
Factorization for quarkonium 
production in p+p and p+A collisions

Kazuhiro Watanabe 
Theory Center, Jefferson Lab

11/15/2018 @ INT



3D Tomography: Key physics
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TMDs: 3D parton’s confined motion. 
GPDs: 3D parton’s spatial distribution.
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Access to 3D structures
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• Semi-Inclusive DIS 
• Drell-Yan process 
• Higgs, Z/W, and Quarkonium 

production

• Deeply Virtual Compton 
Scattering 

• Exclusive Vector Meson 
Production

GPD: Non-forward Exclusive process

TMD: Two hard scales required.

Quarkonium is a very interesting probe.

⇤QCD ⌧ p? ⌧ Q
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Modern approaches for quarkonium production

• Color Singlet Model (CSM): Produced QQbar is in Color singlet 
state. 

• Color Evaporation Model (CEM): All color and spin states are 
summed up. 

• Non-Relativistic QCD (NRQCD): Color octet contribution, heavy 
quark velocity expansion.

· · ·

Long Distance Part

QQbar production

Onium production

• Initial parton distribution functions 
• Hard scattering part

Near On-shell
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Success in NRQCD

• Long Distance Matrix Elements 
(LDMEs) are fitted by Tevatron 
data at large       . 

• NLO, Collinear factorization. 

• Fixed order calculation works 
down to                      (pt ～ M).

p?
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Issues from 1st week

6

-- Explore applicability of NRQCD methods to exclusive heavy 
quarkonium photo/electroproduction at EIC. Possible points of interest 
are (i) tests of universality of the NRQCD matrix elements, (ii) better 
insight into bound-state structure and production mechanism through 
Q2-dependence.

THEORY DEVELOPMENTS NEEDED OR PLANNED:

CONNECTIONS WITH OTHER FIELDS:

NONRELATIVISTIC QCD (NRQCD):  

-- NRQCD matrix elements used in inclusive heavy quarkonium 
production in pp/pA may be used/tested/measured in exclusive 
production in ep/gamma-p.

Consider carefully factorization for quarkonium 
production in p+p/p+A collisions.



From TMD to Collinear
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p? ⌧ M
<latexit sha1_base64="dHhW1QDF6yqwtsxL5GpcIOgsZgM=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRixehgv2AJpTNdtIu3STL7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC6Xg2rjut1NaW9/Y3CpvV3Z29/YPqodHbZ1mimGLpSJV3ZBqFDzBluFGYFcqpHEosBOOb2d+5wmV5mnyaCYSg5gOEx5xRo2VfNn3JSrpC0Hu+9WaW3fnIKvEK0gNCjT71S9/kLIsxsQwQbXuea40QU6V4UzgtOJnGiVlYzrEnqUJjVEH+fzmKTmzyoBEqbKVGDJXf0/kNNZ6Eoe2M6ZmpJe9mfif18tMdB3kPJGZwYQtFkWZICYlswDIgCtkRkwsoUxxeythI6ooMzamig3BW355lbQv6p5b9x4ua42bIo4ynMApnIMHV9CAO2hCCxhIeIZXeHMy58V5dz4WrSWnmDmGP3A+fwC4JJF1</latexit><latexit sha1_base64="dHhW1QDF6yqwtsxL5GpcIOgsZgM=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRixehgv2AJpTNdtIu3STL7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC6Xg2rjut1NaW9/Y3CpvV3Z29/YPqodHbZ1mimGLpSJV3ZBqFDzBluFGYFcqpHEosBOOb2d+5wmV5mnyaCYSg5gOEx5xRo2VfNn3JSrpC0Hu+9WaW3fnIKvEK0gNCjT71S9/kLIsxsQwQbXuea40QU6V4UzgtOJnGiVlYzrEnqUJjVEH+fzmKTmzyoBEqbKVGDJXf0/kNNZ6Eoe2M6ZmpJe9mfif18tMdB3kPJGZwYQtFkWZICYlswDIgCtkRkwsoUxxeythI6ooMzamig3BW355lbQv6p5b9x4ua42bIo4ynMApnIMHV9CAO2hCCxhIeIZXeHMy58V5dz4WrSWnmDmGP3A+fwC4JJF1</latexit><latexit sha1_base64="dHhW1QDF6yqwtsxL5GpcIOgsZgM=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRixehgv2AJpTNdtIu3STL7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC6Xg2rjut1NaW9/Y3CpvV3Z29/YPqodHbZ1mimGLpSJV3ZBqFDzBluFGYFcqpHEosBOOb2d+5wmV5mnyaCYSg5gOEx5xRo2VfNn3JSrpC0Hu+9WaW3fnIKvEK0gNCjT71S9/kLIsxsQwQbXuea40QU6V4UzgtOJnGiVlYzrEnqUJjVEH+fzmKTmzyoBEqbKVGDJXf0/kNNZ6Eoe2M6ZmpJe9mfif18tMdB3kPJGZwYQtFkWZICYlswDIgCtkRkwsoUxxeythI6ooMzamig3BW355lbQv6p5b9x4ua42bIo4ynMApnIMHV9CAO2hCCxhIeIZXeHMy58V5dz4WrSWnmDmGP3A+fwC4JJF1</latexit><latexit sha1_base64="dHhW1QDF6yqwtsxL5GpcIOgsZgM=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRixehgv2AJpTNdtIu3STL7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC6Xg2rjut1NaW9/Y3CpvV3Z29/YPqodHbZ1mimGLpSJV3ZBqFDzBluFGYFcqpHEosBOOb2d+5wmV5mnyaCYSg5gOEx5xRo2VfNn3JSrpC0Hu+9WaW3fnIKvEK0gNCjT71S9/kLIsxsQwQbXuea40QU6V4UzgtOJnGiVlYzrEnqUJjVEH+fzmKTmzyoBEqbKVGDJXf0/kNNZ6Eoe2M6ZmpJe9mfif18tMdB3kPJGZwYQtFkWZICYlswDIgCtkRkwsoUxxeythI6ooMzamig3BW355lbQv6p5b9x4ua42bIo4ynMApnIMHV9CAO2hCCxhIeIZXeHMy58V5dz4WrSWnmDmGP3A+fwC4JJF1</latexit>

p? ⇠ M
<latexit sha1_base64="5g33j8LRm5vXdKqcL6TTEHEhryk=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqeyKoMeiFy9CBfsB3aVk09k2NMnGJFsopb/DiwdFvPpjvPlvTNs9aOuDgcd7M8zMixVnxvr+t1dYW9/Y3Cpul3Z29/YPyodHTZNmmkKDpjzV7ZgY4ExCwzLLoa00EBFzaMXD25nfGoE2LJWPdqwgEqQvWcIosU6KVDdUoFVomMD33XLFr/pz4FUS5KSCctS75a+wl9JMgLSUE2M6ga9sNCHaMsphWgozA4rQIelDx1FJBJhoMj96is+c0sNJql1Ji+fq74kJEcaMRew6BbEDs+zNxP+8TmaT62jCpMosSLpYlGQc2xTPEsA9poFaPnaEUM3crZgOiCbUupxKLoRg+eVV0ryoBn41eLis1G7yOIroBJ2icxSgK1RDd6iOGoiiJ/SMXtGbN/JevHfvY9Fa8PKZY/QH3ucPjXSR8A==</latexit><latexit sha1_base64="5g33j8LRm5vXdKqcL6TTEHEhryk=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqeyKoMeiFy9CBfsB3aVk09k2NMnGJFsopb/DiwdFvPpjvPlvTNs9aOuDgcd7M8zMixVnxvr+t1dYW9/Y3Cpul3Z29/YPyodHTZNmmkKDpjzV7ZgY4ExCwzLLoa00EBFzaMXD25nfGoE2LJWPdqwgEqQvWcIosU6KVDdUoFVomMD33XLFr/pz4FUS5KSCctS75a+wl9JMgLSUE2M6ga9sNCHaMsphWgozA4rQIelDx1FJBJhoMj96is+c0sNJql1Ji+fq74kJEcaMRew6BbEDs+zNxP+8TmaT62jCpMosSLpYlGQc2xTPEsA9poFaPnaEUM3crZgOiCbUupxKLoRg+eVV0ryoBn41eLis1G7yOIroBJ2icxSgK1RDd6iOGoiiJ/SMXtGbN/JevHfvY9Fa8PKZY/QH3ucPjXSR8A==</latexit><latexit sha1_base64="5g33j8LRm5vXdKqcL6TTEHEhryk=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqeyKoMeiFy9CBfsB3aVk09k2NMnGJFsopb/DiwdFvPpjvPlvTNs9aOuDgcd7M8zMixVnxvr+t1dYW9/Y3Cpul3Z29/YPyodHTZNmmkKDpjzV7ZgY4ExCwzLLoa00EBFzaMXD25nfGoE2LJWPdqwgEqQvWcIosU6KVDdUoFVomMD33XLFr/pz4FUS5KSCctS75a+wl9JMgLSUE2M6ga9sNCHaMsphWgozA4rQIelDx1FJBJhoMj96is+c0sNJql1Ji+fq74kJEcaMRew6BbEDs+zNxP+8TmaT62jCpMosSLpYlGQc2xTPEsA9poFaPnaEUM3crZgOiCbUupxKLoRg+eVV0ryoBn41eLis1G7yOIroBJ2icxSgK1RDd6iOGoiiJ/SMXtGbN/JevHfvY9Fa8PKZY/QH3ucPjXSR8A==</latexit><latexit sha1_base64="5g33j8LRm5vXdKqcL6TTEHEhryk=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqeyKoMeiFy9CBfsB3aVk09k2NMnGJFsopb/DiwdFvPpjvPlvTNs9aOuDgcd7M8zMixVnxvr+t1dYW9/Y3Cpul3Z29/YPyodHTZNmmkKDpjzV7ZgY4ExCwzLLoa00EBFzaMXD25nfGoE2LJWPdqwgEqQvWcIosU6KVDdUoFVomMD33XLFr/pz4FUS5KSCctS75a+wl9JMgLSUE2M6ga9sNCHaMsphWgozA4rQIelDx1FJBJhoMj96is+c0sNJql1Ji+fq74kJEcaMRew6BbEDs+zNxP+8TmaT62jCpMosSLpYlGQc2xTPEsA9poFaPnaEUM3crZgOiCbUupxKLoRg+eVV0ryoBn41eLis1G7yOIroBJ2icxSgK1RDd6iOGoiiJ/SMXtGbN/JevHfvY9Fa8PKZY/QH3ucPjXSR8A==</latexit>

p? � M
<latexit sha1_base64="A/sT9E4L3QJ8sKsC1lWbhwi15Gs=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRixehgv2AJpTNdpIu3STL7kYopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC6Xg2rjut1NaW9/Y3CpvV3Z29/YPqodHbZ3limGLZSJT3ZBqFDzFluFGYFcqpEkosBOObmd+5wmV5ln6aMYSg4TGKY84o8ZKvuz7EpX045jc96s1t+7OQVaJV5AaFGj2q1/+IGN5gqlhgmrd81xpgglVhjOB04qfa5SUjWiMPUtTmqAOJvObp+TMKgMSZcpWashc/T0xoYnW4yS0nQk1Q73szcT/vF5uoutgwlOZG0zZYlGUC2IyMguADLhCZsTYEsoUt7cSNqSKMmNjqtgQvOWXV0n7ou65de/hsta4KeIowwmcwjl4cAUNuIMmtICBhGd4hTcnd16cd+dj0Vpyiplj+APn8weo45Fr</latexit><latexit sha1_base64="A/sT9E4L3QJ8sKsC1lWbhwi15Gs=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRixehgv2AJpTNdpIu3STL7kYopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC6Xg2rjut1NaW9/Y3CpvV3Z29/YPqodHbZ3limGLZSJT3ZBqFDzFluFGYFcqpEkosBOObmd+5wmV5ln6aMYSg4TGKY84o8ZKvuz7EpX045jc96s1t+7OQVaJV5AaFGj2q1/+IGN5gqlhgmrd81xpgglVhjOB04qfa5SUjWiMPUtTmqAOJvObp+TMKgMSZcpWashc/T0xoYnW4yS0nQk1Q73szcT/vF5uoutgwlOZG0zZYlGUC2IyMguADLhCZsTYEsoUt7cSNqSKMmNjqtgQvOWXV0n7ou65de/hsta4KeIowwmcwjl4cAUNuIMmtICBhGd4hTcnd16cd+dj0Vpyiplj+APn8weo45Fr</latexit><latexit sha1_base64="A/sT9E4L3QJ8sKsC1lWbhwi15Gs=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRixehgv2AJpTNdpIu3STL7kYopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC6Xg2rjut1NaW9/Y3CpvV3Z29/YPqodHbZ3limGLZSJT3ZBqFDzFluFGYFcqpEkosBOObmd+5wmV5ln6aMYSg4TGKY84o8ZKvuz7EpX045jc96s1t+7OQVaJV5AaFGj2q1/+IGN5gqlhgmrd81xpgglVhjOB04qfa5SUjWiMPUtTmqAOJvObp+TMKgMSZcpWashc/T0xoYnW4yS0nQk1Q73szcT/vF5uoutgwlOZG0zZYlGUC2IyMguADLhCZsTYEsoUt7cSNqSKMmNjqtgQvOWXV0n7ou65de/hsta4KeIowwmcwjl4cAUNuIMmtICBhGd4hTcnd16cd+dj0Vpyiplj+APn8weo45Fr</latexit><latexit sha1_base64="A/sT9E4L3QJ8sKsC1lWbhwi15Gs=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRixehgv2AJpTNdpIu3STL7kYopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC6Xg2rjut1NaW9/Y3CpvV3Z29/YPqodHbZ3limGLZSJT3ZBqFDzFluFGYFcqpEkosBOObmd+5wmV5ln6aMYSg4TGKY84o8ZKvuz7EpX045jc96s1t+7OQVaJV5AaFGj2q1/+IGN5gqlhgmrd81xpgglVhjOB04qfa5SUjWiMPUtTmqAOJvObp+TMKgMSZcpWashc/T0xoYnW4yS0nQk1Q73szcT/vF5uoutgwlOZG0zZYlGUC2IyMguADLhCZsTYEsoUt7cSNqSKMmNjqtgQvOWXV0n7ou65de/hsta4KeIowwmcwjl4cAUNuIMmtICBhGd4hTcnd16cd+dj0Vpyiplj+APn8weo45Fr</latexit>

NRQCD
<latexit sha1_base64="DcVIccrWNX+uhIL4AURRyDn3CcE=">AAAB7HicbVA9TwJBEJ3FL8Qv1NJmIzGxInc0WhKxsDJgPCCBC9lb9mDD3t5ld8+EXPgNNhYaY+sPsvPfuMAVCr5kkpf3ZjIzL0gE18ZxvlFhY3Nre6e4W9rbPzg8Kh+ftHWcKso8GotYdQOimeCSeYYbwbqJYiQKBOsEk8bc7zwxpXksH800YX5ERpKHnBJjJe/+odW4HZQrTtVZAK8TNycVyNEclL/6w5imEZOGCqJ1z3US42dEGU4Fm5X6qWYJoRMyYj1LJYmY9rPFsTN8YZUhDmNlSxq8UH9PZCTSehoFtjMiZqxXvbn4n9dLTXjtZ1wmqWGSLheFqcAmxvPP8ZArRo2YWkKo4vZWTMdEEWpsPiUbgrv68jpp16quU3VbtUr9Jo+jCGdwDpfgwhXU4Q6a4AEFDs/wCm9Iohf0jj6WrQWUz5zCH6DPHwB1jiI=</latexit><latexit sha1_base64="DcVIccrWNX+uhIL4AURRyDn3CcE=">AAAB7HicbVA9TwJBEJ3FL8Qv1NJmIzGxInc0WhKxsDJgPCCBC9lb9mDD3t5ld8+EXPgNNhYaY+sPsvPfuMAVCr5kkpf3ZjIzL0gE18ZxvlFhY3Nre6e4W9rbPzg8Kh+ftHWcKso8GotYdQOimeCSeYYbwbqJYiQKBOsEk8bc7zwxpXksH800YX5ERpKHnBJjJe/+odW4HZQrTtVZAK8TNycVyNEclL/6w5imEZOGCqJ1z3US42dEGU4Fm5X6qWYJoRMyYj1LJYmY9rPFsTN8YZUhDmNlSxq8UH9PZCTSehoFtjMiZqxXvbn4n9dLTXjtZ1wmqWGSLheFqcAmxvPP8ZArRo2YWkKo4vZWTMdEEWpsPiUbgrv68jpp16quU3VbtUr9Jo+jCGdwDpfgwhXU4Q6a4AEFDs/wCm9Iohf0jj6WrQWUz5zCH6DPHwB1jiI=</latexit><latexit sha1_base64="DcVIccrWNX+uhIL4AURRyDn3CcE=">AAAB7HicbVA9TwJBEJ3FL8Qv1NJmIzGxInc0WhKxsDJgPCCBC9lb9mDD3t5ld8+EXPgNNhYaY+sPsvPfuMAVCr5kkpf3ZjIzL0gE18ZxvlFhY3Nre6e4W9rbPzg8Kh+ftHWcKso8GotYdQOimeCSeYYbwbqJYiQKBOsEk8bc7zwxpXksH800YX5ERpKHnBJjJe/+odW4HZQrTtVZAK8TNycVyNEclL/6w5imEZOGCqJ1z3US42dEGU4Fm5X6qWYJoRMyYj1LJYmY9rPFsTN8YZUhDmNlSxq8UH9PZCTSehoFtjMiZqxXvbn4n9dLTXjtZ1wmqWGSLheFqcAmxvPP8ZArRo2YWkKo4vZWTMdEEWpsPiUbgrv68jpp16quU3VbtUr9Jo+jCGdwDpfgwhXU4Q6a4AEFDs/wCm9Iohf0jj6WrQWUz5zCH6DPHwB1jiI=</latexit><latexit sha1_base64="DcVIccrWNX+uhIL4AURRyDn3CcE=">AAAB7HicbVA9TwJBEJ3FL8Qv1NJmIzGxInc0WhKxsDJgPCCBC9lb9mDD3t5ld8+EXPgNNhYaY+sPsvPfuMAVCr5kkpf3ZjIzL0gE18ZxvlFhY3Nre6e4W9rbPzg8Kh+ftHWcKso8GotYdQOimeCSeYYbwbqJYiQKBOsEk8bc7zwxpXksH800YX5ERpKHnBJjJe/+odW4HZQrTtVZAK8TNycVyNEclL/6w5imEZOGCqJ1z3US42dEGU4Fm5X6qWYJoRMyYj1LJYmY9rPFsTN8YZUhDmNlSxq8UH9PZCTSehoFtjMiZqxXvbn4n9dLTXjtZ1wmqWGSLheFqcAmxvPP8ZArRo2YWkKo4vZWTMdEEWpsPiUbgrv68jpp16quU3VbtUr9Jo+jCGdwDpfgwhXU4Q6a4AEFDs/wCm9Iohf0jj6WrQWUz5zCH6DPHwB1jiI=</latexit>

pQCD
<latexit sha1_base64="fNGMskMdZxdHQch2B88bpmr/z14=">AAAB63icbVBNS8NAEJ3Ur1q/oh69LBbBU0l60WOxHjy2YD+gDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2njet1Pa2t7Z3SvvVw4Oj45P3NOzro5TRWiHxDxW/RBrypmkHcMMp/1EUSxCTnvhrJn7vSeqNIvlo5knNBB4IlnECDa5lLSb9yO36tW8JdAm8QtShQKtkfs1HMckFVQawrHWA99LTJBhZRjhdFEZppommMzwhA4slVhQHWTLWxfoyipjFMXKljRoqf6eyLDQei5C2ymwmep1Lxf/8wapiW6DjMkkNVSS1aIo5cjEKH8cjZmixPC5JZgoZm9FZIoVJsbGU7Eh+Osvb5JuveZ7Nb9drzbuijjKcAGXcA0+3EADHqAFHSAwhWd4hTdHOC/Ou/Oxai05xcw5/IHz+QOR3o3o</latexit><latexit sha1_base64="fNGMskMdZxdHQch2B88bpmr/z14=">AAAB63icbVBNS8NAEJ3Ur1q/oh69LBbBU0l60WOxHjy2YD+gDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2njet1Pa2t7Z3SvvVw4Oj45P3NOzro5TRWiHxDxW/RBrypmkHcMMp/1EUSxCTnvhrJn7vSeqNIvlo5knNBB4IlnECDa5lLSb9yO36tW8JdAm8QtShQKtkfs1HMckFVQawrHWA99LTJBhZRjhdFEZppommMzwhA4slVhQHWTLWxfoyipjFMXKljRoqf6eyLDQei5C2ymwmep1Lxf/8wapiW6DjMkkNVSS1aIo5cjEKH8cjZmixPC5JZgoZm9FZIoVJsbGU7Eh+Osvb5JuveZ7Nb9drzbuijjKcAGXcA0+3EADHqAFHSAwhWd4hTdHOC/Ou/Oxai05xcw5/IHz+QOR3o3o</latexit><latexit sha1_base64="fNGMskMdZxdHQch2B88bpmr/z14=">AAAB63icbVBNS8NAEJ3Ur1q/oh69LBbBU0l60WOxHjy2YD+gDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2njet1Pa2t7Z3SvvVw4Oj45P3NOzro5TRWiHxDxW/RBrypmkHcMMp/1EUSxCTnvhrJn7vSeqNIvlo5knNBB4IlnECDa5lLSb9yO36tW8JdAm8QtShQKtkfs1HMckFVQawrHWA99LTJBhZRjhdFEZppommMzwhA4slVhQHWTLWxfoyipjFMXKljRoqf6eyLDQei5C2ymwmep1Lxf/8wapiW6DjMkkNVSS1aIo5cjEKH8cjZmixPC5JZgoZm9FZIoVJsbGU7Eh+Osvb5JuveZ7Nb9drzbuijjKcAGXcA0+3EADHqAFHSAwhWd4hTdHOC/Ou/Oxai05xcw5/IHz+QOR3o3o</latexit><latexit sha1_base64="fNGMskMdZxdHQch2B88bpmr/z14=">AAAB63icbVBNS8NAEJ3Ur1q/oh69LBbBU0l60WOxHjy2YD+gDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2njet1Pa2t7Z3SvvVw4Oj45P3NOzro5TRWiHxDxW/RBrypmkHcMMp/1EUSxCTnvhrJn7vSeqNIvlo5knNBB4IlnECDa5lLSb9yO36tW8JdAm8QtShQKtkfs1HMckFVQawrHWA99LTJBhZRjhdFEZppommMzwhA4slVhQHWTLWxfoyipjFMXKljRoqf6eyLDQei5C2ymwmep1Lxf/8wapiW6DjMkkNVSS1aIo5cjEKH8cjZmixPC5JZgoZm9FZIoVJsbGU7Eh+Osvb5JuveZ7Nb9drzbuijjKcAGXcA0+3EADHqAFHSAwhWd4hTdHOC/Ou/Oxai05xcw5/IHz+QOR3o3o</latexit>

TMD<latexit sha1_base64="+QebyDBSoDWlaUnxvl4kV0B1Twk=">AAAB6nicbZA9SwNBEIbn/IzxK2ppsxgEq3CXRsugFjZCxHxBcoS9zVyyZG/v2N0TwpGfYGOhiK2/yM5/4ya5QhNfWHh4Z4adeYNEcG1c99tZW9/Y3Nou7BR39/YPDktHxy0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjG9m9fYTKs1j2TCTBP2IDiUPOaPGWo+N+9t+qexW3LnIKng5lCFXvV/66g1ilkYoDRNU667nJsbPqDKcCZwWe6nGhLIxHWLXoqQRaj+brzol59YZkDBW9klD5u7viYxGWk+iwHZG1Iz0cm1m/lfrpia88jMuk9SgZIuPwlQQE5PZ3WTAFTIjJhYoU9zuStiIKsqMTadoQ/CWT16FVrXiWX6olmvXeRwFOIUzuAAPLqEGd1CHJjAYwjO8wpsjnBfn3flYtK45+cwJ/JHz+QPVnY17</latexit><latexit sha1_base64="+QebyDBSoDWlaUnxvl4kV0B1Twk=">AAAB6nicbZA9SwNBEIbn/IzxK2ppsxgEq3CXRsugFjZCxHxBcoS9zVyyZG/v2N0TwpGfYGOhiK2/yM5/4ya5QhNfWHh4Z4adeYNEcG1c99tZW9/Y3Nou7BR39/YPDktHxy0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjG9m9fYTKs1j2TCTBP2IDiUPOaPGWo+N+9t+qexW3LnIKng5lCFXvV/66g1ilkYoDRNU667nJsbPqDKcCZwWe6nGhLIxHWLXoqQRaj+brzol59YZkDBW9klD5u7viYxGWk+iwHZG1Iz0cm1m/lfrpia88jMuk9SgZIuPwlQQE5PZ3WTAFTIjJhYoU9zuStiIKsqMTadoQ/CWT16FVrXiWX6olmvXeRwFOIUzuAAPLqEGd1CHJjAYwjO8wpsjnBfn3flYtK45+cwJ/JHz+QPVnY17</latexit><latexit sha1_base64="+QebyDBSoDWlaUnxvl4kV0B1Twk=">AAAB6nicbZA9SwNBEIbn/IzxK2ppsxgEq3CXRsugFjZCxHxBcoS9zVyyZG/v2N0TwpGfYGOhiK2/yM5/4ya5QhNfWHh4Z4adeYNEcG1c99tZW9/Y3Nou7BR39/YPDktHxy0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjG9m9fYTKs1j2TCTBP2IDiUPOaPGWo+N+9t+qexW3LnIKng5lCFXvV/66g1ilkYoDRNU667nJsbPqDKcCZwWe6nGhLIxHWLXoqQRaj+brzol59YZkDBW9klD5u7viYxGWk+iwHZG1Iz0cm1m/lfrpia88jMuk9SgZIuPwlQQE5PZ3WTAFTIjJhYoU9zuStiIKsqMTadoQ/CWT16FVrXiWX6olmvXeRwFOIUzuAAPLqEGd1CHJjAYwjO8wpsjnBfn3flYtK45+cwJ/JHz+QPVnY17</latexit><latexit sha1_base64="+QebyDBSoDWlaUnxvl4kV0B1Twk=">AAAB6nicbZA9SwNBEIbn/IzxK2ppsxgEq3CXRsugFjZCxHxBcoS9zVyyZG/v2N0TwpGfYGOhiK2/yM5/4ya5QhNfWHh4Z4adeYNEcG1c99tZW9/Y3Nou7BR39/YPDktHxy0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjG9m9fYTKs1j2TCTBP2IDiUPOaPGWo+N+9t+qexW3LnIKng5lCFXvV/66g1ilkYoDRNU667nJsbPqDKcCZwWe6nGhLIxHWLXoqQRaj+brzol59YZkDBW9klD5u7viYxGWk+iwHZG1Iz0cm1m/lfrpia88jMuk9SgZIuPwlQQE5PZ3WTAFTIjJhYoU9zuStiIKsqMTadoQ/CWT16FVrXiWX6olmvXeRwFOIUzuAAPLqEGd1CHJjAYwjO8wpsjnBfn3flYtK45+cwJ/JHz+QPVnY17</latexit>

⇤QCD
<latexit sha1_base64="Rw7fDJVF0Vab+UDbxw/thk4hAlI=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KokIuizWhQsXLdgHNCFMJpN26GQSZm7EGoq/4saFIm79D3f+jdM2C209MHA451zunROknCmw7W9jaXlldW29tFHe3Nre2TX39tsqySShLZLwRHYDrChngraAAafdVFIcB5x2gmF94nfuqVQsEXcwSqkX475gESMYtOSbh+6tDofYd4E+gIzzZv167JsVu2pPYS0SpyAVVKDhm19umJAspgIIx0r1HDsFL8cSGOF0XHYzRVNMhrhPe5oKHFPl5dPrx9aJVkIrSqR+Aqyp+nsix7FSozjQyRjDQM17E/E/r5dBdOnlTKQZUEFmi6KMW5BYkyqskElKgI80wUQyfatFBlhiArqwsi7Bmf/yImmfVR3Nm+eV2lVRRwkdoWN0ihx0gWroBjVQCxH0iJ7RK3oznowX4934mEWXjGLmAP2B8fkDgm2VPw==</latexit><latexit sha1_base64="Rw7fDJVF0Vab+UDbxw/thk4hAlI=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KokIuizWhQsXLdgHNCFMJpN26GQSZm7EGoq/4saFIm79D3f+jdM2C209MHA451zunROknCmw7W9jaXlldW29tFHe3Nre2TX39tsqySShLZLwRHYDrChngraAAafdVFIcB5x2gmF94nfuqVQsEXcwSqkX475gESMYtOSbh+6tDofYd4E+gIzzZv167JsVu2pPYS0SpyAVVKDhm19umJAspgIIx0r1HDsFL8cSGOF0XHYzRVNMhrhPe5oKHFPl5dPrx9aJVkIrSqR+Aqyp+nsix7FSozjQyRjDQM17E/E/r5dBdOnlTKQZUEFmi6KMW5BYkyqskElKgI80wUQyfatFBlhiArqwsi7Bmf/yImmfVR3Nm+eV2lVRRwkdoWN0ihx0gWroBjVQCxH0iJ7RK3oznowX4934mEWXjGLmAP2B8fkDgm2VPw==</latexit><latexit sha1_base64="Rw7fDJVF0Vab+UDbxw/thk4hAlI=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KokIuizWhQsXLdgHNCFMJpN26GQSZm7EGoq/4saFIm79D3f+jdM2C209MHA451zunROknCmw7W9jaXlldW29tFHe3Nre2TX39tsqySShLZLwRHYDrChngraAAafdVFIcB5x2gmF94nfuqVQsEXcwSqkX475gESMYtOSbh+6tDofYd4E+gIzzZv167JsVu2pPYS0SpyAVVKDhm19umJAspgIIx0r1HDsFL8cSGOF0XHYzRVNMhrhPe5oKHFPl5dPrx9aJVkIrSqR+Aqyp+nsix7FSozjQyRjDQM17E/E/r5dBdOnlTKQZUEFmi6KMW5BYkyqskElKgI80wUQyfatFBlhiArqwsi7Bmf/yImmfVR3Nm+eV2lVRRwkdoWN0ihx0gWroBjVQCxH0iJ7RK3oznowX4934mEWXjGLmAP2B8fkDgm2VPw==</latexit><latexit sha1_base64="Rw7fDJVF0Vab+UDbxw/thk4hAlI=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KokIuizWhQsXLdgHNCFMJpN26GQSZm7EGoq/4saFIm79D3f+jdM2C209MHA451zunROknCmw7W9jaXlldW29tFHe3Nre2TX39tsqySShLZLwRHYDrChngraAAafdVFIcB5x2gmF94nfuqVQsEXcwSqkX475gESMYtOSbh+6tDofYd4E+gIzzZv167JsVu2pPYS0SpyAVVKDhm19umJAspgIIx0r1HDsFL8cSGOF0XHYzRVNMhrhPe5oKHFPl5dPrx9aJVkIrSqR+Aqyp+nsix7FSozjQyRjDQM17E/E/r5dBdOnlTKQZUEFmi6KMW5BYkyqskElKgI80wUQyfatFBlhiArqwsi7Bmf/yImmfVR3Nm+eV2lVRRwkdoWN0ihx0gWroBjVQCxH0iJ7RK3oznowX4934mEWXjGLmAP2B8fkDgm2VPw==</latexit>

Collinear

<latexit sha1_base64="LrWGomM7vzVGrZa+bFN/YuToIow=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWa60WXRjcsK9iHtUDJppg1NMkOSEcrQr3DjQhG3fo47/8ZMOwttvRA4nAe594SJ4MZ63jcqbWxube+Udyt7+weHR9Xjk46JU01Zm8Yi1r2QGCa4Ym3LrWC9RDMiQ8G64fQ217tPTBseqwc7S1ggyVjxiFNiHfXoDHmS6GG15tW9xeB14BegBsW0htWvwSimqWTKUkGM6fteYoOMaMupYPPKIDUsIXRKxqzvoCKSmSBbLDzHF44Z4SjW7imLF+zvREakMTMZOqckdmJWtZz8T+unNroOMq6S1DJFlx9FqcA2xvn1eMQ1o1bMHCBUc7crphOiCbWuo4orwV89eR10GnXf4ftGrXlT1FGGMziHS/DhCppwBy1oAwUJz/AKb0ijF/SOPpbWEioyp/Bn0OcP2S+Qaw==</latexit><latexit sha1_base64="LrWGomM7vzVGrZa+bFN/YuToIow=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWa60WXRjcsK9iHtUDJppg1NMkOSEcrQr3DjQhG3fo47/8ZMOwttvRA4nAe594SJ4MZ63jcqbWxube+Udyt7+weHR9Xjk46JU01Zm8Yi1r2QGCa4Ym3LrWC9RDMiQ8G64fQ217tPTBseqwc7S1ggyVjxiFNiHfXoDHmS6GG15tW9xeB14BegBsW0htWvwSimqWTKUkGM6fteYoOMaMupYPPKIDUsIXRKxqzvoCKSmSBbLDzHF44Z4SjW7imLF+zvREakMTMZOqckdmJWtZz8T+unNroOMq6S1DJFlx9FqcA2xvn1eMQ1o1bMHCBUc7crphOiCbWuo4orwV89eR10GnXf4ftGrXlT1FGGMziHS/DhCppwBy1oAwUJz/AKb0ijF/SOPpbWEioyp/Bn0OcP2S+Qaw==</latexit><latexit sha1_base64="LrWGomM7vzVGrZa+bFN/YuToIow=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWa60WXRjcsK9iHtUDJppg1NMkOSEcrQr3DjQhG3fo47/8ZMOwttvRA4nAe594SJ4MZ63jcqbWxube+Udyt7+weHR9Xjk46JU01Zm8Yi1r2QGCa4Ym3LrWC9RDMiQ8G64fQ217tPTBseqwc7S1ggyVjxiFNiHfXoDHmS6GG15tW9xeB14BegBsW0htWvwSimqWTKUkGM6fteYoOMaMupYPPKIDUsIXRKxqzvoCKSmSBbLDzHF44Z4SjW7imLF+zvREakMTMZOqckdmJWtZz8T+unNroOMq6S1DJFlx9FqcA2xvn1eMQ1o1bMHCBUc7crphOiCbWuo4orwV89eR10GnXf4ftGrXlT1FGGMziHS/DhCppwBy1oAwUJz/AKb0ijF/SOPpbWEioyp/Bn0OcP2S+Qaw==</latexit><latexit sha1_base64="LrWGomM7vzVGrZa+bFN/YuToIow=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWa60WXRjcsK9iHtUDJppg1NMkOSEcrQr3DjQhG3fo47/8ZMOwttvRA4nAe594SJ4MZ63jcqbWxube+Udyt7+weHR9Xjk46JU01Zm8Yi1r2QGCa4Ym3LrWC9RDMiQ8G64fQ217tPTBseqwc7S1ggyVjxiFNiHfXoDHmS6GG15tW9xeB14BegBsW0htWvwSimqWTKUkGM6fteYoOMaMupYPPKIDUsIXRKxqzvoCKSmSBbLDzHF44Z4SjW7imLF+zvREakMTMZOqckdmJWtZz8T+unNroOMq6S1DJFlx9FqcA2xvn1eMQ1o1bMHCBUc7crphOiCbWuo4orwV89eR10GnXf4ftGrXlT1FGGMziHS/DhCppwBy1oAwUJz/AKb0ijF/SOPpbWEioyp/Bn0OcP2S+Qaw==</latexit>

Studied wellStudied actively  
but complicated

TMD: Transverse Momentum Dependent Framework 
(kt-factorization)



TMD approach

CSS formalism 

• Transverse Momentum 
Dependent PDF 

• Single logs + Double logs 

• DGLAP and Collins-Soper 
eqs. (Linear evolution) 

• Applicable to the whole x

CGC framework 

• Transverse Momentum 
Dependent PDF w/ Qs 

• Single logs 

• JIMWLK or BK eq. (Nonlinear 
evolution) 

• Applicable to only small-x

k? ⇠ Qs
<latexit sha1_base64="DN3nWnWZtZEFHmC9HhlfpAJqEuc=">AAAB+HicbZDLSgMxFIYz9VbrpVWXboJFcFVmRNBl0Y3LFuwFOsOQSc+0oclMSDJCHfokblwo4tZHcefbmLaz0NYfAh//OYdz8keSM21c99spbWxube+Udyt7+weH1drRcVenmaLQoSlPVT8iGjhLoGOY4dCXCoiIOPSiyd283nsEpVmaPJiphECQUcJiRomxVlirTkJfgpK+ZgK3Qx3W6m7DXQivg1dAHRVqhbUvf5jSTEBiKCdaDzxXmiAnyjDKYVbxMw2S0AkZwcBiQgToIF8cPsPn1hniOFX2JQYv3N8TORFaT0VkOwUxY71am5v/1QaZiW+CnCUyM5DQ5aI449ikeJ4CHjIF1PCpBUIVs7diOiaKUGOzqtgQvNUvr0P3suFZbl/Vm7dFHGV0is7QBfLQNWqie9RCHURRhp7RK3pznpwX5935WLaWnGLmBP2R8/kDlhCTBg==</latexit><latexit sha1_base64="DN3nWnWZtZEFHmC9HhlfpAJqEuc=">AAAB+HicbZDLSgMxFIYz9VbrpVWXboJFcFVmRNBl0Y3LFuwFOsOQSc+0oclMSDJCHfokblwo4tZHcefbmLaz0NYfAh//OYdz8keSM21c99spbWxube+Udyt7+weH1drRcVenmaLQoSlPVT8iGjhLoGOY4dCXCoiIOPSiyd283nsEpVmaPJiphECQUcJiRomxVlirTkJfgpK+ZgK3Qx3W6m7DXQivg1dAHRVqhbUvf5jSTEBiKCdaDzxXmiAnyjDKYVbxMw2S0AkZwcBiQgToIF8cPsPn1hniOFX2JQYv3N8TORFaT0VkOwUxY71am5v/1QaZiW+CnCUyM5DQ5aI449ikeJ4CHjIF1PCpBUIVs7diOiaKUGOzqtgQvNUvr0P3suFZbl/Vm7dFHGV0is7QBfLQNWqie9RCHURRhp7RK3pznpwX5935WLaWnGLmBP2R8/kDlhCTBg==</latexit><latexit sha1_base64="DN3nWnWZtZEFHmC9HhlfpAJqEuc=">AAAB+HicbZDLSgMxFIYz9VbrpVWXboJFcFVmRNBl0Y3LFuwFOsOQSc+0oclMSDJCHfokblwo4tZHcefbmLaz0NYfAh//OYdz8keSM21c99spbWxube+Udyt7+weH1drRcVenmaLQoSlPVT8iGjhLoGOY4dCXCoiIOPSiyd283nsEpVmaPJiphECQUcJiRomxVlirTkJfgpK+ZgK3Qx3W6m7DXQivg1dAHRVqhbUvf5jSTEBiKCdaDzxXmiAnyjDKYVbxMw2S0AkZwcBiQgToIF8cPsPn1hniOFX2JQYv3N8TORFaT0VkOwUxY71am5v/1QaZiW+CnCUyM5DQ5aI449ikeJ4CHjIF1PCpBUIVs7diOiaKUGOzqtgQvNUvr0P3suFZbl/Vm7dFHGV0is7QBfLQNWqie9RCHURRhp7RK3pznpwX5935WLaWnGLmBP2R8/kDlhCTBg==</latexit><latexit sha1_base64="DN3nWnWZtZEFHmC9HhlfpAJqEuc=">AAAB+HicbZDLSgMxFIYz9VbrpVWXboJFcFVmRNBl0Y3LFuwFOsOQSc+0oclMSDJCHfokblwo4tZHcefbmLaz0NYfAh//OYdz8keSM21c99spbWxube+Udyt7+weH1drRcVenmaLQoSlPVT8iGjhLoGOY4dCXCoiIOPSiyd283nsEpVmaPJiphECQUcJiRomxVlirTkJfgpK+ZgK3Qx3W6m7DXQivg1dAHRVqhbUvf5jSTEBiKCdaDzxXmiAnyjDKYVbxMw2S0AkZwcBiQgToIF8cPsPn1hniOFX2JQYv3N8TORFaT0VkOwUxY71am5v/1QaZiW+CnCUyM5DQ5aI449ikeJ4CHjIF1PCpBUIVs7diOiaKUGOzqtgQvNUvr0P3suFZbl/Vm7dFHGV0is7QBfLQNWqie9RCHURRhp7RK3pznpwX5935WLaWnGLmBP2R8/kDlhCTBg==</latexit>

Saturation

· · ·<latexit sha1_base64="UPokKVheDhmbefXjKuY8gEj6EYo=">AAAB7XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2ANpTNZtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08ahuVacZbTEmluwE1XIqEt1Cg5N1UcxoHkneC8e2s3nni2giVPOAk5X5Mh4mIBKNorXafhQrNoFpz6+5cZBW8AmpQqDmofvVDxbKYJ8gkNabnuSn6OdUomOTTSj8zPKVsTIe8ZzGhMTd+Pt92Ss6sE5JIafsSJHP390ROY2MmcWA7Y4ojs1ybmf/VehlG134ukjRDnrDFR1EmCSoyO52EQnOGcmKBMi3sroSNqKYMbUAVG4K3fPIqtC/qnuX7y1rjpoijDCdwCufgwRU04A6a0AIGj/AMr/DmKOfFeXc+Fq0lp5g5hj9yPn8ArlmPLw==</latexit><latexit sha1_base64="UPokKVheDhmbefXjKuY8gEj6EYo=">AAAB7XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2ANpTNZtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08ahuVacZbTEmluwE1XIqEt1Cg5N1UcxoHkneC8e2s3nni2giVPOAk5X5Mh4mIBKNorXafhQrNoFpz6+5cZBW8AmpQqDmofvVDxbKYJ8gkNabnuSn6OdUomOTTSj8zPKVsTIe8ZzGhMTd+Pt92Ss6sE5JIafsSJHP390ROY2MmcWA7Y4ojs1ybmf/VehlG134ukjRDnrDFR1EmCSoyO52EQnOGcmKBMi3sroSNqKYMbUAVG4K3fPIqtC/qnuX7y1rjpoijDCdwCufgwRU04A6a0AIGj/AMr/DmKOfFeXc+Fq0lp5g5hj9yPn8ArlmPLw==</latexit><latexit sha1_base64="UPokKVheDhmbefXjKuY8gEj6EYo=">AAAB7XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2ANpTNZtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08ahuVacZbTEmluwE1XIqEt1Cg5N1UcxoHkneC8e2s3nni2giVPOAk5X5Mh4mIBKNorXafhQrNoFpz6+5cZBW8AmpQqDmofvVDxbKYJ8gkNabnuSn6OdUomOTTSj8zPKVsTIe8ZzGhMTd+Pt92Ss6sE5JIafsSJHP390ROY2MmcWA7Y4ojs1ybmf/VehlG134ukjRDnrDFR1EmCSoyO52EQnOGcmKBMi3sroSNqKYMbUAVG4K3fPIqtC/qnuX7y1rjpoijDCdwCufgwRU04A6a0AIGj/AMr/DmKOfFeXc+Fq0lp5g5hj9yPn8ArlmPLw==</latexit><latexit sha1_base64="UPokKVheDhmbefXjKuY8gEj6EYo=">AAAB7XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2ANpTNZtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08ahuVacZbTEmluwE1XIqEt1Cg5N1UcxoHkneC8e2s3nni2giVPOAk5X5Mh4mIBKNorXafhQrNoFpz6+5cZBW8AmpQqDmofvVDxbKYJ8gkNabnuSn6OdUomOTTSj8zPKVsTIe8ZzGhMTd+Pt92Ss6sE5JIafsSJHP390ROY2MmcWA7Y4ojs1ybmf/VehlG134ukjRDnrDFR1EmCSoyO52EQnOGcmKBMi3sroSNqKYMbUAVG4K3fPIqtC/qnuX7y1rjpoijDCdwCufgwRU04A6a0AIGj/AMr/DmKOfFeXc+Fq0lp5g5hj9yPn8ArlmPLw==</latexit>

k?
<latexit sha1_base64="rtwqKojMNbA6mh4xIcu0TApmGfs=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5RsOtuGZrMhyQpl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRkpwY33/21tb39jc2i7tlHf39g8OK0fHLZNmmmGTpSLVnYgaFFxi03IrsKM00iQS2I7Gd7N6+wm14al8tBOFYUKHksecUeus9rjfU6hVv1L1a/5cZBWCAqpQqNGvfPUGKcsSlJYJakw38JUNc6otZwKn5V5mUFE2pkPsOpQ0QRPm83Wn5Nw5AxKn2j1pydz9PZHTxJhJErnOhNqRWa7NzP9q3czGN2HOpcosSrb4KM4EsSmZ3U4GXCOzYuKAMs3droSNqKbMuoTKLoRg+eRVaF3WAscPV9X6bRFHCU7hDC4ggGuowz00oAkMxvAMr/DmKe/Fe/c+Fq1rXjFzAn/kff4AbWmPnQ==</latexit><latexit sha1_base64="rtwqKojMNbA6mh4xIcu0TApmGfs=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5RsOtuGZrMhyQpl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRkpwY33/21tb39jc2i7tlHf39g8OK0fHLZNmmmGTpSLVnYgaFFxi03IrsKM00iQS2I7Gd7N6+wm14al8tBOFYUKHksecUeus9rjfU6hVv1L1a/5cZBWCAqpQqNGvfPUGKcsSlJYJakw38JUNc6otZwKn5V5mUFE2pkPsOpQ0QRPm83Wn5Nw5AxKn2j1pydz9PZHTxJhJErnOhNqRWa7NzP9q3czGN2HOpcosSrb4KM4EsSmZ3U4GXCOzYuKAMs3droSNqKbMuoTKLoRg+eRVaF3WAscPV9X6bRFHCU7hDC4ggGuowz00oAkMxvAMr/DmKe/Fe/c+Fq1rXjFzAn/kff4AbWmPnQ==</latexit><latexit sha1_base64="rtwqKojMNbA6mh4xIcu0TApmGfs=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5RsOtuGZrMhyQpl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRkpwY33/21tb39jc2i7tlHf39g8OK0fHLZNmmmGTpSLVnYgaFFxi03IrsKM00iQS2I7Gd7N6+wm14al8tBOFYUKHksecUeus9rjfU6hVv1L1a/5cZBWCAqpQqNGvfPUGKcsSlJYJakw38JUNc6otZwKn5V5mUFE2pkPsOpQ0QRPm83Wn5Nw5AxKn2j1pydz9PZHTxJhJErnOhNqRWa7NzP9q3czGN2HOpcosSrb4KM4EsSmZ3U4GXCOzYuKAMs3droSNqKbMuoTKLoRg+eRVaF3WAscPV9X6bRFHCU7hDC4ggGuowz00oAkMxvAMr/DmKe/Fe/c+Fq1rXjFzAn/kff4AbWmPnQ==</latexit><latexit sha1_base64="rtwqKojMNbA6mh4xIcu0TApmGfs=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5RsOtuGZrMhyQpl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRkpwY33/21tb39jc2i7tlHf39g8OK0fHLZNmmmGTpSLVnYgaFFxi03IrsKM00iQS2I7Gd7N6+wm14al8tBOFYUKHksecUeus9rjfU6hVv1L1a/5cZBWCAqpQqNGvfPUGKcsSlJYJakw38JUNc6otZwKn5V5mUFE2pkPsOpQ0QRPm83Wn5Nw5AxKn2j1pydz9PZHTxJhJErnOhNqRWa7NzP9q3czGN2HOpcosSrb4KM4EsSmZ3U4GXCOzYuKAMs3droSNqKbMuoTKLoRg+eRVaF3WAscPV9X6bRFHCU7hDC4ggGuowz00oAkMxvAMr/DmKe/Fe/c+Fq1rXjFzAn/kff4AbWmPnQ==</latexit>
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Parton Shower
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1. Quarkonium production in the CGC 
framework  

2. Quarkonium production in the TMD 
framework 

3. Factorization breaking in p+A 
collisions
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QQbar production in dilute-dense system
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• Proton side: Leading twist 

• Nucleus side: All orders resummation 

•                            → Multiple scattering↵2
sA
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Wilson lines in the Eikonal approximation

Blaizot, Gelis, Venugopalan (2004) 
Kovchegov, Tuchin (2006) 
See also, Kharzeev, Tuchin (2005)
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Onium in the CGC+CEM
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Gluon radiation during hadronization

CEM

Improved CEM Ma, Vogt, PRD94 (2016)
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Onium in the CGC+NRQCD
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CS channel probes the quadrupole amplitude. However, thanks 
to large-Nc approximation and quasi-classical approximation, the 
quadrupole amplitude is simply cubic in N_Y.

Dominguez, Kharzeev, Levin, Mueller, Tuchin, PLB710, (2012)

Color Singlet Color Octet

Kang, Ma, Venugopalan, (2013)



14

J/psi in the CGC+ICEM
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5.02 2.5 < y < 4.0 6 5.26⇥10

�3 ± 3.35⇥10

�4
7.0 6.25⇥10

�3 ± 4.21⇥10

�4
7.8

2.76 2.5 < y < 4.0 6 5.27⇥10

�3 ± 1.84⇥10

�4
0.88 6.31⇥10

�3 ± 2.43⇥10

�4
1.1

0.2 |y| < 0.35 21 6.36⇥10

�3 ± 1.94⇥10

�4
0.93 7.95⇥10

�3 ± 2.32⇥10

�4
0.85

0.2 1.2 < y < 2.4 24 1.06⇥10

�2 ± 1.30⇥10

�4
0.35 1.31⇥10

�2 ± 1.81⇥10

�4
0.44

Table 1: Fitted values and errors of F for d�/d

2
P?dy of J/ production in

p+p collisions. Numbers in the bracket next to FJ/ represent the heavy quark

mass value: m = 1.3 GeV or 1.4 GeV.

<latexit sha1_base64="WZcIiZHisQxVRnK592ZQWVfP/qM="></latexit><latexit sha1_base64="WZcIiZHisQxVRnK592ZQWVfP/qM="></latexit><latexit sha1_base64="WZcIiZHisQxVRnK592ZQWVfP/qM="></latexit><latexit sha1_base64="WZcIiZHisQxVRnK592ZQWVfP/qM="></latexit>

Ma, Venugopalan, KW, Zhang (2018)

MV IC + rcBK eq. gives a good 
parametrization of gluon TMD at small-x.
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J/psi in the CGC+NRQCD
Ma, Venugopalan (2014)

Prompt J/psi data at high pt at Tevatron;
hOJ/ [1S[8]

0 ]i = 0.089± 0.0098GeV3

hOJ/ [3S[8]
1 ]i = 0.0030± 0.0012GeV3

hOJ/ [3P [8]
0 ]i/m2

c = 0.0056± 0.0021GeV3
<latexit sha1_base64="dPVBG0Gu0Oj5YWrbr39jawbsFa0="></latexit><latexit sha1_base64="dPVBG0Gu0Oj5YWrbr39jawbsFa0="></latexit><latexit sha1_base64="dPVBG0Gu0Oj5YWrbr39jawbsFa0="></latexit><latexit sha1_base64="dPVBG0Gu0Oj5YWrbr39jawbsFa0="></latexit>

Chao, Ma, Shao, Wang, Zhang (2012)

Ma, Stebel, Venugopalan (2018)



NRQCD LDMEs
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hOJ/ [1S[8]
0 ]i+ 4.0hOJ/ [3P [8]

0 ]i/m2 < 2.0± 0.6⇥ 10�2GeV3
<latexit sha1_base64="ANaYBAexjynfkT7cc8vZYDYWltY="></latexit><latexit sha1_base64="ANaYBAexjynfkT7cc8vZYDYWltY="></latexit><latexit sha1_base64="ANaYBAexjynfkT7cc8vZYDYWltY="></latexit><latexit sha1_base64="ANaYBAexjynfkT7cc8vZYDYWltY="></latexit>

Zhang, Ma, Wang, Chao, PRD81 (2010)

In e+e- scattering:

Fits from Tevatron, LHC, HERA, LEP:

hO(

3S[1]
1 )i hO(

1S[8]
0 )i hO(

3S[8]
1 )i hO(

3P [8]
0 )i/m2

c

GeV

3
10

�2
GeV

3
10

�2
GeV

3
10

�2
GeV

3

Bodwin et al - 9.9 1.1 0.49

Butenschoen et al 1.32 3.04 0.16 -0.30

Chao et al 1.16 8.9 0.30 0.56

Gong et al 1.16 9.7 -0.46 -0.95

<latexit sha1_base64="yloaSXVUEcEp9gufcFx7NPlmgts="></latexit><latexit sha1_base64="yloaSXVUEcEp9gufcFx7NPlmgts="></latexit><latexit sha1_base64="yloaSXVUEcEp9gufcFx7NPlmgts="></latexit><latexit sha1_base64="yloaSXVUEcEp9gufcFx7NPlmgts="></latexit>

Bodwin, Chung, Kim, Lee, PRL113, 022001 (2014).  
Butenschoen, Kniehl, PRD84, 051501 (2011).  
Chao, Ma, Shao, Wang, Zhang, PRL108, 242004 (2012).  
Gong, Wan, Wang, Zhang, PRL110, 042002 (2013). 



J/psi vs Nch
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Soft mode vs Hard mode

ALICE Collaboration, 
 PLB712 (2012)

Can we test universality of LDMEs?
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Quantum Fluctuation

dNch

d2b?d2k?dy
⇠ hAAi ⇠ f(k?/Qs)

↵s
) dNch

dy
⇠ S?Q2

s

↵s
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At extreme high energy, gluon field behaves like classical: Small 
coupling constant and gluon nonlinear interaction. ↔ A ⇠ 1/g
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• If S_perp is fixed, Qs can controls Nch. 

• Qs depends on impact parameter (b). 

• IP-Sat Model deals with b-dependent Qs and can model NBD 
of Nch. 

• Spatial configurations of color charge density of parton inside 
hadron are nonperturbative and complicated…

Tribedy, Venugopalan (2011) 
Schenke, Tribedy, Venugopalan (2012)

See talk by Mace (11/13)
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Nch in p+p collisions
d�g

d2pg?dy
=

↵sK̂b

(2⇡)3⇡3CF

Z
d2k?
p2g?

'p,yp(k?)'A,Y (pg? � k?)

dNch

d⌘
=

K̂ch

�inel

Z
d2p?

1Z

zmin

dz
Dh(z)

z2
Jy!⌘

d�g

d2pg?dy
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MB vs High Multiplicity events
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New constraints on the LDMEs

• Consistent with the universality requirement from BELLE e^+e^- data:
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ALICE J/ 

hOJ/ [1S[8]
0 ]i+ 4.0hOJ/ [3P [8]

0 ]i/m2 < 2.0± 0.6⇥ 10�2GeV3
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• b-quark decay contribution is not included.

1S0 octet channel should have 

a larger weight compared to MB.



• Nice agreement between the CGC expectation and 
experimental data about pt distribution of J/psi 
production. 

• J/psi production in high multiplicity events provides 
an interesting universality test of LDMEs. 

• Other observables: J/psi production within jets.

Short Summary I

22

Bain, Makris, Mehen, Dai, Leibovich, PRL119, 032002 (2017) 
Kang, Qiu, Ringer, Xing, Zhang, PRL119, 032001 (2017) 



Quarkonium production in the TMD 
framework

23



J/psi vs Upsilon in the CGC
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Sudakov resummation effect is  
important for Upsilon production.
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↵s ln
2 M2

p2?
⇠ O(1)
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Soft gluon radiation
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(a) (b) (c) (d)

(e) (f) (g)

(a) (b) (c)Initial state interaction: Soft and collinear singularities

Interference: Soft and collinear singularities

Final state interaction: Soft singularity

(a) (b) (c) (d)

(e) (f) (g)



Soft momentum limit: g+g channel
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Qiu, KW in progress

Initial state interaction should be important.

The same form as Higgs production



Collins-Soper-Sterman formalism
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W (M, b?, x1, x2) =
X

ij

d�̂

ij!QQ̄
LO Wij(M, b?)e

�Sij(M,b?)
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Resummation

collinear pdfs
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A, B, C are calculated perturbatively. universal in gg-channel

important at high pt

Collins, Soper, Sterman (1985)



b-space distribution for Upsilon
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Upsilon: Perturbative shower, J/psi: Nonperturbative shower

Qiu, KW (2017)



Results in the CSS formalism
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p
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LHCb :
p
s = 7 TeV, 4.0 < y < 4.5

Qiu, KW (2017)

Resum Fixed-order

Initial state hard person shower describes data of J/psi production 
from Tevatron to LHC.



CGC + Sudakov factor
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See also, Mueller, Xiao, Yuan (2013)



• Large double logs are essential for Upsilon 
production. 

• Initial state soft gluon radiation can provide double 
logs. Parton shower > Saturation effect in p+p 
collisions. 

• Rigorous calculation of TMD factorization for 
quarkonium production in the NRQCD is underway.

Short Summary ||

31



Factorization breaking  in p+A 
collisions
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Reminder: Effective factorization
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Consider

If v-expansion is unclear

However, at very forward rapidity, Lorentz time dilation gives

The QQbar pair’s hadronization is effectively frozen when the pair 
passes through a target. 

So, if v is small

The effective factorization between the coherent interaction and 
the hadronization is justified at forward rapidity in CEM and 
NRQCD.

Qiu, Sun, Xiao, Yuan (2013)



Spectators interaction
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We have assumed that the same statement applies to charmonium.
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However, we must be careful at low pt because soft color exchanges 
between spectators and ccbar pair is indispensable.

→ Factorization breaking Brodsky, Mueller (1988)

Comover partons emitted at forward rapidity



Psi(2S) anomalous suppression
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The large suppression of Psi(2S) production in p+A  at both RHIC 
and the LHC has widely been interpreted as arising from final state 
interactions with hadron comovers.



FSI in the CGC+ICEM
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Fitted in p+p
Ma, Venugopalan, KW, Zhang (2017)
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Assumption: the role of soft color exchanges should be enhanced in p+A collisions.



• Spectator interaction breaks strongly factorization 
for Psi(2S) production. →Color Entanglement 
between the QQbar pair and spectator partons. 

• Need more careful analysis on spectators 
interaction: higher twist in final state. 

• Similar factorization breaking effect could happen in 
e+A collisions?

Short Summary |||
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Thank you!



Backup
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Nch in p+A collisions
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Qsp increases

QsA increases



Results in p+A collisions
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Saturation effect and parton shower effect are comparable 
in p+A collisions.



Singular spike at low pt
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Landau-Yang’s theorem

S = 1
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<latexit sha1_base64="tjwkzDiORioh4ZmZvgnN8nEk/nw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQiFL14rNR+QBvKZjtpl242YXcjlNCf4MWDIl79Rd78N27bHLT1hYWHd2bYmTdIBNfGdb+dwtr6xuZWcbu0s7u3f1A+PGrpOFUMmywWseoEVKPgEpuGG4GdRCGNAoHtYHw3q7efUGkey0czSdCP6FDykDNqrNVo3Hj9csWtunORVfByqECuer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSuRUkj1H42X3VKzqwzIGGs7JOGzN3fExmNtJ5Ege2MqBnp5drM/K/WTU147WdcJqlByRYfhakgJiazu8mAK2RGTCxQprjdlbARVZQZm07JhuAtn7wKrYuqZ/nhslK7zeMowgmcwjl4cAU1uIc6NIHBEJ7hFd4c4bw4787HorXg5DPH8EfO5w+fm41Z</latexit><latexit sha1_base64="tjwkzDiORioh4ZmZvgnN8nEk/nw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQiFL14rNR+QBvKZjtpl242YXcjlNCf4MWDIl79Rd78N27bHLT1hYWHd2bYmTdIBNfGdb+dwtr6xuZWcbu0s7u3f1A+PGrpOFUMmywWseoEVKPgEpuGG4GdRCGNAoHtYHw3q7efUGkey0czSdCP6FDykDNqrNVo3Hj9csWtunORVfByqECuer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSuRUkj1H42X3VKzqwzIGGs7JOGzN3fExmNtJ5Ege2MqBnp5drM/K/WTU147WdcJqlByRYfhakgJiazu8mAK2RGTCxQprjdlbARVZQZm07JhuAtn7wKrYuqZ/nhslK7zeMowgmcwjl4cAU1uIc6NIHBEJ7hFd4c4bw4787HorXg5DPH8EfO5w+fm41Z</latexit><latexit sha1_base64="tjwkzDiORioh4ZmZvgnN8nEk/nw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQiFL14rNR+QBvKZjtpl242YXcjlNCf4MWDIl79Rd78N27bHLT1hYWHd2bYmTdIBNfGdb+dwtr6xuZWcbu0s7u3f1A+PGrpOFUMmywWseoEVKPgEpuGG4GdRCGNAoHtYHw3q7efUGkey0czSdCP6FDykDNqrNVo3Hj9csWtunORVfByqECuer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSuRUkj1H42X3VKzqwzIGGs7JOGzN3fExmNtJ5Ege2MqBnp5drM/K/WTU147WdcJqlByRYfhakgJiazu8mAK2RGTCxQprjdlbARVZQZm07JhuAtn7wKrYuqZ/nhslK7zeMowgmcwjl4cAU1uIc6NIHBEJ7hFd4c4bw4787HorXg5DPH8EfO5w+fm41Z</latexit><latexit sha1_base64="tjwkzDiORioh4ZmZvgnN8nEk/nw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQiFL14rNR+QBvKZjtpl242YXcjlNCf4MWDIl79Rd78N27bHLT1hYWHd2bYmTdIBNfGdb+dwtr6xuZWcbu0s7u3f1A+PGrpOFUMmywWseoEVKPgEpuGG4GdRCGNAoHtYHw3q7efUGkey0czSdCP6FDykDNqrNVo3Hj9csWtunORVfByqECuer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSuRUkj1H42X3VKzqwzIGGs7JOGzN3fExmNtJ5Ege2MqBnp5drM/K/WTU147WdcJqlByRYfhakgJiazu8mAK2RGTCxQprjdlbARVZQZm07JhuAtn7wKrYuqZ/nhslK7zeMowgmcwjl4cAU1uIc6NIHBEJ7hFd4c4bw4787HorXg5DPH8EfO5w+fm41Z</latexit>

S = 1
<latexit sha1_base64="tjwkzDiORioh4ZmZvgnN8nEk/nw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQiFL14rNR+QBvKZjtpl242YXcjlNCf4MWDIl79Rd78N27bHLT1hYWHd2bYmTdIBNfGdb+dwtr6xuZWcbu0s7u3f1A+PGrpOFUMmywWseoEVKPgEpuGG4GdRCGNAoHtYHw3q7efUGkey0czSdCP6FDykDNqrNVo3Hj9csWtunORVfByqECuer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSuRUkj1H42X3VKzqwzIGGs7JOGzN3fExmNtJ5Ege2MqBnp5drM/K/WTU147WdcJqlByRYfhakgJiazu8mAK2RGTCxQprjdlbARVZQZm07JhuAtn7wKrYuqZ/nhslK7zeMowgmcwjl4cAU1uIc6NIHBEJ7hFd4c4bw4787HorXg5DPH8EfO5w+fm41Z</latexit><latexit sha1_base64="tjwkzDiORioh4ZmZvgnN8nEk/nw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQiFL14rNR+QBvKZjtpl242YXcjlNCf4MWDIl79Rd78N27bHLT1hYWHd2bYmTdIBNfGdb+dwtr6xuZWcbu0s7u3f1A+PGrpOFUMmywWseoEVKPgEpuGG4GdRCGNAoHtYHw3q7efUGkey0czSdCP6FDykDNqrNVo3Hj9csWtunORVfByqECuer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSuRUkj1H42X3VKzqwzIGGs7JOGzN3fExmNtJ5Ege2MqBnp5drM/K/WTU147WdcJqlByRYfhakgJiazu8mAK2RGTCxQprjdlbARVZQZm07JhuAtn7wKrYuqZ/nhslK7zeMowgmcwjl4cAU1uIc6NIHBEJ7hFd4c4bw4787HorXg5DPH8EfO5w+fm41Z</latexit><latexit sha1_base64="tjwkzDiORioh4ZmZvgnN8nEk/nw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQiFL14rNR+QBvKZjtpl242YXcjlNCf4MWDIl79Rd78N27bHLT1hYWHd2bYmTdIBNfGdb+dwtr6xuZWcbu0s7u3f1A+PGrpOFUMmywWseoEVKPgEpuGG4GdRCGNAoHtYHw3q7efUGkey0czSdCP6FDykDNqrNVo3Hj9csWtunORVfByqECuer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSuRUkj1H42X3VKzqwzIGGs7JOGzN3fExmNtJ5Ege2MqBnp5drM/K/WTU147WdcJqlByRYfhakgJiazu8mAK2RGTCxQprjdlbARVZQZm07JhuAtn7wKrYuqZ/nhslK7zeMowgmcwjl4cAU1uIc6NIHBEJ7hFd4c4bw4787HorXg5DPH8EfO5w+fm41Z</latexit><latexit sha1_base64="tjwkzDiORioh4ZmZvgnN8nEk/nw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQiFL14rNR+QBvKZjtpl242YXcjlNCf4MWDIl79Rd78N27bHLT1hYWHd2bYmTdIBNfGdb+dwtr6xuZWcbu0s7u3f1A+PGrpOFUMmywWseoEVKPgEpuGG4GdRCGNAoHtYHw3q7efUGkey0czSdCP6FDykDNqrNVo3Hj9csWtunORVfByqECuer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSuRUkj1H42X3VKzqwzIGGs7JOGzN3fExmNtJ5Ege2MqBnp5drM/K/WTU147WdcJqlByRYfhakgJiazu8mAK2RGTCxQprjdlbARVZQZm07JhuAtn7wKrYuqZ/nhslK7zeMowgmcwjl4cAU1uIc6NIHBEJ7hFd4c4bw4787HorXg5DPH8EfO5w+fm41Z</latexit>

Finite at pt=0Singular at pt=0

✔Go to resummation

⌥(1S)
<latexit sha1_base64="qwAM5MfasWanhp962QdLQg1Fcaw=">AAAB83icbZDNSgMxFIXv1L9a/6ou3QwWoW7KjAi6LLpxWdFpC52hZNJMG5pJQpIRytDXcONCEbe+jDvfxrSdhbYeCHycey/35sSSUW0879spra1vbG6Vtys7u3v7B9XDo7YWmcIkwIIJ1Y2RJoxyEhhqGOlKRVAaM9KJx7ezeueJKE0FfzQTSaIUDTlNKEbGWmEYSE2Z4HX/4bxfrXkNby53FfwCalCo1a9+hQOBs5RwgxnSuud70kQ5UoZiRqaVMNNEIjxGQ9KzyFFKdJTPb566Z9YZuIlQ9nHjzt3fEzlKtZ6kse1MkRnp5drM/K/Wy0xyHeWUy8wQjheLkoy5RrizANwBVQQbNrGAsKL2VhePkELY2JgqNgR/+cur0L5o+JbvL2vNmyKOMpzAKdTBhytowh20IAAMEp7hFd6czHlx3p2PRWvJKWaO4Y+czx8ZPpEN</latexit><latexit sha1_base64="qwAM5MfasWanhp962QdLQg1Fcaw=">AAAB83icbZDNSgMxFIXv1L9a/6ou3QwWoW7KjAi6LLpxWdFpC52hZNJMG5pJQpIRytDXcONCEbe+jDvfxrSdhbYeCHycey/35sSSUW0879spra1vbG6Vtys7u3v7B9XDo7YWmcIkwIIJ1Y2RJoxyEhhqGOlKRVAaM9KJx7ezeueJKE0FfzQTSaIUDTlNKEbGWmEYSE2Z4HX/4bxfrXkNby53FfwCalCo1a9+hQOBs5RwgxnSuud70kQ5UoZiRqaVMNNEIjxGQ9KzyFFKdJTPb566Z9YZuIlQ9nHjzt3fEzlKtZ6kse1MkRnp5drM/K/Wy0xyHeWUy8wQjheLkoy5RrizANwBVQQbNrGAsKL2VhePkELY2JgqNgR/+cur0L5o+JbvL2vNmyKOMpzAKdTBhytowh20IAAMEp7hFd6czHlx3p2PRWvJKWaO4Y+czx8ZPpEN</latexit><latexit sha1_base64="qwAM5MfasWanhp962QdLQg1Fcaw=">AAAB83icbZDNSgMxFIXv1L9a/6ou3QwWoW7KjAi6LLpxWdFpC52hZNJMG5pJQpIRytDXcONCEbe+jDvfxrSdhbYeCHycey/35sSSUW0879spra1vbG6Vtys7u3v7B9XDo7YWmcIkwIIJ1Y2RJoxyEhhqGOlKRVAaM9KJx7ezeueJKE0FfzQTSaIUDTlNKEbGWmEYSE2Z4HX/4bxfrXkNby53FfwCalCo1a9+hQOBs5RwgxnSuud70kQ5UoZiRqaVMNNEIjxGQ9KzyFFKdJTPb566Z9YZuIlQ9nHjzt3fEzlKtZ6kse1MkRnp5drM/K/Wy0xyHeWUy8wQjheLkoy5RrizANwBVQQbNrGAsKL2VhePkELY2JgqNgR/+cur0L5o+JbvL2vNmyKOMpzAKdTBhytowh20IAAMEp7hFd6czHlx3p2PRWvJKWaO4Y+czx8ZPpEN</latexit><latexit sha1_base64="qwAM5MfasWanhp962QdLQg1Fcaw=">AAAB83icbZDNSgMxFIXv1L9a/6ou3QwWoW7KjAi6LLpxWdFpC52hZNJMG5pJQpIRytDXcONCEbe+jDvfxrSdhbYeCHycey/35sSSUW0879spra1vbG6Vtys7u3v7B9XDo7YWmcIkwIIJ1Y2RJoxyEhhqGOlKRVAaM9KJx7ezeueJKE0FfzQTSaIUDTlNKEbGWmEYSE2Z4HX/4bxfrXkNby53FfwCalCo1a9+hQOBs5RwgxnSuud70kQ5UoZiRqaVMNNEIjxGQ9KzyFFKdJTPb566Z9YZuIlQ9nHjzt3fEzlKtZ6kse1MkRnp5drM/K/Wy0xyHeWUy8wQjheLkoy5RrizANwBVQQbNrGAsKL2VhePkELY2JgqNgR/+cur0L5o+JbvL2vNmyKOMpzAKdTBhytowh20IAAMEp7hFd6czHlx3p2PRWvJKWaO4Y+czx8ZPpEN</latexit>⌥(1S)

<latexit sha1_base64="qwAM5MfasWanhp962QdLQg1Fcaw=">AAAB83icbZDNSgMxFIXv1L9a/6ou3QwWoW7KjAi6LLpxWdFpC52hZNJMG5pJQpIRytDXcONCEbe+jDvfxrSdhbYeCHycey/35sSSUW0879spra1vbG6Vtys7u3v7B9XDo7YWmcIkwIIJ1Y2RJoxyEhhqGOlKRVAaM9KJx7ezeueJKE0FfzQTSaIUDTlNKEbGWmEYSE2Z4HX/4bxfrXkNby53FfwCalCo1a9+hQOBs5RwgxnSuud70kQ5UoZiRqaVMNNEIjxGQ9KzyFFKdJTPb566Z9YZuIlQ9nHjzt3fEzlKtZ6kse1MkRnp5drM/K/Wy0xyHeWUy8wQjheLkoy5RrizANwBVQQbNrGAsKL2VhePkELY2JgqNgR/+cur0L5o+JbvL2vNmyKOMpzAKdTBhytowh20IAAMEp7hFd6czHlx3p2PRWvJKWaO4Y+czx8ZPpEN</latexit><latexit sha1_base64="qwAM5MfasWanhp962QdLQg1Fcaw=">AAAB83icbZDNSgMxFIXv1L9a/6ou3QwWoW7KjAi6LLpxWdFpC52hZNJMG5pJQpIRytDXcONCEbe+jDvfxrSdhbYeCHycey/35sSSUW0879spra1vbG6Vtys7u3v7B9XDo7YWmcIkwIIJ1Y2RJoxyEhhqGOlKRVAaM9KJx7ezeueJKE0FfzQTSaIUDTlNKEbGWmEYSE2Z4HX/4bxfrXkNby53FfwCalCo1a9+hQOBs5RwgxnSuud70kQ5UoZiRqaVMNNEIjxGQ9KzyFFKdJTPb566Z9YZuIlQ9nHjzt3fEzlKtZ6kse1MkRnp5drM/K/Wy0xyHeWUy8wQjheLkoy5RrizANwBVQQbNrGAsKL2VhePkELY2JgqNgR/+cur0L5o+JbvL2vNmyKOMpzAKdTBhytowh20IAAMEp7hFd6czHlx3p2PRWvJKWaO4Y+czx8ZPpEN</latexit><latexit sha1_base64="qwAM5MfasWanhp962QdLQg1Fcaw=">AAAB83icbZDNSgMxFIXv1L9a/6ou3QwWoW7KjAi6LLpxWdFpC52hZNJMG5pJQpIRytDXcONCEbe+jDvfxrSdhbYeCHycey/35sSSUW0879spra1vbG6Vtys7u3v7B9XDo7YWmcIkwIIJ1Y2RJoxyEhhqGOlKRVAaM9KJx7ezeueJKE0FfzQTSaIUDTlNKEbGWmEYSE2Z4HX/4bxfrXkNby53FfwCalCo1a9+hQOBs5RwgxnSuud70kQ5UoZiRqaVMNNEIjxGQ9KzyFFKdJTPb566Z9YZuIlQ9nHjzt3fEzlKtZ6kse1MkRnp5drM/K/Wy0xyHeWUy8wQjheLkoy5RrizANwBVQQbNrGAsKL2VhePkELY2JgqNgR/+cur0L5o+JbvL2vNmyKOMpzAKdTBhytowh20IAAMEp7hFd6czHlx3p2PRWvJKWaO4Y+czx8ZPpEN</latexit><latexit sha1_base64="qwAM5MfasWanhp962QdLQg1Fcaw=">AAAB83icbZDNSgMxFIXv1L9a/6ou3QwWoW7KjAi6LLpxWdFpC52hZNJMG5pJQpIRytDXcONCEbe+jDvfxrSdhbYeCHycey/35sSSUW0879spra1vbG6Vtys7u3v7B9XDo7YWmcIkwIIJ1Y2RJoxyEhhqGOlKRVAaM9KJx7ezeueJKE0FfzQTSaIUDTlNKEbGWmEYSE2Z4HX/4bxfrXkNby53FfwCalCo1a9+hQOBs5RwgxnSuud70kQ5UoZiRqaVMNNEIjxGQ9KzyFFKdJTPb566Z9YZuIlQ9nHjzt3fEzlKtZ6kse1MkRnp5drM/K/Wy0xyHeWUy8wQjheLkoy5RrizANwBVQQbNrGAsKL2VhePkELY2JgqNgR/+cur0L5o+JbvL2vNmyKOMpzAKdTBhytowh20IAAMEp7hFd6czHlx3p2PRWvJKWaO4Y+czx8ZPpEN</latexit>

Go to higher order calculations


