr+TNerJerHfrY9FasPKZI/IH1ucPCfuTUg==</latexit><latexit sha1_base64="8Dql8bJc/Qhf491IwSfU4mdTRhw=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInsKuCHoMehFPEcwDkiXMTnqTIbMPZnolccmXePGgiFc/xZt/4yTZgyYWNBRV3XR3+YkUGh3n2yqsrW9sbhW3Szu7e/tl++CwqeNUcWjwWMaq7TMNUkTQQIES2okCFvoSWv7oZua3HkFpEUcPOEnAC9kgEoHgDI3Us8tdhDFmd4CUjYWe9uyKU3XmoKvEzUmF5Kj37K9uP+ZpCBFyybTuuE6CXsYUCi5hWuqmGhLGR2wAHUMjFoL2svnhU3pqlD4NYmUqQjpXf09kLNR6EvqmM2Q41MveTPzP66QYXHmZiJIUIeKLRUEqKcZ0lgLtCwUc5cQQxpUwt1I+ZIpxNFmVTAju8surpHledZ2qe39RqV3ncRTJMTkhZ8Qll6RGbkmdNAgnKXkmr+TNerJerHfrY9FasPKZI/IH1ucPCfuTUg==</latexit><latexit sha1_base64="8Dql8bJc/Qhf491IwSfU4mdTRhw=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInsKuCHoMehFPEcwDkiXMTnqTIbMPZnolccmXePGgiFc/xZt/4yTZgyYWNBRV3XR3+YkUGh3n2yqsrW9sbhW3Szu7e/tl++CwqeNUcWjwWMaq7TMNUkTQQIES2okCFvoSWv7oZua3HkFpEUcPOEnAC9kgEoHgDI3Us8tdhDFmd4CUjYWe9uyKU3XmoKvEzUmF5Kj37K9uP+ZpCBFyybTuuE6CXsYUCi5hWuqmGhLGR2wAHUMjFoL2svnhU3pqlD4NYmUqQjpXf09kLNR6EvqmM2Q41MveTPzP66QYXHmZiJIUIeKLRUEqKcZ0lgLtCwUc5cQQxpUwt1I+ZIpxNFmVTAju8surpHledZ2qe39RqV3ncRTJMTkhZ8Qll6RGbkmdNAgnKXkmr+TNerJerHfrY9FasPKZI/IH1ucPCfuTUg==</latexit>

hard
<latexit sha1_base64="rz7FMgqPsuJ5mSA9QZEss8u61HM=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YPRndFNy4r2Ae0Q8lk0jY08yC5I5ahn+HGhSJu/Rp3/o2ZtoKKHggczrmX3HP8RAoNhHxYK6tr6xubha3i9s7u3n7p4LCt41Qx3mKxjFXXp5pLEfEWCJC8myhOQ1/yjj+5yv3OHVdaxNEtTBPuhXQUiaFgFIzU6wO/h2xMVTAblMrEJnXXvahiYldJxXFyQtxKrVbHjk3mKKMlmoPSez+IWRryCJikWvcckoCXUQWCST4r9lPNE8omdMR7hkY05NrL5ifP8KlRAjyMlXkR4Ln6fSOjodbT0DeTIYWx/u3l4l9eL4XhuZeJKEmBR2zx0TCVGGKc58eBUJyBnBpCmRLmVsxMfsrAtFQ0JXwlxf+TdsV2iO3c1MqNy2UdBXSMTtAZcpCLGugaNVELMRSjB/SEni2wHq0X63UxumItd47QD1hvnzuvkd8=</latexit><latexit sha1_base64="rz7FMgqPsuJ5mSA9QZEss8u61HM=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YPRndFNy4r2Ae0Q8lk0jY08yC5I5ahn+HGhSJu/Rp3/o2ZtoKKHggczrmX3HP8RAoNhHxYK6tr6xubha3i9s7u3n7p4LCt41Qx3mKxjFXXp5pLEfEWCJC8myhOQ1/yjj+5yv3OHVdaxNEtTBPuhXQUiaFgFIzU6wO/h2xMVTAblMrEJnXXvahiYldJxXFyQtxKrVbHjk3mKKMlmoPSez+IWRryCJikWvcckoCXUQWCST4r9lPNE8omdMR7hkY05NrL5ifP8KlRAjyMlXkR4Ln6fSOjodbT0DeTIYWx/u3l4l9eL4XhuZeJKEmBR2zx0TCVGGKc58eBUJyBnBpCmRLmVsxMfsrAtFQ0JXwlxf+TdsV2iO3c1MqNy2UdBXSMTtAZcpCLGugaNVELMRSjB/SEni2wHq0X63UxumItd47QD1hvnzuvkd8=</latexit><latexit sha1_base64="rz7FMgqPsuJ5mSA9QZEss8u61HM=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YPRndFNy4r2Ae0Q8lk0jY08yC5I5ahn+HGhSJu/Rp3/o2ZtoKKHggczrmX3HP8RAoNhHxYK6tr6xubha3i9s7u3n7p4LCt41Qx3mKxjFXXp5pLEfEWCJC8myhOQ1/yjj+5yv3OHVdaxNEtTBPuhXQUiaFgFIzU6wO/h2xMVTAblMrEJnXXvahiYldJxXFyQtxKrVbHjk3mKKMlmoPSez+IWRryCJikWvcckoCXUQWCST4r9lPNE8omdMR7hkY05NrL5ifP8KlRAjyMlXkR4Ln6fSOjodbT0DeTIYWx/u3l4l9eL4XhuZeJKEmBR2zx0TCVGGKc58eBUJyBnBpCmRLmVsxMfsrAtFQ0JXwlxf+TdsV2iO3c1MqNy2UdBXSMTtAZcpCLGugaNVELMRSjB/SEni2wHq0X63UxumItd47QD1hvnzuvkd8=</latexit><latexit sha1_base64="rz7FMgqPsuJ5mSA9QZEss8u61HM=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXQ6YPRndFNy4r2Ae0Q8lk0jY08yC5I5ahn+HGhSJu/Rp3/o2ZtoKKHggczrmX3HP8RAoNhHxYK6tr6xubha3i9s7u3n7p4LCt41Qx3mKxjFXXp5pLEfEWCJC8myhOQ1/yjj+5yv3OHVdaxNEtTBPuhXQUiaFgFIzU6wO/h2xMVTAblMrEJnXXvahiYldJxXFyQtxKrVbHjk3mKKMlmoPSez+IWRryCJikWvcckoCXUQWCST4r9lPNE8omdMR7hkY05NrL5ifP8KlRAjyMlXkR4Ln6fSOjodbT0DeTIYWx/u3l4l9eL4XhuZeJKEmBR2zx0TCVGGKc58eBUJyBnBpCmRLmVsxMfsrAtFQ0JXwlxf+TdsV2iO3c1MqNy2UdBXSMTtAZcpCLGugaNVELMRSjB/SEni2wHq0X63UxumItd47QD1hvnzuvkd8=</latexit>

kcoll?
<latexit sha1_base64="n2deWSEFbqM6o73c9TIInMfzqpk=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKiR966rgxmUF+4Amhsl00g6dTMLMRCyhv+LGhSJu/RF3/o3Th6CiBy4czrl35t4TJIxKZdsfRm5tfWNzK79d2Nnd2z8wD4tdGacCkw6OWSz6AZKEUU46iipG+okgKAoY6QWTy7nfuyNC0pjfqGlCvAiNOA0pRkpLvlmc+G5CRHKbuSKC+j02882SbdnVZqNeg7ZVdhq1Wl2TeqVZrpxDx7IXKIEV2r757g5jnEaEK8yQlAPHTpSXIaEoZmRWcFNJEoQnaEQGmnIUEelli91n8FQrQxjGQhdXcKF+n8hQJOU0CnRnhNRY/vbm4l/eIFVh08soT1JFOF5+FKYMqhjOg4BDKghWbKoJwoLqXSEeI4Gw0nEVdAhfl8L/SbdsObblXFdLrYtVHHlwDE7AGXBAA7TAFWiDDsDgHjyAJ/BszIxH48V4XbbmjNXMEfgB4+0TxseU5g==</latexit><latexit sha1_base64="n2deWSEFbqM6o73c9TIInMfzqpk=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKiR966rgxmUF+4Amhsl00g6dTMLMRCyhv+LGhSJu/RF3/o3Th6CiBy4czrl35t4TJIxKZdsfRm5tfWNzK79d2Nnd2z8wD4tdGacCkw6OWSz6AZKEUU46iipG+okgKAoY6QWTy7nfuyNC0pjfqGlCvAiNOA0pRkpLvlmc+G5CRHKbuSKC+j02882SbdnVZqNeg7ZVdhq1Wl2TeqVZrpxDx7IXKIEV2r757g5jnEaEK8yQlAPHTpSXIaEoZmRWcFNJEoQnaEQGmnIUEelli91n8FQrQxjGQhdXcKF+n8hQJOU0CnRnhNRY/vbm4l/eIFVh08soT1JFOF5+FKYMqhjOg4BDKghWbKoJwoLqXSEeI4Gw0nEVdAhfl8L/SbdsObblXFdLrYtVHHlwDE7AGXBAA7TAFWiDDsDgHjyAJ/BszIxH48V4XbbmjNXMEfgB4+0TxseU5g==</latexit><latexit sha1_base64="n2deWSEFbqM6o73c9TIInMfzqpk=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKiR966rgxmUF+4Amhsl00g6dTMLMRCyhv+LGhSJu/RF3/o3Th6CiBy4czrl35t4TJIxKZdsfRm5tfWNzK79d2Nnd2z8wD4tdGacCkw6OWSz6AZKEUU46iipG+okgKAoY6QWTy7nfuyNC0pjfqGlCvAiNOA0pRkpLvlmc+G5CRHKbuSKC+j02882SbdnVZqNeg7ZVdhq1Wl2TeqVZrpxDx7IXKIEV2r757g5jnEaEK8yQlAPHTpSXIaEoZmRWcFNJEoQnaEQGmnIUEelli91n8FQrQxjGQhdXcKF+n8hQJOU0CnRnhNRY/vbm4l/eIFVh08soT1JFOF5+FKYMqhjOg4BDKghWbKoJwoLqXSEeI4Gw0nEVdAhfl8L/SbdsObblXFdLrYtVHHlwDE7AGXBAA7TAFWiDDsDgHjyAJ/BszIxH48V4XbbmjNXMEfgB4+0TxseU5g==</latexit><latexit sha1_base64="n2deWSEFbqM6o73c9TIInMfzqpk=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKiR966rgxmUF+4Amhsl00g6dTMLMRCyhv+LGhSJu/RF3/o3Th6CiBy4czrl35t4TJIxKZdsfRm5tfWNzK79d2Nnd2z8wD4tdGacCkw6OWSz6AZKEUU46iipG+okgKAoY6QWTy7nfuyNC0pjfqGlCvAiNOA0pRkpLvlmc+G5CRHKbuSKC+j02882SbdnVZqNeg7ZVdhq1Wl2TeqVZrpxDx7IXKIEV2r757g5jnEaEK8yQlAPHTpSXIaEoZmRWcFNJEoQnaEQGmnIUEelli91n8FQrQxjGQhdXcKF+n8hQJOU0CnRnhNRY/vbm4l/eIFVh08soT1JFOF5+FKYMqhjOg4BDKghWbKoJwoLqXSEeI4Gw0nEVdAhfl8L/SbdsObblXFdLrYtVHHlwDE7AGXBAA7TAFWiDDsDgHjyAJ/BszIxH48V4XbbmjNXMEfgB4+0TxseU5g==</latexit>

ksoft?
<latexit sha1_base64="zgiglupksLMxTnEWMBEv19IIvWw=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKkzaYltXBTcuK9gHNDFMppN26OTBzEQsIb/ixoUibv0Rd/6N04egogcuHM65l3vv8RPOpELowyisrW9sbhW3Szu7e/sH5mG5J+NUENolMY/FwMeSchbRrmKK00EiKA59Tvv+9HLu9++okCyObtQsoW6IxxELGMFKS55ZnnpOQkVymzkihDIOVO6ZFWS17GqzcQ6RVUe1OmpqghqoVa1B20ILVMAKHc98d0YxSUMaKcKxlEMbJcrNsFCMcJqXnFTSBJMpHtOhphEOqXSzxe05PNXKCAax0BUpuFC/T2Q4lHIW+rozxGoif3tz8S9vmKqg6WYsSlJFI7JcFKQcqhjOg4AjJihRfKYJJoLpWyGZYIGJ0nGVdAhfn8L/Sa9q2ciyr+uV9sUqjiI4BifgDNigAdrgCnRAFxBwDx7AE3g2cuPReDFel60FYzVzBH7AePsEzoyU6g==</latexit><latexit sha1_base64="zgiglupksLMxTnEWMBEv19IIvWw=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKkzaYltXBTcuK9gHNDFMppN26OTBzEQsIb/ixoUibv0Rd/6N04egogcuHM65l3vv8RPOpELowyisrW9sbhW3Szu7e/sH5mG5J+NUENolMY/FwMeSchbRrmKK00EiKA59Tvv+9HLu9++okCyObtQsoW6IxxELGMFKS55ZnnpOQkVymzkihDIOVO6ZFWS17GqzcQ6RVUe1OmpqghqoVa1B20ILVMAKHc98d0YxSUMaKcKxlEMbJcrNsFCMcJqXnFTSBJMpHtOhphEOqXSzxe05PNXKCAax0BUpuFC/T2Q4lHIW+rozxGoif3tz8S9vmKqg6WYsSlJFI7JcFKQcqhjOg4AjJihRfKYJJoLpWyGZYIGJ0nGVdAhfn8L/Sa9q2ciyr+uV9sUqjiI4BifgDNigAdrgCnRAFxBwDx7AE3g2cuPReDFel60FYzVzBH7AePsEzoyU6g==</latexit><latexit sha1_base64="zgiglupksLMxTnEWMBEv19IIvWw=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKkzaYltXBTcuK9gHNDFMppN26OTBzEQsIb/ixoUibv0Rd/6N04egogcuHM65l3vv8RPOpELowyisrW9sbhW3Szu7e/sH5mG5J+NUENolMY/FwMeSchbRrmKK00EiKA59Tvv+9HLu9++okCyObtQsoW6IxxELGMFKS55ZnnpOQkVymzkihDIOVO6ZFWS17GqzcQ6RVUe1OmpqghqoVa1B20ILVMAKHc98d0YxSUMaKcKxlEMbJcrNsFCMcJqXnFTSBJMpHtOhphEOqXSzxe05PNXKCAax0BUpuFC/T2Q4lHIW+rozxGoif3tz8S9vmKqg6WYsSlJFI7JcFKQcqhjOg4AjJihRfKYJJoLpWyGZYIGJ0nGVdAhfn8L/Sa9q2ciyr+uV9sUqjiI4BifgDNigAdrgCnRAFxBwDx7AE3g2cuPReDFel60FYzVzBH7AePsEzoyU6g==</latexit><latexit sha1_base64="zgiglupksLMxTnEWMBEv19IIvWw=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKkzaYltXBTcuK9gHNDFMppN26OTBzEQsIb/ixoUibv0Rd/6N04egogcuHM65l3vv8RPOpELowyisrW9sbhW3Szu7e/sH5mG5J+NUENolMY/FwMeSchbRrmKK00EiKA59Tvv+9HLu9++okCyObtQsoW6IxxELGMFKS55ZnnpOQkVymzkihDIOVO6ZFWS17GqzcQ6RVUe1OmpqghqoVa1B20ILVMAKHc98d0YxSUMaKcKxlEMbJcrNsFCMcJqXnFTSBJMpHtOhphEOqXSzxe05PNXKCAax0BUpuFC/T2Q4lHIW+rozxGoif3tz8S9vmKqg6WYsSlJFI7JcFKQcqhjOg4AjJihRfKYJJoLpWyGZYIGJ0nGVdAhfn8L/Sa9q2ciyr+uV9sUqjiI4BifgDNigAdrgCnRAFxBwDx7AE3g2cuPReDFel60FYzVzBH7AePsEzoyU6g==</latexit>

kcoll?
<latexit sha1_base64="qM86goofrkAEOEj7yF1SWdhIH0Y=">AAAB+3icdVDLSgMxFM34rPU11qWbYBFcDZm+3RXcuKxgH9AZh0yaaUMzD5KMWIb5FTcuFHHrj7jzb0wfgooeuHA4597k3uMnnEmF0Iextr6xubVd2Cnu7u0fHJpHpZ6MU0Fol8Q8FgMfS8pZRLuKKU4HiaA49Dnt+9PLud+/o0KyOLpRs4S6IR5HLGAEKy15ZmnqOQkVyW3miBDq93jumWVkoVqr2ahDZFXsZr3e0KRRbVWqF9C20AJlsELHM9+dUUzSkEaKcCzl0EaJcjMsFCOc5kUnlTTBZIrHdKhphEMq3Wyxew7PtDKCQSx0RQou1O8TGQ6lnIW+7gyxmsjf3lz8yxumKmi5GYuSVNGILD8KUg5VDOdBwBETlCg+0wQTwfSukEywwETpuIo6hK9L4f+kV7FsZNnXtXK7toqjAE7AKTgHNmiCNrgCHdAFBNyDB/AEno3ceDRejNdl65qxmjkGP2C8fQLE+ZTg</latexit><latexit sha1_base64="qM86goofrkAEOEj7yF1SWdhIH0Y=">AAAB+3icdVDLSgMxFM34rPU11qWbYBFcDZm+3RXcuKxgH9AZh0yaaUMzD5KMWIb5FTcuFHHrj7jzb0wfgooeuHA4597k3uMnnEmF0Iextr6xubVd2Cnu7u0fHJpHpZ6MU0Fol8Q8FgMfS8pZRLuKKU4HiaA49Dnt+9PLud+/o0KyOLpRs4S6IR5HLGAEKy15ZmnqOQkVyW3miBDq93jumWVkoVqr2ahDZFXsZr3e0KRRbVWqF9C20AJlsELHM9+dUUzSkEaKcCzl0EaJcjMsFCOc5kUnlTTBZIrHdKhphEMq3Wyxew7PtDKCQSx0RQou1O8TGQ6lnIW+7gyxmsjf3lz8yxumKmi5GYuSVNGILD8KUg5VDOdBwBETlCg+0wQTwfSukEywwETpuIo6hK9L4f+kV7FsZNnXtXK7toqjAE7AKTgHNmiCNrgCHdAFBNyDB/AEno3ceDRejNdl65qxmjkGP2C8fQLE+ZTg</latexit><latexit sha1_base64="qM86goofrkAEOEj7yF1SWdhIH0Y=">AAAB+3icdVDLSgMxFM34rPU11qWbYBFcDZm+3RXcuKxgH9AZh0yaaUMzD5KMWIb5FTcuFHHrj7jzb0wfgooeuHA4597k3uMnnEmF0Iextr6xubVd2Cnu7u0fHJpHpZ6MU0Fol8Q8FgMfS8pZRLuKKU4HiaA49Dnt+9PLud+/o0KyOLpRs4S6IR5HLGAEKy15ZmnqOQkVyW3miBDq93jumWVkoVqr2ahDZFXsZr3e0KRRbVWqF9C20AJlsELHM9+dUUzSkEaKcCzl0EaJcjMsFCOc5kUnlTTBZIrHdKhphEMq3Wyxew7PtDKCQSx0RQou1O8TGQ6lnIW+7gyxmsjf3lz8yxumKmi5GYuSVNGILD8KUg5VDOdBwBETlCg+0wQTwfSukEywwETpuIo6hK9L4f+kV7FsZNnXtXK7toqjAE7AKTgHNmiCNrgCHdAFBNyDB/AEno3ceDRejNdl65qxmjkGP2C8fQLE+ZTg</latexit><latexit sha1_base64="qM86goofrkAEOEj7yF1SWdhIH0Y=">AAAB+3icdVDLSgMxFM34rPU11qWbYBFcDZm+3RXcuKxgH9AZh0yaaUMzD5KMWIb5FTcuFHHrj7jzb0wfgooeuHA4597k3uMnnEmF0Iextr6xubVd2Cnu7u0fHJpHpZ6MU0Fol8Q8FgMfS8pZRLuKKU4HiaA49Dnt+9PLud+/o0KyOLpRs4S6IR5HLGAEKy15ZmnqOQkVyW3miBDq93jumWVkoVqr2ahDZFXsZr3e0KRRbVWqF9C20AJlsELHM9+dUUzSkEaKcCzl0EaJcjMsFCOc5kUnlTTBZIrHdKhphEMq3Wyxew7PtDKCQSx0RQou1O8TGQ6lnIW+7gyxmsjf3lz8yxumKmi5GYuSVNGILD8KUg5VDOdBwBETlCg+0wQTwfSukEywwETpuIo6hK9L4f+kV7FsZNnXtXK7toqjAE7AKTgHNmiCNrgCHdAFBNyDB/AEno3ceDRejNdl65qxmjkGP2C8fQLE+ZTg</latexit>

ksoft?
<latexit sha1_base64="wh5us3LSjE6eWHlqSoQzhvqlg84=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFchUkbbLsruHFZwT6giWEynbRDJw9mJmIJ+RU3LhRx64+482+cPgQVPXDhcM693HtPkHImFUIfxtr6xubWdmmnvLu3f3BoHlV6MskEoV2S8EQMAiwpZzHtKqY4HaSC4ijgtB9ML+d+/44KyZL4Rs1S6kV4HLOQEay05JuVqe+mVKS3uSsiKJNQFb5ZRVbLrjUbFxBZDqo7qKkJaqBWrQ5tCy1QBSt0fPPdHSUki2isCMdSDm2UKi/HQjHCaVF2M0lTTKZ4TIeaxjii0ssXtxfwTCsjGCZCV6zgQv0+keNIylkU6M4Iq4n87c3Fv7xhpsKml7M4zRSNyXJRmHGoEjgPAo6YoETxmSaYCKZvhWSCBSZKx1XWIXx9Cv8nvZplI8u+dqptZxVHCZyAU3AObNAAbXAFOqALCLgHD+AJPBuF8Wi8GK/L1jVjNXMMfsB4+wTMvpTk</latexit><latexit sha1_base64="wh5us3LSjE6eWHlqSoQzhvqlg84=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFchUkbbLsruHFZwT6giWEynbRDJw9mJmIJ+RU3LhRx64+482+cPgQVPXDhcM693HtPkHImFUIfxtr6xubWdmmnvLu3f3BoHlV6MskEoV2S8EQMAiwpZzHtKqY4HaSC4ijgtB9ML+d+/44KyZL4Rs1S6kV4HLOQEay05JuVqe+mVKS3uSsiKJNQFb5ZRVbLrjUbFxBZDqo7qKkJaqBWrQ5tCy1QBSt0fPPdHSUki2isCMdSDm2UKi/HQjHCaVF2M0lTTKZ4TIeaxjii0ssXtxfwTCsjGCZCV6zgQv0+keNIylkU6M4Iq4n87c3Fv7xhpsKml7M4zRSNyXJRmHGoEjgPAo6YoETxmSaYCKZvhWSCBSZKx1XWIXx9Cv8nvZplI8u+dqptZxVHCZyAU3AObNAAbXAFOqALCLgHD+AJPBuF8Wi8GK/L1jVjNXMMfsB4+wTMvpTk</latexit><latexit sha1_base64="wh5us3LSjE6eWHlqSoQzhvqlg84=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFchUkbbLsruHFZwT6giWEynbRDJw9mJmIJ+RU3LhRx64+482+cPgQVPXDhcM693HtPkHImFUIfxtr6xubWdmmnvLu3f3BoHlV6MskEoV2S8EQMAiwpZzHtKqY4HaSC4ijgtB9ML+d+/44KyZL4Rs1S6kV4HLOQEay05JuVqe+mVKS3uSsiKJNQFb5ZRVbLrjUbFxBZDqo7qKkJaqBWrQ5tCy1QBSt0fPPdHSUki2isCMdSDm2UKi/HQjHCaVF2M0lTTKZ4TIeaxjii0ssXtxfwTCsjGCZCV6zgQv0+keNIylkU6M4Iq4n87c3Fv7xhpsKml7M4zRSNyXJRmHGoEjgPAo6YoETxmSaYCKZvhWSCBSZKx1XWIXx9Cv8nvZplI8u+dqptZxVHCZyAU3AObNAAbXAFOqALCLgHD+AJPBuF8Wi8GK/L1jVjNXMMfsB4+wTMvpTk</latexit><latexit sha1_base64="wh5us3LSjE6eWHlqSoQzhvqlg84=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFchUkbbLsruHFZwT6giWEynbRDJw9mJmIJ+RU3LhRx64+482+cPgQVPXDhcM693HtPkHImFUIfxtr6xubWdmmnvLu3f3BoHlV6MskEoV2S8EQMAiwpZzHtKqY4HaSC4ijgtB9ML+d+/44KyZL4Rs1S6kV4HLOQEay05JuVqe+mVKS3uSsiKJNQFb5ZRVbLrjUbFxBZDqo7qKkJaqBWrQ5tCy1QBSt0fPPdHSUki2isCMdSDm2UKi/HQjHCaVF2M0lTTKZ4TIeaxjii0ssXtxfwTCsjGCZCV6zgQv0+keNIylkU6M4Iq4n87c3Fv7xhpsKml7M4zRSNyXJRmHGoEjgPAo6YoETxmSaYCKZvhWSCBSZKx1XWIXx9Cv8nvZplI8u+dqptZxVHCZyAU3AObNAAbXAFOqALCLgHD+AJPBuF8Wi8GK/L1jVjNXMMfsB4+wTMvpTk</latexit>

Er = E1 + E2

n̂r =

⇢
n̂1 if E1 > E2

n̂2 if E2 > E1

[Salam; Bertolini, Chan, Thaler]

WTA



2A.                       : regimes

• Angular decorrelation related to transverse momentum 

•            : no jet axis dependence, match onto coll. jet functions.
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✓ � R
<latexit sha1_base64="1/tSVb+j7x7WcHtncuwANKifhzA="></latexit><latexit sha1_base64="1/tSVb+j7x7WcHtncuwANKifhzA="></latexit><latexit sha1_base64="1/tSVb+j7x7WcHtncuwANKifhzA="></latexit><latexit sha1_base64="1/tSVb+j7x7WcHtncuwANKifhzA="></latexit>

e+e� ! JJX
<latexit sha1_base64="mEFdIxQYWXCgKf/FjTh2Y2/T9Eo="></latexit><latexit sha1_base64="mEFdIxQYWXCgKf/FjTh2Y2/T9Eo="></latexit><latexit sha1_base64="mEFdIxQYWXCgKf/FjTh2Y2/T9Eo="></latexit><latexit sha1_base64="mEFdIxQYWXCgKf/FjTh2Y2/T9Eo="></latexit>

d�(e+e� ! JJX)

dz1 dz2 d~qT
=

X

q

He+e�!qq̄(Q)

Z
d~bT
(2⇡)2

e
�i~bT ·~qT Jq(~bT , z1, QR) Jq(~bT , z2, QR)

<latexit sha1_base64="w8P3GVw+yNwNcZkfCfcRZqwGwY0="></latexit><latexit sha1_base64="w8P3GVw+yNwNcZkfCfcRZqwGwY0="></latexit><latexit sha1_base64="w8P3GVw+yNwNcZkfCfcRZqwGwY0="></latexit><latexit sha1_base64="w8P3GVw+yNwNcZkfCfcRZqwGwY0="></latexit>

✓ ⇡ 2qT
Q

<latexit sha1_base64="WV/cd0rk5Xu928QX9cqnjLjz7tg="></latexit><latexit sha1_base64="WV/cd0rk5Xu928QX9cqnjLjz7tg="></latexit><latexit sha1_base64="WV/cd0rk5Xu928QX9cqnjLjz7tg="></latexit><latexit sha1_base64="WV/cd0rk5Xu928QX9cqnjLjz7tg="></latexit>



2A.                       : regimes

• Angular decorrelation related to transverse momentum 

•            : no jet axis dependence, match onto coll. jet functions. 

•           : finite terms in jet function depend on axis choice.
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✓ � R
<latexit sha1_base64="1/tSVb+j7x7WcHtncuwANKifhzA="></latexit><latexit sha1_base64="1/tSVb+j7x7WcHtncuwANKifhzA="></latexit><latexit sha1_base64="1/tSVb+j7x7WcHtncuwANKifhzA="></latexit><latexit sha1_base64="1/tSVb+j7x7WcHtncuwANKifhzA="></latexit>

✓ ⇠ R
<latexit sha1_base64="Jk5VpH9Zrg1exowH9rSpXkQebng="></latexit><latexit sha1_base64="Jk5VpH9Zrg1exowH9rSpXkQebng="></latexit><latexit sha1_base64="Jk5VpH9Zrg1exowH9rSpXkQebng="></latexit><latexit sha1_base64="Jk5VpH9Zrg1exowH9rSpXkQebng="></latexit>

e+e� ! JJX
<latexit sha1_base64="mEFdIxQYWXCgKf/FjTh2Y2/T9Eo="></latexit><latexit sha1_base64="mEFdIxQYWXCgKf/FjTh2Y2/T9Eo="></latexit><latexit sha1_base64="mEFdIxQYWXCgKf/FjTh2Y2/T9Eo="></latexit><latexit sha1_base64="mEFdIxQYWXCgKf/FjTh2Y2/T9Eo="></latexit>
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2A.                       : regimes

• Angular decorrelation related to transverse momentum 

•            : no jet axis dependence, match onto coll. jet functions. 

•           : finite terms in jet function depend on axis choice. 

•            : factorization only holds for Winner-Take-All axis.
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2A. Soft function

• WTA insensitive to soft radiation → no difference for radiation  
in/outside jet. Total recoil from standard TMD soft function. 
[Echevarria, Scimemi, Vladimirov; Luebbert, Oredsson, Stahlhofen; Li, Zhu] 

• SJA only sensitive to soft radiation outside the jet. → 
For           , wide-angle soft does not resolve narrow jet. 
For           , TMD factorization breaks due to nonglobal logs. 
[Dasgupta, Salam; see also Banfi, Dasgupta, Delenda]
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2A. TMD jet function at one loop

• At one-loop: WTA axis along most energetic particle. 

• Standard jet axis and WTA agree for           . 

• Very different behavior for            :
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2A. Large-    jet function at two loops

• Jet function for            determined by anomalous dimensions, 
apart from constant → extract at NNLO using EVENT2.  
[Catani, Seymour]
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2A. Jet radius dependence

• Even for medium values of    , can use large-    jet function. 

• Large-    jet function known at two loops → N3LL.
27
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2A.                       : results

• Implemented in arTeMiDe. [Scimemi, Vladimirov] 

• Good convergence of resummed perturbation theory. 
Uncertainty band artificially small at NLL (not shown).
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2A.                       : nonperturbative sensitivity

• Dominant dependence on nonperturbative contribution to 
rapidity anomalous dimension. 

• Vary within uncertainty from previous Drell-Yan extraction.  
[Bertone, Scimemi, Vladimirov]
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2B.                  : factorization

• Breit frame: virtual photon has           . 

• Replace TMD fragmentation function by TMD jet function. 

• TMD beam functions known to three loops. [Ebert, Mistlberger, Vita] 30
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2B.                  : cross section

31

• Results for Hera and EIC for different elasticity intervals.
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2B.                  : nonperturbative sensitivity
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• Nonperturbative sensitivity on par with using hadrons. 

• Pro: no sensitivity to nonperturbative fragmentation   . 

• Con: jets based on calorimeters have worse angular resolution.
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2C.                   : motivation

• Important SM measurement and background. 

• Probes medium in heavy-ion collisions. 

• Study factorization violation (can also study                  ).
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2C.                   : factorization

• Azimuthal angle                        with                              

•         perpendicular to beam-jet plane.  
→ Standard TMD beam and jet functions.
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2C. Linear polarization

• Linearly-polarized gluon beam function contributes at NLO. 
(NNLO for Higgs production) Test using MCFM. [Campbell, Ellis et al]

35

-� -� -� -� -� -� -� �
-��

-��

-��

-��

�



2C. Linear polarization

• Linearly-polarized gluon beam function contributes at NLO. 
(NNLO for Higgs production) Test using MCFM. [Campbell, Ellis et al] 

• Linearly-polarized jet function: 
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2C. Hard and soft function

• At NNLL need NLO Hard function. [Arnold, Reno; Becher, Lorentzen, Schwartz] 

• For linearly-polarized gluon,                            starts at LO. 

• Soft function contribution from two Wilson lines related to 
standard TMD soft function by boosting to back-to-back. 
[See also Gao, Li, Moult, Zhu] 

• Three Wilson lines contribution vanishes at NNLO.  
[Becher, Bell, Marti]
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2C. Track-based measurements

38

• Track-based measurement has superior angular resolution. 

• Switching to tracks only modifies jet function. 
→ Anomalous dimensions must be the same. 

• Change in jet function constant calculable with track functions. 
[Chang, Procura, Thaler, WW]
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2C. Track-based measurements

• Track-based measurement has superior angular resolution. 

• Switching to tracks only modifies jet function. 
→ Anomalous dimensions must be the same. 

• Change in jet function constant calculable with track functions. 
[Chang, Procura, Thaler, WW]
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2C. Results

• Small    : match to NLO using transition function.  
Large    : avoid Landau pole with     prescription. [Collins, Soper, Sterman] 

• Good perturbative convergence. 

• Pythia (with NLO K-factor) agrees reasonably well. [Sjostrand et al] 40
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3. Conclusions

• Using the WTA axis, TMD fragmentation functions can be 
replaced by TMD jet functions in factorization theorems. 

• Pro: Jets don’t have nonperturbative momentum fraction. 
Con: limited angular resolution of calorimeters → tracks. 

•                 : constrain TMDs at EIC using jets 

•                  : TMDs medium modifications in heavy ion.  
High precision is possible: most ingredients for N3LL known.  

• Future directions: Polarization, QGP, … 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