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• Precision test of the SM

‣ top quark weak coupling:

‣ top quark mass 
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• Constrain PDFs

‣ s-channel: sensitive to u/d ratio in PDF

‣ t-channel & tW: b quark PDF

t-channel

tW

s-channel

• Background to Higgs and BSM studies

‣ s-channel: have the same final states 

with pp->H(   )W(   )

‣ s-channel: sensitive to new heavy 

resonances such as      and

‣ Wtb anomalous couplings 
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single top production at the LHC: 3 modes



Measurements @ LHC

s-channel

ATLAS 1511.05980

CMS 1603.02555

4.8± 0.8(stat.)+1.6
�1.3(syst.)

<latexit sha1_base64="Bl6WOVj81Eb2mn8z/gYFzkjf4XM=">AAACGnicbVDLSgNBEJyNrxhfUY9eBoMQEZfdGDTegl48RjAmkMQwO5kkQ2Z2l5leISz7H178FS8eVLyJF//GyQPRxIKGoqqb7i4vFFyD43xZqYXFpeWV9GpmbX1jcyu7vXOrg0hRVqWBCFTdI5oJ7rMqcBCsHipGpCdYzRtcjvzaPVOaB/4NDEPWkqTn8y6nBIzUzhaKdqkZSuzYpXzcVBJrIJDYh3fxkWufJu342LVPkqk11COrnc05tjMG/iHuLMmhKSrt7EezE9BIMh+oIFo3XCeEVkwUcCpYkmlGmoWEDkiPNQz1iWS6FY9/S/CBUTq4GyhTPuCx+nsiJlLrofRMpyTQ17PeSPzPa0TQLbVi7ocRMJ9OFnUjgSHAo6BwhytGQQwNIVRxcyumfaIIBRNnxoQw9/I8qRbsc9u9LubKF9M00mgP7aM8ctEZKqMrVEFVRNEDekIv6NV6tJ6tN+t90pqypjO76A+sz2+5Bp5c</latexit><latexit sha1_base64="Bl6WOVj81Eb2mn8z/gYFzkjf4XM=">AAACGnicbVDLSgNBEJyNrxhfUY9eBoMQEZfdGDTegl48RjAmkMQwO5kkQ2Z2l5leISz7H178FS8eVLyJF//GyQPRxIKGoqqb7i4vFFyD43xZqYXFpeWV9GpmbX1jcyu7vXOrg0hRVqWBCFTdI5oJ7rMqcBCsHipGpCdYzRtcjvzaPVOaB/4NDEPWkqTn8y6nBIzUzhaKdqkZSuzYpXzcVBJrIJDYh3fxkWufJu342LVPkqk11COrnc05tjMG/iHuLMmhKSrt7EezE9BIMh+oIFo3XCeEVkwUcCpYkmlGmoWEDkiPNQz1iWS6FY9/S/CBUTq4GyhTPuCx+nsiJlLrofRMpyTQ17PeSPzPa0TQLbVi7ocRMJ9OFnUjgSHAo6BwhytGQQwNIVRxcyumfaIIBRNnxoQw9/I8qRbsc9u9LubKF9M00mgP7aM8ctEZKqMrVEFVRNEDekIv6NV6tJ6tN+t90pqypjO76A+sz2+5Bp5c</latexit><latexit sha1_base64="Bl6WOVj81Eb2mn8z/gYFzkjf4XM=">AAACGnicbVDLSgNBEJyNrxhfUY9eBoMQEZfdGDTegl48RjAmkMQwO5kkQ2Z2l5leISz7H178FS8eVLyJF//GyQPRxIKGoqqb7i4vFFyD43xZqYXFpeWV9GpmbX1jcyu7vXOrg0hRVqWBCFTdI5oJ7rMqcBCsHipGpCdYzRtcjvzaPVOaB/4NDEPWkqTn8y6nBIzUzhaKdqkZSuzYpXzcVBJrIJDYh3fxkWufJu342LVPkqk11COrnc05tjMG/iHuLMmhKSrt7EezE9BIMh+oIFo3XCeEVkwUcCpYkmlGmoWEDkiPNQz1iWS6FY9/S/CBUTq4GyhTPuCx+nsiJlLrofRMpyTQ17PeSPzPa0TQLbVi7ocRMJ9OFnUjgSHAo6BwhytGQQwNIVRxcyumfaIIBRNnxoQw9/I8qRbsc9u9LubKF9M00mgP7aM8ctEZKqMrVEFVRNEDekIv6NV6tJ6tN+t90pqypjO76A+sz2+5Bp5c</latexit><latexit sha1_base64="Bl6WOVj81Eb2mn8z/gYFzkjf4XM=">AAACGnicbVDLSgNBEJyNrxhfUY9eBoMQEZfdGDTegl48RjAmkMQwO5kkQ2Z2l5leISz7H178FS8eVLyJF//GyQPRxIKGoqqb7i4vFFyD43xZqYXFpeWV9GpmbX1jcyu7vXOrg0hRVqWBCFTdI5oJ7rMqcBCsHipGpCdYzRtcjvzaPVOaB/4NDEPWkqTn8y6nBIzUzhaKdqkZSuzYpXzcVBJrIJDYh3fxkWufJu342LVPkqk11COrnc05tjMG/iHuLMmhKSrt7EezE9BIMh+oIFo3XCeEVkwUcCpYkmlGmoWEDkiPNQz1iWS6FY9/S/CBUTq4GyhTPuCx+nsiJlLrofRMpyTQ17PeSPzPa0TQLbVi7ocRMJ9OFnUjgSHAo6BwhytGQQwNIVRxcyumfaIIBRNnxoQw9/I8qRbsc9u9LubKF9M00mgP7aM8ctEZKqMrVEFVRNEDekIv6NV6tJ6tN+t90pqypjO76A+sz2+5Bp5c</latexit>

8 TeV

7 TeV
7.1± 8.1(stat.+ syst.)

<latexit sha1_base64="mDnePqJ6OG7GsowflWaOVdit8Gg=">AAACC3icdVDLSgMxFM3UV62vqks3wSJUhGFGhNZd0Y3LCtYWOqVk0kwbmmSG5I5Qhn6AG3/FjQsVt/6AO//G9CH4PHDhcM65JPeEieAGPO/dyS0sLi2v5FcLa+sbm1vF7Z1rE6easgaNRaxbITFMcMUawEGwVqIZkaFgzXB4PvGbN0wbHqsrGCWsI0lf8YhTAlbqFksV1w8SiauuX84CLbEBAmP3aMZHBtzxoU35rjcF9n6RT6uE5qh3i29BL6apZAqoIMa0fS+BTkY0cCrYuBCkhiWEDkmftS1VRDLTyabHjPGBVXo4irUdBXiqft3IiDRmJEOblAQG5qc3Ef/y2ilE1U7GVZICU3T2UJQKDDGeNIN7XDMKYmQJoZrbv2I6IJpQsP0VvpbwP2kcu6euf3lSqp3N28ijPbSPyshHFVRDF6iOGoiiW3SPHtGTc+c8OM/Oyyyac+Y7u+gbnNcPPayZcQ==</latexit><latexit sha1_base64="mDnePqJ6OG7GsowflWaOVdit8Gg=">AAACC3icdVDLSgMxFM3UV62vqks3wSJUhGFGhNZd0Y3LCtYWOqVk0kwbmmSG5I5Qhn6AG3/FjQsVt/6AO//G9CH4PHDhcM65JPeEieAGPO/dyS0sLi2v5FcLa+sbm1vF7Z1rE6easgaNRaxbITFMcMUawEGwVqIZkaFgzXB4PvGbN0wbHqsrGCWsI0lf8YhTAlbqFksV1w8SiauuX84CLbEBAmP3aMZHBtzxoU35rjcF9n6RT6uE5qh3i29BL6apZAqoIMa0fS+BTkY0cCrYuBCkhiWEDkmftS1VRDLTyabHjPGBVXo4irUdBXiqft3IiDRmJEOblAQG5qc3Ef/y2ilE1U7GVZICU3T2UJQKDDGeNIN7XDMKYmQJoZrbv2I6IJpQsP0VvpbwP2kcu6euf3lSqp3N28ijPbSPyshHFVRDF6iOGoiiW3SPHtGTc+c8OM/Oyyyac+Y7u+gbnNcPPayZcQ==</latexit><latexit sha1_base64="mDnePqJ6OG7GsowflWaOVdit8Gg=">AAACC3icdVDLSgMxFM3UV62vqks3wSJUhGFGhNZd0Y3LCtYWOqVk0kwbmmSG5I5Qhn6AG3/FjQsVt/6AO//G9CH4PHDhcM65JPeEieAGPO/dyS0sLi2v5FcLa+sbm1vF7Z1rE6easgaNRaxbITFMcMUawEGwVqIZkaFgzXB4PvGbN0wbHqsrGCWsI0lf8YhTAlbqFksV1w8SiauuX84CLbEBAmP3aMZHBtzxoU35rjcF9n6RT6uE5qh3i29BL6apZAqoIMa0fS+BTkY0cCrYuBCkhiWEDkmftS1VRDLTyabHjPGBVXo4irUdBXiqft3IiDRmJEOblAQG5qc3Ef/y2ilE1U7GVZICU3T2UJQKDDGeNIN7XDMKYmQJoZrbv2I6IJpQsP0VvpbwP2kcu6euf3lSqp3N28ijPbSPyshHFVRDF6iOGoiiW3SPHtGTc+c8OM/Oyyyac+Y7u+gbnNcPPayZcQ==</latexit><latexit sha1_base64="mDnePqJ6OG7GsowflWaOVdit8Gg=">AAACC3icdVDLSgMxFM3UV62vqks3wSJUhGFGhNZd0Y3LCtYWOqVk0kwbmmSG5I5Qhn6AG3/FjQsVt/6AO//G9CH4PHDhcM65JPeEieAGPO/dyS0sLi2v5FcLa+sbm1vF7Z1rE6easgaNRaxbITFMcMUawEGwVqIZkaFgzXB4PvGbN0wbHqsrGCWsI0lf8YhTAlbqFksV1w8SiauuX84CLbEBAmP3aMZHBtzxoU35rjcF9n6RT6uE5qh3i29BL6apZAqoIMa0fS+BTkY0cCrYuBCkhiWEDkmftS1VRDLTyabHjPGBVXo4irUdBXiqft3IiDRmJEOblAQG5qc3Ef/y2ilE1U7GVZICU3T2UJQKDDGeNIN7XDMKYmQJoZrbv2I6IJpQsP0VvpbwP2kcu6euf3lSqp3N28ijPbSPyshHFVRDF6iOGoiiW3SPHtGTc+c8OM/Oyyyac+Y7u+gbnNcPPayZcQ==</latexit>

8 TeV
13.4± 7.3(stat.+ syst.)

<latexit sha1_base64="ku6YwDE04hQBQsXeixAKXvD5KAQ=">AAACDHicdZDLSgMxGIUz9VbrbdSlm2AVKsIwYwvVXdGNywqOLbSlZNK0DU1mhuQfoQx9ATe+ihsXKm59AHe+jelFqLcDgY9z/p8kJ4gF1+C6H1ZmYXFpeSW7mltb39jcsrd3bnSUKMp8GolI1QOimeAh84GDYPVYMSIDwWrB4GKc126Z0jwKr2EYs5YkvZB3OSVgrLZ94BWdUjOWuOwUC2lTSayBwMg5nvJQgzM6att5z3Enwu4v+IryaKZq235vdiKaSBYCFUTrhufG0EqJAk4FG+WaiWYxoQPSYw2DIZFMt9LJb0b40Dgd3I2UOSHgiTu/kRKp9VAGZlIS6Ouf2dj8K2sk0D1tpTyME2AhnV7UTQSGCI+rwR2uGAUxNECo4uatmPaJIhRMgbn5Ev4H/8Q5c7yrUr5yPmsji/bQPiogD5VRBV2iKvIRRXfoAT2hZ+veerRerNfpaMaa7eyib7LePgGzp5ms</latexit><latexit sha1_base64="ku6YwDE04hQBQsXeixAKXvD5KAQ=">AAACDHicdZDLSgMxGIUz9VbrbdSlm2AVKsIwYwvVXdGNywqOLbSlZNK0DU1mhuQfoQx9ATe+ihsXKm59AHe+jelFqLcDgY9z/p8kJ4gF1+C6H1ZmYXFpeSW7mltb39jcsrd3bnSUKMp8GolI1QOimeAh84GDYPVYMSIDwWrB4GKc126Z0jwKr2EYs5YkvZB3OSVgrLZ94BWdUjOWuOwUC2lTSayBwMg5nvJQgzM6att5z3Enwu4v+IryaKZq235vdiKaSBYCFUTrhufG0EqJAk4FG+WaiWYxoQPSYw2DIZFMt9LJb0b40Dgd3I2UOSHgiTu/kRKp9VAGZlIS6Ouf2dj8K2sk0D1tpTyME2AhnV7UTQSGCI+rwR2uGAUxNECo4uatmPaJIhRMgbn5Ev4H/8Q5c7yrUr5yPmsji/bQPiogD5VRBV2iKvIRRXfoAT2hZ+veerRerNfpaMaa7eyib7LePgGzp5ms</latexit><latexit sha1_base64="ku6YwDE04hQBQsXeixAKXvD5KAQ=">AAACDHicdZDLSgMxGIUz9VbrbdSlm2AVKsIwYwvVXdGNywqOLbSlZNK0DU1mhuQfoQx9ATe+ihsXKm59AHe+jelFqLcDgY9z/p8kJ4gF1+C6H1ZmYXFpeSW7mltb39jcsrd3bnSUKMp8GolI1QOimeAh84GDYPVYMSIDwWrB4GKc126Z0jwKr2EYs5YkvZB3OSVgrLZ94BWdUjOWuOwUC2lTSayBwMg5nvJQgzM6att5z3Enwu4v+IryaKZq235vdiKaSBYCFUTrhufG0EqJAk4FG+WaiWYxoQPSYw2DIZFMt9LJb0b40Dgd3I2UOSHgiTu/kRKp9VAGZlIS6Ouf2dj8K2sk0D1tpTyME2AhnV7UTQSGCI+rwR2uGAUxNECo4uatmPaJIhRMgbn5Ev4H/8Q5c7yrUr5yPmsji/bQPiogD5VRBV2iKvIRRXfoAT2hZ+veerRerNfpaMaa7eyib7LePgGzp5ms</latexit><latexit sha1_base64="ku6YwDE04hQBQsXeixAKXvD5KAQ=">AAACDHicdZDLSgMxGIUz9VbrbdSlm2AVKsIwYwvVXdGNywqOLbSlZNK0DU1mhuQfoQx9ATe+ihsXKm59AHe+jelFqLcDgY9z/p8kJ4gF1+C6H1ZmYXFpeSW7mltb39jcsrd3bnSUKMp8GolI1QOimeAh84GDYPVYMSIDwWrB4GKc126Z0jwKr2EYs5YkvZB3OSVgrLZ94BWdUjOWuOwUC2lTSayBwMg5nvJQgzM6att5z3Enwu4v+IryaKZq235vdiKaSBYCFUTrhufG0EqJAk4FG+WaiWYxoQPSYw2DIZFMt9LJb0b40Dgd3I2UOSHgiTu/kRKp9VAGZlIS6Ouf2dj8K2sk0D1tpTyME2AhnV7UTQSGCI+rwR2uGAUxNECo4uatmPaJIhRMgbn5Ev4H/8Q5c7yrUr5yPmsji/bQPiogD5VRBV2iKvIRRXfoAT2hZ+veerRerNfpaMaa7eyib7LePgGzp5ms</latexit>

multivariate analysis is 
employed to suppress 
the background from

 ttbar, W+jet ….



Theory status
• Fixed-order Calculations

‣ NLO: stable top production


‣ NLO: top production + decay 


‣ NLO matched with parton shower


‣ NNLO: only for t-channel


• Soft gluon resummation @ NNLL+NLO

Bordes, Eijk, 95; Smith, Willenbrock, 96; Zhu, 01; 

Harris, Laenen, Phaf, Sullivan, Weinzierl, 02; Sullivan,04

Campbell, Ellis, Tramontano, 04; Cao, Yuan, 04;

Cao, Schwienhorst, Yuan, 05; Heim, Cao, Schwienhorst, Yuan, 09;

Frixione, Laenen, Motylinski, Webber, 05; Alioli, Nason, Oleari, Re, 09; 

Kidonakis, 10-16; Zhu, Li, Wang, Zhang, 10; Wang, Li, Zhu, 12;

Brucherseifer, Caola, Melnikov, 14;

Berger, Gao, Yuan, Zhu, 16; Berger, Gao, Zhu, 17 (with top decay @ NNLO)

We aim at NNLO QCD corrections for s-channel

‣ K-factor @ NNLO ‣ Fully differential distribution

‣ cross section with fiducial cuts



Method

W ∗

b̄u

d̄
t

Vl

b

l

νVh

Vd

W ∗

t

b̄u

d̄

far from application due to 
the complexity of the multi-

scale Feynman integrals
I
2box

(s, t,mt,mW )
<latexit sha1_base64="airnMfE8PiBPHzibOYNJja89P0g=">AAACA3icdVDLSsNAFJ3UV62vqMtuBotQoZSkCOqu6EZ3FYwttCFMppN26EwmzEzEErJw46+4caHi1p9w59+YtBXq68CFwzn3cu89fsSo0pb1YRQWFpeWV4qrpbX1jc0tc3vnWolYYuJgwYTs+EgRRkPiaKoZ6USSIO4z0vZHZ7nfviFSURFe6XFEXI4GIQ0oRjqTPLN84SWNpCc59MVtmlZVTde4l1f7wDMrdt2aAFq/yJdVATO0PPO91xc45iTUmCGlurYVaTdBUlPMSFrqxYpECI/QgHQzGiJOlJtMnkjhfqb0YSBkVqGGE3V+IkFcqTH3s06O9FD99HLxL68b6+DYTWgYxZqEeLooiBnUAuaJwD6VBGs2zgjCkma3QjxEEmGd5VaaD+F/4jTqJ3X78rDSPJ2lUQRlsAeqwAZHoAnOQQs4AIM78ACewLNxbzwaL8brtLVgzGZ2wTcYb5/MzJcb</latexit><latexit sha1_base64="airnMfE8PiBPHzibOYNJja89P0g=">AAACA3icdVDLSsNAFJ3UV62vqMtuBotQoZSkCOqu6EZ3FYwttCFMppN26EwmzEzEErJw46+4caHi1p9w59+YtBXq68CFwzn3cu89fsSo0pb1YRQWFpeWV4qrpbX1jc0tc3vnWolYYuJgwYTs+EgRRkPiaKoZ6USSIO4z0vZHZ7nfviFSURFe6XFEXI4GIQ0oRjqTPLN84SWNpCc59MVtmlZVTde4l1f7wDMrdt2aAFq/yJdVATO0PPO91xc45iTUmCGlurYVaTdBUlPMSFrqxYpECI/QgHQzGiJOlJtMnkjhfqb0YSBkVqGGE3V+IkFcqTH3s06O9FD99HLxL68b6+DYTWgYxZqEeLooiBnUAuaJwD6VBGs2zgjCkma3QjxEEmGd5VaaD+F/4jTqJ3X78rDSPJ2lUQRlsAeqwAZHoAnOQQs4AIM78ACewLNxbzwaL8brtLVgzGZ2wTcYb5/MzJcb</latexit><latexit sha1_base64="airnMfE8PiBPHzibOYNJja89P0g=">AAACA3icdVDLSsNAFJ3UV62vqMtuBotQoZSkCOqu6EZ3FYwttCFMppN26EwmzEzEErJw46+4caHi1p9w59+YtBXq68CFwzn3cu89fsSo0pb1YRQWFpeWV4qrpbX1jc0tc3vnWolYYuJgwYTs+EgRRkPiaKoZ6USSIO4z0vZHZ7nfviFSURFe6XFEXI4GIQ0oRjqTPLN84SWNpCc59MVtmlZVTde4l1f7wDMrdt2aAFq/yJdVATO0PPO91xc45iTUmCGlurYVaTdBUlPMSFrqxYpECI/QgHQzGiJOlJtMnkjhfqb0YSBkVqGGE3V+IkFcqTH3s06O9FD99HLxL68b6+DYTWgYxZqEeLooiBnUAuaJwD6VBGs2zgjCkma3QjxEEmGd5VaaD+F/4jTqJ3X78rDSPJ2lUQRlsAeqwAZHoAnOQQs4AIM78ACewLNxbzwaL8brtLVgzGZ2wTcYb5/MzJcb</latexit><latexit sha1_base64="airnMfE8PiBPHzibOYNJja89P0g=">AAACA3icdVDLSsNAFJ3UV62vqMtuBotQoZSkCOqu6EZ3FYwttCFMppN26EwmzEzEErJw46+4caHi1p9w59+YtBXq68CFwzn3cu89fsSo0pb1YRQWFpeWV4qrpbX1jc0tc3vnWolYYuJgwYTs+EgRRkPiaKoZ6USSIO4z0vZHZ7nfviFSURFe6XFEXI4GIQ0oRjqTPLN84SWNpCc59MVtmlZVTde4l1f7wDMrdt2aAFq/yJdVATO0PPO91xc45iTUmCGlurYVaTdBUlPMSFrqxYpECI/QgHQzGiJOlJtMnkjhfqb0YSBkVqGGE3V+IkFcqTH3s06O9FD99HLxL68b6+DYTWgYxZqEeLooiBnUAuaJwD6VBGs2zgjCkma3QjxEEmGd5VaaD+F/4jTqJ3X78rDSPJ2lUQRlsAeqwAZHoAnOQQs4AIM78ACewLNxbzwaL8brtLVgzGZ2wTcYb5/MzJcb</latexit>

W ∗

t

b̄u

d̄

vanish due to
Tr(T a)Tr(T a) = 0

<latexit sha1_base64="saLyM3KwLr9KEzc6xrCVqTIKX2M=">AAACBHicdVDLSgMxFL3js9bXqEtdBItQN2VGBHUhFN24rNCxhXYsmTTThiYzQ5IRytCNG3/FjQsVt36EO//G9CG0Pg5cODnnXm7uCRLOlHacT2tufmFxaTm3kl9dW9/YtLe2b1ScSkI9EvNY1gOsKGcR9TTTnNYTSbEIOK0FvcuhX7ujUrE4qup+Qn2BOxELGcHaSC17L2tKgapyUKze4sOZx7nTsgtuyRkBOb/It1WACSot+6PZjkkqaKQJx0o1XCfRfoalZoTTQb6ZKppg0sMd2jA0woIqPxtdMUAHRmmjMJamIo1G6vREhoVSfRGYToF1V/30huJfXiPV4amfsShJNY3IeFGYcqRjNIwEtZmkRPO+IZhIZv6KSBdLTLQJLj8dwv/EOyqdldzr40L5YpJGDnZhH4rgwgmU4Qoq4AGBe3iEZ3ixHqwn69V6G7fOWZOZHZiB9f4FvyGW/w==</latexit><latexit sha1_base64="saLyM3KwLr9KEzc6xrCVqTIKX2M=">AAACBHicdVDLSgMxFL3js9bXqEtdBItQN2VGBHUhFN24rNCxhXYsmTTThiYzQ5IRytCNG3/FjQsVt36EO//G9CG0Pg5cODnnXm7uCRLOlHacT2tufmFxaTm3kl9dW9/YtLe2b1ScSkI9EvNY1gOsKGcR9TTTnNYTSbEIOK0FvcuhX7ujUrE4qup+Qn2BOxELGcHaSC17L2tKgapyUKze4sOZx7nTsgtuyRkBOb/It1WACSot+6PZjkkqaKQJx0o1XCfRfoalZoTTQb6ZKppg0sMd2jA0woIqPxtdMUAHRmmjMJamIo1G6vREhoVSfRGYToF1V/30huJfXiPV4amfsShJNY3IeFGYcqRjNIwEtZmkRPO+IZhIZv6KSBdLTLQJLj8dwv/EOyqdldzr40L5YpJGDnZhH4rgwgmU4Qoq4AGBe3iEZ3ixHqwn69V6G7fOWZOZHZiB9f4FvyGW/w==</latexit><latexit sha1_base64="saLyM3KwLr9KEzc6xrCVqTIKX2M=">AAACBHicdVDLSgMxFL3js9bXqEtdBItQN2VGBHUhFN24rNCxhXYsmTTThiYzQ5IRytCNG3/FjQsVt36EO//G9CG0Pg5cODnnXm7uCRLOlHacT2tufmFxaTm3kl9dW9/YtLe2b1ScSkI9EvNY1gOsKGcR9TTTnNYTSbEIOK0FvcuhX7ujUrE4qup+Qn2BOxELGcHaSC17L2tKgapyUKze4sOZx7nTsgtuyRkBOb/It1WACSot+6PZjkkqaKQJx0o1XCfRfoalZoTTQb6ZKppg0sMd2jA0woIqPxtdMUAHRmmjMJamIo1G6vREhoVSfRGYToF1V/30huJfXiPV4amfsShJNY3IeFGYcqRjNIwEtZmkRPO+IZhIZv6KSBdLTLQJLj8dwv/EOyqdldzr40L5YpJGDnZhH4rgwgmU4Qoq4AGBe3iEZ3ixHqwn69V6G7fOWZOZHZiB9f4FvyGW/w==</latexit><latexit sha1_base64="saLyM3KwLr9KEzc6xrCVqTIKX2M=">AAACBHicdVDLSgMxFL3js9bXqEtdBItQN2VGBHUhFN24rNCxhXYsmTTThiYzQ5IRytCNG3/FjQsVt36EO//G9CG0Pg5cODnnXm7uCRLOlHacT2tufmFxaTm3kl9dW9/YtLe2b1ScSkI9EvNY1gOsKGcR9TTTnNYTSbEIOK0FvcuhX7ujUrE4qup+Qn2BOxELGcHaSC17L2tKgapyUKze4sOZx7nTsgtuyRkBOb/It1WACSot+6PZjkkqaKQJx0o1XCfRfoalZoTTQb6ZKppg0sMd2jA0woIqPxtdMUAHRmmjMJamIo1G6vREhoVSfRGYToF1V/30huJfXiPV4amfsShJNY3IeFGYcqRjNIwEtZmkRPO+IZhIZv6KSBdLTLQJLj8dwv/EOyqdldzr40L5YpJGDnZhH4rgwgmU4Qoq4AGBe3iEZ3ixHqwn69V6G7fOWZOZHZiB9f4FvyGW/w==</latexit>

light quark line: Drell-Yan like
heavy quark line: off-shell W 
boson decay
top decay: available @ NNLO

separately gauge invariance 
and infra-red safenarrow width approximation

Gao, Li, Zhu, 12;

Brucherseifer, Caola, Melnikov, 13

subleading color contribution: suppressed by 1/Nc^2

Assadsolimani, Kant, Tausk, Uwer, 14 
Meyer, 16 

massless



⌧N =
2

Q2

X

k

min {qa · pk, qb · pk, q1 · pk, ..., qN · pk}
<latexit sha1_base64="pS+l76lwP+oGGRhNUZzcj1iZm3I="></latexit><latexit sha1_base64="pS+l76lwP+oGGRhNUZzcj1iZm3I="></latexit><latexit sha1_base64="pS+l76lwP+oGGRhNUZzcj1iZm3I="></latexit><latexit sha1_base64="pS+l76lwP+oGGRhNUZzcj1iZm3I="></latexit>

�(X) =

Z ⌧cut
N

0
d⌧N

d�(X)

d⌧N
+

Z

⌧cut
N

d⌧N
d�(X)

d⌧N
<latexit sha1_base64="E37NLBRxtnAIFlKxRulUYGuamlE="></latexit><latexit sha1_base64="E37NLBRxtnAIFlKxRulUYGuamlE="></latexit><latexit sha1_base64="E37NLBRxtnAIFlKxRulUYGuamlE="></latexit><latexit sha1_base64="E37NLBRxtnAIFlKxRulUYGuamlE="></latexit>

⌧ cutN ⌧ 1
<latexit sha1_base64="F9YbokaBbD95JR6vhGjKJrWVqyM=">AAAB/XicbVBNS8NAEN34WetXVDx5WSyCp5KIoN6KXjxJBWMLTQyb7aZdupuE3YlQQsG/4sWDilf/hzf/jds2B219MPB4b4aZeVEmuAbH+bYWFpeWV1Yra9X1jc2tbXtn916nuaLMo6lIVTsimgmeMA84CNbOFCMyEqwVDa7GfuuRKc3T5A6GGQsk6SU85pSAkUJ73weShzcPha8kpjmMfCGwG9o1p+5MgOeJW5IaKtEM7S+/m9JcsgSoIFp3XCeDoCAKOBVsVPVzzTJCB6THOoYmRDIdFJPzR/jIKF0cp8pUAnii/p4oiNR6KCPTKQn09aw3Fv/zOjnE50HBkywHltDpojgXGFI8zgJ3uWIUxNAQQhU3t2LaJ4pQMIlVTQju7MvzxDupX9Td29Na47JMo4IO0CE6Ri46Qw10jZrIQxQV6Bm9ojfryXqx3q2PaeuCVc7soT+wPn8AJJ+VJg==</latexit><latexit sha1_base64="F9YbokaBbD95JR6vhGjKJrWVqyM=">AAAB/XicbVBNS8NAEN34WetXVDx5WSyCp5KIoN6KXjxJBWMLTQyb7aZdupuE3YlQQsG/4sWDilf/hzf/jds2B219MPB4b4aZeVEmuAbH+bYWFpeWV1Yra9X1jc2tbXtn916nuaLMo6lIVTsimgmeMA84CNbOFCMyEqwVDa7GfuuRKc3T5A6GGQsk6SU85pSAkUJ73weShzcPha8kpjmMfCGwG9o1p+5MgOeJW5IaKtEM7S+/m9JcsgSoIFp3XCeDoCAKOBVsVPVzzTJCB6THOoYmRDIdFJPzR/jIKF0cp8pUAnii/p4oiNR6KCPTKQn09aw3Fv/zOjnE50HBkywHltDpojgXGFI8zgJ3uWIUxNAQQhU3t2LaJ4pQMIlVTQju7MvzxDupX9Td29Na47JMo4IO0CE6Ri46Qw10jZrIQxQV6Bm9ojfryXqx3q2PaeuCVc7soT+wPn8AJJ+VJg==</latexit><latexit sha1_base64="F9YbokaBbD95JR6vhGjKJrWVqyM=">AAAB/XicbVBNS8NAEN34WetXVDx5WSyCp5KIoN6KXjxJBWMLTQyb7aZdupuE3YlQQsG/4sWDilf/hzf/jds2B219MPB4b4aZeVEmuAbH+bYWFpeWV1Yra9X1jc2tbXtn916nuaLMo6lIVTsimgmeMA84CNbOFCMyEqwVDa7GfuuRKc3T5A6GGQsk6SU85pSAkUJ73weShzcPha8kpjmMfCGwG9o1p+5MgOeJW5IaKtEM7S+/m9JcsgSoIFp3XCeDoCAKOBVsVPVzzTJCB6THOoYmRDIdFJPzR/jIKF0cp8pUAnii/p4oiNR6KCPTKQn09aw3Fv/zOjnE50HBkywHltDpojgXGFI8zgJ3uWIUxNAQQhU3t2LaJ4pQMIlVTQju7MvzxDupX9Td29Na47JMo4IO0CE6Ri46Qw10jZrIQxQV6Bm9ojfryXqx3q2PaeuCVc7soT+wPn8AJJ+VJg==</latexit><latexit sha1_base64="F9YbokaBbD95JR6vhGjKJrWVqyM=">AAAB/XicbVBNS8NAEN34WetXVDx5WSyCp5KIoN6KXjxJBWMLTQyb7aZdupuE3YlQQsG/4sWDilf/hzf/jds2B219MPB4b4aZeVEmuAbH+bYWFpeWV1Yra9X1jc2tbXtn916nuaLMo6lIVTsimgmeMA84CNbOFCMyEqwVDa7GfuuRKc3T5A6GGQsk6SU85pSAkUJ73weShzcPha8kpjmMfCGwG9o1p+5MgOeJW5IaKtEM7S+/m9JcsgSoIFp3XCeDoCAKOBVsVPVzzTJCB6THOoYmRDIdFJPzR/jIKF0cp8pUAnii/p4oiNR6KCPTKQn09aw3Fv/zOjnE50HBkywHltDpojgXGFI8zgJ3uWIUxNAQQhU3t2LaJ4pQMIlVTQju7MvzxDupX9Td29Na47JMo4IO0CE6Ri46Qw10jZrIQxQV6Bm9ojfryXqx3q2PaeuCVc7soT+wPn8AJJ+VJg==</latexit>

Z
dtaBa(ta, xa, µ)

Z
dtbBb(tb, xb, µ)

<latexit sha1_base64="gQfXwGcSsLlNC/RQQhqfWASx3n8="></latexit><latexit sha1_base64="gQfXwGcSsLlNC/RQQhqfWASx3n8="></latexit><latexit sha1_base64="gQfXwGcSsLlNC/RQQhqfWASx3n8="></latexit><latexit sha1_base64="gQfXwGcSsLlNC/RQQhqfWASx3n8="></latexit>

NY

k=1

Z
dp2k J(p

2
k, µ)

<latexit sha1_base64="Z5fHod2vL2XLlaiqYxwV3K3Y3iw="></latexit><latexit sha1_base64="Z5fHod2vL2XLlaiqYxwV3K3Y3iw="></latexit><latexit sha1_base64="Z5fHod2vL2XLlaiqYxwV3K3Y3iw="></latexit><latexit sha1_base64="Z5fHod2vL2XLlaiqYxwV3K3Y3iw="></latexit>

H({pa, pb, pk}, µ)
<latexit sha1_base64="SaT7vmw8JIjj/qEipbV/223KlQc=">AAAB/nicdZDNSsNAFIUn9a/Wv6jgxs1gESqUkoii7opuuqxgbKEJYTKdtENnkjAzEUrswldx40LFrc/hzrdx0qagogcuHL57L3PnBAmjUlnWp1FaWFxaXimvVtbWNza3zO2dWxmnAhMHxywW3QBJwmhEHEUVI91EEMQDRjrB6Crvd+6IkDSObtQ4IR5Hg4iGFCOlkW/utWpulvionviBrpE7qbs8PfLNqtU4tXJBq2HNTUHsglRBobZvfrj9GKecRAozJGXPthLlZUgoihmZVNxUkgThERqQnrYR4kR62fT+CTzUpA/DWOiKFJzS7xsZ4lKOeaAnOVJD+buXw796vVSF515GoyRVJMKzh8KUQRXDPAzYp4JgxcbaICyovhXiIRIIKx1ZRYcw/yn83zjHjYuGfX1SbV4WaZTBPjgANWCDM9AELdAGDsDgHjyCZ/BiPBhPxqvxNhstGcXOLvgh4/0LDtCVCw==</latexit><latexit sha1_base64="SaT7vmw8JIjj/qEipbV/223KlQc=">AAAB/nicdZDNSsNAFIUn9a/Wv6jgxs1gESqUkoii7opuuqxgbKEJYTKdtENnkjAzEUrswldx40LFrc/hzrdx0qagogcuHL57L3PnBAmjUlnWp1FaWFxaXimvVtbWNza3zO2dWxmnAhMHxywW3QBJwmhEHEUVI91EEMQDRjrB6Crvd+6IkDSObtQ4IR5Hg4iGFCOlkW/utWpulvionviBrpE7qbs8PfLNqtU4tXJBq2HNTUHsglRBobZvfrj9GKecRAozJGXPthLlZUgoihmZVNxUkgThERqQnrYR4kR62fT+CTzUpA/DWOiKFJzS7xsZ4lKOeaAnOVJD+buXw796vVSF515GoyRVJMKzh8KUQRXDPAzYp4JgxcbaICyovhXiIRIIKx1ZRYcw/yn83zjHjYuGfX1SbV4WaZTBPjgANWCDM9AELdAGDsDgHjyCZ/BiPBhPxqvxNhstGcXOLvgh4/0LDtCVCw==</latexit><latexit sha1_base64="SaT7vmw8JIjj/qEipbV/223KlQc=">AAAB/nicdZDNSsNAFIUn9a/Wv6jgxs1gESqUkoii7opuuqxgbKEJYTKdtENnkjAzEUrswldx40LFrc/hzrdx0qagogcuHL57L3PnBAmjUlnWp1FaWFxaXimvVtbWNza3zO2dWxmnAhMHxywW3QBJwmhEHEUVI91EEMQDRjrB6Crvd+6IkDSObtQ4IR5Hg4iGFCOlkW/utWpulvionviBrpE7qbs8PfLNqtU4tXJBq2HNTUHsglRBobZvfrj9GKecRAozJGXPthLlZUgoihmZVNxUkgThERqQnrYR4kR62fT+CTzUpA/DWOiKFJzS7xsZ4lKOeaAnOVJD+buXw796vVSF515GoyRVJMKzh8KUQRXDPAzYp4JgxcbaICyovhXiIRIIKx1ZRYcw/yn83zjHjYuGfX1SbV4WaZTBPjgANWCDM9AELdAGDsDgHjyCZ/BiPBhPxqvxNhstGcXOLvgh4/0LDtCVCw==</latexit><latexit sha1_base64="SaT7vmw8JIjj/qEipbV/223KlQc=">AAAB/nicdZDNSsNAFIUn9a/Wv6jgxs1gESqUkoii7opuuqxgbKEJYTKdtENnkjAzEUrswldx40LFrc/hzrdx0qagogcuHL57L3PnBAmjUlnWp1FaWFxaXimvVtbWNza3zO2dWxmnAhMHxywW3QBJwmhEHEUVI91EEMQDRjrB6Crvd+6IkDSObtQ4IR5Hg4iGFCOlkW/utWpulvionviBrpE7qbs8PfLNqtU4tXJBq2HNTUHsglRBobZvfrj9GKecRAozJGXPthLlZUgoihmZVNxUkgThERqQnrYR4kR62fT+CTzUpA/DWOiKFJzS7xsZ4lKOeaAnOVJD+buXw796vVSF515GoyRVJMKzh8KUQRXDPAzYp4JgxcbaICyovhXiIRIIKx1ZRYcw/yn83zjHjYuGfX1SbV4WaZTBPjgANWCDM9AELdAGDsDgHjyCZ/BiPBhPxqvxNhstGcXOLvgh4/0LDtCVCw==</latexit>

S(Ts, {p̂a, p̂b, p̂k}, µ)
<latexit sha1_base64="jvPigfCnuRSbj9onnRuIH05YOes="></latexit><latexit sha1_base64="jvPigfCnuRSbj9onnRuIH05YOes="></latexit><latexit sha1_base64="jvPigfCnuRSbj9onnRuIH05YOes="></latexit><latexit sha1_base64="jvPigfCnuRSbj9onnRuIH05YOes="></latexit>

�

✓
⌧N � ta + tb +QTs +

P
p2k

Q2

◆

<latexit sha1_base64="s83sjXYz3n7P1PmU5FZoC8kNXQo="></latexit><latexit sha1_base64="s83sjXYz3n7P1PmU5FZoC8kNXQo="></latexit><latexit sha1_base64="s83sjXYz3n7P1PmU5FZoC8kNXQo="></latexit><latexit sha1_base64="s83sjXYz3n7P1PmU5FZoC8kNXQo="></latexit>

⇥
<latexit sha1_base64="aPIc2hnMG9JtboxJbASq6Ft8m7M=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDbbTbt2swm7E6GE/gcvHlS8+oO8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg6bJsk04z5LZKLbITVcCsV9FCh5O9WcxqHkrXB0O/VbT1wbkagHHKc8iOlAiUgwilZqdlHE3PQqVbfmzkCWiVeQKhRo9Cpf3X7CspgrZJIa0/HcFIOcahRM8km5mxmeUjaiA96xVFG7JMhn107IqVX6JEq0LYVkpv6eyGlszDgObWdMcWgWvan4n9fJMLoKcqHSDLli80VRJgkmZPo66QvNGcqxJZRpYW8lbEg1ZWgDKtsQvMWXl4l/XruuefcX1fpNkUYJjuEEzsCDS6jDHTTABwaP8Ayv8OYkzovz7nzMW1ecYuYI/sD5/AEiho8I</latexit><latexit sha1_base64="aPIc2hnMG9JtboxJbASq6Ft8m7M=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDbbTbt2swm7E6GE/gcvHlS8+oO8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg6bJsk04z5LZKLbITVcCsV9FCh5O9WcxqHkrXB0O/VbT1wbkagHHKc8iOlAiUgwilZqdlHE3PQqVbfmzkCWiVeQKhRo9Cpf3X7CspgrZJIa0/HcFIOcahRM8km5mxmeUjaiA96xVFG7JMhn107IqVX6JEq0LYVkpv6eyGlszDgObWdMcWgWvan4n9fJMLoKcqHSDLli80VRJgkmZPo66QvNGcqxJZRpYW8lbEg1ZWgDKtsQvMWXl4l/XruuefcX1fpNkUYJjuEEzsCDS6jDHTTABwaP8Ayv8OYkzovz7nzMW1ecYuYI/sD5/AEiho8I</latexit><latexit sha1_base64="aPIc2hnMG9JtboxJbASq6Ft8m7M=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDbbTbt2swm7E6GE/gcvHlS8+oO8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg6bJsk04z5LZKLbITVcCsV9FCh5O9WcxqHkrXB0O/VbT1wbkagHHKc8iOlAiUgwilZqdlHE3PQqVbfmzkCWiVeQKhRo9Cpf3X7CspgrZJIa0/HcFIOcahRM8km5mxmeUjaiA96xVFG7JMhn107IqVX6JEq0LYVkpv6eyGlszDgObWdMcWgWvan4n9fJMLoKcqHSDLli80VRJgkmZPo66QvNGcqxJZRpYW8lbEg1ZWgDKtsQvMWXl4l/XruuefcX1fpNkUYJjuEEzsCDS6jDHTTABwaP8Ayv8OYkzovz7nzMW1ecYuYI/sD5/AEiho8I</latexit><latexit sha1_base64="aPIc2hnMG9JtboxJbASq6Ft8m7M=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDbbTbt2swm7E6GE/gcvHlS8+oO8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg6bJsk04z5LZKLbITVcCsV9FCh5O9WcxqHkrXB0O/VbT1wbkagHHKc8iOlAiUgwilZqdlHE3PQqVbfmzkCWiVeQKhRo9Cpf3X7CspgrZJIa0/HcFIOcahRM8km5mxmeUjaiA96xVFG7JMhn107IqVX6JEq0LYVkpv6eyGlszDgObWdMcWgWvan4n9fJMLoKcqHSDLli80VRJgkmZPo66QvNGcqxJZRpYW8lbEg1ZWgDKtsQvMWXl4l/XruuefcX1fpNkUYJjuEEzsCDS6jDHTTABwaP8Ayv8OYkzovz7nzMW1ecYuYI/sD5/AEiho8I</latexit>

d�

d⌧N
=

<latexit sha1_base64="xKTgw6zk+bwouFFimlCPgG374Js=">AAACAHicbZBPS8MwGMbT+W/Of1UvgpfgEDyNVgT1IAy9eJIJ1g3WUtIs3cKStCSpMEq9+FW8eFDx6sfw5rcx23rQzQcCP573fXnzPlHKqNKO821VFhaXlleqq7W19Y3NLXt7514lmcTEwwlLZCdCijAqiKepZqSTSoJ4xEg7Gl6N6+0HIhVNxJ0epSTgqC9oTDHSxgrtPT+WCOc9X9E+R4UBjbLwprgI7brTcCaC8+CWUAelWqH95fcSnHEiNGZIqa7rpDrIkdQUM1LU/EyRFOEh6pOuQYE4UUE+uaCAh8bpwTiR5gkNJ+7viRxxpUY8Mp0c6YGarY3N/2rdTMdnQU5Fmmki8HRRnDGoEziOA/aoJFizkQGEJTV/hXiATCTahFYzIbizJ8+Dd9w4b7i3J/XmZZlGFeyDA3AEXHAKmuAatIAHMHgEz+AVvFlP1ov1bn1MWytWObML/sj6/AF8rpcc</latexit><latexit sha1_base64="xKTgw6zk+bwouFFimlCPgG374Js=">AAACAHicbZBPS8MwGMbT+W/Of1UvgpfgEDyNVgT1IAy9eJIJ1g3WUtIs3cKStCSpMEq9+FW8eFDx6sfw5rcx23rQzQcCP573fXnzPlHKqNKO821VFhaXlleqq7W19Y3NLXt7514lmcTEwwlLZCdCijAqiKepZqSTSoJ4xEg7Gl6N6+0HIhVNxJ0epSTgqC9oTDHSxgrtPT+WCOc9X9E+R4UBjbLwprgI7brTcCaC8+CWUAelWqH95fcSnHEiNGZIqa7rpDrIkdQUM1LU/EyRFOEh6pOuQYE4UUE+uaCAh8bpwTiR5gkNJ+7viRxxpUY8Mp0c6YGarY3N/2rdTMdnQU5Fmmki8HRRnDGoEziOA/aoJFizkQGEJTV/hXiATCTahFYzIbizJ8+Dd9w4b7i3J/XmZZlGFeyDA3AEXHAKmuAatIAHMHgEz+AVvFlP1ov1bn1MWytWObML/sj6/AF8rpcc</latexit><latexit sha1_base64="xKTgw6zk+bwouFFimlCPgG374Js=">AAACAHicbZBPS8MwGMbT+W/Of1UvgpfgEDyNVgT1IAy9eJIJ1g3WUtIs3cKStCSpMEq9+FW8eFDx6sfw5rcx23rQzQcCP573fXnzPlHKqNKO821VFhaXlleqq7W19Y3NLXt7514lmcTEwwlLZCdCijAqiKepZqSTSoJ4xEg7Gl6N6+0HIhVNxJ0epSTgqC9oTDHSxgrtPT+WCOc9X9E+R4UBjbLwprgI7brTcCaC8+CWUAelWqH95fcSnHEiNGZIqa7rpDrIkdQUM1LU/EyRFOEh6pOuQYE4UUE+uaCAh8bpwTiR5gkNJ+7viRxxpUY8Mp0c6YGarY3N/2rdTMdnQU5Fmmki8HRRnDGoEziOA/aoJFizkQGEJTV/hXiATCTahFYzIbizJ8+Dd9w4b7i3J/XmZZlGFeyDA3AEXHAKmuAatIAHMHgEz+AVvFlP1ov1bn1MWytWObML/sj6/AF8rpcc</latexit><latexit sha1_base64="xKTgw6zk+bwouFFimlCPgG374Js=">AAACAHicbZBPS8MwGMbT+W/Of1UvgpfgEDyNVgT1IAy9eJIJ1g3WUtIs3cKStCSpMEq9+FW8eFDx6sfw5rcx23rQzQcCP573fXnzPlHKqNKO821VFhaXlleqq7W19Y3NLXt7514lmcTEwwlLZCdCijAqiKepZqSTSoJ4xEg7Gl6N6+0HIhVNxJ0epSTgqC9oTDHSxgrtPT+WCOc9X9E+R4UBjbLwprgI7brTcCaC8+CWUAelWqH95fcSnHEiNGZIqa7rpDrIkdQUM1LU/EyRFOEh6pOuQYE4UUE+uaCAh8bpwTiR5gkNJ+7viRxxpUY8Mp0c6YGarY3N/2rdTMdnQU5Fmmki8HRRnDGoEziOA/aoJFizkQGEJTV/hXiATCTahFYzIbizJ8+Dd9w4b7i3J/XmZZlGFeyDA3AEXHAKmuAatIAHMHgEz+AVvFlP1ov1bn1MWytWObML/sj6/AF8rpcc</latexit>

In the limit         , all the radiations should be soft or collinear to a 
beam or jet axis, and the cross section can be factorized in SCET

N-jettiness:

Phase space cut:
resolved, IR safe

@ NNLO, resolved part = X+1 jet @ NLO

unresolved, IR safe

+O(⌧N )
<latexit sha1_base64="1QDByR3UtCl8ZCwqEP/wtru2G8M=">AAAB+XicbVBNS8NAEN34WetXqkcvi0WoCCURQb0VvXjSCsYWmhA22027dPPB7kQpsT/FiwcVr/4Tb/4bt20O2vpg4PHeDDPzglRwBZb1bSwsLi2vrJbWyusbm1vbZmXnXiWZpMyhiUhkOyCKCR4zBzgI1k4lI1EgWCsYXI791gOTiifxHQxT5kWkF/OQUwJa8s3KUe5SIvDNqOYCyfzrQ9+sWnVrAjxP7IJUUYGmb3653YRmEYuBCqJUx7ZS8HIigVPBRmU3UywldEB6rKNpTCKmvHxy+ggfaKWLw0TqigFP1N8TOYmUGkaB7owI9NWsNxb/8zoZhGdezuM0AxbT6aIwExgSPM4Bd7lkFMRQE0Il17di2ieSUNBplXUI9uzL88Q5rp/X7duTauOiSKOE9tA+qiEbnaIGukJN5CCKHtEzekVvxpPxYrwbH9PWBaOY2UV/YHz+AEmckus=</latexit><latexit sha1_base64="1QDByR3UtCl8ZCwqEP/wtru2G8M=">AAAB+XicbVBNS8NAEN34WetXqkcvi0WoCCURQb0VvXjSCsYWmhA22027dPPB7kQpsT/FiwcVr/4Tb/4bt20O2vpg4PHeDDPzglRwBZb1bSwsLi2vrJbWyusbm1vbZmXnXiWZpMyhiUhkOyCKCR4zBzgI1k4lI1EgWCsYXI791gOTiifxHQxT5kWkF/OQUwJa8s3KUe5SIvDNqOYCyfzrQ9+sWnVrAjxP7IJUUYGmb3653YRmEYuBCqJUx7ZS8HIigVPBRmU3UywldEB6rKNpTCKmvHxy+ggfaKWLw0TqigFP1N8TOYmUGkaB7owI9NWsNxb/8zoZhGdezuM0AxbT6aIwExgSPM4Bd7lkFMRQE0Il17di2ieSUNBplXUI9uzL88Q5rp/X7duTauOiSKOE9tA+qiEbnaIGukJN5CCKHtEzekVvxpPxYrwbH9PWBaOY2UV/YHz+AEmckus=</latexit><latexit sha1_base64="1QDByR3UtCl8ZCwqEP/wtru2G8M=">AAAB+XicbVBNS8NAEN34WetXqkcvi0WoCCURQb0VvXjSCsYWmhA22027dPPB7kQpsT/FiwcVr/4Tb/4bt20O2vpg4PHeDDPzglRwBZb1bSwsLi2vrJbWyusbm1vbZmXnXiWZpMyhiUhkOyCKCR4zBzgI1k4lI1EgWCsYXI791gOTiifxHQxT5kWkF/OQUwJa8s3KUe5SIvDNqOYCyfzrQ9+sWnVrAjxP7IJUUYGmb3653YRmEYuBCqJUx7ZS8HIigVPBRmU3UywldEB6rKNpTCKmvHxy+ggfaKWLw0TqigFP1N8TOYmUGkaB7owI9NWsNxb/8zoZhGdezuM0AxbT6aIwExgSPM4Bd7lkFMRQE0Il17di2ieSUNBplXUI9uzL88Q5rp/X7duTauOiSKOE9tA+qiEbnaIGukJN5CCKHtEzekVvxpPxYrwbH9PWBaOY2UV/YHz+AEmckus=</latexit><latexit sha1_base64="1QDByR3UtCl8ZCwqEP/wtru2G8M=">AAAB+XicbVBNS8NAEN34WetXqkcvi0WoCCURQb0VvXjSCsYWmhA22027dPPB7kQpsT/FiwcVr/4Tb/4bt20O2vpg4PHeDDPzglRwBZb1bSwsLi2vrJbWyusbm1vbZmXnXiWZpMyhiUhkOyCKCR4zBzgI1k4lI1EgWCsYXI791gOTiifxHQxT5kWkF/OQUwJa8s3KUe5SIvDNqOYCyfzrQ9+sWnVrAjxP7IJUUYGmb3653YRmEYuBCqJUx7ZS8HIigVPBRmU3UywldEB6rKNpTCKmvHxy+ggfaKWLw0TqigFP1N8TOYmUGkaB7owI9NWsNxb/8zoZhGdezuM0AxbT6aIwExgSPM4Bd7lkFMRQE0Il17di2ieSUNBplXUI9uzL88Q5rp/X7duTauOiSKOE9tA+qiEbnaIGukJN5CCKHtEzekVvxpPxYrwbH9PWBaOY2UV/YHz+AEmckus=</latexit>

N-jettiness subtraction is employed

Various progresses have been made on subleading power corrections to 
improve the numerical stability

Method

Moult, Rothen, Stewart, Tackmann, Zhu 16,17;
Boughezal, Liu, Isgr, Petriello, 16, 18; Ebert, Moult, Stewart, Tackmann, Vita, Zhu 18

Boughezal, Focke, Liu, Petriello, ’15;  
Gaunt, Stahlhofen, Tackmann, Walsh, ’15



0-jettiness (beam thrust) subtraction

‣ unresolved part:

‣ Hard function: virtual correction - 2-loop massless form factor


‣ Soft function: 

‣ Beam function:


‣ resolved part: pp   W*(bt)+j @ NLO

‣ to control the IR divergence: dipole subtraction

‣ 1-loop virtual correction can be obtained from                  by 

crossing  

‣ with mt=0, can been cross checked with pp   W+j @NLO


‣ NNLO result for light quark line has been crossed checked 
with DYNNLO by setting mt=0

�l ⇠ H ⌦B ⌦B ⌦ S
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Method : light quark line

e+e� ! qq̄g
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⌧l =
eY B+

a (Y ) + e�Y B+
b (Y )

Q
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1-jettiness (inclusive jet mass) subtraction without initial states
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‣ unresolved part:


‣ Hard function: 


‣ Soft function:          

‣ Jet function:


‣ resolved part:

‣ masssive dipole subtraction


‣ NLO virtual correction is 
obtained by analytical 
continuation from 

W ⇤ ! b̄+ t+ j
<latexit sha1_base64="hyntJWCoI33UEhJ5EZfidV+h8B4=">AAAB/nicbVBNS8NAFNz4WetXVPDiZbEURKEkIqi3ohePFYwtNLFsttt27WYTdl+EEnvwr3jxoOLV3+HNf+O2zUFbBx4MM/vYeRMmgmtwnG9rbn5hcWm5sFJcXVvf2LS3tm91nCrKPBqLWDVCopngknnAQbBGohiJQsHqYf9y5NcfmNI8ljcwSFgQka7kHU4JGKll79bvDn2IsR8SlYVDfITBzH3LLjkVZww8S9yclFCOWsv+8tsxTSMmgQqiddN1EggyooBTwYZFP9UsIbRPuqxpqCQR00E2zj/EZaO0cSdWZiTgsfp7IyOR1oPIxCtHBHp62huJ/3nNFDpnQcZlkgKTdPJRJxXYHDwqA7e5YhTEwBBCFTdZMe0RRSiYyoqmBHf65FniHVfOK+71Sal6kbdRQHtoHx0gF52iKrpCNeQhih7RM3pFb9aT9WK9Wx+Tp3NWvrOD/sD6/AHOHJQ4</latexit><latexit sha1_base64="hyntJWCoI33UEhJ5EZfidV+h8B4=">AAAB/nicbVBNS8NAFNz4WetXVPDiZbEURKEkIqi3ohePFYwtNLFsttt27WYTdl+EEnvwr3jxoOLV3+HNf+O2zUFbBx4MM/vYeRMmgmtwnG9rbn5hcWm5sFJcXVvf2LS3tm91nCrKPBqLWDVCopngknnAQbBGohiJQsHqYf9y5NcfmNI8ljcwSFgQka7kHU4JGKll79bvDn2IsR8SlYVDfITBzH3LLjkVZww8S9yclFCOWsv+8tsxTSMmgQqiddN1EggyooBTwYZFP9UsIbRPuqxpqCQR00E2zj/EZaO0cSdWZiTgsfp7IyOR1oPIxCtHBHp62huJ/3nNFDpnQcZlkgKTdPJRJxXYHDwqA7e5YhTEwBBCFTdZMe0RRSiYyoqmBHf65FniHVfOK+71Sal6kbdRQHtoHx0gF52iKrpCNeQhih7RM3pFb9aT9WK9Wx+Tp3NWvrOD/sD6/AHOHJQ4</latexit><latexit sha1_base64="hyntJWCoI33UEhJ5EZfidV+h8B4=">AAAB/nicbVBNS8NAFNz4WetXVPDiZbEURKEkIqi3ohePFYwtNLFsttt27WYTdl+EEnvwr3jxoOLV3+HNf+O2zUFbBx4MM/vYeRMmgmtwnG9rbn5hcWm5sFJcXVvf2LS3tm91nCrKPBqLWDVCopngknnAQbBGohiJQsHqYf9y5NcfmNI8ljcwSFgQka7kHU4JGKll79bvDn2IsR8SlYVDfITBzH3LLjkVZww8S9yclFCOWsv+8tsxTSMmgQqiddN1EggyooBTwYZFP9UsIbRPuqxpqCQR00E2zj/EZaO0cSdWZiTgsfp7IyOR1oPIxCtHBHp62huJ/3nNFDpnQcZlkgKTdPJRJxXYHDwqA7e5YhTEwBBCFTdZMe0RRSiYyoqmBHf65FniHVfOK+71Sal6kbdRQHtoHx0gF52iKrpCNeQhih7RM3pFb9aT9WK9Wx+Tp3NWvrOD/sD6/AHOHJQ4</latexit><latexit sha1_base64="hyntJWCoI33UEhJ5EZfidV+h8B4=">AAAB/nicbVBNS8NAFNz4WetXVPDiZbEURKEkIqi3ohePFYwtNLFsttt27WYTdl+EEnvwr3jxoOLV3+HNf+O2zUFbBx4MM/vYeRMmgmtwnG9rbn5hcWm5sFJcXVvf2LS3tm91nCrKPBqLWDVCopngknnAQbBGohiJQsHqYf9y5NcfmNI8ljcwSFgQka7kHU4JGKll79bvDn2IsR8SlYVDfITBzH3LLjkVZww8S9yclFCOWsv+8tsxTSMmgQqiddN1EggyooBTwYZFP9UsIbRPuqxpqCQR00E2zj/EZaO0cSdWZiTgsfp7IyOR1oPIxCtHBHp62huJ/3nNFDpnQcZlkgKTdPJRJxXYHDwqA7e5YhTEwBBCFTdZMe0RRSiYyoqmBHf65FniHVfOK+71Sal6kbdRQHtoHx0gF52iKrpCNeQhih7RM3pFb9aT9WK9Wx+Tp3NWvrOD/sD6/AHOHJQ4</latexit>

g + b ! W + t
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Method : heavy quark line
heavy-to-light 


decay

Asatrain, Greub, Peckjak, 08; Beneke, Huber, Li, 08; Bell 08
Bonciani, Ferroglia 08;

Becher, Neubert, 05
Becher, Neubert, 06

Catani, Dittmaier, Seymour, Trocsanyi, 02

Campbell, Tramontano, 06
to balance the subleading power

correction and numerical stability 



Numerical Results
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New!

★NLO corrections ~ 35%; NNLO corr. ~ 7%, indicating good perturbative 
convergence!


★NNLO corrections are underestimated by NLO scale variation

★ scale uncertainties are reduced by NNLO corrections



Distributions of top quark
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★ fixed vs dynamic scale choice: very close to each other

★ NNLO corrections can be as large as 10% in low pT and 

large rapidity region of top



Fiducial Cross Section
Setup: 


1. assume top 100% decay to bW

2. branching ratio = 0.1086 for leptonic decay of W boson

3. charged lepton: 

4. pre-selection for jets: anti-kT, 

5. “2-jets 2-tags”: exactly two b-tagged jets with   

pT,l > 24GeV
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pT > 20GeV
<latexit sha1_base64="f7+Katl+amYmDuT6oYkPjMoSrOA=">AAAB+XicbVBNS8NAEN3Ur1q/Uj16WSyCBylJEdSLFD3osULTFpoQNtttu3R3E3Y3Son9KV48qHj1n3jz37htc9DWBwOP92aYmRcljCrtON9WYWV1bX2juFna2t7Z3bPL+y0VpxITD8cslp0IKcKoIJ6mmpFOIgniESPtaHQz9dsPRCoai6YeJyTgaCBon2KkjRTa5SRsXtUc/zTzJYe3pDUJ7YpTdWaAy8TNSQXkaIT2l9+LccqJ0Jghpbquk+ggQ1JTzMik5KeKJAiP0IB0DRWIExVks9Mn8NgoPdiPpSmh4Uz9PZEhrtSYR6aTIz1Ui95U/M/rprp/EWRUJKkmAs8X9VMGdQynOcAelQRrNjYEYUnNrRAPkURYm7RKJgR38eVl4tWql1X3/qxSv87TKIJDcAROgAvOQR3cgQbwAAaP4Bm8gjfryXqx3q2PeWvBymcOwB9Ynz8TKZLJ</latexit><latexit sha1_base64="f7+Katl+amYmDuT6oYkPjMoSrOA=">AAAB+XicbVBNS8NAEN3Ur1q/Uj16WSyCBylJEdSLFD3osULTFpoQNtttu3R3E3Y3Son9KV48qHj1n3jz37htc9DWBwOP92aYmRcljCrtON9WYWV1bX2juFna2t7Z3bPL+y0VpxITD8cslp0IKcKoIJ6mmpFOIgniESPtaHQz9dsPRCoai6YeJyTgaCBon2KkjRTa5SRsXtUc/zTzJYe3pDUJ7YpTdWaAy8TNSQXkaIT2l9+LccqJ0Jghpbquk+ggQ1JTzMik5KeKJAiP0IB0DRWIExVks9Mn8NgoPdiPpSmh4Uz9PZEhrtSYR6aTIz1Ui95U/M/rprp/EWRUJKkmAs8X9VMGdQynOcAelQRrNjYEYUnNrRAPkURYm7RKJgR38eVl4tWql1X3/qxSv87TKIJDcAROgAvOQR3cgQbwAAaP4Bm8gjfryXqx3q2PeWvBymcOwB9Ynz8TKZLJ</latexit><latexit sha1_base64="f7+Katl+amYmDuT6oYkPjMoSrOA=">AAAB+XicbVBNS8NAEN3Ur1q/Uj16WSyCBylJEdSLFD3osULTFpoQNtttu3R3E3Y3Son9KV48qHj1n3jz37htc9DWBwOP92aYmRcljCrtON9WYWV1bX2juFna2t7Z3bPL+y0VpxITD8cslp0IKcKoIJ6mmpFOIgniESPtaHQz9dsPRCoai6YeJyTgaCBon2KkjRTa5SRsXtUc/zTzJYe3pDUJ7YpTdWaAy8TNSQXkaIT2l9+LccqJ0Jghpbquk+ggQ1JTzMik5KeKJAiP0IB0DRWIExVks9Mn8NgoPdiPpSmh4Uz9PZEhrtSYR6aTIz1Ui95U/M/rprp/EWRUJKkmAs8X9VMGdQynOcAelQRrNjYEYUnNrRAPkURYm7RKJgR38eVl4tWql1X3/qxSv87TKIJDcAROgAvOQR3cgQbwAAaP4Bm8gjfryXqx3q2PeWvBymcOwB9Ynz8TKZLJ</latexit><latexit sha1_base64="f7+Katl+amYmDuT6oYkPjMoSrOA=">AAAB+XicbVBNS8NAEN3Ur1q/Uj16WSyCBylJEdSLFD3osULTFpoQNtttu3R3E3Y3Son9KV48qHj1n3jz37htc9DWBwOP92aYmRcljCrtON9WYWV1bX2juFna2t7Z3bPL+y0VpxITD8cslp0IKcKoIJ6mmpFOIgniESPtaHQz9dsPRCoai6YeJyTgaCBon2KkjRTa5SRsXtUc/zTzJYe3pDUJ7YpTdWaAy8TNSQXkaIT2l9+LccqJ0Jghpbquk+ggQ1JTzMik5KeKJAiP0IB0DRWIExVks9Mn8NgoPdiPpSmh4Uz9PZEhrtSYR6aTIz1Ui95U/M/rprp/EWRUJKkmAs8X9VMGdQynOcAelQRrNjYEYUnNrRAPkURYm7RKJgR38eVl4tWql1X3/qxSv87TKIJDcAROgAvOQR3cgQbwAAaP4Bm8gjfryXqx3q2PeWvBymcOwB9Ynz8TKZLJ</latexit>

|⌘| < 4.5
<latexit sha1_base64="Y6qigFbk3fGYalWtijgPcANrzIE=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0ikooKHohePFYwtpKFstpt26SYbdidCSfszvHhQ8eq/8ea/cdvmoK0PBh7vzTAzL0wF1+A431ZpZXVtfaO8Wdna3tndq+4fPGqZKco8KoVU7ZBoJnjCPOAgWDtVjMShYK1weDv1W09MaS6TBxilLIhJP+ERpwSM5I87DAgeX9ft82615tjODHiZuAWpoQLNbvWr05M0i1kCVBCtfddJIciJAk4Fm1Q6mWYpoUPSZ76hCYmZDvLZyRN8YpQejqQylQCeqb8nchJrPYpD0xkTGOhFbyr+5/kZRJdBzpM0A5bQ+aIoExgknv6Pe1wxCmJkCKGKm1sxHRBFKJiUKiYEd/HlZeKd2Ve2e1+vNW6KNMroCB2jU+SiC9RAd6iJPESRRM/oFb1ZYL1Y79bHvLVkFTOH6A+szx9xVJA9</latexit><latexit sha1_base64="Y6qigFbk3fGYalWtijgPcANrzIE=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0ikooKHohePFYwtpKFstpt26SYbdidCSfszvHhQ8eq/8ea/cdvmoK0PBh7vzTAzL0wF1+A431ZpZXVtfaO8Wdna3tndq+4fPGqZKco8KoVU7ZBoJnjCPOAgWDtVjMShYK1weDv1W09MaS6TBxilLIhJP+ERpwSM5I87DAgeX9ft82615tjODHiZuAWpoQLNbvWr05M0i1kCVBCtfddJIciJAk4Fm1Q6mWYpoUPSZ76hCYmZDvLZyRN8YpQejqQylQCeqb8nchJrPYpD0xkTGOhFbyr+5/kZRJdBzpM0A5bQ+aIoExgknv6Pe1wxCmJkCKGKm1sxHRBFKJiUKiYEd/HlZeKd2Ve2e1+vNW6KNMroCB2jU+SiC9RAd6iJPESRRM/oFb1ZYL1Y79bHvLVkFTOH6A+szx9xVJA9</latexit><latexit sha1_base64="Y6qigFbk3fGYalWtijgPcANrzIE=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0ikooKHohePFYwtpKFstpt26SYbdidCSfszvHhQ8eq/8ea/cdvmoK0PBh7vzTAzL0wF1+A431ZpZXVtfaO8Wdna3tndq+4fPGqZKco8KoVU7ZBoJnjCPOAgWDtVjMShYK1weDv1W09MaS6TBxilLIhJP+ERpwSM5I87DAgeX9ft82615tjODHiZuAWpoQLNbvWr05M0i1kCVBCtfddJIciJAk4Fm1Q6mWYpoUPSZ76hCYmZDvLZyRN8YpQejqQylQCeqb8nchJrPYpD0xkTGOhFbyr+5/kZRJdBzpM0A5bQ+aIoExgknv6Pe1wxCmJkCKGKm1sxHRBFKJiUKiYEd/HlZeKd2Ve2e1+vNW6KNMroCB2jU+SiC9RAd6iJPESRRM/oFb1ZYL1Y79bHvLVkFTOH6A+szx9xVJA9</latexit><latexit sha1_base64="Y6qigFbk3fGYalWtijgPcANrzIE=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0ikooKHohePFYwtpKFstpt26SYbdidCSfszvHhQ8eq/8ea/cdvmoK0PBh7vzTAzL0wF1+A431ZpZXVtfaO8Wdna3tndq+4fPGqZKco8KoVU7ZBoJnjCPOAgWDtVjMShYK1weDv1W09MaS6TBxilLIhJP+ERpwSM5I87DAgeX9ft82615tjODHiZuAWpoQLNbvWr05M0i1kCVBCtfddJIciJAk4Fm1Q6mWYpoUPSZ76hCYmZDvLZyRN8YpQejqQylQCeqb8nchJrPYpD0xkTGOhFbyr+5/kZRJdBzpM0A5bQ+aIoExgknv6Pe1wxCmJkCKGKm1sxHRBFKJiUKiYEd/HlZeKd2Ve2e1+vNW6KNMroCB2jU+SiC9RAd6iJPESRRM/oFb1ZYL1Y79bHvLVkFTOH6A+szx9xVJA9</latexit>

R = 0.5
<latexit sha1_base64="pjULGNO/VBYnke8HRwXv0fW0z8Q=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUQ9C0YvHKsYW2lA22027dLMbdjdCCf0NXjyoePUPefPfuG1z0NYHA4/3ZpiZF6WcaeN5305paXllda28XtnY3Nreqe7uPWqZKUIDIrlUrQhrypmggWGG01aqKE4iTpvR8GbiN5+o0kyKBzNKaZjgvmAxI9hYKbi/8tyzbrXmud4UaJH4BalBgUa3+tXpSZIlVBjCsdZt30tNmGNlGOF0XOlkmqaYDHGfti0VOKE6zKfHjtGRVXoolsqWMGiq/p7IcaL1KIlsZ4LNQM97E/E/r52Z+CLMmUgzQwWZLYozjoxEk89RjylKDB9Zgoli9lZEBlhhYmw+FRuCP//yIglO3EvXvzut1a+LNMpwAIdwDD6cQx1uoQEBEGDwDK/w5gjnxXl3PmatJaeY2Yc/cD5/AOvRjaI=</latexit><latexit sha1_base64="pjULGNO/VBYnke8HRwXv0fW0z8Q=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUQ9C0YvHKsYW2lA22027dLMbdjdCCf0NXjyoePUPefPfuG1z0NYHA4/3ZpiZF6WcaeN5305paXllda28XtnY3Nreqe7uPWqZKUIDIrlUrQhrypmggWGG01aqKE4iTpvR8GbiN5+o0kyKBzNKaZjgvmAxI9hYKbi/8tyzbrXmud4UaJH4BalBgUa3+tXpSZIlVBjCsdZt30tNmGNlGOF0XOlkmqaYDHGfti0VOKE6zKfHjtGRVXoolsqWMGiq/p7IcaL1KIlsZ4LNQM97E/E/r52Z+CLMmUgzQwWZLYozjoxEk89RjylKDB9Zgoli9lZEBlhhYmw+FRuCP//yIglO3EvXvzut1a+LNMpwAIdwDD6cQx1uoQEBEGDwDK/w5gjnxXl3PmatJaeY2Yc/cD5/AOvRjaI=</latexit><latexit sha1_base64="pjULGNO/VBYnke8HRwXv0fW0z8Q=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUQ9C0YvHKsYW2lA22027dLMbdjdCCf0NXjyoePUPefPfuG1z0NYHA4/3ZpiZF6WcaeN5305paXllda28XtnY3Nreqe7uPWqZKUIDIrlUrQhrypmggWGG01aqKE4iTpvR8GbiN5+o0kyKBzNKaZjgvmAxI9hYKbi/8tyzbrXmud4UaJH4BalBgUa3+tXpSZIlVBjCsdZt30tNmGNlGOF0XOlkmqaYDHGfti0VOKE6zKfHjtGRVXoolsqWMGiq/p7IcaL1KIlsZ4LNQM97E/E/r52Z+CLMmUgzQwWZLYozjoxEk89RjylKDB9Zgoli9lZEBlhhYmw+FRuCP//yIglO3EvXvzut1a+LNMpwAIdwDD6cQx1uoQEBEGDwDK/w5gjnxXl3PmatJaeY2Yc/cD5/AOvRjaI=</latexit><latexit sha1_base64="pjULGNO/VBYnke8HRwXv0fW0z8Q=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUQ9C0YvHKsYW2lA22027dLMbdjdCCf0NXjyoePUPefPfuG1z0NYHA4/3ZpiZF6WcaeN5305paXllda28XtnY3Nreqe7uPWqZKUIDIrlUrQhrypmggWGG01aqKE4iTpvR8GbiN5+o0kyKBzNKaZjgvmAxI9hYKbi/8tyzbrXmud4UaJH4BalBgUa3+tXpSZIlVBjCsdZt30tNmGNlGOF0XOlkmqaYDHGfti0VOKE6zKfHjtGRVXoolsqWMGiq/p7IcaL1KIlsZ4LNQM97E/E/r52Z+CLMmUgzQwWZLYozjoxEk89RjylKDB9Zgoli9lZEBlhhYmw+FRuCP//yIglO3EvXvzut1a+LNMpwAIdwDD6cQx1uoQEBEGDwDK/w5gjnxXl3PmatJaeY2Yc/cD5/AOvRjaI=</latexit>

pT > 40GeV
<latexit sha1_base64="U0jaKUO9LM42d1XsHkcdXD5Ceqk=">AAAB+XicbVBNS8NAEN3Ur1q/Uj16WSyCBymJFNSLFD3osULTFpoQNtttu3R3E3Y3Son9KV48qHj1n3jz37htc9DWBwOP92aYmRcljCrtON9WYWV1bX2juFna2t7Z3bPL+y0VpxITD8cslp0IKcKoIJ6mmpFOIgniESPtaHQz9dsPRCoai6YeJyTgaCBon2KkjRTa5SRsXtUc/zTzJYe3pDUJ7YpTdWaAy8TNSQXkaIT2l9+LccqJ0Jghpbquk+ggQ1JTzMik5KeKJAiP0IB0DRWIExVks9Mn8NgoPdiPpSmh4Uz9PZEhrtSYR6aTIz1Ui95U/M/rprp/EWRUJKkmAs8X9VMGdQynOcAelQRrNjYEYUnNrRAPkURYm7RKJgR38eVl4p1VL6vufa1Sv87TKIJDcAROgAvOQR3cgQbwAAaP4Bm8gjfryXqx3q2PeWvBymcOwB9Ynz8WR5LL</latexit><latexit sha1_base64="U0jaKUO9LM42d1XsHkcdXD5Ceqk=">AAAB+XicbVBNS8NAEN3Ur1q/Uj16WSyCBymJFNSLFD3osULTFpoQNtttu3R3E3Y3Son9KV48qHj1n3jz37htc9DWBwOP92aYmRcljCrtON9WYWV1bX2juFna2t7Z3bPL+y0VpxITD8cslp0IKcKoIJ6mmpFOIgniESPtaHQz9dsPRCoai6YeJyTgaCBon2KkjRTa5SRsXtUc/zTzJYe3pDUJ7YpTdWaAy8TNSQXkaIT2l9+LccqJ0Jghpbquk+ggQ1JTzMik5KeKJAiP0IB0DRWIExVks9Mn8NgoPdiPpSmh4Uz9PZEhrtSYR6aTIz1Ui95U/M/rprp/EWRUJKkmAs8X9VMGdQynOcAelQRrNjYEYUnNrRAPkURYm7RKJgR38eVl4p1VL6vufa1Sv87TKIJDcAROgAvOQR3cgQbwAAaP4Bm8gjfryXqx3q2PeWvBymcOwB9Ynz8WR5LL</latexit><latexit sha1_base64="U0jaKUO9LM42d1XsHkcdXD5Ceqk=">AAAB+XicbVBNS8NAEN3Ur1q/Uj16WSyCBymJFNSLFD3osULTFpoQNtttu3R3E3Y3Son9KV48qHj1n3jz37htc9DWBwOP92aYmRcljCrtON9WYWV1bX2juFna2t7Z3bPL+y0VpxITD8cslp0IKcKoIJ6mmpFOIgniESPtaHQz9dsPRCoai6YeJyTgaCBon2KkjRTa5SRsXtUc/zTzJYe3pDUJ7YpTdWaAy8TNSQXkaIT2l9+LccqJ0Jghpbquk+ggQ1JTzMik5KeKJAiP0IB0DRWIExVks9Mn8NgoPdiPpSmh4Uz9PZEhrtSYR6aTIz1Ui95U/M/rprp/EWRUJKkmAs8X9VMGdQynOcAelQRrNjYEYUnNrRAPkURYm7RKJgR38eVl4p1VL6vufa1Sv87TKIJDcAROgAvOQR3cgQbwAAaP4Bm8gjfryXqx3q2PeWvBymcOwB9Ynz8WR5LL</latexit><latexit sha1_base64="U0jaKUO9LM42d1XsHkcdXD5Ceqk=">AAAB+XicbVBNS8NAEN3Ur1q/Uj16WSyCBymJFNSLFD3osULTFpoQNtttu3R3E3Y3Son9KV48qHj1n3jz37htc9DWBwOP92aYmRcljCrtON9WYWV1bX2juFna2t7Z3bPL+y0VpxITD8cslp0IKcKoIJ6mmpFOIgniESPtaHQz9dsPRCoai6YeJyTgaCBon2KkjRTa5SRsXtUc/zTzJYe3pDUJ7YpTdWaAy8TNSQXkaIT2l9+LccqJ0Jghpbquk+ggQ1JTzMik5KeKJAiP0IB0DRWIExVks9Mn8NgoPdiPpSmh4Uz9PZEhrtSYR6aTIz1Ui95U/M/rprp/EWRUJKkmAs8X9VMGdQynOcAelQRrNjYEYUnNrRAPkURYm7RKJgR38eVl4p1VL6vufa1Sv87TKIJDcAROgAvOQR3cgQbwAAaP4Bm8gjfryXqx3q2PeWvBymcOwB9Ynz8WR5LL</latexit>

Total cross section with fiducial cuts @ 13 TeV LHC
★ NLO and NNLO corrections 

are negative

★ NLO ~ -15%; NNLO ~ -8%

★ scale uncertainties are 

reduced by NNLO corrections

★QCD corrections from top 

decay are comparable to 
those from top production

To suppressed background from ttbar

based on CMS

|⌘| < 2.4
<latexit sha1_base64="lgrNuZzpXMfCjG0ES/8kULIRWU4=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgKSSloIKHohePFYwV21A22027dLMJuxOhtP0XXjyoePXnePPfuG1z0NYHA4/3ZpiZF6aCa3Tdb6uwsrq2vlHcLG1t7+zulfcP7nWSKcp8mohEPYREM8El85GjYA+pYiQOBWuGg+up33xiSvNE3uEwZUFMepJHnBI00uO4zZCML6tOrVOuuI47g71MvJxUIEejU/5qdxOaxUwiFUTrluemGIyIQk4Fm5TamWYpoQPSYy1DJYmZDkaziyf2iVG6dpQoUxLtmfp7YkRirYdxaDpjgn296E3F/7xWhtF5MOIyzZBJOl8UZcLGxJ6+b3e5YhTF0BBCFTe32rRPFKFoQiqZELzFl5eJX3UuHO+2Vqlf5WkU4QiO4RQ8OIM63EADfKAg4Rle4c3S1ov1bn3MWwtWPnMIf2B9/gAUwJAQ</latexit><latexit sha1_base64="lgrNuZzpXMfCjG0ES/8kULIRWU4=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgKSSloIKHohePFYwV21A22027dLMJuxOhtP0XXjyoePXnePPfuG1z0NYHA4/3ZpiZF6aCa3Tdb6uwsrq2vlHcLG1t7+zulfcP7nWSKcp8mohEPYREM8El85GjYA+pYiQOBWuGg+up33xiSvNE3uEwZUFMepJHnBI00uO4zZCML6tOrVOuuI47g71MvJxUIEejU/5qdxOaxUwiFUTrluemGIyIQk4Fm5TamWYpoQPSYy1DJYmZDkaziyf2iVG6dpQoUxLtmfp7YkRirYdxaDpjgn296E3F/7xWhtF5MOIyzZBJOl8UZcLGxJ6+b3e5YhTF0BBCFTe32rRPFKFoQiqZELzFl5eJX3UuHO+2Vqlf5WkU4QiO4RQ8OIM63EADfKAg4Rle4c3S1ov1bn3MWwtWPnMIf2B9/gAUwJAQ</latexit><latexit sha1_base64="lgrNuZzpXMfCjG0ES/8kULIRWU4=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgKSSloIKHohePFYwV21A22027dLMJuxOhtP0XXjyoePXnePPfuG1z0NYHA4/3ZpiZF6aCa3Tdb6uwsrq2vlHcLG1t7+zulfcP7nWSKcp8mohEPYREM8El85GjYA+pYiQOBWuGg+up33xiSvNE3uEwZUFMepJHnBI00uO4zZCML6tOrVOuuI47g71MvJxUIEejU/5qdxOaxUwiFUTrluemGIyIQk4Fm5TamWYpoQPSYy1DJYmZDkaziyf2iVG6dpQoUxLtmfp7YkRirYdxaDpjgn296E3F/7xWhtF5MOIyzZBJOl8UZcLGxJ6+b3e5YhTF0BBCFTe32rRPFKFoQiqZELzFl5eJX3UuHO+2Vqlf5WkU4QiO4RQ8OIM63EADfKAg4Rle4c3S1ov1bn3MWwtWPnMIf2B9/gAUwJAQ</latexit><latexit sha1_base64="lgrNuZzpXMfCjG0ES/8kULIRWU4=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgKSSloIKHohePFYwV21A22027dLMJuxOhtP0XXjyoePXnePPfuG1z0NYHA4/3ZpiZF6aCa3Tdb6uwsrq2vlHcLG1t7+zulfcP7nWSKcp8mohEPYREM8El85GjYA+pYiQOBWuGg+up33xiSvNE3uEwZUFMepJHnBI00uO4zZCML6tOrVOuuI47g71MvJxUIEejU/5qdxOaxUwiFUTrluemGIyIQk4Fm5TamWYpoQPSYy1DJYmZDkaziyf2iVG6dpQoUxLtmfp7YkRirYdxaDpjgn296E3F/7xWhtF5MOIyzZBJOl8UZcLGxJ6+b3e5YhTF0BBCFTe32rRPFKFoQiqZELzFl5eJX3UuHO+2Vqlf5WkU4QiO4RQ8OIM63EADfKAg4Rle4c3S1ov1bn3MWwtWPnMIf2B9/gAUwJAQ</latexit>



Distribution with Fiducial Cuts
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1.5 NLO/LONNLO/LO
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1.2 NLO/LONNLO/LO

★ two important inputs to multivariate analysis

★NNLO corrections are underestimated by scale variation @NLO 

★ For       ,the peak is shifted to lower mass by higher order corrections Ml,b2
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Summary
1. First calculation for s-channel @ NNLO QCD

2. NNLO corr. ~ 7% for inclusive cross section

3. For the fully differential cross section, NNLO corr. can 

reach 10% in some kinematic regions

4. Scale uncertainties are reduced

5. Fiducial cross section: compare with exp. data without 

unfolding procedures

• Towards the full results : cross-talk between light-heavy 

‣ 2-box Feynman integrals

‣ 1-jettiness soft function with initial states and a 

massive spector @ NNLO

• pT veto resummation

• Soft gluon Resummation @ NNNLL + NNLO

In further:



Thanks for your attention!
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far from application 
due to the complexity 

of the multi-scale 
Feynman integrals
I
2box

(s, t,mt,mW )
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vanish due to
Tr(T a)Tr(T a) = 0
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Two-loop massless 
form factor

obtained from the 
heavy-to-light form 
factor by analytical 

continuation
(pb + pt)

2 ! (pb + pt)
2 + i "

m2
t ! m2

t � i "
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Numerical Results
corrections from different components

• NNLO correction from light quark line is 
less than 1%


• NNLO corrections from heavy quark line 
and the product of light and heavy @NLO 
are more than 2%

PDF uncertainties of �(t)/�(t̄)
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• constrain PDFs

★ sensitive to the difference of 

valence u & d quark 
distributions at low Bjorken-x


