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Outline

• Persistent hints of anomalous FBA in tt production at Tevatron

• NP proposals (phenomenological approach)

• Impact of existing LHC measurements

• Possible future directions

• Discriminating power of tt observables

• No time to discuss:  NP in single (& mono) top production
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FB & Charge asymmetries in tt production

• Charge (a)symmetric cross-section

Forward-backward asymmetry intøt production

Charge-(a)symmetric cross section
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Measurement at Tevatron: inclusive and in bins of invariant massMtøt
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Here the angle ! is defined as the angle between the direction of motion of the top quark

and the direction of motion of the incoming quark (e.g., the u-quark) in the tt̄ c.m. system.

The subscripts “SM”, “INT” and “NPS” denote the contribution from the SM, the interfer-

ence between the SM and NP, and the NP amplitude squared. For the G′ model, the SM

contribution is from the gluon-mediated s-channel diagram, the NPS contribution from the

exotic gluon G′-mediated diagram, and the INT contribution from the interference between

the two. The squared c.m. energy of the tt̄ system is ŝ = (pq + pq̄)
2, and " =

√

1− 4m2
t/ŝ

is the top quark velocity in the tt̄ c.m. system.

The forward-backward asymmetry of the top quark in the tt̄ c.m. frame is defined as

Att̄
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#F − #B
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, (23)

where
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d cos !
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We further parameterize the differential cross section d#/d cos ! as follows:

d#i

d cos !
= Ai +Bi cos ! + Ci cos

2 ! , (25)

where the subindex i denotes “SM”, “INT” and “NPS”. Hence, after integrating over the

angle ! , we obtain the asymmetry and total cross section
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2
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∑
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(

2Ai +
2Ci

3

)

, (26)

where the sums are over the SM, INT and NPS terms. In reality the incoming quark could

originate from either a proton or an anti-proton, but it predominantly comes from a proton

due to large valence quark parton distribution functions. Taking the quark from the anti-

proton and the anti-quark from the proton contributes less than 1% of the total tt̄ cross

section. Therefore, in p̄p collisions at the Tevatron one can choose the direction of the

proton to define the forward direction.

Now let us comment on a few interesting features of the asymmetry and cross section

generated by the INT and NPS effects individually, because both effects are sensitive to

different new physics scales: the former to a higher NP scale and the latter to a lower scale.

First, we note that the asymmetry is sensitive to the ratio of coupling (squared) differences

and sums for the INT (NPS) effects, e.g.,

AINT
FB ∝

(fL − fR)(gL − gR)

(fL + fR)(gL + gR)
×

2 〈" 〉
2(2− 〈" 2〉) + 2

3 〈" 2〉
, (27)
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Conclusions: 
! tantalizing situation – but, too soon for conclusions  

! LHC should provide answers: 

Antunano,Kühn, 
Rodrigo 

! plus: like-sign tops, dijets, … 

! if data persist, QCD unlikely to explain observed AFB 

! Tosi’s talk:  
QCD: ~1%    (Rodrigo) 
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2, and " =

√

1− 4m2
t/ŝ
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AC = sign( Y )
! F ! ! B

! F + ! B
=

N (! y2 > 0) ! N (! y2 < 0)
N (! y2 > 0) + N (! y2 < 0)

Y = yt + yt̄

�y2 = y2t � y2t̄
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• Precisely measured inclusive observables

Measurements of tt production at Tevatron & LHC
_

Tevatron

s AFB
0.0

0.5

1.0

1.5

2.0

2.5

3.0

O
!O

S
M

see talks by Czakon, Parke 
Petrillo, Andrea, Dorland, Amidei, Kim 



s AFB
0.0

0.5

1.0

1.5

2.0

2.5

3.0

O
!O

S
M

• Precisely measured inclusive observables

• UV sensitive distributions

Measurements of tt production at Tevatron & LHC
_
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Figure 11: Distributions d! /d " t at the Tevatron (left) and LHC (right).
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Figure 12: Comparison of the RG-improved predictions for the invariant mass spectrum with
CDF data [9]. The valuemt = 173.1 GeV has been used. No Þt to the data has been performed.

very useful distribution d! /d " t , with " t deÞned as in (4). A simple change of variables yields

d!
d" t

=
2mt" t

(1 " " 2
t )

3
2

d!
dM

. (106)

The resulting spectra for the Tevatron and LHC, obtained using RG-improved perturbation
theory, are shown in Figure 11. As before, the distributions are normalized such that the area
under the curves corresponds to the total cross section. Recall that the physical meaning of
the variable " t is that of the 3-velocity of the top quarks in thetøt rest frame. The distributions
show that the dominant contributions to the cross section arise from the region of relativistic
top quarks, with velocities of order 0.4Ð0.8 at the Tevatron and 0.5Ð0.9 at the LHC. We will
come back to the signiÞcance of this observation in the next section.

In Figure 12, we compare our RG-improved prediction for the invariant mass spectrum

36

Ahrens et al., 1003.5827
CDF, 0903.2850

see talks by Czakon, Parke 
Petrillo, Andrea, Dorland, Amidei, Kim 



• Precisely measured inclusive observables

• UV sensitive distributions

Measurements of tt production at Tevatron & LHC
_
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• Precisely measured inclusive observables

• UV sensitive distributions

Measurements of tt production at Tevatron & LHC
_

Tevatron

! h = ! (700GeV < m t øt < 800GeV) Ah
FB = AFB(mtøt > 450GeV)

(CDF)
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Sizable deviations in A FB

good agreement in ! !

see talks by Czakon, Parke 
Petrillo, Andrea, Dorland, Amidei, Kim 
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• Precisely measured inclusive observables

• UV sensitive distributions

Measurements of tt production at Tevatron & LHC
_
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New Physics Interpretation(s)

• What are the data suggesting (if NP)?  
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! F,B = ! SM
F,B + ! NP

F,B

Tevatron (mtt>450GeV)

update of Grinstein et al., 1102.3374

! NP < 0 preferred

Interference effects!



New Physics Interpretation(s)

• What are the data suggesting (if NP)?

• First with EFT:

• At dim 5 encounter only QCD dipole ops 
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L = L SM +
!

i

Ci

⇤di ! 4 Qi
[valid below NP thresholds, 

~expansion in (E/") n ]

c.f. Hioki & Ohkuma, 1011.2655, 
J.F.K, Papucci & Weiler, 1107.3143,

Degrande et al., 1205.1065
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3FIG. 1: Diagrams generating the contribution to the Wein-
berg operator at the top threshold [ 9]. The grey blob denotes
the insertion of the chromo-electric dipole operator.

and mix under QCD renormalization group (RG) evo-
lution. At present, these e! ects are known to NLL accu-
racy [8]. In particular the Weinberg operator mixes into
the (C)EDMs of quarks, but not vice versa. Neverthe-
less, it has been known for some time [9] that the CEDMs
induce a Þnite threshold correction to the Weinberg op-
erator when a heavy quark is integrated out, as shown in
Fig. 1,

! w(q) =
g3

s

32" 2

÷dq

mq
. (3)

In the case of the top quark, the combined e! ects of
the Þnite shift in w and the subsequent RG evolution to
the hadronic scale will induce non-zero contributions also
for the (C)EDMs of the light quarks.

At the hadronic scale µH ⇠ 1 GeV we thus obtain
du,d (µH ), ÷du,d (µH ) and w(µH ) in terms of ÷dt (mt )

du = �3.1 · 10! 9 e ÷dt , dd = 3 .5 · 10! 9 e ÷dt ,
÷du = 8 .9 · 10! 9 ÷dt , ÷dd = 2 .0 · 10! 8 ÷dt ,

w = 1 .0 · 10! 5 GeV! 1 ÷dt , (4)

where we have used mt = 173.3 GeV [10],
mMS

d (2 GeV) = (4 .7 ± 0.1) MeV, mMS
u (2 GeV) =

(2.1± 0.1) MeV [11] and #MS
s (mZ ) = 0 .1184 [12].

Presently, the most sensitive observables are the
atomic EDMs of mercury (dHg < 3.1 · 10! 29 e cm at
95% C.L. [13]) and of the neutron (dn < 2.9 · 10! 26 e cm
at 95% C.L. [14]). Following [15], we evaluate the relevant
contributions as

dHg = � 1.8 · 10! 4 GeV! 1 eøg(1)
! NN , (5a)

dn =(1 ± 0.5) [1.1e( ÷dd + 0 .5 ÷du ) + 1 .4 (dd � 0.25du )]

+ (22 ± 10) · 10! 3 GeV e w , (5b)

whereg(1)
! NN = 4 +8

! 2 ( ÷du � ÷dd) GeV. All quantities are eval-
uated at the scaleµH ⇠ 1 GeV. The values and uncer-
tainty estimates for the relevant matrix elements, partic-
ularly for the Weinberg operator contribution to dn , have
been evaluated using QCD sum rule techniques [16].

Inserting (4) into the above expressions and treating all
the relevant theoretical uncertainties as ßat distributions

within the stated errors, we Þnd that the neutron EDM
constrains the top CEDM to be

| ÷dt | < 2.3 · 10! 19 cm (95% C.L.) , (6)

i.e. | ÷dt mt | < 2.0 ·10! 3. The constraint from the neutron
EDM is dominated by the contribution to the Weinberg
operator, which amounts to roughly 85% of the total ef-
fect of ÷dt in dn , even though the light quark (C)EDM
contributions are not totally negligible. Furthermore, the
constraint from dHg provides a (two orders of magnitude)
weaker bound on ÷dt , since it is not sensitive to the Wein-
berg operator and also comparatively weaker thandn for
the light quark CEDMs.

The indirect constraints on the other top dipole mo-
ments in Eq. (2) are considerably weaker. The EDM
of the top, dt , induces light quark EDMs only through
weak interactions and is suppressed by ßavor mixing fac-
tors [17] resulting in dd = 2 .4 ⇥ 10! 12 dt , and conse-
quently we Þnd a weak bound of

|dt | < 1.7⇥ 10! 14 e cm (95% C.L.) . (7)

A stronger limit comes from b ! s$ and b ! s%+ %!

processes, since the leading SM contribution carries the
same loop and ßavor suppressions. Following [18], we
obtain

" C7" (mW ) = 6 .5 · 10! 2 (µt � 2.65dt ) mt , (8)

where we have included the e! ects of the top MDM which
is also constrained." C7" is the new contribution to the
Wilson coe# cient of the magnetic operator mediating the
b! s transition. Using the semi-analytic formulae of [19]
for the SM NNLO prediction of Br (B ! X s$) [20] and
the NNLL result for Br (B ! X s%+ %! ) for the low q2

region [21], we obtain

�1.83 < (µt � 2.65dt ) mt < 0.53 (95% C.L.) . (9)

These processes are also sensitive to the top CMDM,
through the operator O8g. However, due to the addi-
tional #s suppression, the indirect bound is signiÞcantly
weaker and will be superseded by the direct one derived
in the next section.

Collider constraints

The gluonic dipole couplings of the top directly a! ect
tøt production at hadron colliders [22]. The complemen-
tarity of the total production cross-section measurements
at the Tevatron and the LHC in constraining such con-
tributions has recently been pointed out in [23]. In [24],
the CMDM is constrained using Tevatron data in com-
bination with four fermi operators and spin correlations
are shown to be promising. A number ofT-odd correla-
tion observables can be constructed which are sensitive

CMDM
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the relevant theoretical uncertainties as ßat distributions

within the stated errors, we Þnd that the neutron EDM
constrains the top CEDM to be

| ÷dt | < 2.3 · 10! 19 cm (95% C.L.) , (6)

i.e. | ÷dt mt | < 2.0 ·10! 3. The constraint from the neutron
EDM is dominated by the contribution to the Weinberg
operator, which amounts to roughly 85% of the total ef-
fect of ÷dt in dn , even though the light quark (C)EDM
contributions are not totally negligible. Furthermore, the
constraint from dHg provides a (two orders of magnitude)
weaker bound on ÷dt , since it is not sensitive to the Wein-
berg operator and also comparatively weaker thandn for
the light quark CEDMs.

The indirect constraints on the other top dipole mo-
ments in Eq. (2) are considerably weaker. The EDM
of the top, dt , induces light quark EDMs only through
weak interactions and is suppressed by ßavor mixing fac-
tors [17] resulting in dd = 2 .4 ⇥ 10! 12 dt , and conse-
quently we Þnd a weak bound of

|dt | < 1.7⇥ 10! 14 e cm (95% C.L.) . (7)

A stronger limit comes from b ! s$ and b ! s%+ %!

processes, since the leading SM contribution carries the
same loop and ßavor suppressions. Following [18], we
obtain

" C7" (mW ) = 6 .5 · 10! 2 (µt � 2.65dt ) mt , (8)

where we have included the e! ects of the top MDM which
is also constrained." C7" is the new contribution to the
Wilson coe# cient of the magnetic operator mediating the
b! s transition. Using the semi-analytic formulae of [19]
for the SM NNLO prediction of Br (B ! X s$) [20] and
the NNLL result for Br (B ! X s%+ %! ) for the low q2

region [21], we obtain

�1.83 < (µt � 2.65dt ) mt < 0.53 (95% C.L.) . (9)

These processes are also sensitive to the top CMDM,
through the operator O8g. However, due to the addi-
tional #s suppression, the indirect bound is signiÞcantly
weaker and will be superseded by the direct one derived
in the next section.

Collider constraints

The gluonic dipole couplings of the top directly a! ect
tøt production at hadron colliders [22]. The complemen-
tarity of the total production cross-section measurements
at the Tevatron and the LHC in constraining such con-
tributions has recently been pointed out in [23]. In [24],
the CMDM is constrained using Tevatron data in com-
bination with four fermi operators and spin correlations
are shown to be promising. A number ofT-odd correla-
tion observables can be constructed which are sensitive

CMDM

3

to the top CEDM (c.f. [25]). At present however, the
most sensitive observable available at the Tevatron and
the LHC are still the total production cross-sections and
their di�erential spectrum as a function of the invariant
mass of the top pair (mtt̄).

At the Tevatron the recent combination of the CDF
analyses yields [26],

⇤Tevatron
exp = (7.50± 0.48) pb (10)

for an assumed top mass of mt = 172.5 GeV. We have
combined the estimated statistical and systematic errors
in quadrature. This is consistent with the most recent
theoretical SM prediction for this observable [27],

⇤Tevatron
SM = (6.75+0.08

�0.42) pb (11)

based on approximate NNLO QCD calculation using the
same top mass and the MSTW2008 PDFs [28]. As
pointed out in [29], the most significant information in
the high mtt̄ region at the Tevatron is the one derived
from the next-to-highest measured bin [30],

⇤(700 GeV < mtt̄ < 800 GeV)exp = (80± 37) fb, (12)

to be compared with the SM theory prediction of [31],

⇤(700 GeV < mtt̄ < 800 GeV)SM = (80± 8) fb. (13)

At the LHC at 7 TeV, presently the most precise mea-
surement [32] for the total production cross-section yields

⇤LHC
exp = (180± 18) pb, (14)

in agreement with the SM prediction of [33],

⇤LHC
SM = (165+11

�16) pb. (15)

Recently the ATLAS collaboration published a study [34]
of the mtt̄ spectrum using 200 pb�1 collected lumi-
nosity. In the high mtt̄ > 1 TeV region they report
N1TeV

exp = 77 ± 9 events. The results were not unfolded.
Among the systematic uncertainties, the b-tagging e⇤-
ciency (11%) dominates the total inclusive cross-section
measurement and stays almost constant with mtt̄. The
other important source of error is the jet energy scale
uncertainty. It is subleading in the total inclusive mea-
surement (9%), with a mild mtt̄ dependence. Since the
ATLAS result is not unfolded, one needs to take into ac-
count the invariant mass resolution, and the reconstruc-
tion e⇤ciency and acceptance, (A · �). We model the
former by smearing our partonic mtt̄ distributions with
a Gaussian kernel. We estimate a O(0.25 · mtt̄) width
for this smearing by comparing to the reconstructed in-
variant mass resolutions of a sample of narrow Z ⇥ models
in the same ATLAS study. Finally, to estimate A · � we
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FIG. 2: Combined LHC and Tevatron 95% C.L. constraints
on the top CMDM (÷µt ) and the CEDM ( ÷dt ) (shaded in yel-
low). Individual constraints come from the total cross-section
and mt øt spectrum measurements at the Tevatron (dashed blue
and doted red), as well as the LHC (shaded blue and red). The
combination of only Tevatron constraints is drawn in black.
Finally the CEDM indirect constraint is presented in green.

compare the smeared SM mtt̄ distribution, computed us-
ing known approximate NNLO QCD results [31], with
the reconstructed SM background distribution presented
in the ATLAS Note. Using Br(tt̄ ! 4j+ �) = 0.3 (where
� = e, µ) we extract a constant A · � " 0.3 for the mtt̄

bins between 1 TeV < mtt̄ < 1.6 TeV, which can be now
used to compare the signal with the data.
We find for the measured tt̄ cross-sections including

statistical and our estimates for the systematic uncer-
tainties

⇤(1 TeV < mtt̄ < 1.2 TeV) = (2.9± 0.6) pb , (16a)

⇤(1.2 TeV < mtt̄ < 1.4 TeV) = (1.0± 0.3) pb , (16b)

⇤(1.4 TeV < mtt̄ < 1.6 TeV) = (0.45± 0.19) pb ,(16c)

which corresponds to

⇤(mtt̄ > 1 TeV) = (4.5± 0.79) pb . (17)

These results may be directly compared to partonic mtt̄

distributions smeared with 0.25 ·mtt̄-wide Gaussians.
We evaluate the e�ect of the top CMDM and CEDM

on the relevant Tevatron and LHC observables at LO

Indirect bounds

Tevatron ! tt

Tevatron d! tt/dmtt

LHC ! tt LHC d! tt/dmtt

J.F.K., Papucci & Weiler, 1107.3143
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Figure 1: The result of the! 2 Þt to the top related Tevatron data, presented in the plane of
c8

V and c8
A , while marginalizing over the rest of the operators. The red, orange and yellow

shaded regions correspond to 1" , 2" and 3" , respectively, and the black dot stands for the
best Þt point. The light gray shaded region to the left of the green contour is excluded by the
experimental bound on thetøt cross section forMtøt > 1 TeV, Eq. (6).

derive conÞdence level contours in the plane of the two interfering operatorsO8
V,A by marginal-

izing over all the non-interfering operators. Note that in practice the fulltøt di! erential cross
section contains only 6 independent terms, and so the list of Wilson coe" cients can be com-
bined into 6 parameters. The result is presented in Fig. 1. The best Þt point corresponds to
c8

A = 1.35 TeV! 2, c8
V = ! 0.24 TeV! 2 and mild contributions from the non-interfering operators.

The goodness-of-Þt is 0.88.
We learn that heavy NP which does not interfere with the SM (c8

V = c8
A = 0) is in " 3"

tension with the data. Furthermore, the absence of the axial-octet operatorO8
A is in " 2"

tension with the data. Qualitatively, the non-interfering operators do not relax the need for
interference mainly due to their rapid growth withMtøt , which makes them strongly constrained
by the measurement of the di! erential cross-section in the hard regime.

If the heavy NP generates a single operator of deÞnite chirality for each color structure,
then a positiveAtøt

FB can be induced through either left-handed up quarks and right-handed top
quarks or vice versa. In the vector-axial basis deÞned in Eq. (3) this corresponds in particular
to c8

V = ! c8
A , a! ecting at the interference level both thetøt cross section and the asymmetry.

Indeed we Þnd that a similar! 2 Þt in the chiral case is worse by at least 2" than the best Þt
point in the general case. For illustration, at the minimum of! 2 in the chiral case, we Þnd
Atøt

FB ! 20% and" 2" tension with the cross section.

4 LHC Predictions and Constraints

We now discuss predictions for LHC measurements arising from the EFT description of the top
Tevatron data. We Þrst compare the above Þt results with existing LHC data based on the
7 TeV run, and then provide predictions for the 2012 run at 8 TeV.

Regarding thetøt cross section at the LHC, the heavy NP explanation of the Tevatron data
can signiÞcantly a! ect the top pair spectrum only at invariant masses above" 1 TeV [15]. In

4

Delaunay et al., 1207.07401. consider only q=u excluded by ! h
7

requires nonzero c8
A

However:

tension with A C!

[more ops. at O(1/" -4)]
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Figure 1: The 1! (green), 2! (yellow) and 3 ! (red) regions for
a Þt of EFT NP contributions in Eq. ( 5) to the inclusive FBA
(dashed) and CA (dotted) measurements. The best Þt point where
the central measured values of both CA and FBA are reproduced
is marked with an asterisk.

signs. This is becausepøp and pp initial states have dif-
ferent valence structures. At large parton energy frac-
tion ! = ös/s , where s is the collider energy squared, the
ratio of parton luminosity functions f (uøu)/f (d ød) at the
Tevatron is roughly twice the one at the LHC, where
the anti-quarks are non-valence. Both ratios decrease to-
wards 1 at low ! . Since at the LHC smaller values of!
are probed for the samemt øt , this further enhances the
di! erence between the Tevatron and the LHC. It is then
possible to have simultaneously a large positive FBA and
a small CA, if the partonic charge-asymmetry foruøu ! tøt
is positive, while it is negative for d ød ! tøt.

The above insight is easiest to check against data in
the e! ective Þeld theory (EFT) approach (we discuss on-
shell models below). The FBA and CA can be generated
from the interference of the leading order SM amplitudes
and NP contributions. At O(" S" ! 2) there are only two
relevant dimension 6 NP operators

L = L SM +
!

q= u,d

Cqt
A

" 2 (øq#µ #5q)(øt#µ #5t) , (5)

where " is the NP scale, andCqt
A the NP Wilson coe# -

cients. Note that at O(" s" ! 2) the NP operators in (5)
do not a! ect the forward-backward symmetric tøt cross-
section, while they do generate shifts in inclusive FBA
and CA

$ AF B = " 10%#
"
0.84Cut

A + 0 .12Cdt
A

#"
1TeV/ "

#2
,

$ AC = " 1%#
"
1.4Cut

A + 0 .52Cdt
A

#"
1TeV/ "

#2
.

(6)

A large FBA and small or negative CA are possible, ifCdt
A

and Cut
A have opposite signs and|Cdt

A | ! |Cut
A |. Both CA

and FBA measurements can then be accommodated as
shown in Fig. 1. A fairly large value of Cdt

A is required or
a correspondingly low NP scale" , so the EFT description
is likely not valid. However, the generic requirements Ð a
large coupling to ødd quark currents, and øuu contributions
of the opposite sign Ð are expected to apply also to on-
shell NP models.

In passing we also mention a second e! ect that breaks
the correlation between the FBA and CA. The luminosity
functions are falling faster with ös $ mt øt at the Tevatron
than at the LHC. Therefore it would be theoretically pos-
sible that at the LHC a small inclusive CA is due to a
cancellation between a positive CA at lowmt øt and a large
negative CA at large mt øt (at the Tevatron the positive
contribution would dominate). This mechanism would
yield FBA and CA falling with mt øt in contrast to obser-
vations.

We next consider explicit on-shell NP models, and
discuss in turn the asymmetric axigluon, and the elec-
troweak triplet of color octet vectors. These models are
representative of scenarios where the cancellation in the
CA can occur.

Asymmetric Axigluon . The model is a simple
modiÞcation of the light axigluon model originally in-
troduced by Tavares and Schmaltz [12] (see also [13]).
An SU(3)L # SU(3)R gauge symmetry is broken spon-
taneously via a bifundamental scalar $ to the diago-
nal SU(3)color . The SM fermions are charged under
the full gauge group and transform asQ = (3 , 1) and
U, D = (1 , 3). Additional heavy vector-like fermions are
integrated out at the scale" inducing dimension Þve and
six interactions between the light (SM-like) fermions and
the axigluon [12]. The relevant e! ective Lagrangian at
scales%$&" µ " " is then

L = "
1
4

(F a
L )2 "

1
4

(F a
R )2 + øQi/DQ + øUi/DU + øDi/DD

+
1

" 2

$
%2

Q ($  Q)i/D ($  Q) + %2
U ($U)i/D ($U)

+ %2
D ($D)i/D ($D)

%
+ L Yuk + L ! , (7)

where L Yuk are the SM Yukawa terms andL ! contains
the kinetic and potential terms for the scalar Þeld$.

To decorrelate FBA and CA the only necessary mod-
iÞcation of the original construction [12] is to allow for
sizable parity breaking in the new fermionic sector. As
a consequence%Q '= %U '= %D . For notational simplicity
we keep%Q,U,D ßavor universal and the gauge interac-
tions left-right symmetric, gL = gR ( g (we will relax
both assumptions below). After SU(3)L # SU(3)R !
SU(3)color breaking, diagonalizing the gauge boson mass
matrix, and rescaling the fermion Þelds, one obtains a
new e! ective Lagrangian at the EW scale

L = "
1
4

(Ga
µ" )2 "

1
4

( ÷Ga
µ" )2 +

÷m2

2
÷A2

µ + øQ(i/D " ÷gQ /÷A)Q

+ øU(i/D + ÷gU /÷A)U + øD(i/D + ÷gD /÷A)D + . . . , (8)

where Ga
µ" is the gluon Þeld strength, ÷Aµ ( (ARµ "

ALµ )/
)

2 is the axigluon Þeld, ÷Ga
µ" the axigluon Þeld

strength, and the covariant derivative Dµ now contains
only the gluon Þeld. If the initial SU(3)R # SU(3)L gauge
interactions are left-right symmetric the axigluon cou-
plings to fermions are bounded by|÷gQ,D,U | * gs . In the

c8
A,d [TeV! 2]

c8 A
,u

[T
eV

!
2
] Drobnak, J.F.K & Zupan, 1205.472

AC

AFBsee also 
Aguilar-Saavedra & Juste, 1205.1898
talk by Pérez-Victoria
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chosen mass intervals 800< m jj < 1200 GeV andmjj > 1200 GeV. Only the Þrst four ATLAS bins

with 1 < ! < 3.32 are included in this analysis, which we base on the optimized sensitivity to quark

contact interactions given in Ref. [30]. As an example of this search in action, the constraints from

dijet contact interaction searches are shown as the solid dark yellow line of Fig. 2, which refers to the

e! ective Þeld theory of section 2.

The reader will notice that the contact interaction search always provides a tighter constraint

on our models than the dijet resonance search. This follows because the narrow resonance analyses

only examine the shape di! erence without subtracting QCD background, while the contact inter-

action search has subtracted the QCD background and hence should constrain new physics more.

Our constraints from dijet contact interactions are conservative because we neglected the NLO QCD

correction. To have a more precise constraint, one should perform a NLO calculation as done in

Ref. [31].

2.4 Phenomenological Fit

We Þrst perform a model independent Þt toAtøt
F B with one axigluon Þeld, with a cross section given by

Eq. (1). In this case, there are Þve parameters that describe the axigluon contributions toAtøt
F B and

the tøt production cross section. Instead of scanning all of this parameter space, we setgq
V = gt

V = 0

in this section and only consider three parameters:M G! , gq
A and gt

A , which are most crucial for Atøt
F B

when M tøt ! M G! . As discussed above, a negative value for the productgq
A gt

A provides a positive

contribution to Atøt
F B . Therefore, we restrict the parameter space togq

A > 0 and gt
A < 0 (the opposite

choice would not change our discussion below).

In the contours displayed in Fig. 2 we Þx the ratiogt
A /g q

A . In the left panel, we choosegt
A = " gq

A and

show the 90% and 95% C.L. Þt with two shaded blue regions. The dark yellow solid line represents the

constraint from dijet contact interaction searches. All parameter regions above and to the left of this

line are excluded. The black dashed lines correspond to possible 20% and 40% axigluon contributions

to the top quark pair production cross section, relative to that of the LO SM, for M tøt > 450 GeV,

as discussed in Section 2.1. The upper limit forgq
A in this Þgure is chosen so that theG! width does

not exceed its mass. The right panel in this Þgure is similar to the left but now forgt
A = " 1.5gq

A . As

one can see from this Þgure, the low mass region is mostly ruled out by the dijet contact interaction

searches, but a higher massG! has plenty of parameter space. Concentrating on the high mass region,

we next Þx the G! mass and show the Þt contour regions in Fig. 3, where the left(right) panel is for

M G! = 1 .8(2.0) TeV. Comparing those two panels, one can see that more parameter space survives

for a heavier G!, which also has larger couplings and hence a larger width in the best-Þt region. As
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Figure 2: Left panel: the Þt for the phenomenological model of Eq. 1 withgq
A > 0, gt

A < 0, gq,t
V = 0 and

a Þxed ratio gt
A/g

q
A = ! 1. The region above and to the left of the dark yellow solid line is excluded by

dijet contact interaction searches; limits from the dijet resonance searches are weaker. Right panel:
the same as on the left but now forgt

A/g
q
A = ! 1.5. The two blue shaded regions correspond to a 90%

and 95% CL Þt to the data.

an example, we show the Þt results forAtøt
F B in Table 2 with MG! = 2 TeV, gq

A = 2 .2, gt
A = ! 3.2 and

gq,t
V = 0.

3 Axigluon Models

In this section we will discuss three speciÞc axigluon models that can be described in the language

of dimensional deconstruction, or simply as coset models. The Þrst and third are based on cosets

[SU (3) " SU (3)]/SU (3)c, while the second involves threeSU (3) groups and two new color octet

vector bosons. The third model di! ers from the Þrst by the introduction of new vector-like quarks.

These models have elementary motivations. The Þrst is the simplest possible coset model that

produces an axigluon mediatedtøt forward-backward asymmetry, but we Þnd it is excluded by the

ATLAS dijet contact interaction search [30]. The second model improves on the Þrst by allowing for

heavier and more strongly coupled axigluons, yet we will see that it is also excluded. The third model

makes it possible to avoid the powerful dijet contact interaction search [30] by reducing the axigluon

coupling to light quarks while increasing the axigluon coupling to tøt, thereby keeping the asymmetry

8
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2

of four-top Þnal states, see Fig. 1 (left). Non-resonant
diagrams such as the one depicted in the right panel, in
which the new gluons are not produced on-shell, are also
important for larger values of the gluon coupling to the
top quark, and dominate both below the tøt threshold and
at large gluon masses.

FIG. 1: Sample diagrams for resonant (left) and non-resonant
(right) contribution to four-top production in the presenc e of
new heavy gluons. The thick line corresponds to the massive
gluon.

Given the fact that gA,V
q ! gA

t , the cross section for
four-top Þnal states is essentially independent of the cou-
pling to light quarks. For deÞniteness, we take a purely
axial coupling gq " gA

q = 0 .2 to light quarks, which is
around the upper limit for a wide range of heavy gluon
masses [14], and a right-handed onegt / 2 " gA

t = gV
t to

the top quark, as preferred byB physics constraints [32].
(Setting gq to zero the four-top cross section found is
nearly identical in all mass range, except for a slightly
steeper rise at theM # 2mt threshold.) The coupling to
the second generation is also constrained to be small by
dijet production and has even a smaller e! ect on our re-
sults. For simplicity, it is set to zero. On the other hand,
the four-top cross section depends on the gluon mass and
its coupling to the top quark. In case that additional new
particles exist, the four-top cross section near and above
the tøt threshold also depends on the partial width for
gluon decays into these new particles.

In order to test the sensitivity of existing analyses to
four-top production, we have implemented our model in
MADGRAPH 5[33] using FeynRules [34]. The matrix el-
ement generated byMADGRAPHhas been implemented in
Protos [35] for an e" cient exploration of the model pa-
rameter space and computation of four-top production
cross sections. We have generated events for di! erent
conÞgurations of gluon masses and couplings forpp col-
lisions at a centre of mass (CM) energy

$
s = 7 TeV

and passed them throughPYTHIA[36] andPGS4[37]. All
our simulations are performed at leading order. For the
same-sign dilepton Þnal state we have applied the selec-
tion and kinematical cuts in Ref. [28] and found that the
analysis most sensitive to four-top production is the one
requiring

¥ two same-sign leptons! ± ! ± , ! = e, µ with pseudo-
rapidity |" | < 2.4. Electrons must have transverse
momentum pT > 10 GeV and for muons pT > 5
GeV is required.

¥ HT % 400 GeV, where HT is the scalar sum of the
pT of all jets. Only those with pT > 40 GeV and
|" | < 2.5 are considered here.

¥ Missing energy!E T % 50 GeV.

The global e" ciency of these cuts for our four-top sig-
nal, including the same-sign dilepton branching ratio, is
approximately of 2% for a wide range of heavy gluon
masses. (RequiringHT % 200 GeV and !E T % 120 GeV
results in an e" ciency only slightly smaller.) With this
selection, the CMS Collaboration measures 7 events with
an integrated luminosity L = 0 .98 fb! 1, for a SM back-
ground prediction of 5.3 ± 2.4 [28]. For the trilepton
channel we ask for

¥ three leptons ! = e, µ with pT > 20 GeV and |" | <
2.4; same-ßavour opposite-charge pairs are required
to be outside a window|M Z & mll | < 10 GeV (mll
is the invariant mass of the two leptons).

¥ Two jets with pT > 25 GeV and |" | < 2.4, at least
one b-tagged.

¥ The scalar sum HT +
!

! p!T + !E T % 50 must be
larger than 500 GeV.

With such cuts the e" ciency for our four-top signal is
of 0.6%. With this selection, the CMS Collaboration
measures one event with a luminosityL = 1 .16 fb! 1, for
an expected SM background of0.16± 0.09 [29].

Upper bounds on four-top production can be obtained
from either of these channels, as well as from their
combination, using the modiÞed frequentist likelihood
method [30, 31]. These limits are evaluated using106

pseudo-experiments of the expected signal and back-
ground samples. Statistical uncertainty e! ects are im-
plemented assuming Gaussian distributions [30]. The ob-
tained 95% CL bound on four-top production are

#4t ' 0.50 pb (2l) ,

#4t ' 0.70 pb (3l) ,

#4t ' 0.36 pb (combined). (2)

As we have mentioned, the four-top cross section cru-
cially depends on whether the new gluon can decay to
additional non-SM particles. Thus, a detailed discussion
of the heavy gluon width is compulsory. Let us denote
by Γ0 the partial width of the gluon to SM particles.
Below the M # 2mt threshold, Γ0 receives the largest
contribution from decays G ( uøu, d ød, with a smaller one
from four-body decaysG ( W + bW! øb. (At any rate, for
massesM ' 320 GeV the four-top cross section is prac-
tically independent of Γ, as we will explicitly see below.)
Above this threshold, Γ0 is largely dominated by on-shell
decays to tøt. This is clearly seen in Fig. 2, in which we
plot Γ0 as a function ofM , for Þve values of the coupling
to the top quark gt = 1 , 2, 3, 4, 5.

We consider in Þrst place models in which the new
gluon only decays to SM particles, that is, Γ = Γ0.
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Figure 4: The correlation between AFB and AC in two mod-
els, the colored EWT model (black) and the asymmetric axigluon
model (blue), the later allowing for much larger spread in AC at
fixed AFB . The scan is over the range of g̃U,D in Fig. 2 for the
axigluon and over ⌘0 2 [0, 2.6] for the EWT, while m̃ = mV = 350
GeV and � = 70 GeV in both models. Gray bands represent the
experimental 1� regions for the two observables.
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Figure 5: The bb̄ forward-backward asymmetry at the Tevatron as
predicted by the axigluon model (8) with the benchmark param-
eter set from Fig. 2 (black) and with additional flavor symmetry
breaking g̃D(sR) = g̃D(bR) = �3.7 (red) or g̃D(bR) = �5.1 (blue).

these couplings are Þxed by gauge symmetry, contribu-
tions to the CA and FBA are tightly correlated. This is
illustrated in Fig. 4 where we vary ⌘0 2 [0, 2.6], but Þx
mV = 350 GeV and ! = 0 .2mV for ease of comparison
with the asymmetric axigluon model. A more compre-
hensive scan over⌘0, mV and ! comparing the predic-
tions with Ahi

F B , AF B , Ahi
C , AC and d�t t̄ /dm t t̄ , reveals,

however, that it is not possible to simultaneously satisfy
all the above constraints within 1�. The main reason is
that accommodating both the FBA and the CA simul-
taneously, requires couplings toødd currents much larger
than to øuu (c.f. Eq. (6)), something not allowed by the
gauge symmetric structure of the model. Consequently,
at present the model is disfavored. It could become vi-
able again, if the present tension among the observed
FBA and CA values is somewhat reduced by future more
precise measurements.

Discovery observables. Finally, let us discuss the
observables with the help of which the above NP models
could be discovered at the LHC. Any NP model a" ecting
the FBA and CA needs to couple to light quarks. More
precise measurement of dijet production or paired dijet

production could therefore reveal irregularities, though,
as we have shown above, this could be challenging for
broad resonances.

There are also several other common features of the
models in which AC is suppressed. For instance, to have
a large cancellation betweenuøu and d ød contributions,
the couplings to down quarks are necessarily enhanced,
c.f. Eq. (6). This then generically implies a signiÞ-
cant e" ect in the bøb forward-backward asymmetry at the
Tevatron (though precise predictions are model depen-
dent). In the asymmetric light axigluon model, for ex-
ample, the couplings to bR and sR should be even fur-
ther enhanced to make the axigluon broad. In Fig.5
we show three representative cases. The Þrst one is the
benchmark point in Fig. 2 with ßavor universal couplings
÷gD = �1.2 for dR , sR and bR (black line), for which the
decay width would be small unless channels besidesqøq
are open. The blue and red lines denote ßavor nonuni-
versal choices where the couplings are changed either
to ÷gD (sR ) = ÷gD (bR ) = �3.7 or to ÷gD (bR ) = �5.1, re-
spectively, while the other parameters are left the same
(these choices give! = 0 .2 ÷m). The CDF sensitivity for
mb̄b > 130 GeV is 2.6% [23]. The largest deviations
appear for mb̄b ! 400 GeV (i.e. above the resonance
mass), thus the extension of measurements to higherbøb
pair masses is highly desirable.

Another generic property of the models that will sup-
press the CA is that they contain new chiral couplings
to quarks. (To suppressAC , couplings to u and d need
to be di" erent. Purely vector or axial couplings are pos-
sible only if there is a Þne-tuned electroweak symmetry
breaking of the couplings to QL with the sizes of uR

and dL couplings.) This means that the t and øt pro-
duced through NP interactions will be polarized. For the
asymmetric axigluon benchmark point we obtain the top
polarization fractions BTEV

beam ' BTEV
o! ! diagonal ' 13% and

BTEV
helicity ' 7% at the Tevatron, where the numbers re-

fer to di" erent choices of the top spin quantization axis
(c.f. [24] and references therein). At the LHC the e" ects
are signiÞcantly diluted. We Þnd that only the helicity
axis polarization, BLHC7

helicity ' 2%, is larger than a percent.
Conclusions. We have shown that the FBA in tøt pro-

duction at the Tevatron can in general be large,O(0.2),
and the CA at the LHC remain small " O(1%) (or even of
the opposite sign). The reason is that theuøu and d ød con-
tents of pøp and pp initial states are di" erent. For the CA
to be small, the coupling of NP to ødd currents needs to
be large and of opposite sign to the coupling of NP to øuu.
We have shown this using an e" ective theory analysis as
well as for two explicit on-shell models: a light asymmet-
ric axigluon model and a model with colored electroweak
triplet vectors. The asymmetric light axigluon gives a
good description of the present data (for bothAC and
AF B as well as other collider constraints), and predicts
generically a largebøb forward-backward asymmetry and
observable top polarization in tøt production.

predict zero in A FB spectrum

Drobnak, J.F.K & Zupan, 1205.472
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FIG. 1: Lepton (left) and dilepton (right) forward-backward asymmetry in the qøq ! tøt process

as a function of the center-of-mass production energy in the chiral-QCD toy model. We assumed

purely right-handed couplings of the chiral gluon to the light quarks, and left-handed (RL), right-

handed (RR) and vector (RV) couplings to the top quark. In all three cases the threshold lepton

asymmetry is +50% and the threshold dilepton asymmetry is +66%.

state has orbital angular momentum and there is no longer a one-to-one correspondence

between the spins of the light quarks and of the tops, leading toA!
FB di! erent from 50%. In

fact, at very high
p

s when the tops have large velocities, the lepton asymmetry approaches

the value of the top forward-backward asymmetry which is positive (negative) for right-

handed (left-handed) coupling of the chiral gluon to the top, and which is zero if that

coupling is vector-like. The dilepton asymmetry has a very similar qualitative behavior, the

main di! erence being the threshold value of⇠ 66%.

We stress again that the lepton forward-backward asymmetry at threshold is independent

of the top forward-backward asymmetry, in particular forgtL = gtR the latter is zero, while

the former can be anywhere between�50% and 50% depending on the relative magnitude

of gqL and gqR . Furthermore, we underline the di! erence between the threshold and inclusive

lepton asymmetries. In our example withgqL = gtR = 0 (marked as RL in the plot) the

inclusive lepton asymmetry is very small,⇠ 5% while the threshold lepton asymmetry is

⇠ 50%.

8

• s-channel color octet spin-1 resonance - “Axigluon”

• asymmetries driven by spin interference effects

• top spins at threshold probe initial state chiralities

• can use leptonic asymmetries  as probes

• at large mtt interesting top spin observables
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state.

The spins of top quarks can be determined statistically by measuring the direction of

the decay products. In particular, it is well known that the charged lepton in leptonic top

decays is a “perfect” top spin analyzer. For the top, the direction of the positively charged

lepton follows the distribution

1

�

d�
dcos ✓

=
1

2
(1 + cos ✓), (1)

where ✓ is the angle between the momentum of the outgoing lepton and the top spin in a

reference frame where the top quark is at rest. For the anti-top the situation is reversed: the

negative lepton has a 1 ! cos ✓ distribution with respect to the anti-top spin. Thus, a process

in which t t̄ pairs are produced at rest from an initial state with right-handed initial quark

chiralities predicts a distinctive angular distribution in semileptonic or dileptonic decays:

the positively charged leptons are predicted to go mostly in the positive z-direction with the

distribution Eq. (1) whereas negatively charged leptons are emitted mostly in the negative

z-direction. To quantify this e↵ect, one can define the lepton asymmetry

A!
FB =

Nl(ql cos ✓l > 0) ! Nl(ql cos ✓l < 0)

Nl(ql cos ✓l > 0) + Nl(ql cos ✓l < 0)
. (2)

Here ✓l is the angle between the lepton and the incoming quark directions. For the qRq̄R " t t̄

process in the t t̄ rest frame (where both the top and anti-top are at rest at threshold) we

obtain the threshold lepton asymmetry A!
FB (

#
s = 2mt) = +50%.

If the initial state consists of left chirality quarks, qL q̄L , all spins are reversed. In this case

the t t̄ pair at threshold has spins in the negative z-direction and A!
FB (

#
s = 2mt) = ! 50%.

More generally, by measuring the angular distribution of the charged leptons in semilep-

tonic or dileptonic top decays one can determine what fraction of t t̄ events at threshold

originated from left or right-handed initial quarks. Of course, QCD is parity symmetric and

predicts equal admixture of left- and right-chiral initial quarks. Thus, the QCD prediction

is A!
FB (

#
s = 2mt) = 0 at the tree-level (in fact, this holds for arbitrary

#
s). If, however,

there are new physics contributions to t t̄ production for which the couplings to left- and

right-chiral fields di↵er one expects a non-vanishing lepton asymmetry.

Several comments are in order.

¥ The threshold lepton asymmetry is independent of the t t̄ forward-backward asymmetry

Atøt
FB . In fact, it is easy to construct models in which the inclusive Atøt

FB and A!
FB have

4

Falkowski, Perez & Schmaltz
1110.3796



Top spin observables

• Angular distributions of top decay products in tt production

• QCD vector-like - new chiral interactions can induce large deviations 
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(anti top) quarks and the top - anti top spin-spin correlations, respectively. Using the spin four-vectors deÞned as

sµ
t =

!
k1 ·öst

mt
,öst +

k1(k1 · öst )
mt (Et + mt )

"
,

sµ
t

=
!

k2 ·öst

mt
,öst +

k2(k2 ·öst )
mt (Eøt + mt )

"
, (18)

the decomposition of the squared scattering amplitude|M|2 can be written as

|M|2 = a + bt
µ sµ

t + bt
µ sµ

t
+ cµ⌫sµ

t s⌫
t , (19)

and by comparing expressions (17) and (19) one can extract the functions A, B t
i (B t

i ) and Cij . With this at hand,
the various top spin observables!O" can be calculated as

!O(St , St )"I =
! I

�I

#
d" t øt Tr[ ⇢I · O(St , St )] , (20)

where �I = ! I
$

d" t øt Tr[ ⇢I ] is the unpolarized production cross-section andSt = ! / 2 # 1 (St = 1 # ! / 2) is the top
(anti top) spin operator. In particular, we consider the following spin observables

O1 = St · St ,

O2 = St · öa , øO2 = Søt · öb ,

O3 = 4( St · öa)(St · öb) , (21)

which give the net spin polarization of the top - anti top system, polarization of the (anti) top quark, and the top -
anti top spin correlation both with respect to spin quantization axes öa and öb, respectively. At the parton level O3 is
related to the spin correlation function Cij in Eq. (17), namely

!O3" =
�t øt ($$) + �t øt (%%) & �t øt ($%) & �t øt (%$)
�t øt ($$) + �t øt (%%) + �t øt ($%) + �t øt (%$)

, (22)

where the arrows refer to the up and down spin orientations of the top and the anti top quark with respect to the
öa and öb quantization axes, respectively. It can be measured using the double di#erential angular distribution of the
top and anti top quark decay products:

1
�

d2�

dcos✓f dcos✓ øf
=

1
4

%
1 + Bt cos✓f + Bøt cos✓ øf & C cos✓f cos✓ øf

&
, (23)

where✓f (✓ øf ) is the angle between the direction of the top (anti top) spin analyzerf, ( øf ) (which can be either a direct
t (øt) daughter W + , b (W ! ,øb) or a W + (W ! ) decay product `+ (`! ), ⌫(ø⌫) or jets) in the t (øt) rest frame and the öa
(öb) direction in the tøt center of mass frame (when the corresponding frame transformation is a rotation free boost,
c.f. [42]). Analogously O2 and øO2 are related to the (anti)top spin polarization coe$ cients Bt and Bøt . We note in
passing that in absence of CP violationB ' Bt = ( Bøt for öa = ±öb. For perfect (anti)top spin analyzers whose ßight
directions are 100% correlated with the directions of the (anti)top spin then

!O3" = C , !O2" = Bt , ! øO2" = Bøt . (24)

This limit is a good approximation for the charged leptons from W decays [53]. For other (anti)top spin analyzers
one needs to apply the corresponding top spin analyzing power factorsf ( øf ) (where `+ (`! ) ) 1) in Eq. (23) as

C * Cf  øf , Bt (øt ) * Bt (øt )f ( øf ) . (25)

The values off ( øf ) are presently known at NLO in QCD and can be found in [53]. Finally, O1 can be probed using
the spin analyzer opening angle distribution

1
�

d�

dcos�
=

1
2

(1 & D cos�) , (26)

(anti)top polarization
(tiny in SM)

tt spin correlations
(well predicted in SM)

_

_

see talk by Parke



Top spin observables

• Angular distributions of top decay products in tt production

• QCD vector-like - new chiral interactions can induce large deviations 

• Many optimized observables suggested...

24

10

(anti top) quarks and the top - anti top spin-spin correlations, respectively. Using the spin four-vectors deÞned as

sµ
t =

!
k1 ·öst

mt
,öst +

k1(k1 · öst )
mt (Et + mt )

"
,

sµ
t

=
!

k2 ·öst

mt
,öst +

k2(k2 ·öst )
mt (Eøt + mt )

"
, (18)

the decomposition of the squared scattering amplitude|M|2 can be written as

|M|2 = a + bt
µ sµ

t + bt
µ sµ

t
+ cµ⌫sµ

t s⌫
t , (19)

and by comparing expressions (17) and (19) one can extract the functions A, B t
i (B t

i ) and Cij . With this at hand,
the various top spin observables!O" can be calculated as

!O(St , St )"I =
! I

�I

#
d" t øt Tr[ ⇢I · O(St , St )] , (20)

where �I = ! I
$

d" t øt Tr[ ⇢I ] is the unpolarized production cross-section andSt = ! / 2 # 1 (St = 1 # ! / 2) is the top
(anti top) spin operator. In particular, we consider the following spin observables

O1 = St · St ,

O2 = St · öa , øO2 = Søt · öb ,

O3 = 4( St · öa)(St · öb) , (21)

which give the net spin polarization of the top - anti top system, polarization of the (anti) top quark, and the top -
anti top spin correlation both with respect to spin quantization axes öa and öb, respectively. At the parton level O3 is
related to the spin correlation function Cij in Eq. (17), namely

!O3" =
�t øt ($$) + �t øt (%%) & �t øt ($%) & �t øt (%$)
�t øt ($$) + �t øt (%%) + �t øt ($%) + �t øt (%$)

, (22)

where the arrows refer to the up and down spin orientations of the top and the anti top quark with respect to the
öa and öb quantization axes, respectively. It can be measured using the double di#erential angular distribution of the
top and anti top quark decay products:

1
�

d2�

dcos✓f dcos✓ øf
=

1
4

%
1 + Bt cos✓f + Bøt cos✓ øf & C cos✓f cos✓ øf

&
, (23)

where✓f (✓ øf ) is the angle between the direction of the top (anti top) spin analyzerf, ( øf ) (which can be either a direct
t (øt) daughter W + , b (W ! ,øb) or a W + (W ! ) decay product `+ (`! ), ⌫(ø⌫) or jets) in the t (øt) rest frame and the öa
(öb) direction in the tøt center of mass frame (when the corresponding frame transformation is a rotation free boost,
c.f. [42]). Analogously O2 and øO2 are related to the (anti)top spin polarization coe$ cients Bt and Bøt . We note in
passing that in absence of CP violationB ' Bt = ( Bøt for öa = ±öb. For perfect (anti)top spin analyzers whose ßight
directions are 100% correlated with the directions of the (anti)top spin then

!O3" = C , !O2" = Bt , ! øO2" = Bøt . (24)

This limit is a good approximation for the charged leptons from W decays [53]. For other (anti)top spin analyzers
one needs to apply the corresponding top spin analyzing power factorsf ( øf ) (where `+ (`! ) ) 1) in Eq. (23) as

C * Cf  øf , Bt (øt ) * Bt (øt )f ( øf ) . (25)

The values off ( øf ) are presently known at NLO in QCD and can be found in [53]. Finally, O1 can be probed using
the spin analyzer opening angle distribution

1
�

d�

dcos�
=

1
2

(1 & D cos�) , (26)

(anti)top polarization
(tiny in SM)

tt spin correlations
(well predicted in SM)

_

_

see talk by Parke
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(anti top) quarks and the top - anti top spin-spin correlations, respectively. Using the spin four-vectors deÞned as

sµ
t =

!
k1 ·öst

mt
,öst +

k1(k1 · öst )
mt (Et + mt )

"
,

sµ
t

=
!

k2 ·öst

mt
,öst +

k2(k2 ·öst )
mt (Eøt + mt )

"
, (18)

the decomposition of the squared scattering amplitude|M|2 can be written as

|M|2 = a + bt
µ sµ

t + bt
µ sµ

t
+ cµ⌫sµ

t s⌫
t , (19)

and by comparing expressions (17) and (19) one can extract the functions A, B t
i (B t

i ) and Cij . With this at hand,
the various top spin observables!O" can be calculated as

!O(St , St )"I =
! I

�I

#
d" t øt Tr[ ⇢I · O(St , St )] , (20)

where �I = ! I
$

d" t øt Tr[ ⇢I ] is the unpolarized production cross-section andSt = ! / 2 # 1 (St = 1 # ! / 2) is the top
(anti top) spin operator. In particular, we consider the following spin observables

O1 = St · St ,

O2 = St · öa , øO2 = Søt · öb ,

O3 = 4( St · öa)(St · öb) , (21)

which give the net spin polarization of the top - anti top system, polarization of the (anti) top quark, and the top -
anti top spin correlation both with respect to spin quantization axes öa and öb, respectively. At the parton level O3 is
related to the spin correlation function Cij in Eq. (17), namely

!O3" =
�t øt ($$) + �t øt (%%) & �t øt ($%) & �t øt (%$)
�t øt ($$) + �t øt (%%) + �t øt ($%) + �t øt (%$)

, (22)

where the arrows refer to the up and down spin orientations of the top and the anti top quark with respect to the
öa and öb quantization axes, respectively. It can be measured using the double di#erential angular distribution of the
top and anti top quark decay products:

1
�

d2�

dcos✓f dcos✓ øf
=

1
4

%
1 + Bt cos✓f + Bøt cos✓ øf & C cos✓f cos✓ øf

&
, (23)

where✓f (✓ øf ) is the angle between the direction of the top (anti top) spin analyzerf, ( øf ) (which can be either a direct
t (øt) daughter W + , b (W ! ,øb) or a W + (W ! ) decay product `+ (`! ), ⌫(ø⌫) or jets) in the t (øt) rest frame and the öa
(öb) direction in the tøt center of mass frame (when the corresponding frame transformation is a rotation free boost,
c.f. [42]). Analogously O2 and øO2 are related to the (anti)top spin polarization coe$ cients Bt and Bøt . We note in
passing that in absence of CP violationB ' Bt = ( Bøt for öa = ±öb. For perfect (anti)top spin analyzers whose ßight
directions are 100% correlated with the directions of the (anti)top spin then

!O3" = C , !O2" = Bt , ! øO2" = Bøt . (24)

This limit is a good approximation for the charged leptons from W decays [53]. For other (anti)top spin analyzers
one needs to apply the corresponding top spin analyzing power factorsf ( øf ) (where `+ (`! ) ) 1) in Eq. (23) as

C * Cf  øf , Bt (øt ) * Bt (øt )f ( øf ) . (25)

The values off ( øf ) are presently known at NLO in QCD and can be found in [53]. Finally, O1 can be probed using
the spin analyzer opening angle distribution

1
�

d�

dcos�
=

1
2

(1 & D cos�) , (26)

(anti)top polarization tt spin correlations
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FIG. 8: Correlations between the NP contributions to the inclusive FBA at the Tevatron and various spin observables at the
7 TeV LHC (see text for details and deÞnitions). The present experimental results (68% C.L. regions) are shaded in horizontal
and vertical bands. For ! Chel we also show the 95% C.L. contour in thin dashed line. The NP model predictions are determined
from the global Þt as speciÞed in Sec.IV and are bounded by full (axigluon G! in the low ( mG ! 450 GeV in black) and high
(mG " 700 GeV in gray) mass regions), dashed (scalar color triplet ! ), dotted (scalar color sextet " ) and dot-dashed (neutral
component of the scalar isodoublet ! 0 in the low ( m! ! mt in darker shade) and high (m! > 200 GeV in lighter shade) mass
region) contours.

els. Some sensitivity to the light scalar isodoublet model is exhibited by the recent beamline axis spin correlation
measurement by D¯ [ 39] as seen in the center left plot in Fig. 7. On the other hand (anti)top polarization ( Bi
both in the beamline and in the helicity basis) o! ers a very powerful probe of scalart-channel models and aO(20%)
precision measurement (in helicity basis) could already test (and discriminate between) the scalar color triplet (" )
and isodoublet (! 0) model explanations of the FBA. Finally, the axigluon ( G!) models in general give very small
contributions to the chosen spin observables. For example, at the Tevatron, spin correlation measurements atO(2%)
precision would be required to probe such FBA explanations.

The results for the relevant spin observables at the 7 TeV LHC are shown in Fig.8.6 Among these, presently the most
powerful probe of FBA inspired models is the helicity basis spin correlation as measured recently by ATLAS [41].
In particular it already represents a non-trivial constraint for the scalar isodoublet and heavy axigluon models.
Comparably sensitive (and presently unmeasured) observables are also the opening angle spin correlation coe# cient

6 The results for ! D , ! Ci and B i at the 7 TeV and 8 TeV LHC are almost identical and we do not show the later separately.
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FIG. 8: Correlations between the NP contributions to the inclusive FBA at the Tevatron and various spin observables at the
7 TeV LHC (see text for details and deÞnitions). The present experimental results (68% C.L. regions) are shaded in horizontal
and vertical bands. For ! Chel we also show the 95% C.L. contour in thin dashed line. The NP model predictions are determined
from the global Þt as speciÞed in Sec.IV and are bounded by full (axigluon G! in the low ( mG ! 450 GeV in black) and high
(mG " 700 GeV in gray) mass regions), dashed (scalar color triplet ! ), dotted (scalar color sextet " ) and dot-dashed (neutral
component of the scalar isodoublet ! 0 in the low ( m! ! mt in darker shade) and high (m! > 200 GeV in lighter shade) mass
region) contours.

els. Some sensitivity to the light scalar isodoublet model is exhibited by the recent beamline axis spin correlation
measurement by D¯ [ 39] as seen in the center left plot in Fig. 7. On the other hand (anti)top polarization ( Bi
both in the beamline and in the helicity basis) o! ers a very powerful probe of scalart-channel models and aO(20%)
precision measurement (in helicity basis) could already test (and discriminate between) the scalar color triplet (" )
and isodoublet (! 0) model explanations of the FBA. Finally, the axigluon ( G!) models in general give very small
contributions to the chosen spin observables. For example, at the Tevatron, spin correlation measurements atO(2%)
precision would be required to probe such FBA explanations.

The results for the relevant spin observables at the 7 TeV LHC are shown in Fig.8.6 Among these, presently the most
powerful probe of FBA inspired models is the helicity basis spin correlation as measured recently by ATLAS [41].
In particular it already represents a non-trivial constraint for the scalar isodoublet and heavy axigluon models.
Comparably sensitive (and presently unmeasured) observables are also the opening angle spin correlation coe# cient

6 The results for ! D , ! Ci and B i at the 7 TeV and 8 TeV LHC are almost identical and we do not show the later separately.
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• t- (u-) channel exchange (many possibilities)

• requires large flavor-off-diagonal couplings

• flavor, di-jet, same-sign top, ... constraints!

• nontrivial model building
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large AF B measurements and the SM-likeAC measure-
ments, as the underlying candidate NP processes often
yield correlated positive contributions to both [12, 13].1

The main purpose of this paper is to point out that
there is a class of models in which positive contributions
to AF B and AC are correlated with an additional nega-
tive contribution to AC . Therefore, the latter tends to
be small, in agreement with current data. A state with
[øtu] or [øtd] ßavor quantum numbers is required. The pos-
sible examples are the [øtu] ßavoredZ ! [16] (see also [17])
or [øtd] W

! [18] vector mediators, and the [øtu] ßavored
SU (2)L doublet scalar mediator ! [19]. In this paper
we focus on theZ ! color- and weak-singlet, with a cou-
pling to the right-handed up and top quarks. Exchange
of the Z

! in the t-channel, see Fig.1a, would lead to an
increase inAF B vs. mt øt , and a positive contribution to
AC in excess of the measurements [12, 13], due to for-
ward peaking. However, associated production of theZ !

with a top-quark would produce an additional negative
contribution to AC . Presumably, this would also be the
case for theW ! and ! . However, we leave the question
of the overall viability of these models for future studies.

The leading orderug ! Z

!
t ! u

ø
tt Feynman diagrams

are shown in Figs.1b and 1c. The e↵ect we are interested
in is due to the top quark exchange diagram in Fig.1b.
The Z

! decay yields aø
t quark which tends to be boosted

in the same direction as the incomingu quark. Taking
into account the harder u quark vs. gluon PDFÕs in the
proton, one concludes that on average theøt is produced
with a larger rapidity than the t, thus yielding a negative
contribution to AC . The e�ciency of this mechanism is
illustrated in Fig. 2 for one of the Z

! benchmark points
(p3) listed in Table II . The pp ! (Z !

t, Z

!†ø
t) ! ø

ttX di↵er-
ential cross section plots in Fig. 2a and Fig. 2b, respec-
tively, exhibit the dominance of ø

t (t) production at larger
(smaller) rapidities and the dominance of tøt production
for |yt | " |yøt | < 0. According to Fig. 2b, the charge
asymmetry from associated vector mediator production
alone can be large and negative, e.g.,AC = " 18% for the
example shown.

At the LHC, the cross section for the CP conjugate
process, øug ! Z

!†ø
t ! øutøt, is typically an order of mag-

nitude smaller, due to the øu-quark PDF in the initial
state. A corollary is that the negative contribution to
AC does not depend on whether theZ ! is self conjugate
or not. However, bounds on same sign top production
can rule out a self conjugateZ ! . In fact, ßavor symmet-
ric realizations of the vector t-channel models [20, 22, 24]
proposed to trivially evade the bounds on same sign top
or single top production and FCNCÕs, e.g.,D " ø

D mix-
ing, would contain a CP conjugate pair of [øtu] and [tøu]

1 However, in the case of a light s-channel axigluon, it has recently
been shown that di ↵erent couplings to the u and d quarks can
lead to partial cancelations between the uøu and d ød contributions,
thus su�ciently suppressing AC , with only a small impact on
AF B , which can be sizable and positive [ 14, 15].

u t

øtøu

Z !

g t

t̄u

u
Z !t

g t

t̄

u
uZ !

u

Figure 1: Feynman diagrams for (a) t-channel Z ! exchange
contribution to uøu ! tøt, and associated singleZ ! production
in the t channel (b) and s channel (c).

ßavoredZ

!Õs. At the Tevatron, associated production of
the vector mediators produces a negative contribution to
AF B . However, this e↵ect is suppressed relative to the
positive AF B contribution from Fig. 1a by the smaller
gluon vs. u-quark PDFÕs inside the proton.

It is worth pointing out that in models for enhanced
AF B in which a mediator is exchanged in theu-channel
rather than the t-channel, e.g., a color triplet or sextet
scalar S [22, 24Ð27] with couplings S tR uR (where the
color indices have been suppressed), single mediator pro-
duction via the analog of Fig. 1b would lead to a positive
contribution to AC [28]. This is easily understood, as in
this case the mediator would decay to a top quark rather
than an anti-top quark.

Associated Z

! production is subject to several con-
straints which need to be checked in order to estab-
lish the viability of our mechanism for reducing AC .
The most relevant ones are: i) the LHC t

ø
t cross sec-

tion measurement, which constrains the product" (pp !
Z

!
t) # Br(Z ! ! tøu) [29]; ii) the CDF, CMS and ATLAS

collaborations Z

! ! t + jet resonance searches [30Ð32],
that yield direct bounds on the above product [33]; iii)
the CMS measurement of the jet multiplicity distribu-
tion in semileptonic t

ø
t events, which is consistent with

SM Monte Carlo studies [34], thus potentially constrain-
ing NP models which produce extra jets [35].

Constraints ii) and iii) become weaker as theZ ! mass
approachesmt from above. Because theu quark be-
comes softer, the resonance searches lose sensitivity and
the jet multiplicities become more SM like. Furthermore,
a reduction of Br(Z ! ! tøu) trivially reduces the impact
of searchesi) -iii) . In fact, we will see that the ranges
MZ ! $ 200" 300 GeV and Br(Z ! ! ø

tu) $ 1/4 " 1/3
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Ligeti, Tavares & Schmaltz, 1103.2757

Giudice et al., 1105.3161
...

Z’ of Berger et al., 1101.5625

Aguilar-Saavedra & Perez-Victoria,
1104.1385

Degrande et al.,1104.1798
Gresham et al., 1203.1320

...

2 Proceedings of the DPF-2011 Conference, Providence, RI, August 8-13, 2011

u

øu

t

øt

u

øu

t

øt

u

u

t

t

u

u

t

t

u

g

t

t

øu

u

g t

t

øu

(a) (b)

(c) (d)

(e) (f )

g
Z ′

Z ′ Z ′

Z ′
Z ′

Figure 1: Diagrams for (a) tt̄ production in the SM, (b) tt̄ production induced by Z′ exchange, (c,d) tt pair production,
and (e,f) ttū production.

further consider same-signtt pair production in association with a jet, as depicted in Fig. 1(e) and (f), from
which one can obtain the invariant mass of theZ ′ from the reconstructed top quarks and the additional jet.
Note that there is no resonance in thett invariant mass spectrum since both top quarks are produced in the
t-channel. Our inclusive cross sections fortt and ttøu are shown in Ref. [7] as a function of theZ ′ mass. Thettøu
rate is smaller because it relies on the gluon-quark luminosity, smaller than the large valenceuu luminosity.

2. Analysis of the Tevatron Data

The forward-backward rapidity asymmetry AFB is deÞned as

AFB =
σF − σB

σF + σB
=

σSM
F − σSM

B + σNP
F − σNP

B

σSM
F + σSM

B + σNP
F + σNP

B

= ANP
FB ×R + ASM

FB (1 −R) (2)

whereσF (B) denotes thetøt cross section in the forward (F) and backward (B) rapidity region, and

ANP
FB ≡ (σNP

F − σNP
B )/(σNP

F + σNP
B ),

ASM
FB ≡ (σSM

F − σSM
B )/(σSM

F + σSM
B )

R ≡ (σNP
tot )/(σSM

tot + σNP
tot ) (3)

are the asymmetries induced by NP and in the SM, andR is the fraction of the NP contribution to the total
cross section. The standard model QCD and new physics contributions to the cross sections are denoted by
superscripts SM and NP. There are tight constraints on the modelfrom Tevatron data alone. The inclusive
cross section fortøt production agrees with QCD SM expectations within the uncertainties of both experiment
and theory, so the cross section itself limits the magnitude of the right-handed coupling fR from above, as do
the data on the tøt invariant mass spectrum. On the other hand, the observed large size ofAFB bounds fR from
below. The shaded regions in thefR plane in Fig. 2 are derived from requiring consistency with bothAFB [1]
and the tøt production cross sectionσ(tøt) [9]:

AFB = 0 .475± 0.114 formtt̄ ≥ 450 GeV

σ(tøt) = 7 .50± 0.48 pb. (4)



• t- (u-) channel exchange (many possibilities)

• requires large flavor-off-diagonal couplings

• asymmetries driven by kinematics (Rutherford scattering)

• expect sizable σ excess in the forward region: top quarks at LHCb?

• alternatively extend rapidity coverage of semileptonic tt events at ATLAS & 
CMS - y dependent charge asymmetries
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large AF B measurements and the SM-likeAC measure-
ments, as the underlying candidate NP processes often
yield correlated positive contributions to both [12, 13].1

The main purpose of this paper is to point out that
there is a class of models in which positive contributions
to AF B and AC are correlated with an additional nega-
tive contribution to AC . Therefore, the latter tends to
be small, in agreement with current data. A state with
[øtu] or [øtd] ßavor quantum numbers is required. The pos-
sible examples are the [øtu] ßavoredZ ! [16] (see also [17])
or [øtd] W

! [18] vector mediators, and the [øtu] ßavored
SU (2)L doublet scalar mediator ! [19]. In this paper
we focus on theZ ! color- and weak-singlet, with a cou-
pling to the right-handed up and top quarks. Exchange
of the Z

! in the t-channel, see Fig.1a, would lead to an
increase inAF B vs. mt øt , and a positive contribution to
AC in excess of the measurements [12, 13], due to for-
ward peaking. However, associated production of theZ !

with a top-quark would produce an additional negative
contribution to AC . Presumably, this would also be the
case for theW ! and ! . However, we leave the question
of the overall viability of these models for future studies.

The leading orderug ! Z

!
t ! u

ø
tt Feynman diagrams

are shown in Figs.1b and 1c. The e↵ect we are interested
in is due to the top quark exchange diagram in Fig.1b.
The Z

! decay yields aø
t quark which tends to be boosted

in the same direction as the incomingu quark. Taking
into account the harder u quark vs. gluon PDFÕs in the
proton, one concludes that on average theøt is produced
with a larger rapidity than the t, thus yielding a negative
contribution to AC . The e�ciency of this mechanism is
illustrated in Fig. 2 for one of the Z

! benchmark points
(p3) listed in Table II . The pp ! (Z !

t, Z

!†ø
t) ! ø

ttX di↵er-
ential cross section plots in Fig. 2a and Fig. 2b, respec-
tively, exhibit the dominance of ø

t (t) production at larger
(smaller) rapidities and the dominance of tøt production
for |yt | " |yøt | < 0. According to Fig. 2b, the charge
asymmetry from associated vector mediator production
alone can be large and negative, e.g.,AC = " 18% for the
example shown.

At the LHC, the cross section for the CP conjugate
process, øug ! Z

!†ø
t ! øutøt, is typically an order of mag-

nitude smaller, due to the øu-quark PDF in the initial
state. A corollary is that the negative contribution to
AC does not depend on whether theZ ! is self conjugate
or not. However, bounds on same sign top production
can rule out a self conjugateZ ! . In fact, ßavor symmet-
ric realizations of the vector t-channel models [20, 22, 24]
proposed to trivially evade the bounds on same sign top
or single top production and FCNCÕs, e.g.,D " ø

D mix-
ing, would contain a CP conjugate pair of [øtu] and [tøu]

1 However, in the case of a light s-channel axigluon, it has recently
been shown that di ↵erent couplings to the u and d quarks can
lead to partial cancelations between the uøu and d ød contributions,
thus su�ciently suppressing AC , with only a small impact on
AF B , which can be sizable and positive [ 14, 15].

u t

øtøu

Z !

g t

t̄u

u
Z !t

g t

t̄

u
uZ !

u

Figure 1: Feynman diagrams for (a) t-channel Z ! exchange
contribution to uøu ! tøt, and associated singleZ ! production
in the t channel (b) and s channel (c).

ßavoredZ

!Õs. At the Tevatron, associated production of
the vector mediators produces a negative contribution to
AF B . However, this e↵ect is suppressed relative to the
positive AF B contribution from Fig. 1a by the smaller
gluon vs. u-quark PDFÕs inside the proton.

It is worth pointing out that in models for enhanced
AF B in which a mediator is exchanged in theu-channel
rather than the t-channel, e.g., a color triplet or sextet
scalar S [22, 24Ð27] with couplings S tR uR (where the
color indices have been suppressed), single mediator pro-
duction via the analog of Fig. 1b would lead to a positive
contribution to AC [28]. This is easily understood, as in
this case the mediator would decay to a top quark rather
than an anti-top quark.

Associated Z

! production is subject to several con-
straints which need to be checked in order to estab-
lish the viability of our mechanism for reducing AC .
The most relevant ones are: i) the LHC t

ø
t cross sec-

tion measurement, which constrains the product" (pp !
Z

!
t) # Br(Z ! ! tøu) [29]; ii) the CDF, CMS and ATLAS

collaborations Z

! ! t + jet resonance searches [30Ð32],
that yield direct bounds on the above product [33]; iii)
the CMS measurement of the jet multiplicity distribu-
tion in semileptonic t

ø
t events, which is consistent with

SM Monte Carlo studies [34], thus potentially constrain-
ing NP models which produce extra jets [35].

Constraints ii) and iii) become weaker as theZ ! mass
approachesmt from above. Because theu quark be-
comes softer, the resonance searches lose sensitivity and
the jet multiplicities become more SM like. Furthermore,
a reduction of Br(Z ! ! tøu) trivially reduces the impact
of searchesi) -iii) . In fact, we will see that the ranges
MZ ! $ 200" 300 GeV and Br(Z ! ! ø

tu) $ 1/4 " 1/3
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• t- (u-) channel exchange (many possibilities)

• requires large flavor-off-diagonal couplings

• asymmetries driven by kinematics (Rutherford scattering)

• rigid correlation between AFB and AC
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large AF B measurements and the SM-likeAC measure-
ments, as the underlying candidate NP processes often
yield correlated positive contributions to both [12, 13].1

The main purpose of this paper is to point out that
there is a class of models in which positive contributions
to AF B and AC are correlated with an additional nega-
tive contribution to AC . Therefore, the latter tends to
be small, in agreement with current data. A state with
[øtu] or [øtd] ßavor quantum numbers is required. The pos-
sible examples are the [øtu] ßavoredZ ! [16] (see also [17])
or [øtd] W

! [18] vector mediators, and the [øtu] ßavored
SU (2)L doublet scalar mediator ! [19]. In this paper
we focus on theZ ! color- and weak-singlet, with a cou-
pling to the right-handed up and top quarks. Exchange
of the Z

! in the t-channel, see Fig.1a, would lead to an
increase inAF B vs. mt øt , and a positive contribution to
AC in excess of the measurements [12, 13], due to for-
ward peaking. However, associated production of theZ !

with a top-quark would produce an additional negative
contribution to AC . Presumably, this would also be the
case for theW ! and ! . However, we leave the question
of the overall viability of these models for future studies.

The leading orderug ! Z

!
t ! u

ø
tt Feynman diagrams

are shown in Figs.1b and 1c. The e↵ect we are interested
in is due to the top quark exchange diagram in Fig.1b.
The Z

! decay yields aø
t quark which tends to be boosted

in the same direction as the incomingu quark. Taking
into account the harder u quark vs. gluon PDFÕs in the
proton, one concludes that on average theøt is produced
with a larger rapidity than the t, thus yielding a negative
contribution to AC . The e�ciency of this mechanism is
illustrated in Fig. 2 for one of the Z

! benchmark points
(p3) listed in Table II . The pp ! (Z !

t, Z

!†ø
t) ! ø

ttX di↵er-
ential cross section plots in Fig. 2a and Fig. 2b, respec-
tively, exhibit the dominance of ø

t (t) production at larger
(smaller) rapidities and the dominance of tøt production
for |yt | " |yøt | < 0. According to Fig. 2b, the charge
asymmetry from associated vector mediator production
alone can be large and negative, e.g.,AC = " 18% for the
example shown.

At the LHC, the cross section for the CP conjugate
process, øug ! Z

!†ø
t ! øutøt, is typically an order of mag-

nitude smaller, due to the øu-quark PDF in the initial
state. A corollary is that the negative contribution to
AC does not depend on whether theZ ! is self conjugate
or not. However, bounds on same sign top production
can rule out a self conjugateZ ! . In fact, ßavor symmet-
ric realizations of the vector t-channel models [20, 22, 24]
proposed to trivially evade the bounds on same sign top
or single top production and FCNCÕs, e.g.,D " ø

D mix-
ing, would contain a CP conjugate pair of [øtu] and [tøu]

1 However, in the case of a light s-channel axigluon, it has recently
been shown that di ↵erent couplings to the u and d quarks can
lead to partial cancelations between the uøu and d ød contributions,
thus su�ciently suppressing AC , with only a small impact on
AF B , which can be sizable and positive [ 14, 15].

u t

øtøu

Z !

g t

t̄u

u
Z !t

g t

t̄

u
uZ !

u

Figure 1: Feynman diagrams for (a) t-channel Z ! exchange
contribution to uøu ! tøt, and associated singleZ ! production
in the t channel (b) and s channel (c).

ßavoredZ

!Õs. At the Tevatron, associated production of
the vector mediators produces a negative contribution to
AF B . However, this e↵ect is suppressed relative to the
positive AF B contribution from Fig. 1a by the smaller
gluon vs. u-quark PDFÕs inside the proton.

It is worth pointing out that in models for enhanced
AF B in which a mediator is exchanged in theu-channel
rather than the t-channel, e.g., a color triplet or sextet
scalar S [22, 24Ð27] with couplings S tR uR (where the
color indices have been suppressed), single mediator pro-
duction via the analog of Fig. 1b would lead to a positive
contribution to AC [28]. This is easily understood, as in
this case the mediator would decay to a top quark rather
than an anti-top quark.

Associated Z

! production is subject to several con-
straints which need to be checked in order to estab-
lish the viability of our mechanism for reducing AC .
The most relevant ones are: i) the LHC t

ø
t cross sec-

tion measurement, which constrains the product" (pp !
Z

!
t) # Br(Z ! ! tøu) [29]; ii) the CDF, CMS and ATLAS

collaborations Z

! ! t + jet resonance searches [30Ð32],
that yield direct bounds on the above product [33]; iii)
the CMS measurement of the jet multiplicity distribu-
tion in semileptonic t

ø
t events, which is consistent with

SM Monte Carlo studies [34], thus potentially constrain-
ing NP models which produce extra jets [35].

Constraints ii) and iii) become weaker as theZ ! mass
approachesmt from above. Because theu quark be-
comes softer, the resonance searches lose sensitivity and
the jet multiplicities become more SM like. Furthermore,
a reduction of Br(Z ! ! tøu) trivially reduces the impact
of searchesi) -iii) . In fact, we will see that the ranges
MZ ! $ 200" 300 GeV and Br(Z ! ! ø

tu) $ 1/4 " 1/3
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large AF B measurements and the SM-likeAC measure-
ments, as the underlying candidate NP processes often
yield correlated positive contributions to both [12, 13].1

The main purpose of this paper is to point out that
there is a class of models in which positive contributions
to AF B and AC are correlated with an additional nega-
tive contribution to AC . Therefore, the latter tends to
be small, in agreement with current data. A state with
[øtu] or [øtd] ßavor quantum numbers is required. The pos-
sible examples are the [øtu] ßavoredZ ! [16] (see also [17])
or [øtd] W

! [18] vector mediators, and the [øtu] ßavored
SU (2)L doublet scalar mediator ! [19]. In this paper
we focus on theZ ! color- and weak-singlet, with a cou-
pling to the right-handed up and top quarks. Exchange
of the Z

! in the t-channel, see Fig.1a, would lead to an
increase inAF B vs. mt øt , and a positive contribution to
AC in excess of the measurements [12, 13], due to for-
ward peaking. However, associated production of theZ !

with a top-quark would produce an additional negative
contribution to AC . Presumably, this would also be the
case for theW ! and ! . However, we leave the question
of the overall viability of these models for future studies.

The leading orderug ! Z

!
t ! u

ø
tt Feynman diagrams

are shown in Figs.1b and 1c. The e↵ect we are interested
in is due to the top quark exchange diagram in Fig.1b.
The Z

! decay yields aø
t quark which tends to be boosted

in the same direction as the incomingu quark. Taking
into account the harder u quark vs. gluon PDFÕs in the
proton, one concludes that on average theøt is produced
with a larger rapidity than the t, thus yielding a negative
contribution to AC . The e�ciency of this mechanism is
illustrated in Fig. 2 for one of the Z

! benchmark points
(p3) listed in Table II . The pp ! (Z !

t, Z

!†ø
t) ! ø

ttX di↵er-
ential cross section plots in Fig. 2a and Fig. 2b, respec-
tively, exhibit the dominance of ø

t (t) production at larger
(smaller) rapidities and the dominance of tøt production
for |yt | " |yøt | < 0. According to Fig. 2b, the charge
asymmetry from associated vector mediator production
alone can be large and negative, e.g.,AC = " 18% for the
example shown.

At the LHC, the cross section for the CP conjugate
process, øug ! Z

!†ø
t ! øutøt, is typically an order of mag-

nitude smaller, due to the øu-quark PDF in the initial
state. A corollary is that the negative contribution to
AC does not depend on whether theZ ! is self conjugate
or not. However, bounds on same sign top production
can rule out a self conjugateZ ! . In fact, ßavor symmet-
ric realizations of the vector t-channel models [20, 22, 24]
proposed to trivially evade the bounds on same sign top
or single top production and FCNCÕs, e.g.,D " ø

D mix-
ing, would contain a CP conjugate pair of [øtu] and [tøu]

1 However, in the case of a light s-channel axigluon, it has recently
been shown that di ↵erent couplings to the u and d quarks can
lead to partial cancelations between the uøu and d ød contributions,
thus su�ciently suppressing AC , with only a small impact on
AF B , which can be sizable and positive [ 14, 15].

u t

øtøu

Z !

g t

t̄u

u
Z !t

g t

t̄

u
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Figure 1: Feynman diagrams for (a) t-channel Z ! exchange
contribution to uøu ! tøt, and associated singleZ ! production
in the t channel (b) and s channel (c).

ßavoredZ

!Õs. At the Tevatron, associated production of
the vector mediators produces a negative contribution to
AF B . However, this e↵ect is suppressed relative to the
positive AF B contribution from Fig. 1a by the smaller
gluon vs. u-quark PDFÕs inside the proton.

It is worth pointing out that in models for enhanced
AF B in which a mediator is exchanged in theu-channel
rather than the t-channel, e.g., a color triplet or sextet
scalar S [22, 24Ð27] with couplings S tR uR (where the
color indices have been suppressed), single mediator pro-
duction via the analog of Fig. 1b would lead to a positive
contribution to AC [28]. This is easily understood, as in
this case the mediator would decay to a top quark rather
than an anti-top quark.

Associated Z

! production is subject to several con-
straints which need to be checked in order to estab-
lish the viability of our mechanism for reducing AC .
The most relevant ones are: i) the LHC t

ø
t cross sec-

tion measurement, which constrains the product" (pp !
Z

!
t) # Br(Z ! ! tøu) [29]; ii) the CDF, CMS and ATLAS

collaborations Z

! ! t + jet resonance searches [30Ð32],
that yield direct bounds on the above product [33]; iii)
the CMS measurement of the jet multiplicity distribu-
tion in semileptonic t

ø
t events, which is consistent with

SM Monte Carlo studies [34], thus potentially constrain-
ing NP models which produce extra jets [35].

Constraints ii) and iii) become weaker as theZ ! mass
approachesmt from above. Because theu quark be-
comes softer, the resonance searches lose sensitivity and
the jet multiplicities become more SM like. Furthermore,
a reduction of Br(Z ! ! tøu) trivially reduces the impact
of searchesi) -iii) . In fact, we will see that the ranges
MZ ! $ 200" 300 GeV and Br(Z ! ! ø

tu) $ 1/4 " 1/3
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large AF B measurements and the SM-likeAC measure-
ments, as the underlying candidate NP processes often
yield correlated positive contributions to both [12, 13].1

The main purpose of this paper is to point out that
there is a class of models in which positive contributions
to AF B and AC are correlated with an additional nega-
tive contribution to AC . Therefore, the latter tends to
be small, in agreement with current data. A state with
[øtu] or [øtd] ßavor quantum numbers is required. The pos-
sible examples are the [øtu] ßavoredZ ! [16] (see also [17])
or [øtd] W ! [18] vector mediators, and the [øtu] ßavored
SU(2)L doublet scalar mediator ! [19]. In this paper
we focus on theZ ! color- and weak-singlet, with a cou-
pling to the right-handed up and top quarks. Exchange
of the Z ! in the t-channel, see Fig.1a, would lead to an
increase inAF B vs. mt øt , and a positive contribution to
AC in excess of the measurements [12, 13], due to for-
ward peaking. However, associated production of theZ !

with a top-quark would produce an additional negative
contribution to AC . Presumably, this would also be the
case for theW ! and ! . However, we leave the question
of the overall viability of these models for future studies.

The leading order ug ! Z !t ! uøtt Feynman diagrams
are shown in Figs.1b and 1c. The e! ect we are interested
in is due to the top quark exchange diagram in Fig.1b.
The Z ! decay yields aøt quark which tends to be boosted
in the same direction as the incomingu quark. Taking
into account the harder u quark vs. gluon PDFÕs in the
proton, one concludes that on average theøt is produced
with a larger rapidity than the t, thus yielding a negative
contribution to AC . The e" ciency of this mechanism is
illustrated in Fig. 2 for one of the Z ! benchmark points
(p3) listed in Table II . The pp ! (Z !t, Z !  øt) ! øttX di! er-
ential cross section plots in Fig. 2a and Fig. 2b, respec-
tively, exhibit the dominance of øt (t) production at larger
(smaller) rapidities and the dominance of tøt production
for |yt | " |yøt | < 0. According to Fig. 2b, the charge
asymmetry from associated vector mediator production
alone can be large and negative, e.g.,AC = " 18% for the
example shown.

At the LHC, the cross section for the CP conjugate
process, øug ! Z !  øt ! øutøt, is typically an order of mag-
nitude smaller, due to the øu-quark PDF in the initial
state. A corollary is that the negative contribution to
AC does not depend on whether theZ ! is self conjugate
or not. However, bounds on same sign top production
can rule out a self conjugateZ !. In fact, ßavor symmet-
ric realizations of the vector t-channel models [20, 22, 24]
proposed to trivially evade the bounds on same sign top
or single top production and FCNCÕs, e.g.,D " øD mix-
ing, would contain a CP conjugate pair of [øtu] and [t øu]

1 However, in the case of a light s-channel axigluon, it has recently
been shown that di ! erent couplings to the u and d quarks can
lead to partial cancelations between the uøu and d ød contributions,
thus su" ciently suppressing A C , with only a small impact on
A F B , which can be sizable and positive [ 14, 15].
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Figure 1: Feynman diagrams for (a) t-channel Z ! exchange
contribution to uøu ! tøt, and associated singleZ ! production
in the t channel (b) and s channel (c).

ßavored Z !Õs. At the Tevatron, associated production of
the vector mediators produces a negative contribution to
AF B . However, this e! ect is suppressed relative to the
positive AF B contribution from Fig. 1a by the smaller
gluon vs. u-quark PDFÕs inside the proton.

It is worth pointing out that in models for enhanced
AF B in which a mediator is exchanged in theu-channel
rather than the t-channel, e.g., a color triplet or sextet
scalar S [22, 24Ð27] with couplings S tR uR (where the
color indices have been suppressed), single mediator pro-
duction via the analog of Fig. 1b would lead to a positive
contribution to AC [28]. This is easily understood, as in
this case the mediator would decay to a top quark rather
than an anti-top quark.

Associated Z ! production is subject to several con-
straints which need to be checked in order to estab-
lish the viability of our mechanism for reducing AC .
The most relevant ones are: i) the LHC tøt cross sec-
tion measurement, which constrains the product" (pp !
Z !t) # Br( Z ! ! t øu) [29]; ii) the CDF, CMS and ATLAS
collaborations Z ! ! t + jet resonance searches [30Ð32],
that yield direct bounds on the above product [33]; iii)
the CMS measurement of the jet multiplicity distribu-
tion in semileptonic tøt events, which is consistent with
SM Monte Carlo studies [34], thus potentially constrain-
ing NP models which produce extra jets [35].

Constraints ii) and iii) become weaker as theZ ! mass
approachesmt from above. Because theu quark be-
comes softer, the resonance searches lose sensitivity and
the jet multiplicities become more SM like. Furthermore,
a reduction of Br(Z ! ! t øu) trivially reduces the impact
of searchesi) -iii) . In fact, we will see that the ranges
M Z ! $ 200" 300 GeV and Br(Z ! ! øtu) $ 1/ 4 " 1/ 3
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large AF B measurements and the SM-likeAC measure-
ments, as the underlying candidate NP processes often
yield correlated positive contributions to both [12, 13].1

The main purpose of this paper is to point out that
there is a class of models in which positive contributions
to AF B and AC are correlated with an additional nega-
tive contribution to AC . Therefore, the latter tends to
be small, in agreement with current data. A state with
[øtu] or [øtd] ßavor quantum numbers is required. The pos-
sible examples are the [øtu] ßavoredZ ! [16] (see also [17])
or [øtd] W ! [18] vector mediators, and the [øtu] ßavored
SU(2)L doublet scalar mediator ! [19]. In this paper
we focus on theZ ! color- and weak-singlet, with a cou-
pling to the right-handed up and top quarks. Exchange
of the Z ! in the t-channel, see Fig.1a, would lead to an
increase inAF B vs. mt øt , and a positive contribution to
AC in excess of the measurements [12, 13], due to for-
ward peaking. However, associated production of theZ !

with a top-quark would produce an additional negative
contribution to AC . Presumably, this would also be the
case for theW ! and ! . However, we leave the question
of the overall viability of these models for future studies.

The leading order ug ! Z !t ! uøtt Feynman diagrams
are shown in Figs.1b and 1c. The e! ect we are interested
in is due to the top quark exchange diagram in Fig.1b.
The Z ! decay yields aøt quark which tends to be boosted
in the same direction as the incomingu quark. Taking
into account the harder u quark vs. gluon PDFÕs in the
proton, one concludes that on average theøt is produced
with a larger rapidity than the t, thus yielding a negative
contribution to AC . The e" ciency of this mechanism is
illustrated in Fig. 2 for one of the Z ! benchmark points
(p3) listed in Table II . The pp ! (Z !t, Z !  øt) ! øttX di! er-
ential cross section plots in Fig. 2a and Fig. 2b, respec-
tively, exhibit the dominance of øt (t) production at larger
(smaller) rapidities and the dominance of tøt production
for |yt | " |yøt | < 0. According to Fig. 2b, the charge
asymmetry from associated vector mediator production
alone can be large and negative, e.g.,AC = " 18% for the
example shown.

At the LHC, the cross section for the CP conjugate
process, øug ! Z !  øt ! øutøt, is typically an order of mag-
nitude smaller, due to the øu-quark PDF in the initial
state. A corollary is that the negative contribution to
AC does not depend on whether theZ ! is self conjugate
or not. However, bounds on same sign top production
can rule out a self conjugateZ !. In fact, ßavor symmet-
ric realizations of the vector t-channel models [20, 22, 24]
proposed to trivially evade the bounds on same sign top
or single top production and FCNCÕs, e.g.,D " øD mix-
ing, would contain a CP conjugate pair of [øtu] and [t øu]

1 However, in the case of a light s-channel axigluon, it has recently
been shown that di ! erent couplings to the u and d quarks can
lead to partial cancelations between the uøu and d ød contributions,
thus su" ciently suppressing A C , with only a small impact on
A F B , which can be sizable and positive [ 14, 15].
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Figure 1: Feynman diagrams for (a) t-channel Z ! exchange
contribution to uøu ! tøt, and associated singleZ ! production
in the t channel (b) and s channel (c).

ßavored Z !Õs. At the Tevatron, associated production of
the vector mediators produces a negative contribution to
AF B . However, this e! ect is suppressed relative to the
positive AF B contribution from Fig. 1a by the smaller
gluon vs. u-quark PDFÕs inside the proton.

It is worth pointing out that in models for enhanced
AF B in which a mediator is exchanged in theu-channel
rather than the t-channel, e.g., a color triplet or sextet
scalar S [22, 24Ð27] with couplings S tR uR (where the
color indices have been suppressed), single mediator pro-
duction via the analog of Fig. 1b would lead to a positive
contribution to AC [28]. This is easily understood, as in
this case the mediator would decay to a top quark rather
than an anti-top quark.

Associated Z ! production is subject to several con-
straints which need to be checked in order to estab-
lish the viability of our mechanism for reducing AC .
The most relevant ones are: i) the LHC tøt cross sec-
tion measurement, which constrains the product" (pp !
Z !t) # Br( Z ! ! t øu) [29]; ii) the CDF, CMS and ATLAS
collaborations Z ! ! t + jet resonance searches [30Ð32],
that yield direct bounds on the above product [33]; iii)
the CMS measurement of the jet multiplicity distribu-
tion in semileptonic tøt events, which is consistent with
SM Monte Carlo studies [34], thus potentially constrain-
ing NP models which produce extra jets [35].

Constraints ii) and iii) become weaker as theZ ! mass
approachesmt from above. Because theu quark be-
comes softer, the resonance searches lose sensitivity and
the jet multiplicities become more SM like. Furthermore,
a reduction of Br(Z ! ! t øu) trivially reduces the impact
of searchesi) -iii) . In fact, we will see that the ranges
M Z ! $ 200" 300 GeV and Br(Z ! ! øtu) $ 1/ 4 " 1/ 3
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Figure 9: Reach at the 7 TeV LHC for a W ! resonance (a), which couples primarily to down-top,

and for a Z !
H resonance (b) and triplet resonance (c), which couple primarily to up-top. Lines

of constant coupling gR as deÞned in (1) are shown in gray, assuming 100% branching ratios to

top-jet. Note that the W ! and Z !
H couplings to øtRqR are deÞned with a factor of 1/

!
2.

Appendix B: ! 2 statistic in Semi-leptonic Top Pair System

In the semi-leptonic top decays, all momenta except the neutrino momentum are directly

measured in the detector. For the neutrino, the transverse directional components are

determined by the missing transverse momentum. The longitudinal and time component

must be determined as those giving the best Þt value of! 2
tøt for Eqs. (A1)Ð(A5). In this

section, we summarize the deÞnition of! 2
tøt in a semi-leptonic top pair system.

The ! 2
tøt statistic represents the likelihood of the hypotheses, Eqs. (A1)Ð(A5). It is written

as

! 2
tøt = yT áV " 1 áy, (B1)
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Importance of associated production 

• t- (u-) channel models predict flavor violating (t-j) resonances in t-associated 
production

• Important influence on inclusive tt production (Z’ example)

• t  from Z’ decay boosted in direction of incoming u

• at LHC u (but not u) harder than g

• at Tevatron g PDF suppressed

• Required incoherent contribution ~few %!
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tøtX at

#
s = 7 TeV, for benchmark point p3 in Table II . The

subscripts B and F refer to |yt| ! |yøt| < 0 and > 0, respec-
tively.

are preferred, with the best overall Þts occurring forM Z !

near 220 GeV. A su! cient negative shift in AC can be
obtained, after taking the branching ratio into account,
due to the sizable negative charge asymmetry intrinsic to
associatedZ !(! øtu) production.

The favored range for Br(Z ! ! øtu) raises an immedi-
ate question: what are the viable candidates for the miss-
ing dominant Z ! decay? Some possibilities that come to
mind are invisible decays, decays to light quark pairs,
and decays to a pair of scalars which subsequently decay
to quark pairs, which could include a virtual top quark. 2

The Þrst option yields mono-top events [37, 38]. The
CDF collaboration performed a search for the monotop
signal and obtains a bound on the cross section of 0.5 pb
based on 7.7 fb" 1 of data [39] (for a Z ! mass between
0 and 150 GeV, while the bound would be weaker for a
heavierZ !). This means that all of the benchmarks to be
discussed below are allowed to decay predominantly into
invisible states. The second and third options result in a
t + n jets Þnal state (n " 2). Single top searches at the
Tevatron [40Ð43] and the LHC [44, 45] have not been op-

2 The last option could be realized in ßavor symmetric models
based on new strong interactions, in which the Z0Õs are composite
elements of a ßavor nonet, analogous to the K⇤± of QCD, with
dominant decays to pseudo Nambu-Goldstone bosons [ 36].

timized for the higher number of high pT jets compared
to the SM. Nevertheless they may pose an important con-
straint. A detailed investigation of these issues is left for
future work.

Finally, the Z ! model is subject to low energy con-
straints from atomic parity violation (APV) measure-
ments [52], as are theW ! and ! models. As it stands, the
Z ! model only contains massive vectors with ßavor vio-
lating couplings to quarks. Thus, a UV completion would
be required in order to render it renormalizable, and sim-
ilarly for the W ! model. As we shall see, at the level of
an e" ective theory in which one only considers the e" ects
of the Z !, the severity of these constraints signiÞcantly
weaken (we also comment below on possible UV comple-
tion of our model). A shift in the Cs weak nuclear charge
QW (133Cs) due to the nuclear matrix element corrections
recently discussed in [53] also ameliorate the APV con-
straints. Thus, one can not claim any tension with the
APV data in the preferred region of parameter space for
the Z ! model.

The organization of the paper is as follows. In Sec-
tion II we discuss our Þts to the Tevatron and LHCtøt
production data, thus arriving at the preferred region of
parameter space for theZ ! model. We will demonstrate
that the addition of associated Z ! production is crucial
for obtaining a good Þt, due to the LHC measurements of
AC . This is illustrated in Fig. 7, which is the main result
of this paper. We also check that the predicted Tevatron
and LHC mt øt spectra agree with the measured ones. In
Section III we discuss the impact of thetj resonance
searches and jet multiplicity measurements. Atomic par-
ity violation is discussed in SectionIV . In Section V we
brießy discuss the implications of theZ ! model for the
leptonic forward-backward and charge asymmetries, and
conclude.

II. IMPORTANCE OF ASSOCIATED Z0

PRODUCTION

The Lagrangian for the Z ! model is given by

L = gut Z !
µ øuR " µ tR + h .c. + M 2

Z ! Z !  
µ Z ! µ . (8)

As previously mentioned, the Z ! would not be self-
conjugate if it transformed non-trivially under ßavor
symmetries introduced to suppress same sign top or sin-
gle top production and FCNCÕs [20, 22, 24]. However,
a self-conjugateZ ! would not modify the results of our
analyses fortøt observables. We employ a#2 function to
search for optimal ranges of the couplinggut , the vector
massM Z ! , and Br(Z ! ! t øu). Six tøt production observ-
ables enter our Þt: the total Tevatron and LHC cross
sections,$TEV

tot and $LHC
tot , the Tevatron inclusive forward-

backward asymmetry AF B , the ones formt øt " 450 GeV
and mt øt < 450 GeV denoted asAlow

F B and Ahigh
F B respec-

tively, and the LHC inclusive charge asymmetryAC . The
experimental values are listed in the second column of Ta-
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large AF B measurements and the SM-likeAC measure-
ments, as the underlying candidate NP processes often
yield correlated positive contributions to both [12, 13].1

The main purpose of this paper is to point out that
there is a class of models in which positive contributions
to AF B and AC are correlated with an additional nega-
tive contribution to AC . Therefore, the latter tends to
be small, in agreement with current data. A state with
[øtu] or [øtd] ßavor quantum numbers is required. The pos-
sible examples are the [øtu] ßavoredZ ! [16] (see also [17])
or [øtd] W ! [18] vector mediators, and the [øtu] ßavored
SU(2)L doublet scalar mediator ! [19]. In this paper
we focus on theZ ! color- and weak-singlet, with a cou-
pling to the right-handed up and top quarks. Exchange
of the Z ! in the t-channel, see Fig.1a, would lead to an
increase inAF B vs. mt øt , and a positive contribution to
AC in excess of the measurements [12, 13], due to for-
ward peaking. However, associated production of theZ !

with a top-quark would produce an additional negative
contribution to AC . Presumably, this would also be the
case for theW ! and ! . However, we leave the question
of the overall viability of these models for future studies.

The leading order ug ! Z !t ! uøtt Feynman diagrams
are shown in Figs.1b and 1c. The e! ect we are interested
in is due to the top quark exchange diagram in Fig.1b.
The Z ! decay yields aøt quark which tends to be boosted
in the same direction as the incomingu quark. Taking
into account the harder u quark vs. gluon PDFÕs in the
proton, one concludes that on average theøt is produced
with a larger rapidity than the t, thus yielding a negative
contribution to AC . The e" ciency of this mechanism is
illustrated in Fig. 2 for one of the Z ! benchmark points
(p3) listed in Table II . The pp ! (Z !t, Z !  øt) ! øttX di! er-
ential cross section plots in Fig. 2a and Fig. 2b, respec-
tively, exhibit the dominance of øt (t) production at larger
(smaller) rapidities and the dominance of tøt production
for |yt | " |yøt | < 0. According to Fig. 2b, the charge
asymmetry from associated vector mediator production
alone can be large and negative, e.g.,AC = " 18% for the
example shown.

At the LHC, the cross section for the CP conjugate
process, øug ! Z !  øt ! øutøt, is typically an order of mag-
nitude smaller, due to the øu-quark PDF in the initial
state. A corollary is that the negative contribution to
AC does not depend on whether theZ ! is self conjugate
or not. However, bounds on same sign top production
can rule out a self conjugateZ !. In fact, ßavor symmet-
ric realizations of the vector t-channel models [20, 22, 24]
proposed to trivially evade the bounds on same sign top
or single top production and FCNCÕs, e.g.,D " øD mix-
ing, would contain a CP conjugate pair of [øtu] and [t øu]

1 However, in the case of a light s-channel axigluon, it has recently
been shown that di ! erent couplings to the u and d quarks can
lead to partial cancelations between the uøu and d ød contributions,
thus su" ciently suppressing A C , with only a small impact on
A F B , which can be sizable and positive [ 14, 15].

u t

øtøu

Z !

g t

øtu

u
Z !t

g t

øt

u
uZ !

u

Figure 1: Feynman diagrams for (a) t-channel Z ! exchange
contribution to uøu ! tøt, and associated singleZ ! production
in the t channel (b) and s channel (c).

ßavored Z !Õs. At the Tevatron, associated production of
the vector mediators produces a negative contribution to
AF B . However, this e! ect is suppressed relative to the
positive AF B contribution from Fig. 1a by the smaller
gluon vs. u-quark PDFÕs inside the proton.

It is worth pointing out that in models for enhanced
AF B in which a mediator is exchanged in theu-channel
rather than the t-channel, e.g., a color triplet or sextet
scalar S [22, 24Ð27] with couplings S tR uR (where the
color indices have been suppressed), single mediator pro-
duction via the analog of Fig. 1b would lead to a positive
contribution to AC [28]. This is easily understood, as in
this case the mediator would decay to a top quark rather
than an anti-top quark.

Associated Z ! production is subject to several con-
straints which need to be checked in order to estab-
lish the viability of our mechanism for reducing AC .
The most relevant ones are: i) the LHC tøt cross sec-
tion measurement, which constrains the product" (pp !
Z !t) # Br( Z ! ! t øu) [29]; ii) the CDF, CMS and ATLAS
collaborations Z ! ! t + jet resonance searches [30Ð32],
that yield direct bounds on the above product [33]; iii)
the CMS measurement of the jet multiplicity distribu-
tion in semileptonic tøt events, which is consistent with
SM Monte Carlo studies [34], thus potentially constrain-
ing NP models which produce extra jets [35].

Constraints ii) and iii) become weaker as theZ ! mass
approachesmt from above. Because theu quark be-
comes softer, the resonance searches lose sensitivity and
the jet multiplicities become more SM like. Furthermore,
a reduction of Br(Z ! ! t øu) trivially reduces the impact
of searchesi) -iii) . In fact, we will see that the ranges
M Z ! $ 200" 300 GeV and Br(Z ! ! øtu) $ 1/ 4 " 1/ 3
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Importance of associated production 

• t- (u-) channel models predict flavor violating (t-j) resonances in t-associated 
production

• Important influence on inclusive tt production (Z’ example)

• t  from Z’ decay boosted in direction of incoming u

• at LHC u (but not u) harder than g

• at Tevatron g PDF suppressed

• Required incoherent contribution ~few %!
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Figure 2: The relative di ! erential cross sections (a)
1/� d�/d|yt,øt| and (b) 1/� d�/d(|yt| ! |yøt|) for pp " Z0t(øt) "
tøtX at

#
s = 7 TeV, for benchmark point p3 in Table II . The

subscripts B and F refer to |yt| ! |yøt| < 0 and > 0, respec-
tively.

are preferred, with the best overall Þts occurring forM Z !

near 220 GeV. A su! cient negative shift in AC can be
obtained, after taking the branching ratio into account,
due to the sizable negative charge asymmetry intrinsic to
associatedZ !(! øtu) production.

The favored range for Br(Z ! ! øtu) raises an immedi-
ate question: what are the viable candidates for the miss-
ing dominant Z ! decay? Some possibilities that come to
mind are invisible decays, decays to light quark pairs,
and decays to a pair of scalars which subsequently decay
to quark pairs, which could include a virtual top quark. 2

The Þrst option yields mono-top events [37, 38]. The
CDF collaboration performed a search for the monotop
signal and obtains a bound on the cross section of 0.5 pb
based on 7.7 fb" 1 of data [39] (for a Z ! mass between
0 and 150 GeV, while the bound would be weaker for a
heavierZ !). This means that all of the benchmarks to be
discussed below are allowed to decay predominantly into
invisible states. The second and third options result in a
t + n jets Þnal state (n " 2). Single top searches at the
Tevatron [40Ð43] and the LHC [44, 45] have not been op-

2 The last option could be realized in ßavor symmetric models
based on new strong interactions, in which the Z0Õs are composite
elements of a ßavor nonet, analogous to the K⇤± of QCD, with
dominant decays to pseudo Nambu-Goldstone bosons [ 36].

timized for the higher number of high pT jets compared
to the SM. Nevertheless they may pose an important con-
straint. A detailed investigation of these issues is left for
future work.

Finally, the Z ! model is subject to low energy con-
straints from atomic parity violation (APV) measure-
ments [52], as are theW ! and ! models. As it stands, the
Z ! model only contains massive vectors with ßavor vio-
lating couplings to quarks. Thus, a UV completion would
be required in order to render it renormalizable, and sim-
ilarly for the W ! model. As we shall see, at the level of
an e" ective theory in which one only considers the e" ects
of the Z !, the severity of these constraints signiÞcantly
weaken (we also comment below on possible UV comple-
tion of our model). A shift in the Cs weak nuclear charge
QW (133Cs) due to the nuclear matrix element corrections
recently discussed in [53] also ameliorate the APV con-
straints. Thus, one can not claim any tension with the
APV data in the preferred region of parameter space for
the Z ! model.

The organization of the paper is as follows. In Sec-
tion II we discuss our Þts to the Tevatron and LHCtøt
production data, thus arriving at the preferred region of
parameter space for theZ ! model. We will demonstrate
that the addition of associated Z ! production is crucial
for obtaining a good Þt, due to the LHC measurements of
AC . This is illustrated in Fig. 7, which is the main result
of this paper. We also check that the predicted Tevatron
and LHC mt øt spectra agree with the measured ones. In
Section III we discuss the impact of thetj resonance
searches and jet multiplicity measurements. Atomic par-
ity violation is discussed in SectionIV . In Section V we
brießy discuss the implications of theZ ! model for the
leptonic forward-backward and charge asymmetries, and
conclude.

II. IMPORTANCE OF ASSOCIATED Z0

PRODUCTION

The Lagrangian for the Z ! model is given by

L = gut Z !
µ øuR " µ tR + h .c. + M 2

Z ! Z !  
µ Z ! µ . (8)

As previously mentioned, the Z ! would not be self-
conjugate if it transformed non-trivially under ßavor
symmetries introduced to suppress same sign top or sin-
gle top production and FCNCÕs [20, 22, 24]. However,
a self-conjugateZ ! would not modify the results of our
analyses fortøt observables. We employ a#2 function to
search for optimal ranges of the couplinggut , the vector
massM Z ! , and Br(Z ! ! t øu). Six tøt production observ-
ables enter our Þt: the total Tevatron and LHC cross
sections,$TEV

tot and $LHC
tot , the Tevatron inclusive forward-

backward asymmetry AF B , the ones formt øt " 450 GeV
and mt øt < 450 GeV denoted asAlow

F B and Ahigh
F B respec-

tively, and the LHC inclusive charge asymmetryAC . The
experimental values are listed in the second column of Ta-

2

large AF B measurements and the SM-likeAC measure-
ments, as the underlying candidate NP processes often
yield correlated positive contributions to both [12, 13].1

The main purpose of this paper is to point out that
there is a class of models in which positive contributions
to AF B and AC are correlated with an additional nega-
tive contribution to AC . Therefore, the latter tends to
be small, in agreement with current data. A state with
[øtu] or [øtd] ßavor quantum numbers is required. The pos-
sible examples are the [øtu] ßavoredZ ! [16] (see also [17])
or [øtd] W ! [18] vector mediators, and the [øtu] ßavored
SU(2)L doublet scalar mediator ! [19]. In this paper
we focus on theZ ! color- and weak-singlet, with a cou-
pling to the right-handed up and top quarks. Exchange
of the Z ! in the t-channel, see Fig.1a, would lead to an
increase inAF B vs. mt øt , and a positive contribution to
AC in excess of the measurements [12, 13], due to for-
ward peaking. However, associated production of theZ !

with a top-quark would produce an additional negative
contribution to AC . Presumably, this would also be the
case for theW ! and ! . However, we leave the question
of the overall viability of these models for future studies.

The leading order ug ! Z !t ! uøtt Feynman diagrams
are shown in Figs.1b and 1c. The e! ect we are interested
in is due to the top quark exchange diagram in Fig.1b.
The Z ! decay yields aøt quark which tends to be boosted
in the same direction as the incomingu quark. Taking
into account the harder u quark vs. gluon PDFÕs in the
proton, one concludes that on average theøt is produced
with a larger rapidity than the t, thus yielding a negative
contribution to AC . The e" ciency of this mechanism is
illustrated in Fig. 2 for one of the Z ! benchmark points
(p3) listed in Table II . The pp ! (Z !t, Z !  øt) ! øttX di! er-
ential cross section plots in Fig. 2a and Fig. 2b, respec-
tively, exhibit the dominance of øt (t) production at larger
(smaller) rapidities and the dominance of tøt production
for |yt | " |yøt | < 0. According to Fig. 2b, the charge
asymmetry from associated vector mediator production
alone can be large and negative, e.g.,AC = " 18% for the
example shown.

At the LHC, the cross section for the CP conjugate
process, øug ! Z !  øt ! øutøt, is typically an order of mag-
nitude smaller, due to the øu-quark PDF in the initial
state. A corollary is that the negative contribution to
AC does not depend on whether theZ ! is self conjugate
or not. However, bounds on same sign top production
can rule out a self conjugateZ !. In fact, ßavor symmet-
ric realizations of the vector t-channel models [20, 22, 24]
proposed to trivially evade the bounds on same sign top
or single top production and FCNCÕs, e.g.,D " øD mix-
ing, would contain a CP conjugate pair of [øtu] and [t øu]

1 However, in the case of a light s-channel axigluon, it has recently
been shown that di ! erent couplings to the u and d quarks can
lead to partial cancelations between the uøu and d ød contributions,
thus su" ciently suppressing A C , with only a small impact on
A F B , which can be sizable and positive [ 14, 15].
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Figure 1: Feynman diagrams for (a) t-channel Z ! exchange
contribution to uøu ! tøt, and associated singleZ ! production
in the t channel (b) and s channel (c).

ßavored Z !Õs. At the Tevatron, associated production of
the vector mediators produces a negative contribution to
AF B . However, this e! ect is suppressed relative to the
positive AF B contribution from Fig. 1a by the smaller
gluon vs. u-quark PDFÕs inside the proton.

It is worth pointing out that in models for enhanced
AF B in which a mediator is exchanged in theu-channel
rather than the t-channel, e.g., a color triplet or sextet
scalar S [22, 24Ð27] with couplings S tR uR (where the
color indices have been suppressed), single mediator pro-
duction via the analog of Fig. 1b would lead to a positive
contribution to AC [28]. This is easily understood, as in
this case the mediator would decay to a top quark rather
than an anti-top quark.

Associated Z ! production is subject to several con-
straints which need to be checked in order to estab-
lish the viability of our mechanism for reducing AC .
The most relevant ones are: i) the LHC tøt cross sec-
tion measurement, which constrains the product" (pp !
Z !t) # Br( Z ! ! t øu) [29]; ii) the CDF, CMS and ATLAS
collaborations Z ! ! t + jet resonance searches [30Ð32],
that yield direct bounds on the above product [33]; iii)
the CMS measurement of the jet multiplicity distribu-
tion in semileptonic tøt events, which is consistent with
SM Monte Carlo studies [34], thus potentially constrain-
ing NP models which produce extra jets [35].

Constraints ii) and iii) become weaker as theZ ! mass
approachesmt from above. Because theu quark be-
comes softer, the resonance searches lose sensitivity and
the jet multiplicities become more SM like. Furthermore,
a reduction of Br(Z ! ! t øu) trivially reduces the impact
of searchesi) -iii) . In fact, we will see that the ranges
M Z ! $ 200" 300 GeV and Br(Z ! ! øtu) $ 1/ 4 " 1/ 3
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Figure 7: Scatter plots in the ( AF B , AC ) plane [left] and ( Ahigh
F B , AC ) plane [right], for variation over mZ ! , gut and (i) µ = mt / 2,

Br = 1 / 4, (ii) µ = mt , Br = 1 / 4, (iii) µ = 2 mt , Br = 1 / 4, (iv) µ = 2 mt , Br = 1 / 3. Points compatible with the 1 ! (2! ) regions
in Figs. 3- 5 are shown in red (black). 1! region points that are compatible with the ATLAS top+jet resonance bound are
shown in blue. The green points are obtained from the 1! points by setting Br = 0. A yellow circle corresponds to the " 2

min

point, and its shift upon setting Br = 0. The yellow crosses correspond to a second heavier benchmark point, if indicated in
Figs. 4, 5, and its shift for Br = 0. The gray bands are the experimental 1 ! intervals.
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Importance of associated production 

• t- (u-) channel models predict flavor violating (t-j) resonances in t-associated 
production

• Important influence on inclusive tt production (Z’ example)

• constraints from top-jet resonance searches

• measured jet multiplicity distributions in tt sample

• mtt distributions
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large AF B measurements and the SM-likeAC measure-
ments, as the underlying candidate NP processes often
yield correlated positive contributions to both [12, 13].1

The main purpose of this paper is to point out that
there is a class of models in which positive contributions
to AF B and AC are correlated with an additional nega-
tive contribution to AC . Therefore, the latter tends to
be small, in agreement with current data. A state with
[øtu] or [øtd] ßavor quantum numbers is required. The pos-
sible examples are the [øtu] ßavoredZ ! [16] (see also [17])
or [øtd] W ! [18] vector mediators, and the [øtu] ßavored
SU(2)L doublet scalar mediator ! [19]. In this paper
we focus on theZ ! color- and weak-singlet, with a cou-
pling to the right-handed up and top quarks. Exchange
of the Z ! in the t-channel, see Fig.1a, would lead to an
increase inAF B vs. mt øt , and a positive contribution to
AC in excess of the measurements [12, 13], due to for-
ward peaking. However, associated production of theZ !

with a top-quark would produce an additional negative
contribution to AC . Presumably, this would also be the
case for theW ! and ! . However, we leave the question
of the overall viability of these models for future studies.

The leading order ug ! Z !t ! uøtt Feynman diagrams
are shown in Figs.1b and 1c. The e! ect we are interested
in is due to the top quark exchange diagram in Fig.1b.
The Z ! decay yields aøt quark which tends to be boosted
in the same direction as the incomingu quark. Taking
into account the harder u quark vs. gluon PDFÕs in the
proton, one concludes that on average theøt is produced
with a larger rapidity than the t, thus yielding a negative
contribution to AC . The e" ciency of this mechanism is
illustrated in Fig. 2 for one of the Z ! benchmark points
(p3) listed in Table II . The pp ! (Z !t, Z !  øt) ! øttX di! er-
ential cross section plots in Fig. 2a and Fig. 2b, respec-
tively, exhibit the dominance of øt (t) production at larger
(smaller) rapidities and the dominance of tøt production
for |yt | " |yøt | < 0. According to Fig. 2b, the charge
asymmetry from associated vector mediator production
alone can be large and negative, e.g.,AC = " 18% for the
example shown.

At the LHC, the cross section for the CP conjugate
process, øug ! Z !  øt ! øutøt, is typically an order of mag-
nitude smaller, due to the øu-quark PDF in the initial
state. A corollary is that the negative contribution to
AC does not depend on whether theZ ! is self conjugate
or not. However, bounds on same sign top production
can rule out a self conjugateZ !. In fact, ßavor symmet-
ric realizations of the vector t-channel models [20, 22, 24]
proposed to trivially evade the bounds on same sign top
or single top production and FCNCÕs, e.g.,D " øD mix-
ing, would contain a CP conjugate pair of [øtu] and [t øu]

1 However, in the case of a light s-channel axigluon, it has recently
been shown that di ! erent couplings to the u and d quarks can
lead to partial cancelations between the uøu and d ød contributions,
thus su" ciently suppressing A C , with only a small impact on
A F B , which can be sizable and positive [ 14, 15].
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Figure 1: Feynman diagrams for (a) t-channel Z ! exchange
contribution to uøu ! tøt, and associated singleZ ! production
in the t channel (b) and s channel (c).

ßavored Z !Õs. At the Tevatron, associated production of
the vector mediators produces a negative contribution to
AF B . However, this e! ect is suppressed relative to the
positive AF B contribution from Fig. 1a by the smaller
gluon vs. u-quark PDFÕs inside the proton.

It is worth pointing out that in models for enhanced
AF B in which a mediator is exchanged in theu-channel
rather than the t-channel, e.g., a color triplet or sextet
scalar S [22, 24Ð27] with couplings S tR uR (where the
color indices have been suppressed), single mediator pro-
duction via the analog of Fig. 1b would lead to a positive
contribution to AC [28]. This is easily understood, as in
this case the mediator would decay to a top quark rather
than an anti-top quark.

Associated Z ! production is subject to several con-
straints which need to be checked in order to estab-
lish the viability of our mechanism for reducing AC .
The most relevant ones are: i) the LHC tøt cross sec-
tion measurement, which constrains the product" (pp !
Z !t) # Br( Z ! ! t øu) [29]; ii) the CDF, CMS and ATLAS
collaborations Z ! ! t + jet resonance searches [30Ð32],
that yield direct bounds on the above product [33]; iii)
the CMS measurement of the jet multiplicity distribu-
tion in semileptonic tøt events, which is consistent with
SM Monte Carlo studies [34], thus potentially constrain-
ing NP models which produce extra jets [35].

Constraints ii) and iii) become weaker as theZ ! mass
approachesmt from above. Because theu quark be-
comes softer, the resonance searches lose sensitivity and
the jet multiplicities become more SM like. Furthermore,
a reduction of Br(Z ! ! t øu) trivially reduces the impact
of searchesi) -iii) . In fact, we will see that the ranges
M Z ! $ 200" 300 GeV and Br(Z ! ! øtu) $ 1/ 4 " 1/ 3
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Figure 6: The measured Tevatron [11] and LHC [ 23] mt øt spec-
tra (1 ! grey bands), the SM (black solid lines), and p1 (***),
p2 (***), p3 (***), p4 (***), p5 (***) Table II benchmark
point predictions ***JD: please Þll in the parenthesis,
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III. CONSTRAINTS FROM TOP+JET
RESONANCE SEARCHES, AND JET

MULTIPLICITY DISTRIBUTIONS

A. top+jet resonance

The Z ! models we discuss can be searched for by hunt-
ing for a bump in the t+jet distribution in the tøtj Þnal
state [33]. Such searches have been performed both at the
LHC [31, 32] and the Tevatron [30]. The ATLAS search
obtains a bound of! (pp ! tZ !)+ ! (pp ! øtZ !) ! 23, 14, 7
pb for mZ ! = 200, 300, 400 GeV respectively. For a
comparison we list in Table III the two cross sections,
! (pp ! tZ !) and ! (pp ! øtZ !), for the four benchmark
points. We see that for Br(Z ! ! uøt) = 1 / 4 the bench-
mark points are not excluded. The comparison of the
ATLAS bound with the regions in the gut , mZ ! parame-
ters space preferred by thetøt asymmetry and cross sec-
tion measurements are also shown in Figs.3-5. The
CDF search [30] is slightly less sensitive so that for the
four benchmarks no bound on Br(Z ! ! uøt) is obtained.
The hard cuts in the CMS analysis [31] lead to a loss
of sensitivity for light Z !Õs with masses below 400 GeV,
making the analysis irrelevant for our case.

The Òwrong ßavorÓZ ! ! øut decay could also give a
contribution to the same-sign top pair cross section from

! (pp ! Z ! t) [pb] ! (pp ! Z ! øt) [pb]

TEV LHC TEV LHC
p1 0.57 61.6 0.57 5.74
p2 0.19 40.2 0.19 3.13
p3 0.39 47.5 0.39 4.39
p4 0.079 25.9 0.079 1.89
p5 0.24 40.3 0.24 3.43

Table III: The LO pp ! Z ! t and pp ! Z ! øt cross sections at
the Tevatron (TEV) and the LHC for Table II benchmarks.

pp ! Z !t production. By our assumption Z ! only decays
into uøt, as is the case in the ßavor symmetric models, so
this is not a problem. The experimental bounds from [46]
are saturated for Br (Z ! ! øut) < 3 " 5%, depending on
the benchmark (the bounds in [47] and [48] are even less
severe). They thus need to be an order of magnitude
smaller than the allowed decay channel,Br (Z ! ! uøt) #
25%.

B. Jet multiplicities

Associatedt + Z ! ! tøtj production would lead to some
deviation in the jet multiplicity distribution for tøt events
relative to the SM prediction [35]. While it would be
negligible at the Tevatron (cf. Table III ), some sensitiv-
ity to such deviations might be expected at the LHC. In
Ref. [34] such a study was made fortøt semileptonic candi-
date events characterized by the number ofb-tags, lepton
ßavor and the number of jets. We focus on the double
b-tagged subsample since it is subject to smaller back-
ground contamination. The subsample is binned in terms
of the number of jets. In the experimental analysis [34]
a Þt to the theoretical prediction was made, allowing the
di! erent backgrounds as well as the SMtøt contributions
to ßoat in their normalization. Following this procedure,
reasonable agreement with the SM Monte Carlo predic-
tion was observed. The statistical error in bins of di! er-
ent jet multiplicities is of order a few percent. However,
the background contamination is O(30%) or more in the
bins with three or fewer jets and isO(10%) for the bins
with four jets, and Þve or more jets.

In order to check the viability of our mechanism we
have performed the following semi-quantitative analysis.
Using MadGraph5[49], Pythia8.1.45 [50] JFK: Cor-
rect? and FastJet [51] we have produced an MLM
matched tøt+ tøtj sample with and without the new physics
contributions, mimicking the jet reconstruction and cuts
employed by CMS. The computed jet multiplicities are
compared with the experimental values obtained from
Ref. [34] for the lepton plus jets channel (third column of
Table 2). The results for the SM and for the Þve bench-
mark points in Table II are shown in Fig. 8. In none of
the bins is the di! erence between the SM only and the

Expect observable deviations soon!
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Conclusions

• The large AFB  observed at Tevatron could still be due to QCD or systematics

• Viable NP interpretations are being narrowed down by LHC

• contributions in s-channel

• O(few TeV) resonances - constrained by di-jet and tt spectra

• interesting possibility of light (wide) color octets

• accommodating AC requires sizable couplings to down quarks (bb AFB)

• NP in t- (u-) channel exchange

• important effect of associate production on inclusive tt measurements

34

_

_

_

AC consistent with SM does not invalidate anomalous A FB!



Conclusions

• The large AFB  observed at Tevatron could still be due to QCD or systematics

• Viable NP interpretations are being narrowed down by LHC

• contributions in s-channel

• O(few TeV) resonances - constrained by di-jet and tt spectra

• interesting possibility of light (wide) color octets

• accommodating AC requires sizable couplings to down quarks (bb AFB)

• NP in t- (u-) channel exchange

• important effect of associate production on inclusive tt measurements

• New experimental handles crucial:

• important effects of NP on top polarization in pair production

• more exclusive (binned) observables
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ASM
F B ! 9%

ASM
C ! 1%

FB & Charge asymmetries in tt production

• Non-zero AFB,C require t-u odd contributions to σ 

• In QCD induced at order #s3

• Additional EW contributions

• SM predictions for Tevatron:

2 The QCD induced charge asymmetry

The QCD induced charge asymmetry in the reactionqøq ! tøt(g) is generated by the interference of Þnal-
state with initial-state gluon radiation [Fig. 1, (a)" (b)] and by the interference of virtual box diagrams
with the Born process [Fig. 1, (c)" (d)]. The asymmetric contribution of the virtual corrections exhibit
soft singularities that are canceled by the real contribution, but do not exhibit collinear light quark mass
singularities which would have to be absorbed by the lowest order process which however is symmetric.
Ultraviolet divergences are absent for the same reason. Thevirtual plus soft radiation on one hand and
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Figure 3: Origin of the QCD charge asymmetry in hadroproduction of heavy quarks through ßavor
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f QED
d respectively. The relative QED contribution thus amounts to

f QED
Tevatron =

4f QED
u + f QED

d

5
=

! QED

! S

56
25

! 0.18 , (5)

at the Tevatron, and thus to an enhancement of nearly twenty percent of the QCD asymmetry, in good
agreement with the more detailed numerical studies presented below and with the results of [35]. Com-
pared to proton-antiproton collisions the relative importance ofuøu versusdød annihilation at the LHC is
shifted from approximately4 : 1 to 2 : 1, thus reducingf QED to f QED

LHC = (2 f QED
u + f QED

d )/ 3 ! 0.13,
which is lower than the result of Eq. (5) by a factor5/ 7. The results using standard PDFs are close to
these values and will be listed in Sect. 3.2.
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Figure 4: Representative diagrams contributing to the QCD-QED interference term.

2.3 Weak asymmetry

Weak and electromagnetic interactions are of comparable strength at energies characteristic for the Teva-
tron and the LHC. Hence, contributions similar to those depicted in Figs. 4a, 4b and 4c with the photon
replaced by theZ boson should be considered at the same footing. Let us start with the contribution
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the di! erence between the top and anti-top cross sections
(numerator of At øt

! ) as well as the rate asymmetry, are
plotted as functions of the muon pseudorapidity, ! µ (al-
ternatively, one could also study the dependence on the
b pseudorapidity). For illustration, the NP signal (drawn
in thick full black line) is due to t-channel Z ! exchange,
see Junget al. in [19], with parameters chosen to yield a
sizable forward-backward asymmetry in the forward re-
gion (Atøt

! y> 1 = 0 .43 at leading order in QCD). The SM
leading order contribution is symmetric, consistent with
no rate asymmetry.
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FIG. 2: The signal and background top anti-top cross section
di! erences (upper pannel) and individual rate asymmetries
(lower pannel), as functions of ! µ . See text for details.

The W j , W b, and single top backgrounds also yield
a rate asymmetry. Their impact is included in Fig. 2
(in thin full purple, dashed orange and thick dashed blue
lines respectively), where the actual rate di! erences and
the individual asymmetries are shown in the upper and
lower panel, respectively. The largest background to the
top anti-top cross section di! erence is due toW j (again
we have assumed aj ! b mistag rate of 1 : 100). How-
ever, the underlying W j cross section asymmetry should
be be well measured by LHCb, due to the large statistics

that will be available in W j . Thus, precise knowledge
of the j ! b mistag rate would accurately determine
this background for At øt

! . Sizable contributions to At øt
! are

also expected to arise from single top production, see
Fig. 2. Our single top simulation corresponds to inclu-
sive cross sections of 41 pb (t) and 21 pb (øt), consistent
with [12, 13]. Note that precise ATLAS and CMS mea-
surements of theW j and single top cross section asym-
metries at lower pseudorapidities will again be useful for
calibrating the relevant Monte Carlo tools.

We emphasize that our analysis does not aim to re-
place a state of the art experimental e! ort, including op-
timization of cuts and detector e! ects. We merely wish
to point out that such an analysis may be feasible and
worthwhile, especially if the NP leads to anomalous top
kinematics in the forward direction. Finally, we note that
the pT and pseudorapidty distributions of the muon [20],
which is known to be a perfect top-spin analyzer, may
provide LHCb with sensitivity to di ! erences between the
polarization of the top produced in the SM and in its
extensions.
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• Top quarks at LHCb identified via single muon  and b-tagged high-p T jet

• Backgrounds for tt:

• Real muons, jets: W+bb, W+jets

• Fake muons, jets: bb, jj 

• Prospects for top charge asymmetry measurement

• top rest-frame cannot be reconstructed

• use μ, b pseudorapidity distribution instead
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the mistag rates found by ATLAS and CMS [10, 11] (for
a b-tagging e! ciency of 50%) is encouraging. For charm
jets, the W c background can be brought to a level at or
below the top signal with a far more modest mistag rate
(consistent with [10, 11]). The a priori worrisome W b
irreducible background lies well below the signal.

Single top production, due to its forward nature, is
another relevant irreducible background for thetøt signal.
As shown in Fig. 1 (in thick dashed blue line), within
the SM and with the cuts described above, a signal to
background ratio of a few is expected. Our leading order
curve for the sum of single top and anti-top production
corresponds to an inclusive cross section of 62 pb, consis-
tent with a recent approximate NNLO analysis [12], and
a prior NLO analysis [13]. Note that single top measure-
ments at ATLAS and CMS, particularly at the high end
of their pseudorapidity reach, ! ! 2, will be useful for
calibrating single top production in the various Monte
Carlo tools. A detailed study of the di" erences between
single top and tøt events, e.g. the presence of a second
b jet in the forward direction, may allow a further re-
duction of the single top background. It is important to
note that the LHCb is sensitive to models in which sin-
gle top production receives a large forward enhancement
(see [14] for a recent discussion).
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FIG. 1: The tøt signal and background distributions as a func-
tion of the invariant mass of the candidate b and muon, mbµ ,
see text for details. The curves from top to bottom (at
mbµ = 100 GeV) are for tøt, W j , single top, W b, bb, and
jj .

Backgrounds in the second category consist of QCD
production of bøb as well as light jets, where one jet in-
side the detector is mistagged as an isolated muon and
the other one is identiÞed with ab quark. We have simu-
lated these backgrounds using MadGraph interfaced with
Pythia 6.4.14 [15] for showering and hadronization. Fast-
Jet [16] has been employed for jet clustering using the
anti-kt [17] algorithm with R = 0 .4. Cuts of pT > 50 GeV
are imposed on the leadingb or light jet. For the jj

background we assume aj " b mistag rate of 1 : 100,
as discussed above. Fakej " µ muons originate from
calorimeter punch through and also from early leptonic
decays of pions and kaons. The former can be removed
with a cut on the maximum energy deposited in the
hadronic calorimeters [18]. The muons originating from
decay in ßight can be e! ciently rejected by requiring an
isolation cut. We estimate the rejection power by requir-
ing that the subleading jet in pT contains only a single
particle (pion or kaon). In addition, we employ an early
leptonic decay rate of 10! 3, as obtained with a full de-
tector simulation in [18]. Combining the two yields a
rejection power of 1 : 106. For the b " µ fake rate we
require that one b decays (semi)leptonically and apply a
# R = 0 .4 isolation cut on the emitted muon, resulting in
a rejection power of 1 : 105. In Fig. 1, the raw jj and bb
backgrounds (drawn in thick dot-dashed green and dot-
ted red lines respectively) are multiplied by 10! 8 and
10! 5, respectively, demonstrating that they are reduced
to levels well below the signal using our estimates.

As Fig. 1 shows, after the cuts described above and
with a j " b mistag rate of 1 : 100, a signal to back-
ground ratio near one is expected. However, the largest
background, due toW j , could be well measured given a
precise determination of thej " b mistag rate at LHCb.
Consequently, with enough statistics thetøt signal can be
extracted. For instance, with the above cuts more than
one hundredtøt events are expected for one fb! 1.

Forward-backward asymmetry . At the LHC there
is a priori no preferred direction of collisions due to the
symmetric nature of the initial state. In principle, one
can measure a forward backward asymmetry based on the
fact that on average the protonÕs valence quarks carry
larger momentum fractions. Hence, the event boost is
correlated with the initial quark direction, leading to a
physical axis with respect to which an asymmetry could
be measured. Unfortunately, full reconstruction of the
event and its boost is not possible at LHCb due to the
detectorÕs limited angular coverage. Instead, we propose
a way to indirectly measure the forward-backward asym-
metry. In the absence of an asymmetry, thetøt pseudora-
pidity distribution is symmetric, i.e., there is no di" er-
ence between the top and anti-top distributions as func-
tions of ! . However, a positive forward-backward asym-
metry would imply that the top direction is correlated
with the u or d parton direction from the hard part of
the interaction. Hence it is expected to be more boosted
and forward on average, compared to the anti-top. Thus,
one would expect the forward-backward asymmetry to
generate atøt rate asymmetry at given pseudorapidity,

At øt
! =

!
d" t /d ! # d" øt /d !
d" t /d ! + d" øt /d !

"

! " 2! 5
, (2)

resulting in a di" erent number of tops vs. anti-tops in
the LHCb detector. This is demonstrated in Fig. 2, where
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leptonic decay rate of 10! 3, as obtained with a full de-
tector simulation in [18]. Combining the two yields a
rejection power of 1 : 106. For the b " µ fake rate we
require that one b decays (semi)leptonically and apply a
# R = 0 .4 isolation cut on the emitted muon, resulting in
a rejection power of 1 : 105. In Fig. 1, the raw jj and bb
backgrounds (drawn in thick dot-dashed green and dot-
ted red lines respectively) are multiplied by 10! 8 and
10! 5, respectively, demonstrating that they are reduced
to levels well below the signal using our estimates.

As Fig. 1 shows, after the cuts described above and
with a j " b mistag rate of 1 : 100, a signal to back-
ground ratio near one is expected. However, the largest
background, due toW j , could be well measured given a
precise determination of thej " b mistag rate at LHCb.
Consequently, with enough statistics thetøt signal can be
extracted. For instance, with the above cuts more than
one hundredtøt events are expected for one fb! 1.
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fact that on average the protonÕs valence quarks carry
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physical axis with respect to which an asymmetry could
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