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Top Quark Properties
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Top Properties:

Top quark mass
Top spin correlations

Forward-backward asymmetry
Boosted tops
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Top Quark Mass
�µ�)�U�H�H���S�D�U�D�P�H�W�H�U���L�Q���6�0�������P�X�V�W���E�H���P�H�D�V�X�U�H�G���L�Q���H�[�S�H�U�L�P�H�Q�W��

�µ�(�Q�W�H�U�V���R�W�K�H�U���6�0���R�E�V�H�U�Y�D�E�O�H�V���W�K�U�R�X�J�K���O�R�R�S���F�R�U�U�H�F�W�L�R�Q�V��

�µ�3�U�L�R�U���W�R���+�L�J�J�V���G�L�V�F�R�Y�H�U�\�����L�P�S�R�U�W�D�Q�W���W�R���S�U�H�G�L�F�W���+�L�J�J�V���P�D�V�V���L�Q���6�0��

�µ�1�R�Z�����Y�L�W�D�O���W�R���W�H�V�W���V�H�O�I���F�R�Q�V�L�V�W�H�Q�F�\���R�I���W�K�H���6�0��
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Top Quark Mass
�µ�1�R�Z�����Y�L�W�D�O���W�R���W�H�V�W���V�H�O�I���F�R�Q�V�L�V�W�H�Q�F�\���R�I���W�K�H���6�0��
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Measuring the Top Mass
�µ�6�L�P�S�O�H�V�W���W�H�F�K�Q�L�T�X�H�������W�H�P�S�O�D�W�H���P�H�W�K�R�G��

�µ�&�K�R�R�V�H���Y�D�U�L�D�E�O�H���F�R�U�U�H�O�D�W�H�G���W�R���W�R�S���P�D�V�V��

�µ�&�R�P�S�D�U�H���G�D�W�D���W�R���0�&���V�L�P�X�O�D�W�L�R�Q�V���Z�L�W�K���G�L�I�I�H�U�H�Q�W���W�R�S���P�D�V�V���	���I�L�W��

9

Invariant mass of 
three jets - one 

from the b-jet, two 
from the W decay.
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Measuring the Top Mass
�µ�$�Q�D�O�\�V�L�V���K�L�J�K�O�\���V�H�Q�V�L�W�L�Y�H���W�R���M�H�W���H�Q�H�U�J�\���V�F�D�O�H��

�µ�'�D�W�D���	���0�&���G�L�I�I�H�U���E�\���[�������W�K�H�Q���W�R�S���P�D�V�V���I�U�R�P�������M�H�W�V���L�V���E�L�D�V�H�G���E�\��
���������[������
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ATLAS: JES calibration 
back to particle jets, 

then correct to parton 
level using MC 
corrections.
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Measuring the Top Mass
�µ�&�D�Q���I�L�W���-�(�6���Z�K�L�O�H���P�H�D�V�X�U�L�Q�J���W�R�S���T�X�D�U�N���P�D�V�V���E�\���X�V�L�Q�J���:���P�D�V�V��
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Measuring the Top Mass
�µ�6�L�Q�J�O�H���E�H�V�W���P�H�D�V�X�U�H�P�H�Q�W���I�U�R�P���7�H�Y�D�W�U�R�Q��
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Measuring the Top Mass
�µ�6�L�Q�J�O�H���E�H�V�W���P�H�D�V�X�U�H�P�H�Q�W���I�U�R�P���7�H�Y�D�W�U�R�Q��
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mtop = 172.85 ± 0.71 (stat) ± 0.85 (syst) GeV
             172.85 ± 1.11 GeV
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Tevatron Combination
�µ�&�R�P�E�L�Q�H���W�R�S���P�D�V�V���P�H�D�V�X�U�H�P�H�Q�W�V���I�U�R�P���&�'�)���	���'����
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ATLAS Top Mass
�µ�'�L�V�F�X�V�V���W�Z�R���$�7�/�$�6���W�R�S���P�D�V�V���P�H�D�V�X�U�H�P�H�Q�W�V�����E�R�W�K���Z�L�W�K���O�H�S�W�R�Q

���M�H�W�V���H�Y�H�Q�W�V��

�µ�(�X�U���3�K�\�V���-�����&�����������������������������������D�Q�D�O�\�V�L�V���Z�L�W�K�������I�E�����������7�H�9���G�D�W�D��

�µ�$�7�/�$�6���&�2�1�)�������������������������D�Q�D�O�\�V�L�V���Z�L�W�K�������I�E�����������7�H�9���G�D�W�D��

�µ�7�U�\���W�R���L�O�O�X�V�W�U�D�W�H���K�R�Z���Z�H���P�D�N�H���S�U�R�J�U�H�V�V�����L���H�����U�H�G�X�F�H�G��
�X�Q�F�H�U�W�D�L�Q�W�L�H�V����
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http://www.springerlink.com/content/xlw051704773025n/
http://www.springerlink.com/content/xlw051704773025n/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-046
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-046
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ATLAS Top Mass
�µ�����I�E�������D�Q�D�O�\�V�L�V��

�µ�5�H�F�R�Q�V�W�U�X�F�W���P���W�R�S�����I�U�R�P���W�K�U�H�H���M�H�W�V�������W�Z�R���M�H�W�V���I�U�R�P���:���E�R�V�R�Q�����R�Q�H��
�M�H�W���I�U�R�P���E���M�H�W��

�µ�&�D�O�L�E�U�D�W�H���-�(�6���X�V�L�Q�J���:���E�R�V�R�Q���P�D�V�V��
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ATLAS Top Mass
�µ�����I�E�������U�H�V�X�O�W�V��
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 [GeV]topm
160 165 170 175 180 185 1900.5

9

  0.0±  0.0 ± 0.0 

Tevatron September 2011   0.8±  0.6 ±173.2 

Most precise (CDF l+jets)   1.1±  0.7 ±173.0 

l+jets   2.3±  0.6 ±174.5 

+jets (2d)µ   2.6±  0.7 ±175.0 

e+jets (2d)   2.3±  0.8 ±174.3 

+jets (1d)µ   2.6±  1.1 ±175.5 

e+jets (1d)   2.5±  1.5 ±172.9 
ATLAS (Date: February 23, 2012)

(stat)      (syst)
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ATLAS Top Mass
�µ�����I�E�������U�H�V�X�O�W�V��
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ATLAS Top Mass
�µ�����I�E�������U�H�V�X�O�W�V��
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ISR on Top Mass
�µ�,�6�5��� ���L�Q�L�W�L�D�O���V�W�D�W�H���U�D�G�L�D�W�L�R�Q�������P�D�L�Q�O�\��

�J�O�X�R�Q���M�H�W�V��

�µ�7�R�S���U�H�F�R�Q�V�W�U�X�F�W�L�R�Q���Y�D�U�L�D�E�O�H���Q�H�H�G�V��
�W�K�H���W�K�U�H�H���M�H�W�V���R�U�L�J�L�Q�D�W�L�Q�J���I�U�R�P���W�K�H���W�R�S��
�G�H�F�D�\��

�µ�,�I���Z�H���K�D�Y�H���D�G�G�L�W�L�R�Q�D�O���M�H�W�V�������K�D�U�G�H�U���W�R��
�S�L�F�N���W�K�H���F�R�U�U�H�F�W���M�H�W���I�R�U���W�K�H���W�R�S��
�U�H�F�R�Q�V�W�U�X�F�W�L�R�Q��

�µ�(�Y�H�Q�W�V���Z�L�W�K���«�Z�U�R�Q�J�¬���M�H�W�V���Z�L�O�O���K�D�Y�H���D��
�G�L�I�I�H�U�H�Q�W���V�K�D�S�H���I�R�U���W�K�H���U�H�F�R�Q�V�W�U�X�F�W�H�G��
�P�D�V�V���G�L�V�W�U�L�E�X�W�L�R�Q��

18
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ISR on Top Mass
�µ�(�Y�H�Q�W�V���Z�L�W�K���D�G�G�L�W�L�R�Q�D�O���M�H�W�V���P�R�U�H���O�L�N�H�O�\���W�R���E�H���L�Q�F�R�U�U�H�F�W�O�\��

�D�V�V�L�J�Q�H�G��

19

z-axis (beam 
direction)

y-axis

qÕ jet

q jetb jet
t → Wb → qqÕb

gluon jet η = 2.5η = -2.5
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ISR on Top Mass
�µ�(�Y�H�Q�W�V���Z�L�W�K���D�G�G�L�W�L�R�Q�D�O���M�H�W�V���P�R�U�H���O�L�N�H�O�\���W�R���E�H���L�Q�F�R�U�U�H�F�W�O�\��

�D�V�V�L�J�Q�H�G��

20

z-axis (beam 
direction)

y-axis

qÕ jet

q jetb jet
t → Wb → qqÕb

gluon jet η = 2.5η = -2.5



Top Quark PhysicsMark Owen

ISR on Top Mass
�µ�(�Y�H�Q�W�V���Z�L�W�K���D�G�G�L�W�L�R�Q�D�O���M�H�W�V���P�R�U�H���O�L�N�H�O�\���W�R���E�H���L�Q�F�R�U�U�H�F�W�O�\��

�D�V�V�L�J�Q�H�G��

�µ�2�E�V�H�U�Y�H�G�������M�H�W���P�D�V�V���G�L�V�W�U�L�E�X�W�L�R�Q���K�D�V�������F�R�P�S�R�Q�H�Q�W�V��

�µ�W�W�E�D�U���H�Y�H�Q�W�V���Z�L�W�K���F�R�U�U�H�F�W�O�\���D�V�V�L�J�Q�H�G���M�H�W�V

�µ�W�W�E�D�U���H�Y�H�Q�W�V���L�Q�F�R�U�U�H�F�W�O�\���D�V�V�L�J�Q�H�G���M�H�W�V

�µ�%�D�F�N�J�U�R�X�Q�G���H�Y�H�Q�W�V

21

z-axis (beam 
direction)

y-axis

qÕ jet

q jetb jet
t → Wb → qqÕb

gluon jet η = 2.5η = -2.5
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 + jets!

-1 L dt = 1.04 fb0

 0.006"JSF = 0.986 
 GeVstat+JSF 0.9" = 175.0 topm

bkg + PsigP
bkgP

Data

ISR on Top Mass

22

Correct assignment

Incorrect jet 
assignment
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Reducing the Uncertainty

23

�µ�5�H�P�H�P�E�H�U���W�K�H���M�H�W���Y�H�W�R���P�H�D�V�X�U�H�P�H�Q�W���I�U�R�P���W�K�L�V���P�R�U�Q�L�Q�J��

f (Q0) =
n(Q0)

N

N = Total number of tøt events
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B-jet energy scale

24

�µ�:���E�R�V�R�Q���F�R�Q�V�W�U�D�L�Q�V���W�K�H���M�H�W���H�Q�H�U�J�\���V�F�D�O�H�������E�X�W���F�D�Q�Q�R�W���J�L�Y�H��
�L�Q�I�R�U�P�D�W�L�R�Q���R�I���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���E���T�X�D�U�N���D�Q�G���O�L�J�K�W���T�X�D�U�N���M�H�W�V��

�µ�1�H�H�G���V�R�P�H���D�G�G�L�W�L�R�Q�D�O���L�Q�I�R�U�P�D�W�L�R�Q���W�R���F�R�Q�V�W�U�D�L�Q���E���M�H�W���H�Q�H�U�J�\���V�F�D�O�H������
�X�V�H���U�D�W�L�R���R�I���E���M�H�W���D�Q�G���O�L�J�K�W���M�H�W�V���L�Q���W�K�H���W�R�S���V�D�P�S�O�H��
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ATLAS 5 fb-1 analysis

25

�µ�5�H�F�R�Q�V�W�U�X�F�W���P���W�R�S�����I�U�R�P���I�L�W���W�R���O�H�S�W�R�Q�������M�H�W���H�Y�H�Q�W�V��

�µ�0�D�N�H�����'���I�L�W���W�R���P���W�R�S�������P���:�����D�Q�G���5�O�E�������F�R�Q�V�W�U�D�L�Q���E�R�W�K���-�(�6���D�Q�G���E�-�(�6��
�Z�K�L�O�H���H�[�W�U�D�F�W�L�Q�J���W�K�H���W�R�S���P�D�V�V��
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ATLAS 5 fb-1 analysis

26

 [GeV]topm
165 170 175 180 185

0.5

8

 -0.00± -0.00          ± -0.00 ±-0.00 

Tevatron Comb. 2013  0.61± 0.36          ± 0.51 ±173.20 

 l+jets-1CDF 8.7 fb  0.85± 0.49          ± 0.52 ±172.85 

 l+jets-1D0 3.6 fb  1.12± 0.53          ± 0.83 ±174.94 

 l+jets-1CMS 5.0 fb  0.98± 0.33          ± 0.27 ±173.49 

 l+jets (3d) prel.-14.7 fb  1.35± 0.67 ± 0.27 ± 0.23 ±172.31 

 l+jets (2d)-11 fb  2.27± 0.43          ± 0.61 ±174.53 

ATLAS Preliminary May 2013

stat JSF     bJSF syst

Total uncertainty reduced from 2.5 to 1.4 GeV
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CMS Top Mass
�µ�7�R�S���P�D�V�V���I�U�R�P���N�L�Q�H�P�D�W�L�F���I�L�W���W�R���W�K�H���W�W�E�D�U���V�\�V�W�H�P�������W�K�H�Q�����'���I�L�W��

�F�R�Q�V�W�U�D�L�Q�L�Q�J���W�K�H���-�(�6���X�V�L�Q�J���:���E�R�V�R�Q���P�D�V�V��

27
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CMS Top Mass
�µ�7�R�S���P�D�V�V���I�U�R�P���N�L�Q�H�P�D�W�L�F���I�L�W���W�R���W�K�H���W�W�E�D�U���V�\�V�W�H�P�������W�K�H�Q�����'���I�L�W��

�F�R�Q�V�W�U�D�L�Q�L�Q�J���W�K�H���-�(�6���X�V�L�Q�J���:���E�R�V�R�Q���P�D�V�V��

28

Single best measurement to date.
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SM Consistency

29
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Improved mW 
is essential
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Top Properties:

Top quark mass
Top spin correlations

Forward-backward asymmetry
Boosted tops
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Top Pair Spin Correlations

�µ�:�D�Q�W���W�R���W�H�V�W���L�I���W�R�S���T�X�D�U�N���L�V���U�H�D�O�O�\���V�S�L�Q�����������S�D�U�W�L�F�O�H��

�µ�7�R�S���T�X�D�U�N���S�D�L�U���S�U�R�G�X�F�W�L�R�Q�����V�S�L�Q�V���R�I���W�R�S���D�Q�G���D�Q�W�L���W�R�S���D�U�H��
�F�R�U�U�H�O�D�W�H�G���G�X�H���W�R���W�K�H���4�&�'���S�U�R�G�X�F�W�L�R�Q���P�H�F�K�D�Q�L�V�P��

�µ�7�R�S���T�X�D�U�N���G�H�F�D�\�V���E�H�I�R�U�H���K�D�G�U�R�Q�L�]�L�Q�J�������V�S�L�Q���L�Q�I�R�U�P�D�W�L�R�Q��
�W�U�D�Q�V�I�H�U�U�H�G���W�R���W�K�H���G�H�F�D�\���S�U�R�G�X�F�W�V��

�µ�0�H�D�V�X�U�H���V�S�L�Q���F�R�U�U�H�O�D�W�L�R�Q��

31
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Top Pair Spin Correlations

�µ�0�H�D�V�X�U�H���V�S�L�Q���U�H�O�D�W�L�Y�H���W�R���D���T�X�D�Q�W�L�]�D�W�L�R�Q���D�[�L�V��

�µ�+�H�O�L�F�W�\���E�D�V�L�V�����0�H�D�V�X�U�H���U�H�O�D�W�L�Y�H���W�R���W�R�S�����D�Q�W�L���W�R�S�����G�L�U�H�F�W�L�R�Q��

�µ�%�H�D�P���E�D�V�L�V�����0�H�D�V�X�U�H���U�H�O�D�W�L�Y�H���W�R���W�K�H���E�H�D�P���O�L�Q�H��

�µ�&�R�U�U�H�O�D�W�L�R�Q���L�V���G�L�I�I�H�U�H�Q�W���I�R�U���W�K�H���G�L�I�I�H�U�H�Q�W���S�U�R�G�X�F�W�L�R�Q���P�R�G�H�V��

32
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Top Pair Spin Correlations

�µ�+�H�O�L�F�L�W�\���E�D�V�L�V��

33

→0 for β→1

→0 for β→1

A→-1 for β→1 for qq & gg
Mahlon & Parke, arXiv:hep-ph/9512264

� =
|p|
E
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Top Pair Spin Correlations

�µ�+�H�O�L�F�L�W�\���E�D�V�L�V��

34

Not suppressed for β→0

Suppressed for β→0

Different behaviour for β→0
Mahlon & Parke, arXiv:hep-ph/9512264

� =
|p|
E
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Top Pair Spin Correlations

�µ�1�/�2���S�U�H�G�L�F�W�L�R�Q��

35

Axis A at Tevatron A at LHC (14 TeV)

Beam 0.79 0

Helicity -0.37 0.33

Bernreuther & Zong-Guo, arXiv:1003.3926

LHC & Tevatron are complimentary!
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Top Pair Spin Correlations - Why?

�µ�1�H�Z���S�K�\�V�L�F�V���F�R�X�O�G���P�R�G�L�I�\���W�K�H���V�S�L�Q���F�R�U�U�H�O�D�W�L�R�Q���I�U�R�P���6�0��
�S�U�H�G�L�F�W�L�R�Q��

36
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Top Pair Spin Correlations

�µ�1�H�H�G���W�R���P�H�D�V�X�U�H���D�Q�J�X�O�D�U���G�L�V�W�U�L�E�X�W�L�R�Q���R�I���W�R�S���G�H�F�D�\���S�U�R�G�X�F�W�V��

37
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Top Pair Spin Correlations

�µ�:�D�Q�W���W�R���X�V�H���G�L�O�H�S�W�R�Q�V���K�L�J�K���S�R�O�D�U�L�]�D�W�L�R�Q���S�R�Z�H�U�����E�X�W���Q�H�H�G���W�R��
�U�H�F�R�Q�V�W�U�X�F�W���W�K�H���W�R�S���G�L�U�H�F�W�L�R�Q��

�µ�7�Z�R���Q�H�X�W�U�L�Q�R�V���L�Q���I�L�Q�D�O���V�W�D�W�H�������E�X�W���R�Q�O�\���P�H�D�V�X�U�H���W�R�W�D�O���P�L�V�V�L�Q�J��
�W�U�D�Q�V�Y�H�U�V�H���P�R�P�H�Q�W�X�P���L�Q���W�K�H���G�H�W�H�F�W�R�U��

�µ�)�X�O�O���U�H�F�R�Q�V�W�U�X�F�W�L�R�Q���V�X�E�M�H�F�W���W�R���V�L�J�Q�L�I�L�F�D�Q�W���X�Q�F�H�U�W�D�L�Q�W�L�H�V��

�µ�6�L�P�S�O�H�U���P�H�W�K�R�G���Z�L�W�K���V�P�D�O�O�H�U���X�Q�F�H�U�W�D�L�Q�W�L�H�V���D�Y�D�L�O�D�E�O�H�"

38
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Top Pair Spin Correlations

�µ�/�+�&�����D�]�L�P�X�W�K�D�O���D�Q�J�X�O�D�U���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���O�H�S�W�R�Q�V���L�Q���O�D�E���I�U�D�P�H��
�L�V���V�H�Q�V�L�W�L�Y�H���W�R���V�S�L�Q���F�R�U�U�H�O�D�W�L�R�Q�V��

�µ�6�L�P�S�O�H���W�R���P�H�D�V�X�U�H�������V�P�D�O�O���H�[�S�H�U�L�P�H�Q�W�D�O���V�\�V�W�H�P�D�W�L�F���X�Q�F�H�U�W�D�L�Q�W�L�H�V��

39

Mahlon & Parke, arXiv:1001.3432
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Top Pair Spin Correlations

40

PRL 108, 212001 (2012)

�µ�$�7�/�$�6�����)�L�W���W�R���D�]�L�P�X�W�K�D�O��
�D�Q�J�X�O�D�U���G�L�I�I�H�U�H�Q�F�H���W�R���H�[�W�U�D�F�W��
�F�R�U�U�H�O�D�W�L�R�Q���V�W�U�H�Q�J�W�K��
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Top Pair Spin Correlations

40

PRL 108, 212001 (2012)

�µ�$�7�/�$�6�����)�L�W���W�R���D�]�L�P�X�W�K�D�O��
�D�Q�J�X�O�D�U���G�L�I�I�H�U�H�Q�F�H���W�R���H�[�W�U�D�F�W��
�F�R�U�U�H�O�D�W�L�R�Q���V�W�U�H�Q�J�W�K��

+0.09
-0.08       Chelicity = 0.40        

(=0.32 in NLO QCD)

(=1 for SM)

First observation of non-zero spin correlations (5.1σ)!

�'�D�W�D���F�R�Q�V�L�V�W�H�Q�W���Z�L�W�K���6�0���W�R�S���Z�L�W�K���V�S�L�Q�����������	���1�/�2���4�&�'��
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Top Properties:

Top quark mass
Top spin correlations

Forward-backward asymmetry
Boosted tops
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Forward Backward Asymmetry

�µ�)�R�U�Z�D�U�G���%�D�F�N�Z�D�U�G���D�V�\�P�P�H�W�U�\�����7�H�Y�D�W�U�R�Q����

�µ�&�R�P�S�D�U�H���Q�X�P�E�H�U���R�I���W�R�S�V���H�P�L�W�W�H�G���L�Q���S���G�L�U�H�F�W�L�R�Q���Z�L�W�K���Q�X�P�E�H�U���R�I��
�W�R�S�V���H�P�L�W�W�H�G���L�Q���D�Q�W�L���S���G�L�U�H�F�W�L�R�Q��

�µ�(�T�X�L�Y�D�O�H�Q�W���W�R���F�K�D�U�J�H���D�V�\�P�P�H�W�U�\�����Q�X�P�E�H�U���R�I���W�R�S���H�P�L�W�W�H�G���L�Q���S��
�G�L�U�H�F�W�L�R�Q���F�R�P�S�D�U�H�G���Z�L�W�K���D�Q�W�L���W�R�S�V���L�Q���S���G�L�U�H�F�W�L�R�Q��

42

t

θ
ˆAF B (cos ✓) =

Nt (cos ✓)�Nt (� cos ✓)

Nt (cos ✓) +Nt (� cos ✓)qq

ˆAC(cos ✓) =
Nt(cos ✓)�Nt̄(cos ✓)

Nt(cos ✓) +Nt̄(cos ✓)Nøt (cos ! ) = Nt (! cos ! )
CP conservation:
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Forward Backward Asymmetry in SM

�µ�/�H�D�G�L�Q�J���R�U�G�H�U�����T�T�������J�J��
z���W�R�S���S�D�L�U�V�������Q�R���$�)�%��

�µ�$�V�\�P�P�H�W�U�\���D�U�U�L�V�H�V���D�W���1�/�2���W�K�U�R�X�J�K���L�Q�W�H�U�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q��
�G�L�D�J�U�D�P�V��

43

+

+
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Forward Backward Asymmetry in SM

�µ�$�G�G�L�W�L�R�Q�D�O���F�R�Q�W�U�L�E�X�W�L�R�Q���I�U�R�P���H�O�H�F�W�U�R�Z�H�D�N���S�U�R�G�X�F�W�L�R�Q���L�Q�W�H�U�I�H�U�L�Q�J��
�Z�L�W�K���1�/�2���4�&�'��

�µ�4�����:�K�\���Q�R���L�Q�W�H�U�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q��

44
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Forward Backward Asymmetry in SM

�µ�6�0���S�U�H�G�L�F�W�L�R�Q��

45

¯

ˆA =

Nt(cos ✓ � 0)�Nt̄(cos ✓ � 0)

Nt(cos ✓ � 0) +Nt̄(cos ✓ � 0)

ˆA(cos ✓) =
Nt(cos ✓)�Nt̄(cos ✓)

Nt(cos ✓) +Nt̄(cos ✓)

Kuhn & Rodrigo, Phys.Rev. D59 (1999) 054017 
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Measuring Forward Backward Asymmetry

�µ�)�R�U�Z�D�U�G���E�D�F�N�Z�D�U�G���D�V�\�P�P�H�W�U�\���D�O�V�R���Y�L�V�L�E�O�H���L�Q���D�V�\�P�P�H�W�U�\���L�Q��
�G�L�I�I�H�U�H�Q�F�H���L�Q���U�D�S�L�G�L�W�\���E�H�W�Z�H�H�Q���W�R�S�V��

�µ�'�L�I�I�H�U�H�Q�F�H�V���L�Q���U�D�S�L�G�L�W�\���D�U�H���L�Q�Y�D�U�L�D�Q�W���X�Q�G�H�U���O�R�U�H�Q�W�]���E�R�R�V�W�V

�µ�0�H�D�V�X�U�H���D�V�\�P�P�H�W�U�\���I�R�U���Â�\���L�Q���O�D�E���I�U�D�P�H��

46

t
y

qq

-y

t

y =

1

2

ln

E + pz

E � pz
=

1

2

ln

1 + � cos ✓

1� � cos ✓
θ

θ
�y = yt � yt̄ = 2y

AFB =
N(�y > 0)�N(�y < 0)

N(�y > 0) +N(�y < 0)

partonic CMF:
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Tevatron Afb

47

AFB =
N(�y > 0)�N(�y < 0)

N(�y > 0) +N(�y < 0)

AFB = 0.164 ± 0.047 AFB = 0.196 ± 0.065

AFB(SM) ≂ 0.05-0.09



Top Quark PhysicsMark Owen

CDF Afb

�µ�6�L�J�Q�L�I�L�F�D�Q�W���G�H�S�H�Q�G�H�Q�F�H���R�Q���P�D�V�V���D�Q�G���U�D�S�L�G�L�W�\���V�H�H�Q���L�Q���&�'�)��
�D�Q�D�O�\�V�L�V��

48
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tt
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 Predictiontt
-1)2 (GeV/c-410× 1.2)± = (3.4 

tt
Mα

2.8σ & 2.4σ disagreement with SM prediction
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D0 Afb

�µ�6�L�J�Q�L�I�L�F�D�Q�W���G�H�S�H�Q�G�H�Q�F�H���R�Q���P�D�V�V���D�Q�G���U�D�S�L�G�L�W�\���L�Q���'�����D�Q�D�O�\�V�L�V���L�V��
�Q�R�W���V�W�D�W�L�V�W�L�F�D�O�O�\���V�L�J�Q�L�I�L�F�D�Q�W��

49

-10 0 10 20 30

Forward-Backward Top Asymmetry, %
Reconstruction Level

-1bfD¯, 5.4

1<|y�6| 4.1!6.1

1>|y�6| .79!21.3

bber,eWrixione and B.R.FS.
, 029 (2002)06JHEP 

-10 0 10 20 30

Forward-Backward Top Asymmetry, %

Reconstruction Level

VeG < 450
tt

m

VeG > 450
tt

m

-1bfD¯, 5.4 4.8±7.8

-1bfCDF, 5.3 4.3±-2.2

-1bfD¯, 5.4 .06±11.5

-1bfCDF, 5.3 .26±26.6
bber,eWrixione and B.R.FS.

, 029 (2002)06JHEP 

Need to investigate with LHC data!
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Asymmetry at LHC
�µ�7�Z�R���G�L�I�I�L�F�X�O�W�L�H�V���D�W���/�+�&���I�R�U���P�H�D�V�X�U�L�Q�J���$�I�E��

�µ�/�+�&���G�R�P�L�Q�D�W�H�G���E�\���J�O�X�R�Q���J�O�X�R�Q���I�X�V�L�R�Q�������Z�K�L�O�H���D�V�\�P�P�H�W�U�\���F�R�P�H�V��
�I�U�R�P���L�Q�W�H�U�I�H�U�H�Q�F�H���R�I���T�X�D�U�N���D�Q�W�L���T�X�D�U�N���G�L�D�J�U�D�P�V��

�µ�&�R�O�O�L�V�L�R�Q�V���D�U�H���V�\�P�P�H�W�U�L�F�����S�U�R�W�R�Q���S�U�R�W�R�Q���������F�D�Q�Q�R�W���G�H�I�L�Q�H��
�D�V�\�P�P�H�W�U�\���L�Q���V�D�P�H���Z�D�\��

�µ�6�D�P�H���S�K�\�V�L�F�V���F�D�Q���E�H���V�H�H�Q���L�Q���«�F�K�D�U�J�H���D�V�\�P�P�H�W�U�\�¬��

50

y

AC =
N (! |y| > 0) ! N (! |y| < 0)
N (! |y| > 0) + N (! |y| < 0)

! |y| = |yt | ! | yøt |
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Asymmetry at LHC
�µ�$�7�/�$�6���	���&�0�6���P�H�D�V�X�U�H�P�H�Q�W�V��

51

! |y| = |yt | ! | yøt |
|y|�6

-3 -2 -1 0 1 2 3

|y
|

�6
/d

�m
 d

�m
1/

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

data
MC@NLO

ATLAS 
-1

 L dt = 1.04 fb�0
 1 b tag)�* 4 jets (�* + µ

AC = 0.004 ± 0.01AC =-0.019 ± 0.037

Good agreement with SM

AC =
N (! |y| > 0) ! N (! |y| < 0)
N (! |y| > 0) + N (! |y| < 0)
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Asymmetry at LHC
�µ�$�7�/�$�6���	���&�0�6���P�H�D�V�X�U�H�P�H�Q�W�V���Y�V���L�Q�Y�D�U�L�D�Q�W���P�D�V�V���	���U�D�S�L�G�L�W�\���R�I��

�W�W�E�D�U���V�\�V�W�H�P��

52
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C
A

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

< 450 > 450

Unfolded data
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Good agreement with SM
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4

G
µ

Tevatron vs LHC
�µ�7�H�Y�D�W�U�R�Q���	���/�+�&���P�H�D�V�X�U�H���G�L�I�I�H�U�H�Q�W���T�X�D�Q�W�L�W�L�H�V�������F�D�Q���R�Q�O�\��

�F�R�P�S�D�U�H���L�Q���W�K�H���F�R�Q�W�H�[�W���R�I���U�H�D�O���Q�H�Z���S�K�\�V�L�F�V���P�R�G�H�O�V��

�µ�6�R�P�H���P�R�G�H�O�V���D�U�H���H�[�F�O�X�G�H�G�������V�R�P�H���V�X�U�Y�L�Y�H�����«�Q�D�W�X�U�D�O���V�H�O�H�F�W�L�R�Q�¬������

�µ�0�R�U�H���G�D�W�D���	���P�R�U�H���G�L�I�I�H�U�H�Q�W�L�D�O���P�H�D�V�X�U�H�P�H�Q�W�V���Q�H�H�G�H�G��

53
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Top Properties:

Top quark mass
Top spin correlations

Forward-backward asymmetry
Boosted tops
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High pT tops
�µ�5�H�F�D�O�O���W�K�H���G�L�I�I�H�U�H�Q�W�L�D�O���P�H�D�V�X�U�H�P�H�Q�W���R�I���W�K�H���L�Q�Y�D�U�L�D�Q�W���P�D�V�V���R�I���W�R�S��

�S�D�L�U�V��

55

Could see new physics at high 
invariant mass.
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High pT tops
�µ�(�I�I�L�F�L�H�Q�F�\���W�R���V�H�O�H�F�W���W�R�S���H�Y�H�Q�W�V���L�Q���$�7�/�$�6���D�Q�D�O�\�V�L�V��

56

EfÞciency drops at high mass!
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High pT tops
�µ�(�I�I�L�F�L�H�Q�F�\���W�R���V�H�O�H�F�W���W�R�S���H�Y�H�Q�W�V���L�Q���$�7�/�$�6���D�Q�D�O�\�V�L�V��

56

EfÞciency drops at high mass!

z-axis (beam 
direction)

qÕ jet

q jetb jet

lepton
b jet neutrino

Selection designed to 
select well separated 

decay products - i.e. 4 jets.

 [GeV]
tt

M

500 1000 1500 2000 2500

A
cc

ep
ta

nc
e

0

0.01

0.02

0.03

0.04

0.05

0.06

ATLAS
Simulation

e+jets

+jetsµ



Top Quark PhysicsMark Owen

High pT tops
�µ�+�L�J�K���P�D�V�V�����P�H�D�Q�V���O�D�U�J�H���P�R�P�H�Q�W�X�P���W�R�S�V�������V�L�J�Q�L�I�L�F�D�Q�W���E�R�R�V�W���I�R�U��

�G�H�F�D�\���S�U�R�G�X�F�W�V��

�µ�'�H�F�D�\���S�U�R�G�X�F�W�V���Q�R�W���Q�H�F�H�V�V�D�U�L�O�\���Q�R�Z���L�Q���W�K�U�H�H���V�H�S�D�U�D�W�H���M�H�W�V��

57

qÕ jet

q jet
b jet

Top rest frame

Boost to lab frame
qÕ jet

q jet

b jet

For two body decay: q jet, E1

qÕ jet, E2
θ

W ✓ ⇠ mWp
E1E2

(for small angles)
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High pT tops
�µ�6�R�O�X�W�L�R�Q�����/�R�R�N���I�R�U���D���V�L�Q�J�O�H���O�D�U�J�H���U�D�G�L�X�V���M�H�W���F�R�Q�W�D�L�Q�L�Q�J���D�O�O���W�K�H���W�R�S��

�G�H�F�D�\���S�U�R�G�X�F�W�V��

58

qÕ jet
q jet

b jet
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High pT tops
�µ�3�K�\�V�L�F�V���Z�L�W�K���K�L�J�K���S�7���W�R�S�V�������V�R���I�D�U���P�D�L�Q�O�\���V�H�D�U�F�K�H�V��

�µ�,�Q�W�H�U�H�V�W�L�Q�J���W�R���V�W�D�U�W���P�D�N�L�Q�J���P�H�D�V�X�U�H�P�H�Q�W�V���R�I���E�R�R�V�W�H�G���W�R�S�V���D�W��
�K�L�J�K���S�7���D�Q�G���F�R�P�S�D�U�H���Z�L�W�K���4�&�'���F�D�O�F�X�O�D�W�L�R�Q�V��

59
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Boosted

ZÕ (1.0 TeV)
ZÕ (1.5 TeV)
ZÕ (2.0 TeV)
ZÕ (3.0 TeV)

See CigdemÕs lectures for 
dedicated searches with top
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Summary
�µ�7�R�S���T�X�D�U�N���S�U�R�Y�L�G�H�V���D���X�Q�L�T�X�H���Z�L�Q�G�R�Z���R�Q���4�&�'���	���(�:���S�K�\�V�L�F�V��

�µ�0�D�Q�\���R�Q�J�R�L�Q�J���D�Q�D�O�\�V�H�V�������D�O�O���W�U�\���W�R���D�V�N���W�K�H���T�X�H�V�W�L�R�Q�����L�V���W�K�H���W�R�S��
�T�X�D�U�N���Z�H���V�H�H���W�K�H���T�X�D�U�N���S�U�H�G�L�F�W�H�G���L�Q���6�0��

�µ�7�R�S���P�D�V�V�����V�R���I�D�U���F�R�Q�V�L�V�W�H�Q�W���Z�L�W�K���:���	���+�L�J�J�V���E�R�V�R�Q���P�D�V�V�H�V��

�µ�6�S�L�Q���F�R�U�U�H�O�D�W�L�R�Q�V�����I�L�U�V�W���Q�R�Q���]�H�U�R���R�E�V�H�U�Y�D�W�L�R�Q���I�U�R�P���$�7�/�$�6�������Z�H��
�U�H�D�O�O�\���V�H�H���D���«�E�D�U�H�¬���T�X�D�U�N���E�H�I�R�U�H���L�W���G�H�F�D�\�V��

�µ�)�R�U�Z�D�U�G���E�D�F�N�Z�D�U�G���D�V�\�P�P�H�W�U�\�����6�R�P�H���G�H�Y�L�D�W�L�R�Q���I�U�R�P���6�0���L�Q��
�7�H�Y�D�W�U�R�Q���H�[�S�H�U�L�P�H�Q�W�V�������Q�R�W���F�R�Q�I�L�U�P�H�G���E�\���/�+�&���P�H�D�V�X�U�H�P�H�Q�W�V��

�µ�6�R���I�D�U���W�R�S���O�R�R�N�V���6�0���O�L�N�H��

�µ�����7�H�9���/�+�&���G�D�W�D���V�D�P�S�O�H���V�W�L�O�O���X�Q�G�H�U���D�Q�D�O�\�V�L�V�������O�R�W�V���R�I���L�Q�W�H�U�H�V�W�L�Q�J��
�U�H�V�X�O�W�V���V�W�L�O�O���W�R���F�R�P�H���	���W�K�H�Q���P�R�U�H���W�R�S�V���W�R���F�R�P�H���D�W���������7�H�9��

60

Thanks to C. Schwanenberger for the graphics!
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Backup
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What mass do we measure?

�µ�7�R�S���P�D�V�V�����R�U���W�R�S���<�X�N�D�Z�D���F�R�X�S�O�L�Q�J�����L�V���I�U�H�H���S�D�U�D�P�H�W�H�U���L�Q���6�0��

�µ�$�W���1�/�2���P�D�V�V�����E�H�F�R�P�H�V���G�H�S�H�Q�G�H�Q�W���R�Q���W�K�H���U�H�Q�R�U�P�D�O�L�V�D�W�L�R�Q��
�V�F�D�O�H�����é��

�µ�&�R�Q�F�H�S�W���R�I���P�D�V�V���L�V���V�F�K�H�P�H���G�H�S�H�Q�G�H�Q�W�������H���J�����I�R�U���W�K�H���(�:���I�L�W���D��
�S�D�U�W�L�F�X�O�D�U���U�H�Q�R�U�P�D�O�L�V�D�W�L�R�Q���V�F�K�H�P�H���L�V���X�V�H�G��

62

Lt =
ftvp
2
(t̄LtR + t̄RtL) mt = �ftvp

2
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What mass do we measure?

�µ�&�D�Q���Z�U�L�W�H���U�H�O�D�W�L�R�Q�V���E�H�W�Z�H�H�Q���W�K�H���V�F�K�H�P�H�V��

63

Need to know which scheme the MC uses.
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Which top mass is in LO MC?

64
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Which top mass is in LO MC?

65

¥Parton shower approximates higher orders - but only for 
soft / collinear emissions.

¥No ÔanswerÕ to what top mass is in the MC - arguments it is 
close to the pole mass.
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Which top mass is in NLO MC?

66

t

¥Need to include diagrams as above - but not included in 
ÔstandardÕ MC@NLO / Powheg.

¥Recent NLO calculation for full WbWb Þnal state should 
help (but dilepton mode only...)


