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top quark pair production

. P> S
« hard scatter cm-frame generically /\9*
t
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o~ [1+ cos” & + f(q°,cos6) | a(s)
mm a g =m2
P75z /

- specified by «, %,6,5

. Q, q2 well measured in o and M, spectrum. SM-like.

>

 here: the production angle &

— in particular: forward-backward asymmetry of production angle
with respect to proton direction
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tt charge asymmetry in NLO QCD

 Halzen, Hoyer, Kim; Brown, Sadhev, Mikaelian; Kuhn, Rodrigo; Ellis, Dawson, Nason; Almeida,
Sterman, Vogelsang; Bowen, Ellis, Rainwater

T A
asymmetry in =V, — V.
CE6G6TT + ] A y_ . y Y=Y Ys
prediction: Ay~ 0.06 = 0.015
40000090 4~
C

=-1 C=+1

e not particular to QCD!
o verified for QED in e*e- > p*u (T. Himel et al., 1978)

« strong interaction C tests at high energy?
— difficulty of jet charge
— now: charge flow info in reconstructed tt system



prior measurements (lepton + jets)

e CDF, 1.9 fb! , inclusive, corrected to “parton-level”

— tt rest frame Af=024+0.14

_ PRL 101, 202001 (2008)
— NLO QCD A" =0.06+0.01

e DO, 0.9 fb-linclusive “signal-level” (data after bkg subtract)

— ttrestframe AT =0.12+0.08 PRL 100, 142002 (2008)

- NLOQCD A" -0.02+0.01

* Recent DO result with 5 fb-! to be discussed shortly...



theoretical interest

e s-channel
— massive chiral color octets
— “axigluon”
— RS gluon /

e FV t-channel .
- W2z
— color triplets, sextets

N

 model building must contend with
— total o in good agreement with SM
— do/dMy in good agreement with SM
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wisdom from history

« A ine'e” > Z/y*— u'y observed at PEP E., ~ 29 GeV

» evidence for Z, well below the pole
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lepton + jets: selection and reconstruction

qq — g - tt - W b)W b) — (I"vb)(qgb) — I + E, +4j +>1 btag

e 53fb!
» lepton (e/n) E/p,> 20 GeV (/c)
* missing E;> 20 GeV
« .g.e.4jets E,>20 GeV
— atleast one b-tagged jet

« 1260 events bkg=283%+50




top reconstruction

I"+E,+4j +>1btag — tt

e tt reconstruction
« jet parton, p,(v) minimize simple y?
— fix: My, = 80.4 GeV/c?
M, =172.5 GeV/c?
btag=b
— float jet p, within errors
* sign of lepton — charge of tops
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top pair rapidity difference

q
b
« frame invariant variable \ yh q
AYm =Y — Y
AYy=Q-AY, =Y, —Y;
&~ 0.034
&, ~0.085

b sAy~0.104

— interpretation

Ay =2y

e asymmetry in Ay

Al _ N (Ay >0) - N(Ay <0)
N(Ay >0)+ N(Ay <0)

equals asymmetry in top quark production angle in tt rest frame



expected QCD asymmetries

* two calculations for NLO expectation
— MCFM: NLO calculation at “parton level”
— MC@NLO + CDFSIM: simulated sample for input the analysis

model  level At

MCFM  parton 0.058 4 0.009  truth
MCQNLO parton 0.052 £ 0.008  truth
MCQNLO tt 0.024 + 0.005  sim + reco

MC@QNLO tt+bkg 0.017 £ 0.004  sim + reco +bkg

 n.b.
— prediction for data level asymmetry < stat precision (0.028)
— LO Pythia tt model remains good approximation of SM
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data

Events

Events

Yi-Yn

negative leptons: t —t
T T T T T T T T T T A -0048=0.039
B ; ;a:ab:‘negative) A ookg 0.008 + 0.004
250~ —n 9 Ag=0.011+0.003
N Ay =-0.004 +0.012
200 -
C Arg =-0.048 £0.039
1501 .
100 =
50 .
% 2 -1 0o _1 2 3
positive leptons:  t —t yoy.
P T T T T T T T T A 210,067 + 0,040
- Wb A =-0.015+0.003
. Ay =-0.014+0.012
200~ -
: Agg = 0.0670.040
150 .
100 -
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:'I L ] T 1T T 71 ] T 1 T 7T [ 1T T Adam=0057i0028 g
- —data A.  =.0011+0003 ®
- [t + bkg :mk: -0.013 + 0.002 i
§_ M bkg Ab:g=-o.005:o.ooa
Ay=y, -,
sample level A*t
data data 0.057 4 0.028
MCQNLO tt+bkg 0.017 4 0.004
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parton level asymmetry

= 20 e ee  A-0057z0028
sample level A S oof| —=— fiSignal  A=0075:0.036
data data 0.057 4+ 0.028 S —— fiPatton A =0.158+0072
MC@QNLO tt+bkg 0.017 £ 0.004 600F A
dat';} signal 0.075 £ 0.037 500/ | ——
Mc@nrLo  tt 0.024 = 0.005 i
data parton 0.158 + 0.074 400 :'___F
MCFM parton 0.058 £ 0.009 300/
200 :
' ¢
100 ¢ 2
A
T
G2 1 0 12 3
simple rapidity dependence YN
sample level |Ay| < 1.0 Ayl > 1.0
data data 0.021 £ 0.031 0.208 £ 0.062

data  parton 0.026 + 0.104 £ 0.056 0.611 4+ 0.210 + 0.147

MCFM parton 0.039 £ 0.006

0.123 £ 0.018
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a new result from DO

analysis
e 54fb1
* lepton (e/n) E/p,> 20 GeV (/c)
(muons out to |n| < 2) Ezsof D@, 5.4 fb"!
¢ missing E,> 20 GeV Y ook

e 1ljetEt>40GeV 3jets E; > 20 GeV
— atleast one b-tagged jet

e 1581 events bkg=455%x39 100

e similar kinematic reconstruction 50

» likelihood based signal/background/Ag, _ : : |
« regularized unfold to parton level Ay

o identical MC@NLO predictions as CDF
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parton level asymmetry

sample level At

data data 0.057 £ 0.028
MCQ@QNLO tt+bkg 0.017 4 0.004
data signal 0.075 4 0.037

MCQNLO  tt  0.024 4+ 0.005

data parton 0.158 £+ 0.074
MCFM parton 0.058 £ 0.009

DO
n800
b= [ | =——le [Data reco A =0.057+0.028
370 of| —=— fisional  A=0075: 0.0
0.074=%=0.025 [| —+— ffParton  A=0.1580072
600l fiPythia A =-0.011+0.002
0.092=%=0.037

0.1960.065 “°%

——1

==

300
2001 |
- $
100 ¢ 2
t
_0-3 -2 1 0 1 /_\.2— 3
simple rapidity dependence YT
sample level |Ay| < 1.0 Ayl > 1.0
data data 0.021 4 0.031 0.208 4 0.062
DO data 0.061=+ 0.041 0.213+=0.097
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CDF dilepton (DIL) mode selection

Q7 — g >ttt > W)W h)— (ITvb)(I'ob) = 1" +1 + E, + 2]

selection and reconstruction

e 51fb?

2 OS lepton (e/u) E/p,;> 20 GeV (/c)
- M;.ne. M,

missing E; > 25 GeV

.g.e. 2 jets E, > 15 GeV

H, > 200 GeV

334 events  bkg =87%x17
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lepton rapidity difference

Anl N 77|+ _77|_ lab lab
4 Ay V.S.An, MG
« experimentally robust 2 : CDF Il Preliminary
=
. 4 2
e correlated with Ay _
0
b '2_
-4_ | N \
-2 0 2 b
a
AY;

BT _ N (A7, >0)—N(Arn <0)
N(An, >0)+N(An <0)
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lepton rapidity difference in control samples

+nj ne, Z—ll+n jets DS
£+ njets A s et Data Prediction
Z(— ee) + 0 jet —0.045 + 0.003(stat.) —0.046 + 0.002
Z(— pp) + 0jet  —0.034 £0.003(stat.) —0.032 % 0.002
Z(— ee) + 1 jet —0.037 + 0.006(stat.) —0.048 + 0.004
Z(— up) + 1jet  —0.031 + 0.007(stat.) —0.030 + 0.003
Z(—ece) + = 2jet  —0.065 £ 0.012(stat.) —0.056 £ 0.008
Z(— pp) + > 2 et —0.058 & 0.014(stat.) —0.025 =+ 0.007
_ n.+-n!. (N,=0) :_ CDF Il Preliminary
DIL with MET+ 0 jets gL e
g .
> = -0.038+0.047 o
40 I
Asrzld — _0026 i 0037 20z | — Data
-2 0 2 ) ==t 10 érror
M =M1 (N=1) CDF Il Preliminary [ Fake/Wy
60 I . . j!_ dt=511fb" . EDY
DIL with MET+ 1 jets -_ I+ o

M = 0,040 +0.057
AN =—0.009+0.053

pred ~—
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Events

lepton rapidity difference in dilepton top signal

e data:

N = M- CDF Il Preliminary A77I

f Ldt=511" | _paa

=0.138+£0.054
Okszos%n [ILT T e AA”' =-0.022+0.022

[ Fake pl’ed

oY

A [Z—=

mwwwzzz o subtract bkg

As,gna, =0.205+0.073

2 0 2 parton level

AY =0.417+0.156

parton



Events

lepton rapidity difference in dilepton top signal

e data:

CDF Il Preliminary A,

1 = 0.138+0.054

f Ldt=511" | _paa

60 IISE
: st AN = 0,022+ 0.022
B . [ Fake pre
awl [ | B
- 1 . mwwwzzz o subtract bkg
_ A _
20, 1 =0.205+0.073
0\~ 2 0 ﬁzd:*'# * parton level
An, Ay
Ajaron = 0.417£0.156

o recall [+jets result

AY

parton

=0.158+0.074

« combined CDF top A4, (5fb)

AY =0.20+0.07

parton



M, dependence of the asymmetry

MCFM: A(M,)
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A My )

50 GeV bins 100 GeV bhins
=0.6
= | =+ data
< NLO tt + bkg
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color octet model

* to test methodologies on
— large asymmetry, mass dependence p
— not a hypothesis

« color octets with axial couplings
— after Ferrario and Rodrigo arXiv:0906.5541 gﬁ,gj —
— thanks to T. Tait for Madgraph

e sample “Octet A” P M
- 0,=0,]94=3] G
— g9a=-0d%
— Mg=2.0TeV £%[==Octet A
« good match to data Cos
— Xsec ratio: o/og, = 1.02 0.4f-
M, spectrum ~ SM ok +
— parton A; =0.16 02;_ ——
— reco A, = 0.08 0; +_}_—+—
| -
° study treatment of mass dependence g;—i—' ....................................................................
-0.1—, N T T T T

L L L l Ll L 1
700 750 800
M, (GeVic?)
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color octet model

to test methodologies on
— large asymmetry, mass dependence
— not a hypothesis

color octets with axial couplings

— after Ferrario and Rodrigo arXiv:0906.55:

— thanks to T. Tait for Madgraph
sample “Octet A”

- 0,=0,]9, = 3|
— ghh=-0d4%
— Mg =2.0TeV

good match to data
— Xsec ratio: o/cg,, = 1.02
— M, spectrum ~ SM
— parton A, = 0.16
— reco A;=0.08

study treatment of mass dependence
— 2-bin A(M,)

—
o
LS
I IIIIIII|

Events / (15 GeV/c?)
-
o

—e— data

|t + bkg
[ background

00 400 9200
. M. (GeVic?)
g% Octet A
I: -
——tt + bk
< 0.5~ g
0.4
0.3 I
0.2~ e |
0.4F : ‘
' : '[ 1 —I_
= =l : —_—
N o ereermrssrssessrssssssssssssssssssssssessessessessees
£.1_I_Illlllllllll]IIIIJIIIIJ]IIIIIIIIIIlIIIIlIIIIII
350 400 450 500 550 600 650 700 750 800
M, (GeVic?)
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color octet model

* to test methodologies on T [ —— data
— large asymmetry, mass dependence 3102 3 = Ea-'-clt:glgound
— not a hypothesis P -
« color octets with axial couplings & AL
— after Ferrario and Rodrigo arXiv:0906.55:
— thanks to T. Tait for Madgraph i
 sample “Octet A” 1=
— 0,=0,]g5=3| ) |
— g9 =-0g', 00 400 " { 92;10
— MG =2.0TeV 50'6 —— Octet A -
« good match to data Cos
— Xsec ratio: o/og, = 1.02 4E  low high
— M, spectrum ~ SM 03F < . —'—
— parton A, =0.16 02;_ —t—
— reco A, =0.08 F e *
0.15— , | _}_
° StUdy treatment Of mass dependence oé.—..i:'. ...................................................................
— 2:bin A(My) R |
— optimal partition at M,, = 450 GeV/c? M, (GeVic?)
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Ay at low and high mass

Data

E > Data
s A=-0.016+-0.034 S 160 A =0.21+/-0.049
5, 500) I f + Bkg 5 | T+ Bkg
‘g’ A =-0.0087+/-0.034 =140 A=-0.017+-0.05
2 400 [ Background 9 [ Background
A =0.00073+/-0.069 w120 A =-0.024+/-0.11
100

P (=23 =4
o o o

wIII|III‘III|III|I\I|II

[a]
o

w\lll|\||||\|||‘|||

=

selection all M M < 450 GeV/c* M > 450 GeV /c?

reco data 0.057+0.028  -0.016£0.034 0.21240.049
MC@NLO 0.01740.004  0.012£0.006 0.030+0.007
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Ay,, at high mass by lepton charge

Events/ (0.5Y)

data (negative lepton)
A =-0.21+/-0.071
T + bkg
A =0.015+/-0.07
N bkg
A =0.019+/-0.16

26
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[1-]
o

Tt + bkg

Events / (0.5Y)
(=]
o

[ bkg

~
o

data (positive lepton)
A =0.21+/-0.066

A =-0.02+/-0.072

A =-0.028+/-0.16

N W O [=1]
o o o o o
II|II|I|IIIIIIIII|II

10—

2

k4
3
Y=Y, -V,

selection all M M < 450 GeV/c*> M > 450 GeV /c?
A?;L 0.067+0.040  -0.0134-0.050 0.210£0.066
A, -0.04810.039  0.020£0.047 -0.210£0.071




Ay,, at high mass by lepton charge

Events / (0.5 Y)

data (negative lepton) f 100 data (positive lepton)
70 A =-0.21+/-0.071 s 90 A =0.21+/-0.066
I T + bkg = | + bkg
60 A =0.015+/-0.07 £ 80 A =-0.02+/-0.072
[ bkg 3 70 [ bkg
50 A =0.019+/-0.16 A =-0.028+/-0.16
- 60 =
a0 50F- -—}—-
30 f— 40 z—
20 ;— 30 i_
: 20F-
10 3 10F-
= BYp=Y, -V, 0-3_ ) ) ZAth= yl" yl?
selection all M M < 450 GeV/c*> M > 450 GeV /c?
14;, 0.067£0.040 -0.013+0.050 0.210£0.066
/ﬁ% -0.048+0.039 0.0204+0.047 -0.210£0.071
e consistent with CP conservation
,, ° argues against experimental artifact, as detection/reconstruction are sign

independent



correction to parton level

background subtraction

unfold in 4 bins in Ay and M,
— low mass forward
— low mass backward
— high mass forward
— high mass backward

selection M < 450 GeV/c? M > 450 GeV/c?
data —0.016 + 0.034 0.210 £+ 0.049
MC@NLO tt+bkg 4+0.012 + 0.006 0.030 £ 0.007

data signal

MCQNLO tt

—0.022 £ 0.039 £ 0.017
+0.015 £ 0.006

0.266 = 0.053 = 0.032
0.043 £ 0.009

data parton

MCFM

—0.116 £ 0.146 4+ 0.047
+0.040 + 0.006

0.475+ 0.101 £ 0.049
0.088 + 0.013
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CDF vs DO Mass dependence

Forward-Backward Top Asymmetry, %

Reconstruction Level
m. < 450 GeV
——
DO, 5.4fb™ 7.844.8
——
CDF, 5.3 fb" -2.244.3
m.> 450 GeV
: ® '
D@, 5.4fb™ 11.546.0
&
CDF, 5.3 fb 26.6+6.2
5. Frixione and B.R. Webber,
JHEP 06, 029 (2002)
| | | | | I | | 1 | | 1 | | | 1 | | 1 | |
-10 0 10 20 30

DO does not seem to see strong mass dependence

but all numbers nevertheless statistically consistent



at the LHC

Tevatron A  top
anti-top

-
Rapidity

tHe & top
anti-top

Rapidity
AYI=[Yd— |V

new

LHC-Tevatron complementarity

J. Aguilar-Saavedra, M. Perez-Victoria,

arXiv:1105.4606
CDF result
0.1 L rrrr e T LA : [T |
: : I
0.08 — : /:
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u
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g,
1 1 1 1 I 1 1 1 1

06'I 1 1 ID!II | 1 IQ!ZI 11 I0|.3I | | I0!4| I I!IG|5I 1| IOB
Ay (m_>450 GeV)
o N(Aly>0)—N(Alyl<0)

N(Aly[>0)+N(Aly[<0)
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at the LHC

ATLAS-CONF-2011-106

Events
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1400—

1200

inclusive

 ATLAS Preliminary I+ = 4 jets (b tag)

-1 -e-data
Wejets
Z+jets MC

Arg =-0.024 +£0.016 Diboson MC
I Single top MC
I QcD
A Uncertainty

WIII|III|III|III|III

jury still out?

—wIII|III|III|III|III|III|III|

A, (DG suDIr.)

0.2
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-0.15

- _I\Illll\I‘\\\Il\llll\ll\‘\\l\ll\
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CMS PAS TOP-11-014

mass dependent

7I\IIII\I\\\I\Illl\ll\‘\\l\I\II‘I\\I‘\I\I'IIIIi
- CMLS Prel|m|nary —— tf (MadGraph)
~1.09fbat\s =7 TeV —— data

- [+jets

_ T
—+

L 2

II‘I\\I‘\I\I'III
900 100011001200

M. _ [GeVic?]
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summary

significant Aq,(Ay) in two decay modes
— in DIL, A, in robust lepton An
— inl+jets
A, depends on Ay and M
A, reverses sign when t —>t

DO confirms Ag (Ay) in [+jets
interesting theoretical suggestions
LHC analyses underway

more than double TeV data
lots of work still to do
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A, of the Top Quark

] N. Kidonakis, July 2011
PRD&4:011504 (2011)
] v Ahrens et. al., (** submitted to a journal)

arXiv:1106.6051v1 (2011)

1 w. Hollik and D. Pagani,
arXiv:1107.2606 (2011)

(* preliminary)

CDF LJ —g— 0.158 + 0.074 (z0.072+ 0.017)
(5.3f07)

CDF DIL* o
0.420+ 0.158 #0150+ 0.050)
(5.1t07)

CDF combined” —®— 0.201+ 0.067 (:0.065 < 0.018)

(+ stat £ syst)

Do LJ™ —&—  0.196%0.060 2218
(5.417)
| | |
-0.4 -0.2 0 0.2 0.4 0.6 0.8
Afb
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