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Plan 
z  Motivation for ttγ 

z  Status of theoretical predictions for ttγ 

z  NWA vs. off-shell effects à tt & ttj 
 
z  Results for ttγ  in di-lepton channel   

z  Predictions for ttγ/tt 
 
z  Summary & Outlook  
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z  Besides tt & ttj  more exclusive final states can be accessed @ LHC 

Motivations For ttγ   
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Motivations For ttγ   
 
z  ttV cross sections much smaller than tt(j) 

z   Information on couplings à γ, Z, H, W±  

z  σttγ  direct way to measure top quark charge @ LHC à σttγ ~ Qt
2 @ LHC 

z Qt = +⅔ with CL ≥ 5σ @ LHC  à Indirectly from  Qt = QW –Qb-jet  in tt                                          

z  Exotic physics scenarios à top-like quarks with Qt ≠ +⅔ 

 
 
 
 
 
 
 
 

Melnikov, Schulze, Scharf ‘11 

pp ! tt̄� ! `+⌫`bb̄jj� @ 14 TeV LHC
<latexit sha1_base64="GCnqKhhWvcaaFlNRlx1YC2HrpkY="></latexit><latexit sha1_base64="GCnqKhhWvcaaFlNRlx1YC2HrpkY="></latexit><latexit sha1_base64="GCnqKhhWvcaaFlNRlx1YC2HrpkY="></latexit><latexit sha1_base64="GCnqKhhWvcaaFlNRlx1YC2HrpkY="></latexit>
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z  Probe the strength and the structure of ttγ vertex à  SM + contributions from 
dimension-six effective operators à Constrains on anomalous couplings  

 
z Measure cross section ratio (also differential ratios) 

 
 

« More stable against radiative corrections  
«  Reduced scale dependence à Various uncertainties cancel in ratio 
«  Enhanced predictive power à Interesting to probe new physics @ LHC 

z  Top quark charge asymmetry, differential top quark charge asymmetries, …  

Motivations For ttγ   

R =
�pp!tt̄�

�pp!tt̄
<latexit sha1_base64="HGW3WUCE7LXyy4mOR929iHYF26Y="></latexit><latexit sha1_base64="HGW3WUCE7LXyy4mOR929iHYF26Y="></latexit><latexit sha1_base64="HGW3WUCE7LXyy4mOR929iHYF26Y="></latexit><latexit sha1_base64="HGW3WUCE7LXyy4mOR929iHYF26Y="></latexit>

Ltt̄� = �eQtt̄�
µtAµ � et̄

i�µ⌫(pt � pt̄)⌫
mt

(d�V + id�A�5) tAµ
<latexit sha1_base64="u7GvPLUwrbUax6PaIT/Q00W0DlE="></latexit><latexit sha1_base64="u7GvPLUwrbUax6PaIT/Q00W0DlE="></latexit><latexit sha1_base64="u7GvPLUwrbUax6PaIT/Q00W0DlE="></latexit><latexit sha1_base64="u7GvPLUwrbUax6PaIT/Q00W0DlE="></latexit>

Aguilar-Saavedra ’09 
Schulze, Soreq ‘16  

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘18 
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z NLO corrections for on-shell top quarks à General idea about size of NLO 
corrections. Can not provide reliable description of top quark decay products 
and radiation pattern 

« NLO QCD 
« NLO electroweak 

 
z  For more realistic studies decays are needed  

« NLO QCD for on-shell top quarks + PS  à Top decays in parton shower 
approximation, omitting photon emission in PS evolution & omitting tt 
spin correlations  

« NLO QCD in NWA à NLO QCD corrections to top production & 
decays, photon emission of top quark and of top quark decay product & 
tt spin correlations included 

« NLO QCD complete off-shell effects of top quarks à resonant & non-
resonant diagrams, interferences and off-shell effects of the top quarks  

Duan, Ma, Zhang, Han, Guo, Wang ’09 ’11 
Maltoni, Pagani, Tsinikos ’15 
 
Duan, Zhang, Wang, Song, Li ’16 
 
 
 
 
 
 
 
 
Kardos, Trocsanyi ’14 
 
 
 
 
 
Melnikov, Schulze, Scharf  ’11 
 
 
 
 
 
Bevilacqua, Hartanto, Kraus, Weber, Worek ‘18 

Theoretical Predictions For ttγ 
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ttγ in NWA @ LHC  
pp ! tt̄� ! `+⌫`bb̄jj� @ 14 TeV LHC

<latexit sha1_base64="GCnqKhhWvcaaFlNRlx1YC2HrpkY="></latexit><latexit sha1_base64="GCnqKhhWvcaaFlNRlx1YC2HrpkY="></latexit><latexit sha1_base64="GCnqKhhWvcaaFlNRlx1YC2HrpkY="></latexit><latexit sha1_base64="GCnqKhhWvcaaFlNRlx1YC2HrpkY="></latexit>

Melnikov, Schulze, Scharf ‘11 

z  Large fraction of isolated photons comes from radiative decay of tops   
 

�NLO = 138 fb �NLO

��Prod. = 60.9 fb �NLO

��Dec. = 77.2 fb
<latexit sha1_base64="eLNgJUFijNg8QvUppxQo8TA+IFU="></latexit><latexit sha1_base64="eLNgJUFijNg8QvUppxQo8TA+IFU="></latexit><latexit sha1_base64="eLNgJUFijNg8QvUppxQo8TA+IFU="></latexit><latexit sha1_base64="eLNgJUFijNg8QvUppxQo8TA+IFU="></latexit>
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v  In NWA tops are restricted to on-shell states 

v  Approximation is controlled by the ratio  
 
v  Should be accurate for sufficiently inclusive observables 

v  Off-shell effects for integrated σtt @ few % level @ NLO in QCD 
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How Good Is NWA ?   
Off-shell Tops 

tt (di-lepton) Denner, Dittmaier, Kallweit, Pozzorini ’11 ’12 
Bevilacqua, Czakon, van Hameren, Papadopoulos, Worek ’11 
Denner, Pellen ’16 (EW) 
Jezo, Lindert, Nason, Oleari, Pozzorini ’16 (PS) 

tt (semi-leptonic) Denner, Pellen ’18 

	

ttH (di-lepton) Denner, Feger ‘15 
Denner, Lang, Pellen, Uccirati ’17  (EW+QCD) 

ttj (di-lepton) Bevilacqua, Hartanto, Kraus, Worek ’16 ‘18 
	

ttγ (di-lepton) Bevilacqua, Hartanto, Kraus, Weber, Worek ’18 ‘19 

	

�t/mt ⇡ 0.8%
<latexit sha1_base64="z6pUMjyp6k6c0utaHmosL+duXIU=">AAACEXicbVA9TwJBEN3Db/xCLW02EhIqvEMTKUkstNREhIQjl7llgQ27d5fdOSO58Bds/Cs2Fhpja2fnv3FBCgVfMsnLezO7My9MpDDoul9Obml5ZXVtfSO/ubW9s1vY2781caoZb7BYxroVguFSRLyBAiVvJZqDCiVvhsPzid+849qIOLrBUcI7CvqR6AkGaKWgUPanb2ShTPk48y9AKQjwWAVIfUgSHd9Tt1LzS+OgUHQr7hR0kXgzUiQzXAWFT78bs1TxCJkEY9qem2AnA42CST7O+6nhCbAh9Hnb0ggUN51sus2YlqzSpb1Y24qQTtXfExkoY0YqtJ0KcGDmvYn4n9dOsVfrZCJKUuQR+/mol0qKMZ3EQ7tCc4ZyZAkwLeyulA1AA0MbYt6G4M2fvEhuqxXvpFK9Pi3Wq7M41skhOSJl4pEzUieX5Io0CCMP5Im8kFfn0Xl23pz3n9acM5s5IH/gfHwDEL+dEA==</latexit>
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NWA & Off-Shell Effects  

Denner, Dittmaier, Kallweit, Pozzorini, Schulze ‘12 9	

v Off-shell results vs. results with (spin-correlated) NWA  

v  Tens of per cent in phase-space regions where tt  suppressed as signal  
 
v  Important as background to Higgs & BSM searches  
    

Off-shell Tops 
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NWA & Off-Shell Effects  
v Observable used for a recent top quark mass determination 

Bevilacqua, Hartanto, Kraus, Schulze, Worek ‘18 

Off-shell, NWA 

 
Alioli, Fernandez, Fuster, Irles, Moch, Uwer, Vos ’13  

R(mpole
t , ⇢s) =

1

�tt̄j

d�tt̄j

d⇢s
(mpole

t , ⇢s) ⇢s =
2m0

Mtt̄j
<latexit sha1_base64="Mvz3GlRg5T6TJv1hCDbyQlsMnuM="></latexit>

pp ! tt̄j ! e+⌫e µ
�⌫̄µ bb̄ j @ LHC13TeV

<latexit sha1_base64="K27z1AI8MGjWgh28rbXSGO/dMwg=">AAACU3icbVFNbxMxEPUuBUqgNIUjlxFRJSQg2k2R6DFSLz1wKFKTVorTldeZtE7t3ZU/kCLL/Y0IiQN/hAsH8G5zgJaRLL15zzOeeS4bKYzNsh9J+mDr4aPH2096T5/tPN/t772YmtppjhNey1qfl8ygFBVOrLASzxuNTJUSz8rro1Y/+4LaiLo6tesG54pdVmIpOLORKvor2vXwpXQYfNMAtTVYWjLtbYBVm+HFW6CVK5C+A6 rcxXvo5EiFIuYQ6bJjygBtsroZ34CnWsGn46PC5wenOA0hQNEfZMOsC7gP8g0YkE2cFP1vdFFzp7CyXDJjZnnW2Lln2gouMfSoM9gwfs0ucRZhxRSaue/2CbAfmQUsax1PZaFj/67wTBmzVnHmfcXslbmrteT/tJmzy8O5F1XjLFb89qGlk9D6Fg2GhdDIrVxHwLgWcVbgV0wzbuM39KIJ+d2V74PpaJgfDEefPwzGo40d2+QVeU3ekJx8JGNyTE7IhHDylfwkvxOSfE9+pWm6dXs1TTY1L8k/ke78AapqsnE=</latexit>



11	11	

NWA & Off-Shell Effects  

Bevilacqua, Hartanto, Kraus, Schulze, Worek ‘18 

25 fb-1 

pp ! tt̄j ! e+⌫e µ
�⌫̄µ bb̄ j @ LHC13TeV

<latexit sha1_base64="K27z1AI8MGjWgh28rbXSGO/dMwg="></latexit>



v  Feynman Diagrams à 628 @ LO for gg channel  
 

v NLO à 4348 real emission & 36032 @ 1-loop for gg channel 
 
v   Most complicated à  90 heptagons & 958 hexagons 

NWA & Off-Shell Effects  

 ttγ in NWA 
up to pentagons   

ttγ  full  
up to heptagons 
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tt̄� +X @ O(↵2
s↵

5)
<latexit sha1_base64="XsGoF/2z/luui4V9lUaSVdJTR8k="></latexit>

tt̄� +X @ O(↵3
s↵

5)
<latexit sha1_base64="M9q+dHt99lTRVkBAGX4em9O0CXM="></latexit>



HELAC-NLO 

HELAC-NLO 

HELAC-1LOOP 

CUTTOOLS 

ONELOOP 

HELAC-DIPOLES 

KALEU 

Bevilacqua, Czakon, Garzelli, van 
Hameren, Kardos, Papadopoulos, 

Pittau, Worek ‘13 

Czakon, Papadopoulos, Worek ’09 
Bevilacqua, Czakon, Kubocz, Worek ‘13 

van Hameren ‘11 

van Hameren, Papadopoulos,  Pittau ‘09 

Ossola, Papadopoulos, Pittau ‘08 

van Hameren ‘10 

z  Output:  
v  theoretical predictions are stored in the form of the Ntuples Event Files  
v modified Les Houches & ROOT Event Files 
v  kinematical cuts can be changed  
v  new observables can be defined  
v  renormalization or factorization scales and PDF sets can be changed  

Bern, Dixon, Febres Cordero,  
Hoeche, Ita, Kosower, Maitre ‘14 
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z Different lepton generations 

z  Interference effects neglected  à  Per-mille level  @ LO  
 
z  Contribution from b quarks in the initial state neglected à Effect < 0.1% @ LO  

z  2 b-jets, one photon, two charged leptons & pT
miss          

z   Photon:   

z  Isolation condition for photon à Reject event if 

z  For hard photon                                       à  Predictions decreased by 3% 

z  Electroweak coupling in the Gμ  scheme à account for some electroweak effects  

z  Kinematics-independent & kinematic-dependent scale:  

Setup for ttγ 

R  R�j with R�j = 0.4
<latexit sha1_base64="fejm9kB0gxtNY0GHC1EwnBCHz9o=">AAACJ3icbZDLSgMxFIYz9VbrrerSTbAIroYZKehGKbhxWYu9QKcMmfS0jSYzQ5JRyjA+jRtfxY2gIrr0TUwvC9t6IPDx/+ckJ38Qc6a043xbuaXlldW1/HphY3Nre6e4u9dQUSIp1GnEI9kKiALOQqhrpjm0YglEBByawd3lyG/eg1QsCm/0MIaOIP2Q9Rgl2kh+8cIb35EGPIEsrXkccM1PvT4RguDbDD+mnhT4gemB4Rnr3LHLmV8sObYzLrwI7hRKaFpVv/jmdSOaCAg15USptuvEupMSqRnlkBW8REFM6B3pQ9tgSASoTjreMcNHRuniXiTNCTUeq38nUiKUGorAdAqiB2reG4n/ee1E9846KQvjRENIJw/1Eo51hEeh4S6TQDUfGiBUMrMrpgMiCdUm2oIJwZ3/8iI0TmzXsd3rcqlSnsaRRwfoEB0jF52iCrpCVVRHFD2hF/SOPqxn69X6tL4mrTlrOrOPZsr6+QVWyKYZ</latexit><latexit sha1_base64="fejm9kB0gxtNY0GHC1EwnBCHz9o=">AAACJ3icbZDLSgMxFIYz9VbrrerSTbAIroYZKehGKbhxWYu9QKcMmfS0jSYzQ5JRyjA+jRtfxY2gIrr0TUwvC9t6IPDx/+ckJ38Qc6a043xbuaXlldW1/HphY3Nre6e4u9dQUSIp1GnEI9kKiALOQqhrpjm0YglEBByawd3lyG/eg1QsCm/0MIaOIP2Q9Rgl2kh+8cIb35EGPIEsrXkccM1PvT4RguDbDD+mnhT4gemB4Rnr3LHLmV8sObYzLrwI7hRKaFpVv/jmdSOaCAg15USptuvEupMSqRnlkBW8REFM6B3pQ9tgSASoTjreMcNHRuniXiTNCTUeq38nUiKUGorAdAqiB2reG4n/ee1E9846KQvjRENIJw/1Eo51hEeh4S6TQDUfGiBUMrMrpgMiCdUm2oIJwZ3/8iI0TmzXsd3rcqlSnsaRRwfoEB0jF52iCrpCVVRHFD2hF/SOPqxn69X6tL4mrTlrOrOPZsr6+QVWyKYZ</latexit><latexit sha1_base64="fejm9kB0gxtNY0GHC1EwnBCHz9o=">AAACJ3icbZDLSgMxFIYz9VbrrerSTbAIroYZKehGKbhxWYu9QKcMmfS0jSYzQ5JRyjA+jRtfxY2gIrr0TUwvC9t6IPDx/+ckJ38Qc6a043xbuaXlldW1/HphY3Nre6e4u9dQUSIp1GnEI9kKiALOQqhrpjm0YglEBByawd3lyG/eg1QsCm/0MIaOIP2Q9Rgl2kh+8cIb35EGPIEsrXkccM1PvT4RguDbDD+mnhT4gemB4Rnr3LHLmV8sObYzLrwI7hRKaFpVv/jmdSOaCAg15USptuvEupMSqRnlkBW8REFM6B3pQ9tgSASoTjreMcNHRuniXiTNCTUeq38nUiKUGorAdAqiB2reG4n/ee1E9846KQvjRENIJw/1Eo51hEeh4S6TQDUfGiBUMrMrpgMiCdUm2oIJwZ3/8iI0TmzXsd3rcqlSnsaRRwfoEB0jF52iCrpCVVRHFD2hF/SOPqxn69X6tL4mrTlrOrOPZsr6+QVWyKYZ</latexit><latexit sha1_base64="fejm9kB0gxtNY0GHC1EwnBCHz9o=">AAACJ3icbZDLSgMxFIYz9VbrrerSTbAIroYZKehGKbhxWYu9QKcMmfS0jSYzQ5JRyjA+jRtfxY2gIrr0TUwvC9t6IPDx/+ckJ38Qc6a043xbuaXlldW1/HphY3Nre6e4u9dQUSIp1GnEI9kKiALOQqhrpjm0YglEBByawd3lyG/eg1QsCm/0MIaOIP2Q9Rgl2kh+8cIb35EGPIEsrXkccM1PvT4RguDbDD+mnhT4gemB4Rnr3LHLmV8sObYzLrwI7hRKaFpVv/jmdSOaCAg15USptuvEupMSqRnlkBW8REFM6B3pQ9tgSASoTjreMcNHRuniXiTNCTUeq38nUiKUGorAdAqiB2reG4n/ee1E9846KQvjRENIJw/1Eo51hEeh4S6TQDUfGiBUMrMrpgMiCdUm2oIJwZ3/8iI0TmzXsd3rcqlSnsaRRwfoEB0jF52iCrpCVVRHFD2hF/SOPqxn69X6tL4mrTlrOrOPZsr6+QVWyKYZ</latexit>

↵ = ↵(0) = 1/137
<latexit sha1_base64="N1vGVL/wK3Orngta0Gch1H9Wvr0=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCVpcRQqSyVKrEwFok+pCaqHNdprTpOZDtIVdQfYOFXWBhAiJWdjb/BTTNA4UiWj8659/r6+DFnSjvOl1VYWV1b3yhulra2d3b37P2DjooSSWibRDySPR8rypmgbc00p71YUhz6nHb9yfXc795TqVgk7vQ0pl6IR4IFjGBtpIF94mYzUp8ndJa6mMdj3FhcFeesgc7RZX02sMtO1ckA/xKUkzLI0RrYn+4wIklIhSYcK9VHTqy9FEvNCKezkpsoGmMywSPaN1TgkCovzTaZwVOjDGEQSXOEhpn6syPFoVLT0DeVIdZjtezNxf+8fqKDKy9lIk40FWTxUJBwqCM4jwYOmaRE86khmEhmdoVkjCUm2gRYMiGg5S//JZ2LKnKq6LZWbtbyOIrgCByDCkCgDprgBrRAGxDwAJ7AC3i1Hq1n6816X5QWrLznEPyC9fENF4ia0g==</latexit><latexit sha1_base64="N1vGVL/wK3Orngta0Gch1H9Wvr0=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCVpcRQqSyVKrEwFok+pCaqHNdprTpOZDtIVdQfYOFXWBhAiJWdjb/BTTNA4UiWj8659/r6+DFnSjvOl1VYWV1b3yhulra2d3b37P2DjooSSWibRDySPR8rypmgbc00p71YUhz6nHb9yfXc795TqVgk7vQ0pl6IR4IFjGBtpIF94mYzUp8ndJa6mMdj3FhcFeesgc7RZX02sMtO1ckA/xKUkzLI0RrYn+4wIklIhSYcK9VHTqy9FEvNCKezkpsoGmMywSPaN1TgkCovzTaZwVOjDGEQSXOEhpn6syPFoVLT0DeVIdZjtezNxf+8fqKDKy9lIk40FWTxUJBwqCM4jwYOmaRE86khmEhmdoVkjCUm2gRYMiGg5S//JZ2LKnKq6LZWbtbyOIrgCByDCkCgDprgBrRAGxDwAJ7AC3i1Hq1n6816X5QWrLznEPyC9fENF4ia0g==</latexit><latexit sha1_base64="N1vGVL/wK3Orngta0Gch1H9Wvr0=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCVpcRQqSyVKrEwFok+pCaqHNdprTpOZDtIVdQfYOFXWBhAiJWdjb/BTTNA4UiWj8659/r6+DFnSjvOl1VYWV1b3yhulra2d3b37P2DjooSSWibRDySPR8rypmgbc00p71YUhz6nHb9yfXc795TqVgk7vQ0pl6IR4IFjGBtpIF94mYzUp8ndJa6mMdj3FhcFeesgc7RZX02sMtO1ckA/xKUkzLI0RrYn+4wIklIhSYcK9VHTqy9FEvNCKezkpsoGmMywSPaN1TgkCovzTaZwVOjDGEQSXOEhpn6syPFoVLT0DeVIdZjtezNxf+8fqKDKy9lIk40FWTxUJBwqCM4jwYOmaRE86khmEhmdoVkjCUm2gRYMiGg5S//JZ2LKnKq6LZWbtbyOIrgCByDCkCgDprgBrRAGxDwAJ7AC3i1Hq1n6816X5QWrLznEPyC9fENF4ia0g==</latexit><latexit sha1_base64="N1vGVL/wK3Orngta0Gch1H9Wvr0=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCVpcRQqSyVKrEwFok+pCaqHNdprTpOZDtIVdQfYOFXWBhAiJWdjb/BTTNA4UiWj8659/r6+DFnSjvOl1VYWV1b3yhulra2d3b37P2DjooSSWibRDySPR8rypmgbc00p71YUhz6nHb9yfXc795TqVgk7vQ0pl6IR4IFjGBtpIF94mYzUp8ndJa6mMdj3FhcFeesgc7RZX02sMtO1ckA/xKUkzLI0RrYn+4wIklIhSYcK9VHTqy9FEvNCKezkpsoGmMywSPaN1TgkCovzTaZwVOjDGEQSXOEhpn6syPFoVLT0DeVIdZjtezNxf+8fqKDKy9lIk40FWTxUJBwqCM4jwYOmaRE86khmEhmdoVkjCUm2gRYMiGg5S//JZ2LKnKq6LZWbtbyOIrgCByDCkCgDprgBrRAGxDwAJ7AC3i1Hq1n6816X5QWrLznEPyC9fENF4ia0g==</latexit>

Frixione ‘98 

µ0 = mt/2, HT /4
<latexit sha1_base64="ARIpAjC0wSLHY5sBiF6pjU3UcNk=">AAACCXicbZBNS8MwGMfT+TbnW9Wjl+AQPMjWjoFehIGXHSfsDdZS0izdwpK2JKkwSq9e/CpePCji1W/gzW9j1vWgmw8Efvz/z5M8+fsxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk76MEoFJD0csEkMfScJoSHqKKkaGsSCI+4wM/Nndwh88ECFpFHbVPCYuR5OQBhQjpSXPhE5+R+qzhGSpwxPPuuWeqjeuYNvr1puZZ1atmpUXXAe7gCooquOZX844wgknocIMSTmyrVi5KRKKYkayipNIEiM8QxMy0hgiTqSb5ltk8EIrYxhEQp9QwVz9PZEiLuWc+7qTIzWVq95C/M8bJSq4cVMaxokiIV4+FCQMqgguYoFjKghWbK4BYUH1rhBPkUBY6fAqOgR79cvr0G/UbM33zWqrWcRRBmfgHFwCG1yDFmiDDugBDB7BM3gFb8aT8WK8Gx/L1pJRzJyCP2V8/gAuUplF</latexit><latexit sha1_base64="ARIpAjC0wSLHY5sBiF6pjU3UcNk=">AAACCXicbZBNS8MwGMfT+TbnW9Wjl+AQPMjWjoFehIGXHSfsDdZS0izdwpK2JKkwSq9e/CpePCji1W/gzW9j1vWgmw8Efvz/z5M8+fsxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk76MEoFJD0csEkMfScJoSHqKKkaGsSCI+4wM/Nndwh88ECFpFHbVPCYuR5OQBhQjpSXPhE5+R+qzhGSpwxPPuuWeqjeuYNvr1puZZ1atmpUXXAe7gCooquOZX844wgknocIMSTmyrVi5KRKKYkayipNIEiM8QxMy0hgiTqSb5ltk8EIrYxhEQp9QwVz9PZEiLuWc+7qTIzWVq95C/M8bJSq4cVMaxokiIV4+FCQMqgguYoFjKghWbK4BYUH1rhBPkUBY6fAqOgR79cvr0G/UbM33zWqrWcRRBmfgHFwCG1yDFmiDDugBDB7BM3gFb8aT8WK8Gx/L1pJRzJyCP2V8/gAuUplF</latexit><latexit sha1_base64="ARIpAjC0wSLHY5sBiF6pjU3UcNk=">AAACCXicbZBNS8MwGMfT+TbnW9Wjl+AQPMjWjoFehIGXHSfsDdZS0izdwpK2JKkwSq9e/CpePCji1W/gzW9j1vWgmw8Efvz/z5M8+fsxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk76MEoFJD0csEkMfScJoSHqKKkaGsSCI+4wM/Nndwh88ECFpFHbVPCYuR5OQBhQjpSXPhE5+R+qzhGSpwxPPuuWeqjeuYNvr1puZZ1atmpUXXAe7gCooquOZX844wgknocIMSTmyrVi5KRKKYkayipNIEiM8QxMy0hgiTqSb5ltk8EIrYxhEQp9QwVz9PZEiLuWc+7qTIzWVq95C/M8bJSq4cVMaxokiIV4+FCQMqgguYoFjKghWbK4BYUH1rhBPkUBY6fAqOgR79cvr0G/UbM33zWqrWcRRBmfgHFwCG1yDFmiDDugBDB7BM3gFb8aT8WK8Gx/L1pJRzJyCP2V8/gAuUplF</latexit><latexit sha1_base64="ARIpAjC0wSLHY5sBiF6pjU3UcNk=">AAACCXicbZBNS8MwGMfT+TbnW9Wjl+AQPMjWjoFehIGXHSfsDdZS0izdwpK2JKkwSq9e/CpePCji1W/gzW9j1vWgmw8Efvz/z5M8+fsxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk76MEoFJD0csEkMfScJoSHqKKkaGsSCI+4wM/Nndwh88ECFpFHbVPCYuR5OQBhQjpSXPhE5+R+qzhGSpwxPPuuWeqjeuYNvr1puZZ1atmpUXXAe7gCooquOZX844wgknocIMSTmyrVi5KRKKYkayipNIEiM8QxMy0hgiTqSb5ltk8EIrYxhEQp9QwVz9PZEiLuWc+7qTIzWVq95C/M8bJSq4cVMaxokiIV4+FCQMqgguYoFjKghWbK4BYUH1rhBPkUBY6fAqOgR79cvr0G/UbM33zWqrWcRRBmfgHFwCG1yDFmiDDugBDB7BM3gFb8aT8WK8Gx/L1pJRzJyCP2V8/gAuUplF</latexit>

14	

pT (�) > 25 GeV, |y� | < 2.5
<latexit sha1_base64="vaOlasLznwrUieLV6diXLItRyAM="></latexit><latexit sha1_base64="vaOlasLznwrUieLV6diXLItRyAM="></latexit><latexit sha1_base64="vaOlasLznwrUieLV6diXLItRyAM="></latexit><latexit sha1_base64="vaOlasLznwrUieLV6diXLItRyAM="></latexit>

pp ! e+⌫eµ
�⌫̄µbb̄� @ LHC13TeV

<latexit sha1_base64="AamcwALEy3yt9aPUMa/nCOtIXQE="></latexit>

X

i

ET,i ⇥(R�R�i)  ET,�

✓
1� cos(R)

1� cos(R�j)

◆

<latexit sha1_base64="MmmaoKr6U+2Gfl0dyzA7ws6jm1s="></latexit><latexit sha1_base64="MmmaoKr6U+2Gfl0dyzA7ws6jm1s="></latexit><latexit sha1_base64="MmmaoKr6U+2Gfl0dyzA7ws6jm1s="></latexit><latexit sha1_base64="MmmaoKr6U+2Gfl0dyzA7ws6jm1s="></latexit>



 
z  Positive & small NLO corrections of 2.5% 

z  Theoretical uncertainties  
     à 33% @ LO & 6% @ NLO  
 
  

ttγ with HT  

µR 6= µF , 0.5 < µR/µF < 2
<latexit sha1_base64="uwv4Yt3QfS4Rrged5LYo//rd7BE=">AAACGXicbZDLSgMxFIYz9VbrbdSlm2ARXEidKRVddFEQxGUVe4FOKZn0tA3NZIYkI5ShPoYbX8WNC0Vc6sq3MZ12oa0HAh//f05y8vsRZ0o7zreVWVpeWV3Lruc2Nre2d+zdvboKY0mhRkMeyqZPFHAmoKaZ5tCMJJDA59Dwh5cTv3EPUrFQ3OlRBO2A9AXrMUq0kTq246V3JD6PYZx4Qdy59QTgCVyd4AencFZOxdNUKRfHHTvvFJy08CK4M8ijWVU79qfXDWkcgNCUE6VarhPpdkKkZpTDOOfFCiJCh6QPLYOCBKDaSbrVGB8ZpYt7oTRHaJyqvycSEig1CnzTGRA9UPPeRPzPa8W6d9FOmIhiDYJOH+rFHOsQT2LCXSaBaj4yQKhkZldMB0QSqk2YOROCO//lRagXC65TcG9K+UppFkcWHaBDdIxcdI4q6BpVUQ1R9Iie0St6s56sF+vd+pi2ZqzZzD76U9bXD0Vcn7k=</latexit><latexit sha1_base64="uwv4Yt3QfS4Rrged5LYo//rd7BE=">AAACGXicbZDLSgMxFIYz9VbrbdSlm2ARXEidKRVddFEQxGUVe4FOKZn0tA3NZIYkI5ShPoYbX8WNC0Vc6sq3MZ12oa0HAh//f05y8vsRZ0o7zreVWVpeWV3Lruc2Nre2d+zdvboKY0mhRkMeyqZPFHAmoKaZ5tCMJJDA59Dwh5cTv3EPUrFQ3OlRBO2A9AXrMUq0kTq246V3JD6PYZx4Qdy59QTgCVyd4AencFZOxdNUKRfHHTvvFJy08CK4M8ijWVU79qfXDWkcgNCUE6VarhPpdkKkZpTDOOfFCiJCh6QPLYOCBKDaSbrVGB8ZpYt7oTRHaJyqvycSEig1CnzTGRA9UPPeRPzPa8W6d9FOmIhiDYJOH+rFHOsQT2LCXSaBaj4yQKhkZldMB0QSqk2YOROCO//lRagXC65TcG9K+UppFkcWHaBDdIxcdI4q6BpVUQ1R9Iie0St6s56sF+vd+pi2ZqzZzD76U9bXD0Vcn7k=</latexit><latexit sha1_base64="uwv4Yt3QfS4Rrged5LYo//rd7BE=">AAACGXicbZDLSgMxFIYz9VbrbdSlm2ARXEidKRVddFEQxGUVe4FOKZn0tA3NZIYkI5ShPoYbX8WNC0Vc6sq3MZ12oa0HAh//f05y8vsRZ0o7zreVWVpeWV3Lruc2Nre2d+zdvboKY0mhRkMeyqZPFHAmoKaZ5tCMJJDA59Dwh5cTv3EPUrFQ3OlRBO2A9AXrMUq0kTq246V3JD6PYZx4Qdy59QTgCVyd4AencFZOxdNUKRfHHTvvFJy08CK4M8ijWVU79qfXDWkcgNCUE6VarhPpdkKkZpTDOOfFCiJCh6QPLYOCBKDaSbrVGB8ZpYt7oTRHaJyqvycSEig1CnzTGRA9UPPeRPzPa8W6d9FOmIhiDYJOH+rFHOsQT2LCXSaBaj4yQKhkZldMB0QSqk2YOROCO//lRagXC65TcG9K+UppFkcWHaBDdIxcdI4q6BpVUQ1R9Iie0St6s56sF+vd+pi2ZqzZzD76U9bXD0Vcn7k=</latexit><latexit sha1_base64="uwv4Yt3QfS4Rrged5LYo//rd7BE=">AAACGXicbZDLSgMxFIYz9VbrbdSlm2ARXEidKRVddFEQxGUVe4FOKZn0tA3NZIYkI5ShPoYbX8WNC0Vc6sq3MZ12oa0HAh//f05y8vsRZ0o7zreVWVpeWV3Lruc2Nre2d+zdvboKY0mhRkMeyqZPFHAmoKaZ5tCMJJDA59Dwh5cTv3EPUrFQ3OlRBO2A9AXrMUq0kTq246V3JD6PYZx4Qdy59QTgCVyd4AencFZOxdNUKRfHHTvvFJy08CK4M8ijWVU79qfXDWkcgNCUE6VarhPpdkKkZpTDOOfFCiJCh6QPLYOCBKDaSbrVGB8ZpYt7oTRHaJyqvycSEig1CnzTGRA9UPPeRPzPa8W6d9FOmIhiDYJOH+rFHOsQT2LCXSaBaj4yQKhkZldMB0QSqk2YOROCO//lRagXC65TcG9K+UppFkcWHaBDdIxcdI4q6BpVUQ1R9Iie0St6s56sF+vd+pi2ZqzZzD76U9bXD0Vcn7k=</latexit>

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘18 

µ0 = HT /4,CT14
<latexit sha1_base64="sXvNTi0iHr95BGLmtFbwtqJnPNE=">AAACDnicbZBNS8MwGMfT+TbnW9Wjl+AYeJDZSkEvwmCXHSfsDdZS0izbwpK2JKkwSj+BF7+KFw+KePXszW9j1vWgmw8Efvz/z5M8+Qcxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk56MEoFJF0csEoMAScJoSLqKKkYGsSCIB4z0g1lz4fcfiJA0CjtqHhOPo0lIxxQjpSXfrLn5HWnAEpKlLk98667ld66cS5i6gsNmx3ayzDerVt3KC66DXUAVFNX2zS93FOGEk1BhhqQc2lasvBQJRTEjWcVNJIkRnqEJGWoMESfSS/NVMljTygiOI6FPqGCu/p5IEZdyzgPdyZGaylVvIf7nDRM1vvVSGsaJIiFePjROGFQRXGQDR1QQrNhcA8KC6l0hniKBsNIJVnQI9uqX16F3Xbc13zvVhlPEUQZn4BxcABvcgAZogTboAgwewTN4BW/Gk/FivBsfy9aSUcycgj9lfP4ArxCbJQ==</latexit><latexit sha1_base64="sXvNTi0iHr95BGLmtFbwtqJnPNE=">AAACDnicbZBNS8MwGMfT+TbnW9Wjl+AYeJDZSkEvwmCXHSfsDdZS0izbwpK2JKkwSj+BF7+KFw+KePXszW9j1vWgmw8Efvz/z5M8+Qcxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk56MEoFJF0csEoMAScJoSLqKKkYGsSCIB4z0g1lz4fcfiJA0CjtqHhOPo0lIxxQjpSXfrLn5HWnAEpKlLk98667ld66cS5i6gsNmx3ayzDerVt3KC66DXUAVFNX2zS93FOGEk1BhhqQc2lasvBQJRTEjWcVNJIkRnqEJGWoMESfSS/NVMljTygiOI6FPqGCu/p5IEZdyzgPdyZGaylVvIf7nDRM1vvVSGsaJIiFePjROGFQRXGQDR1QQrNhcA8KC6l0hniKBsNIJVnQI9uqX16F3Xbc13zvVhlPEUQZn4BxcABvcgAZogTboAgwewTN4BW/Gk/FivBsfy9aSUcycgj9lfP4ArxCbJQ==</latexit><latexit sha1_base64="sXvNTi0iHr95BGLmtFbwtqJnPNE=">AAACDnicbZBNS8MwGMfT+TbnW9Wjl+AYeJDZSkEvwmCXHSfsDdZS0izbwpK2JKkwSj+BF7+KFw+KePXszW9j1vWgmw8Efvz/z5M8+Qcxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk56MEoFJF0csEoMAScJoSLqKKkYGsSCIB4z0g1lz4fcfiJA0CjtqHhOPo0lIxxQjpSXfrLn5HWnAEpKlLk98667ld66cS5i6gsNmx3ayzDerVt3KC66DXUAVFNX2zS93FOGEk1BhhqQc2lasvBQJRTEjWcVNJIkRnqEJGWoMESfSS/NVMljTygiOI6FPqGCu/p5IEZdyzgPdyZGaylVvIf7nDRM1vvVSGsaJIiFePjROGFQRXGQDR1QQrNhcA8KC6l0hniKBsNIJVnQI9uqX16F3Xbc13zvVhlPEUQZn4BxcABvcgAZogTboAgwewTN4BW/Gk/FivBsfy9aSUcycgj9lfP4ArxCbJQ==</latexit><latexit sha1_base64="sXvNTi0iHr95BGLmtFbwtqJnPNE=">AAACDnicbZBNS8MwGMfT+TbnW9Wjl+AYeJDZSkEvwmCXHSfsDdZS0izbwpK2JKkwSj+BF7+KFw+KePXszW9j1vWgmw8Efvz/z5M8+Qcxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk56MEoFJF0csEoMAScJoSLqKKkYGsSCIB4z0g1lz4fcfiJA0CjtqHhOPo0lIxxQjpSXfrLn5HWnAEpKlLk98667ld66cS5i6gsNmx3ayzDerVt3KC66DXUAVFNX2zS93FOGEk1BhhqQc2lasvBQJRTEjWcVNJIkRnqEJGWoMESfSS/NVMljTygiOI6FPqGCu/p5IEZdyzgPdyZGaylVvIf7nDRM1vvVSGsaJIiFePjROGFQRXGQDR1QQrNhcA8KC6l0hniKBsNIJVnQI9uqX16F3Xbc13zvVhlPEUQZn4BxcABvcgAZogTboAgwewTN4BW/Gk/FivBsfy9aSUcycgj9lfP4ArxCbJQ==</latexit>

HT = pT, e+ + pT, µ� + pT, jb + pT, jb + p
miss
T + pT, �

<latexit sha1_base64="RamM5OG2Me+it2isOIq3uqUvRnI="></latexit>

15	

pp ! e+⌫eµ
�⌫̄µbb̄� @ LHC13TeV

<latexit sha1_base64="AamcwALEy3yt9aPUMa/nCOtIXQE="></latexit>



16	

ttγ with HT  

Stability w.r.t. pT,b	cut  

z NLO QCD corrections 
stable against  pT,b cut  

 
z  CT14 PDF uncertainties 

similar/smaller than 
difference between 
various PDF sets  

z  Similar results for pT,γ	cut  
	

pp ! e+⌫eµ
�⌫̄µbb̄� @ LHC13TeV

<latexit sha1_base64="AamcwALEy3yt9aPUMa/nCOtIXQE=">AAACQHicbVBNaxsxENWmX6n75TTHXkRNoVBqdpNAczTkkkMPKcR2wHKWkTx2RCTtoo+CEZt/lkt+Qm8999JDQ+m1p8obH9qkDwRv3puRRo/XSjqf51+zjXv3Hzx8tPm48+Tps+cvulsvR64KVuBQVKqyJxwcKmlw6KVXeFJbBM0Vjvn5wcoff0brZGWO/bLGqYaFkXMpwCep7I5Ze0fkKmAT65oyX1E8fUeZCSVSpsPpe8o42J iEpkw15W3JG7YAreFicEEjs5p+PDwoY7FLj3HUNE3Z7eX9vAW9S4o16ZE1jsruFzarRNBovFDg3KTIaz+NYL0UCpsOCw5rEOewwEmiBjS6aWyXb+ibpMzovLLpGE9b9e+JCNq5peapU4M/c7e9lfg/bxL8fH8apamDRyNuHpoHRVNIqzTpTFoUXi0TAWFl2pWKM7AgfMq8k0Iobn/5Lhnt9Ivd/s6nvd5gbx3HJnlFXpO3pCAfyIAckiMyJIJckm/kB7nOrrLv2c/s103rRrae2Sb/IPv9B3VKsDQ=</latexit>



17	

ttγ with mt & HT  

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘18 

z Negative NLO corrections up to 18%  
z  Theoretical error up to ± 22% 
	

µ0 = mt/2,CT14
<latexit sha1_base64="8a+cukcAX8H/TLR/x2tMYzuQDns=">AAACDnicbZBNS8MwGMfT+TbnW9Wjl+AYeJDZjoFehMEuHifsDdZS0izdwpK2JKkwSj+BF7+KFw+KePXszW9j1vWgmw8Efvz/z5M8+fsxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk76MEoFJD0csEkMfScJoSHqKKkaGsSCI+4wM/Fl74Q8eiJA0CrtqHhOXo0lIA4qR0pJn1pz8jtRnCclShyeedcs9ddW4hKkjOGx37WaWeWbVql t5wXWwC6iCojqe+eWMI5xwEirMkJQj24qVmyKhKGYkqziJJDHCMzQhI40h4kS6ab5KBmtaGcMgEvqECubq74kUcSnn3NedHKmpXPUW4n/eKFHBjZvSME4UCfHyoSBhUEVwkQ0cU0GwYnMNCAuqd4V4igTCSidY0SHYq19eh36jbmu+b1ZbzSKOMjgD5+AC2OAatMAd6IAewOARPINX8GY8GS/Gu/GxbC0Zxcwp+FPG5w8Y5pto</latexit><latexit sha1_base64="8a+cukcAX8H/TLR/x2tMYzuQDns=">AAACDnicbZBNS8MwGMfT+TbnW9Wjl+AYeJDZjoFehMEuHifsDdZS0izdwpK2JKkwSj+BF7+KFw+KePXszW9j1vWgmw8Efvz/z5M8+fsxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk76MEoFJD0csEkMfScJoSHqKKkaGsSCI+4wM/Fl74Q8eiJA0CrtqHhOXo0lIA4qR0pJn1pz8jtRnCclShyeedcs9ddW4hKkjOGx37WaWeWbVql t5wXWwC6iCojqe+eWMI5xwEirMkJQj24qVmyKhKGYkqziJJDHCMzQhI40h4kS6ab5KBmtaGcMgEvqECubq74kUcSnn3NedHKmpXPUW4n/eKFHBjZvSME4UCfHyoSBhUEVwkQ0cU0GwYnMNCAuqd4V4igTCSidY0SHYq19eh36jbmu+b1ZbzSKOMjgD5+AC2OAatMAd6IAewOARPINX8GY8GS/Gu/GxbC0Zxcwp+FPG5w8Y5pto</latexit><latexit sha1_base64="8a+cukcAX8H/TLR/x2tMYzuQDns=">AAACDnicbZBNS8MwGMfT+TbnW9Wjl+AYeJDZjoFehMEuHifsDdZS0izdwpK2JKkwSj+BF7+KFw+KePXszW9j1vWgmw8Efvz/z5M8+fsxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk76MEoFJD0csEkMfScJoSHqKKkaGsSCI+4wM/Fl74Q8eiJA0CrtqHhOXo0lIA4qR0pJn1pz8jtRnCclShyeedcs9ddW4hKkjOGx37WaWeWbVql t5wXWwC6iCojqe+eWMI5xwEirMkJQj24qVmyKhKGYkqziJJDHCMzQhI40h4kS6ab5KBmtaGcMgEvqECubq74kUcSnn3NedHKmpXPUW4n/eKFHBjZvSME4UCfHyoSBhUEVwkQ0cU0GwYnMNCAuqd4V4igTCSidY0SHYq19eh36jbmu+b1ZbzSKOMjgD5+AC2OAatMAd6IAewOARPINX8GY8GS/Gu/GxbC0Zxcwp+FPG5w8Y5pto</latexit><latexit sha1_base64="8a+cukcAX8H/TLR/x2tMYzuQDns=">AAACDnicbZBNS8MwGMfT+TbnW9Wjl+AYeJDZjoFehMEuHifsDdZS0izdwpK2JKkwSj+BF7+KFw+KePXszW9j1vWgmw8Efvz/z5M8+fsxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk76MEoFJD0csEkMfScJoSHqKKkaGsSCI+4wM/Fl74Q8eiJA0CrtqHhOXo0lIA4qR0pJn1pz8jtRnCclShyeedcs9ddW4hKkjOGx37WaWeWbVql t5wXWwC6iCojqe+eWMI5xwEirMkJQj24qVmyKhKGYkqziJJDHCMzQhI40h4kS6ab5KBmtaGcMgEvqECubq74kUcSnn3NedHKmpXPUW4n/eKFHBjZvSME4UCfHyoSBhUEVwkQ0cU0GwYnMNCAuqd4V4igTCSidY0SHYq19eh36jbmu+b1ZbzSKOMjgD5+AC2OAatMAd6IAewOARPINX8GY8GS/Gu/GxbC0Zxcwp+FPG5w8Y5pto</latexit>

z  Positive NLO corrections up to 13% 
z NLO error bands within LO 
z  Theoretical error up to ± 8% 
 

µ0 = HT /4,CT14
<latexit sha1_base64="sXvNTi0iHr95BGLmtFbwtqJnPNE=">AAACDnicbZBNS8MwGMfT+TbnW9Wjl+AYeJDZSkEvwmCXHSfsDdZS0izbwpK2JKkwSj+BF7+KFw+KePXszW9j1vWgmw8Efvz/z5M8+Qcxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk56MEoFJF0csEoMAScJoSLqKKkYGsSCIB4z0g1lz4fcfiJA0CjtqHhOPo0lIxxQjpSXfrLn5HWnAEpKlLk98667ld66cS5i6gsNmx3ayzDerVt3KC66DXUAVFNX2zS93FOGEk1BhhqQc2lasvBQJRTEjWcVNJIkRnqEJGWoMESfSS/NVMljTygiOI6FPqGCu/p5IEZdyzgPdyZGaylVvIf7nDRM1vvVSGsaJIiFePjROGFQRXGQDR1QQrNhcA8KC6l0hniKBsNIJVnQI9uqX16F3Xbc13zvVhlPEUQZn4BxcABvcgAZogTboAgwewTN4BW/Gk/FivBsfy9aSUcycgj9lfP4ArxCbJQ==</latexit><latexit sha1_base64="sXvNTi0iHr95BGLmtFbwtqJnPNE=">AAACDnicbZBNS8MwGMfT+TbnW9Wjl+AYeJDZSkEvwmCXHSfsDdZS0izbwpK2JKkwSj+BF7+KFw+KePXszW9j1vWgmw8Efvz/z5M8+Qcxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk56MEoFJF0csEoMAScJoSLqKKkYGsSCIB4z0g1lz4fcfiJA0CjtqHhOPo0lIxxQjpSXfrLn5HWnAEpKlLk98667ld66cS5i6gsNmx3ayzDerVt3KC66DXUAVFNX2zS93FOGEk1BhhqQc2lasvBQJRTEjWcVNJIkRnqEJGWoMESfSS/NVMljTygiOI6FPqGCu/p5IEZdyzgPdyZGaylVvIf7nDRM1vvVSGsaJIiFePjROGFQRXGQDR1QQrNhcA8KC6l0hniKBsNIJVnQI9uqX16F3Xbc13zvVhlPEUQZn4BxcABvcgAZogTboAgwewTN4BW/Gk/FivBsfy9aSUcycgj9lfP4ArxCbJQ==</latexit><latexit sha1_base64="sXvNTi0iHr95BGLmtFbwtqJnPNE=">AAACDnicbZBNS8MwGMfT+TbnW9Wjl+AYeJDZSkEvwmCXHSfsDdZS0izbwpK2JKkwSj+BF7+KFw+KePXszW9j1vWgmw8Efvz/z5M8+Qcxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk56MEoFJF0csEoMAScJoSLqKKkYGsSCIB4z0g1lz4fcfiJA0CjtqHhOPo0lIxxQjpSXfrLn5HWnAEpKlLk98667ld66cS5i6gsNmx3ayzDerVt3KC66DXUAVFNX2zS93FOGEk1BhhqQc2lasvBQJRTEjWcVNJIkRnqEJGWoMESfSS/NVMljTygiOI6FPqGCu/p5IEZdyzgPdyZGaylVvIf7nDRM1vvVSGsaJIiFePjROGFQRXGQDR1QQrNhcA8KC6l0hniKBsNIJVnQI9uqX16F3Xbc13zvVhlPEUQZn4BxcABvcgAZogTboAgwewTN4BW/Gk/FivBsfy9aSUcycgj9lfP4ArxCbJQ==</latexit><latexit sha1_base64="sXvNTi0iHr95BGLmtFbwtqJnPNE=">AAACDnicbZBNS8MwGMfT+TbnW9Wjl+AYeJDZSkEvwmCXHSfsDdZS0izbwpK2JKkwSj+BF7+KFw+KePXszW9j1vWgmw8Efvz/z5M8+Qcxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk56MEoFJF0csEoMAScJoSLqKKkYGsSCIB4z0g1lz4fcfiJA0CjtqHhOPo0lIxxQjpSXfrLn5HWnAEpKlLk98667ld66cS5i6gsNmx3ayzDerVt3KC66DXUAVFNX2zS93FOGEk1BhhqQc2lasvBQJRTEjWcVNJIkRnqEJGWoMESfSS/NVMljTygiOI6FPqGCu/p5IEZdyzgPdyZGaylVvIf7nDRM1vvVSGsaJIiFePjROGFQRXGQDR1QQrNhcA8KC6l0hniKBsNIJVnQI9uqX16F3Xbc13zvVhlPEUQZn4BxcABvcgAZogTboAgwewTN4BW/Gk/FivBsfy9aSUcycgj9lfP4ArxCbJQ==</latexit>

LHC13 TeV 

pp ! e+⌫eµ
�⌫̄µbb̄� @ LHC13TeV

<latexit sha1_base64="AamcwALEy3yt9aPUMa/nCOtIXQE="></latexit>

pT (�)
<latexit sha1_base64="iFSlOtm/1VVmhKsVxsGp0ZR0lqo=">AAACAnicbVDLSgMxFM34rPU16krcBItQN2WmFnRZcOOyQl/QGYZMmmlDk8yQZIQyFDf+ihsXirj1K9z5N6bTWWjrgQuHc+7NzT1hwqjSjvNtra1vbG5tl3bKu3v7B4f20XFXxanEpINjFst+iBRhVJCOppqRfiIJ4iEjvXByO/d7D0QqGou2nibE52gkaEQx0kYK7FMvfyMLWUpmWRK0q94IcY4uZ4FdcWpODrhK3IJUQIFWYH95wxinnAiNGVJq4DqJ9jMkNcWMzMpeqkiC8ASNyMBQgThRfpavn8ELowxhFEtTQsNc/T2RIa7UlIemkyM9VsveXPzPG6Q6uvEzKpJUE4EXi6KUQR3DeR5wSCXBmk0NQVhS81eIx0girE1qZROCu3zyKunWa+5VrX7fqDQbRRwlcAbOQRW44Bo0wR1ogQ7A4BE8g1fwZj1ZL9a79bFoXbOKmRPwB9bnD5p/l4E=</latexit>
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µ0 = mt/2,CT14
<latexit sha1_base64="8a+cukcAX8H/TLR/x2tMYzuQDns=">AAACDnicbZBNS8MwGMfT+TbnW9Wjl+AYeJDZjoFehMEuHifsDdZS0izdwpK2JKkwSj+BF7+KFw+KePXszW9j1vWgmw8Efvz/z5M8+fsxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk76MEoFJD0csEkMfScJoSHqKKkaGsSCI+4wM/Fl74Q8eiJA0CrtqHhOXo0lIA4qR0pJn1pz8jtRnCclShyeedcs9ddW4hKkjOGx37WaWeWbVqlt5wXWwC6iCojqe+eWMI5xwEirMkJQj24qVmyKhKGYkqziJJDHCMzQhI40h4kS6ab5KBmtaGcMgEvqECubq74kUcSnn3NedHKmpXPUW4n/eKFHBjZvSME4UCfHyoSBhUEVwkQ0cU0GwYnMNCAuqd4V4igTCSidY0SHYq19eh36jbmu+b1ZbzSKOMjgD5+AC2OAatMAd6IAewOARPINX8GY8GS/Gu/GxbC0Zxcwp+FPG5w8Y5pto</latexit><latexit sha1_base64="8a+cukcAX8H/TLR/x2tMYzuQDns=">AAACDnicbZBNS8MwGMfT+TbnW9Wjl+AYeJDZjoFehMEuHifsDdZS0izdwpK2JKkwSj+BF7+KFw+KePXszW9j1vWgmw8Efvz/z5M8+fsxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk76MEoFJD0csEkMfScJoSHqKKkaGsSCI+4wM/Fl74Q8eiJA0CrtqHhOXo0lIA4qR0pJn1pz8jtRnCclShyeedcs9ddW4hKkjOGx37WaWeWbVqlt5wXWwC6iCojqe+eWMI5xwEirMkJQj24qVmyKhKGYkqziJJDHCMzQhI40h4kS6ab5KBmtaGcMgEvqECubq74kUcSnn3NedHKmpXPUW4n/eKFHBjZvSME4UCfHyoSBhUEVwkQ0cU0GwYnMNCAuqd4V4igTCSidY0SHYq19eh36jbmu+b1ZbzSKOMjgD5+AC2OAatMAd6IAewOARPINX8GY8GS/Gu/GxbC0Zxcwp+FPG5w8Y5pto</latexit><latexit sha1_base64="8a+cukcAX8H/TLR/x2tMYzuQDns=">AAACDnicbZBNS8MwGMfT+TbnW9Wjl+AYeJDZjoFehMEuHifsDdZS0izdwpK2JKkwSj+BF7+KFw+KePXszW9j1vWgmw8Efvz/z5M8+fsxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk76MEoFJD0csEkMfScJoSHqKKkaGsSCI+4wM/Fl74Q8eiJA0CrtqHhOXo0lIA4qR0pJn1pz8jtRnCclShyeedcs9ddW4hKkjOGx37WaWeWbVqlt5wXWwC6iCojqe+eWMI5xwEirMkJQj24qVmyKhKGYkqziJJDHCMzQhI40h4kS6ab5KBmtaGcMgEvqECubq74kUcSnn3NedHKmpXPUW4n/eKFHBjZvSME4UCfHyoSBhUEVwkQ0cU0GwYnMNCAuqd4V4igTCSidY0SHYq19eh36jbmu+b1ZbzSKOMjgD5+AC2OAatMAd6IAewOARPINX8GY8GS/Gu/GxbC0Zxcwp+FPG5w8Y5pto</latexit><latexit sha1_base64="8a+cukcAX8H/TLR/x2tMYzuQDns=">AAACDnicbZBNS8MwGMfT+TbnW9Wjl+AYeJDZjoFehMEuHifsDdZS0izdwpK2JKkwSj+BF7+KFw+KePXszW9j1vWgmw8Efvz/z5M8+fsxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk76MEoFJD0csEkMfScJoSHqKKkaGsSCI+4wM/Fl74Q8eiJA0CrtqHhOXo0lIA4qR0pJn1pz8jtRnCclShyeedcs9ddW4hKkjOGx37WaWeWbVqlt5wXWwC6iCojqe+eWMI5xwEirMkJQj24qVmyKhKGYkqziJJDHCMzQhI40h4kS6ab5KBmtaGcMgEvqECubq74kUcSnn3NedHKmpXPUW4n/eKFHBjZvSME4UCfHyoSBhUEVwkQ0cU0GwYnMNCAuqd4V4igTCSidY0SHYq19eh36jbmu+b1ZbzSKOMjgD5+AC2OAatMAd6IAewOARPINX8GY8GS/Gu/GxbC0Zxcwp+FPG5w8Y5pto</latexit>

µ0 = HT /4,CT14
<latexit sha1_base64="sXvNTi0iHr95BGLmtFbwtqJnPNE=">AAACDnicbZBNS8MwGMfT+TbnW9Wjl+AYeJDZSkEvwmCXHSfsDdZS0izbwpK2JKkwSj+BF7+KFw+KePXszW9j1vWgmw8Efvz/z5M8+Qcxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk56MEoFJF0csEoMAScJoSLqKKkYGsSCIB4z0g1lz4fcfiJA0CjtqHhOPo0lIxxQjpSXfrLn5HWnAEpKlLk98667ld66cS5i6gsNmx3ayzDerVt3KC66DXUAVFNX2zS93FOGEk1BhhqQc2lasvBQJRTEjWcVNJIkRnqEJGWoMESfSS/NVMljTygiOI6FPqGCu/p5IEZdyzgPdyZGaylVvIf7nDRM1vvVSGsaJIiFePjROGFQRXGQDR1QQrNhcA8KC6l0hniKBsNIJVnQI9uqX16F3Xbc13zvVhlPEUQZn4BxcABvcgAZogTboAgwewTN4BW/Gk/FivBsfy9aSUcycgj9lfP4ArxCbJQ==</latexit><latexit sha1_base64="sXvNTi0iHr95BGLmtFbwtqJnPNE=">AAACDnicbZBNS8MwGMfT+TbnW9Wjl+AYeJDZSkEvwmCXHSfsDdZS0izbwpK2JKkwSj+BF7+KFw+KePXszW9j1vWgmw8Efvz/z5M8+Qcxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk56MEoFJF0csEoMAScJoSLqKKkYGsSCIB4z0g1lz4fcfiJA0CjtqHhOPo0lIxxQjpSXfrLn5HWnAEpKlLk98667ld66cS5i6gsNmx3ayzDerVt3KC66DXUAVFNX2zS93FOGEk1BhhqQc2lasvBQJRTEjWcVNJIkRnqEJGWoMESfSS/NVMljTygiOI6FPqGCu/p5IEZdyzgPdyZGaylVvIf7nDRM1vvVSGsaJIiFePjROGFQRXGQDR1QQrNhcA8KC6l0hniKBsNIJVnQI9uqX16F3Xbc13zvVhlPEUQZn4BxcABvcgAZogTboAgwewTN4BW/Gk/FivBsfy9aSUcycgj9lfP4ArxCbJQ==</latexit><latexit sha1_base64="sXvNTi0iHr95BGLmtFbwtqJnPNE=">AAACDnicbZBNS8MwGMfT+TbnW9Wjl+AYeJDZSkEvwmCXHSfsDdZS0izbwpK2JKkwSj+BF7+KFw+KePXszW9j1vWgmw8Efvz/z5M8+Qcxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk56MEoFJF0csEoMAScJoSLqKKkYGsSCIB4z0g1lz4fcfiJA0CjtqHhOPo0lIxxQjpSXfrLn5HWnAEpKlLk98667ld66cS5i6gsNmx3ayzDerVt3KC66DXUAVFNX2zS93FOGEk1BhhqQc2lasvBQJRTEjWcVNJIkRnqEJGWoMESfSS/NVMljTygiOI6FPqGCu/p5IEZdyzgPdyZGaylVvIf7nDRM1vvVSGsaJIiFePjROGFQRXGQDR1QQrNhcA8KC6l0hniKBsNIJVnQI9uqX16F3Xbc13zvVhlPEUQZn4BxcABvcgAZogTboAgwewTN4BW/Gk/FivBsfy9aSUcycgj9lfP4ArxCbJQ==</latexit><latexit sha1_base64="sXvNTi0iHr95BGLmtFbwtqJnPNE=">AAACDnicbZBNS8MwGMfT+TbnW9Wjl+AYeJDZSkEvwmCXHSfsDdZS0izbwpK2JKkwSj+BF7+KFw+KePXszW9j1vWgmw8Efvz/z5M8+Qcxo1JZ1rdR2tjc2t4p71b29g8Oj8zjk56MEoFJF0csEoMAScJoSLqKKkYGsSCIB4z0g1lz4fcfiJA0CjtqHhOPo0lIxxQjpSXfrLn5HWnAEpKlLk98667ld66cS5i6gsNmx3ayzDerVt3KC66DXUAVFNX2zS93FOGEk1BhhqQc2lasvBQJRTEjWcVNJIkRnqEJGWoMESfSS/NVMljTygiOI6FPqGCu/p5IEZdyzgPdyZGaylVvIf7nDRM1vvVSGsaJIiFePjROGFQRXGQDR1QQrNhcA8KC6l0hniKBsNIJVnQI9uqX16F3Xbc13zvVhlPEUQZn4BxcABvcgAZogTboAgwewTN4BW/Gk/FivBsfy9aSUcycgj9lfP4ArxCbJQ==</latexit>

z NLO Corrections up to - 43% 
z  Theoretical uncertainties up to ± 56% 

z NLO Corrections up to + 8% 
z  Error reduced down to ± 7%	

LHC13 TeV 

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘18 

pT (l1)
<latexit sha1_base64="JSwABMKcyzUXZuTFCAiBAGCuXEM=">AAACAXicbZDLSsNAFIZPvNZ6i7oR3AwWoW5KIgVdFty4rNAbtCFMppN26GQSZiZCCXXjq7hxoYhb38Kdb+M0zUJbDwx8/P85c2b+IOFMacf5ttbWNza3tks75d29/YND++i4o+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjv3uw9UKhaLlp4m1IvwSLCQEayN5Nung/yOLOApnWUo8VtV7ruXaObbFafm5IVWwS2gAkU1fftrMIxJGlGhCcdK9V0n0V6GpWaE01l5kCqaYDLBI9o3KHBElZfl22fowihDFMbSHKFRrv6eyHCk1DQKTGeE9Vgte3PxP6+f6vDGy5hIUk0FWSwKU450jOZxoCGTlGg+NYCJZOatiIyxxESb0MomBHf5y6vQuaq5hu/rlUa9iKMEZ3AOVXDhGhpwB01oA4FHeIZXeLOerBfr3fpYtK5ZxcwJ/Cnr8wet0JZQ</latexit><latexit sha1_base64="JSwABMKcyzUXZuTFCAiBAGCuXEM=">AAACAXicbZDLSsNAFIZPvNZ6i7oR3AwWoW5KIgVdFty4rNAbtCFMppN26GQSZiZCCXXjq7hxoYhb38Kdb+M0zUJbDwx8/P85c2b+IOFMacf5ttbWNza3tks75d29/YND++i4o+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjv3uw9UKhaLlp4m1IvwSLCQEayN5Nung/yOLOApnWUo8VtV7ruXaObbFafm5IVWwS2gAkU1fftrMIxJGlGhCcdK9V0n0V6GpWaE01l5kCqaYDLBI9o3KHBElZfl22fowihDFMbSHKFRrv6eyHCk1DQKTGeE9Vgte3PxP6+f6vDGy5hIUk0FWSwKU450jOZxoCGTlGg+NYCJZOatiIyxxESb0MomBHf5y6vQuaq5hu/rlUa9iKMEZ3AOVXDhGhpwB01oA4FHeIZXeLOerBfr3fpYtK5ZxcwJ/Cnr8wet0JZQ</latexit><latexit sha1_base64="JSwABMKcyzUXZuTFCAiBAGCuXEM=">AAACAXicbZDLSsNAFIZPvNZ6i7oR3AwWoW5KIgVdFty4rNAbtCFMppN26GQSZiZCCXXjq7hxoYhb38Kdb+M0zUJbDwx8/P85c2b+IOFMacf5ttbWNza3tks75d29/YND++i4o+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjv3uw9UKhaLlp4m1IvwSLCQEayN5Nung/yOLOApnWUo8VtV7ruXaObbFafm5IVWwS2gAkU1fftrMIxJGlGhCcdK9V0n0V6GpWaE01l5kCqaYDLBI9o3KHBElZfl22fowihDFMbSHKFRrv6eyHCk1DQKTGeE9Vgte3PxP6+f6vDGy5hIUk0FWSwKU450jOZxoCGTlGg+NYCJZOatiIyxxESb0MomBHf5y6vQuaq5hu/rlUa9iKMEZ3AOVXDhGhpwB01oA4FHeIZXeLOerBfr3fpYtK5ZxcwJ/Cnr8wet0JZQ</latexit><latexit sha1_base64="JSwABMKcyzUXZuTFCAiBAGCuXEM=">AAACAXicbZDLSsNAFIZPvNZ6i7oR3AwWoW5KIgVdFty4rNAbtCFMppN26GQSZiZCCXXjq7hxoYhb38Kdb+M0zUJbDwx8/P85c2b+IOFMacf5ttbWNza3tks75d29/YND++i4o+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcjv3uw9UKhaLlp4m1IvwSLCQEayN5Nung/yOLOApnWUo8VtV7ruXaObbFafm5IVWwS2gAkU1fftrMIxJGlGhCcdK9V0n0V6GpWaE01l5kCqaYDLBI9o3KHBElZfl22fowihDFMbSHKFRrv6eyHCk1DQKTGeE9Vgte3PxP6+f6vDGy5hIUk0FWSwKU450jOZxoCGTlGg+NYCJZOatiIyxxESb0MomBHf5y6vQuaq5hu/rlUa9iKMEZ3AOVXDhGhpwB01oA4FHeIZXeLOerBfr3fpYtK5ZxcwJ/Cnr8wet0JZQ</latexit>

ttγ with mt & HT  

pp ! e+⌫eµ
�⌫̄µbb̄� @ LHC13TeV

<latexit sha1_base64="AamcwALEy3yt9aPUMa/nCOtIXQE="></latexit>

Dynamical scale very effective in stabilizing perturbative convergence !  
Provides smaller theoretical error ! 
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z  For fiducial cross section with dynamical scale we have ± 6% 

z  For differential distributions we have ± (10% - 30%) 

z  Can we decrease theoretical error even further for ttγ  ? 
 
z  Answer is yes ! à with ttγ/tt we have ± (1% - 3%)  
     for integrated cross section ratio 
 
z Differential cross section ratios ± (1% - 6%)  

z High precision comparable to NNLO QCD results for top quark physics ! 

z  Processes need to be correlated à top quark pair production excellent candidate  

z  Similar dynamical  scale choice need to be implemented for μ1 and μ2  ! 

 

 
 

ttγ/tt 
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ttγ & tt 

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘18 

pp ! e+⌫eµ
�⌫̄µbb̄� @ LHC13TeV

<latexit sha1_base64="AamcwALEy3yt9aPUMa/nCOtIXQE="></latexit>
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ttγ & tt 
pp ! e+⌫eµ

�⌫̄µbb̄� @ LHC13TeV
<latexit sha1_base64="AamcwALEy3yt9aPUMa/nCOtIXQE="></latexit>

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘18 



22	

ttbb & ttjj 

Bevilacqua, Worek ‘14 

z Different jet kinematics makes the ttbb and 
ttjj processes uncorrelated in several 
observables 

z  Scale uncertainty is not significantly reduced 
when taking ratio of  cross sections 

	
On-shell Tops 

LHC8 TeV 

pp ! tt̄bb̄ & tt̄jj @ LHC8TeV
<latexit sha1_base64="i+bFTCGtJtHCgjvOnboeHUhLY7Q="></latexit>
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ttγ & tt 

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘18 
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ttγ/tt 

z Our best NLO QCD predictions with dynamical scale choice:  
	

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘18 
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Differential Cross Section Ratio 
Bevilacqua, Hartanto, Kraus, Weber, Worek ‘18 

z  Should be compared to uncertainties for absolute differential cross section 
v  up to ± 10% for μ0 = HT / 4  &  up to ± 50% for μ0 = mt / 2 
 

z When different scales are used in numerator and denominator up to 60%  

Theoretical uncertainties: 
 

  ± (1% − 4%)      
      dynamical scale 

 
 ± (20% − 25%) 
      fixed scale   

	

pp ! e+⌫eµ
�⌫̄µbb̄� @ LHC13TeV

<latexit sha1_base64="AamcwALEy3yt9aPUMa/nCOtIXQE="></latexit>
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Differential Cross Section Ratio 
Bevilacqua, Hartanto, Kraus, Weber, Worek ‘18 

z  Should be compared to uncertainties for absolute differential cross section 
v  up to ± 20% for μ0 = HT / 4  &  up to ± 50% for μ0 = mt / 2 

z When different scales are used in numerator and denominator up to 60%  

Theoretical uncertainties: 
 

  ± (2% − 3%)    
  dynamical scale 

 
 ± (20% − 30%) 
      fixed scale   

	

pp ! e+⌫eµ
�⌫̄µbb̄� @ LHC13TeV

<latexit sha1_base64="AamcwALEy3yt9aPUMa/nCOtIXQE="></latexit>



Summary & Outlook 
z  The most precise NLO QCD theoretical predictions for ttγ  in di-lepton channel 

v  Complete off-shell effects for top quarks 
v  Corrections to prodution & decays & tt spin correlations 
v  Possibility of using kinematic-dependent scales 

z NLO QCD corrections stable against pT,γ	& pT,b  cut  

z  CT14 PDF uncertainties similar/smaller than difference between various PDF sets  

z Uncertainties due to scale dependence dominant source of theoretical systematics   
 
z  ttγ relevant for BSM searches and studies of top quark properties  
 
z  Cross section ratio(s) increase precision without going to NNLO QCD ! 

 
z   Next steps: 

v  Comparisons: NWA vs. off-shell effects dedicated studies for ttγ 
v  Applications: SM parameter extraction, disentangling and constraining 

anomalous couplings and more …  
27	


