
IPMU Focus WeekNov  12, 2009 25/

Top Forward-backward 
Asymmetry at the Tevatron

1

Jing Shu

P. Frampton, JS, K. Wang, arXiv:
0911.XXXX

JS, T. Tait, K.Wang, arXiv:0911.XXXX

Wednesday, November 11, 2009



25/Nov  12, 2009 IPMU Focus Week

Outline

2

• Why top? Why         ? 

• Different explanations

• s-channel new physics: famaily nonuniversal axigluon

• t-channel new physics: triplet/sextet scalars  

• Conclusion and Outlook 

At
FB
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Why top ?
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• It’s not a simple spectator of EWSB
   (as other fermions of the SM)

• It’s a main player ! Responsible for EWSB

 

In this talk,  
  I will single out the top quark and assume
 

notice that this demands a solution 
to the hierarchy problem
     i.e. Higgs mass must be 
                determined by IR-physics 

See full size image

653 x 578 - 157k - png - www-d0.fnal.gov/.../Top_quark_picture.png

Image may be subject to copyright.

Below is the image at: www-d0.fnal.gov/.../plain_english_summary.html

 top quark  Search images

 Back to image results

Remove frame 

I will use the the top as a discriminator for 
models at the electroweak scale

• If NP explains the EWSB 
dynamics, it may strongly couples 
to the top.  

• If NP contributes to flavor 
violation, it can induce large top 
flavor violation

Huge (natural) mass!  (mt ∼ 40 mb)
Great to probe the origin 

of EWSB and flavor!

Great window for NP!
• Top compositness
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Why 
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History of the measurements:

At
FB = 0.20± 0.11 stat. ± 0.047 syst.

(0.695fb−1 CDF T.Schwarz Thesis)
At

FB = 0.19± 0.09 stat. ± 0.02 syst.

(0.9fb−1 D0 0712.0851)
At

FB = 0.17± 0.07 stat. ± 0.04 syst.

(1.9fb−1 CDF 0806.2472)

(3.2fb−1 CDF note 9724)
At

FB = 0.193± 0.065 stat. ± 0.024 syst.

At
FB ?

The asymmetry measured is persistently large at 
both CDF and D0

A similar anomaly (         at the Z pole) has been there for a 
while.

Ab
FB

Mt = 175 GeV
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The SM predication 
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• ISR w FSR

• Box w Tree diagram

QCD interference O(α3
S)
ASM

FB = 0.051± 0.015

J. Kuhn and G. Rodrigo, PRD 59, 054017 (1999); PRL  81, 49 (1998)

The latest measurement is      away from SM predictions2σ
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What else do we know ?
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• Total cross section

• Differential Cross section6

differential cross section according to

dσi

dMtt

=
Ni

Ai

∫

Ldt · ∆i
M

tt

,

where Ni is the background-subtracted, unfolded, num-
ber of events observed in each bin; Ai is the acceptance
in bin i; ∆i

M
tt

is the width of bin i; and
∫

Ldt is the
integrated luminosity. The acceptance is measured from
a mixture of data and MC. We use PYTHIA with a GEANT-
based [20] detector simulation to measure the geometric
and kinematic acceptance. The lepton trigger and iden-
tification efficiencies are measured in data using Z → ""
decays. We account for the difference in efficiency for
identifying an isolated high-PT lepton in data and MC
with a scale factor. Similarly we use a scale factor to
correct for the difference in efficiency in data and MC for
tagging a b-jet. The efficiency in data is determined in
a heavy-flavor-enriched data sample of low-PT electrons,
from the semi-leptonic decay of B hadrons.

Our systematic uncertainties arise from MC model-
ing of the acceptance, true and reconstructed Mtt dis-
tributions, and background distributions. In addition,
the uncertainties of our efficiency of lepton identifica-
tion, b-tagging efficiency, and integrated luminosity affect
the measurement. The lepton identification uncertainty
arises due to the extrapolation from Z → "" events, where
the efficiency is measured in data, to the higher multi-
plicity tt̄ environment. The uncertainty on the b-tagging
efficiency is largely due to the limited number of events
in the data sample that is used. These uncertainties,
together with a small uncertainty due to the finite size
of the MC simulation used to calculate the acceptance,
comprise the acceptance uncertainty in Tab. II.

We consider several variations to the MC model of
the signal and background. For the signal MC simu-
lation we compare the results using HERWIG to the de-
fault PYTHIA generator. The uncertainty due to the lim-
ited knowledge of ISR is constrained by studies of ra-
diation in Drell-Yan events in the data. We vary both
ISR and FSR within these limits and add the devia-
tions from the nominal value in quadrature. The uncer-
tainty due to possible differences in the PDFs from the
nominal CTEQ5L PDF is evaluated by varying the PDF
using the 20 CTEQ5L eigenvectors, which represent 90%
C.L. variations. The deviations from the nominal val-
ues are added in quadrature with deviations measured
using the MRST PDF [24] with two alternate choices for
the strong coupling constant. The uncertainty on the
background prediction consists of two pieces: the uncer-
tainty on the background normalization, given in Tab. I,
and a background shape systematic for the MC model-
ing of the shapes. The systematic uncertainty due to
the JES includes a generic energy-correction systematic
uncertainty as well as a contribution from the modeling
of the b-jet energy scale. The effects of each system-
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FIG. 1: dσ/dMtt measured with 2.7 fb−1 of integrated lumi-
nosity.

atic uncertainty on the measurement are evaluated us-
ing a pseudo-experiment approach. Pseudo-experiments
are performed for each variation described above and the
difference between the mean dσ/dMtt in each bin with
the shifted parameters and the default model is taken
as the systematic uncertainty in that bin. The results
are presented in Tab. II. The dominant systematic un-
certainty is the uncertainty on the PDF set. This is
expected as the tail of the Mtt spectrum is very sensi-
tive to the PDFs. The 6% uncertainty on the luminosity
measurement in each bin [7] is not included in the to-
tal in Tab. II. Two effects cause the uncertainty in the
bins between 400 GeV/c2 and 550 GeV/c2 to be somewhat
smaller than outside of that range. One is the turn-on
threshold of the Mtt spectrum, which is insensitive to
systematic variations because we fix the top quark mass
at 175 GeV/c2. The second is the PDF uncertainty, which
is much greater at large Mtt than at small Mtt.

The measured dσ/dMtt is shown in Fig. 1 and tabu-
lated in Tab. III.

We check consistency with the SM prediction using
the Anderson-Darling (AD) statistic [25], which places an
emphasis on potential discrepancies in the tail of the Mtt

distribution. The distribution of the AD statistic for this
analysis is rapidly falling, with small values correspond-
ing to more likely results. Using MC simulations, we op-
timize the bin range of the Anderson-Darling statistic for
maximum sensitivity to new physics and a minimum of
false positives and find Mtt ≥ 450 GeV/c2 to be the most
sensitive region of Mtt. We perform pseudo-experiments
using the SM MC distributions of Mtt with the sample
composition given in Tab. I. We calculate a p-value by
taking the fraction of pseudo-experiments with a larger
observed (i.e. less likely in the SM) Anderson-Darling
statistic than that in data. The observed p-value is 0.28.
We conclude that there is no evidence of non-SM physics

7

Mtt [GeV/c2] 0-350 350-400 400-450 450-500 500-550 550-600 600-700 700-800 800-1400
MC Gen. 0.7 2.4 5.3 5.7 4.6 3.3 1.4 1.0 1.0
ISR/FSR 1.5 1.3 0.8 0.2 1.1 2.1 2.0 2.2 3.3
JES 8.2 6.3 4.1 3.1 1.7 2.3 4.6 7.5 9.1
Backgrounds 10.3 7.4 2.4 1.7 3.0 4.0 4.5 5.1 5.4
Acceptance 4.5 4.4 4.3 4.4 4.6 4.6 4.4 4.0 3.8
PDF Set 7.7 6.1 3.0 1.0 4.8 9.3 14.0 17.4 18.8
Total 16.0 12.6 8.9 8.1 8.9 12.0 16.1 20.1 22.2

TABLE II: Summary of systematic uncertainties (in %) in each bin. The 6% uncertainty on the integrated luminosity is not
included in the total.

Mtt [GeV/c2] Ai dσ/dMtt [fb/GeV/c2]
≤ 350 0.016±0.001 0.47 ± 0.07 ± 0.08 ± 0.03
350-400 0.023±0.001 62.3 ± 7.0 ± 7.9± 3.7
400-450 0.026±0.001 33.8 ± 4.0 ± 3.0 ± 2.0
450-500 0.027±0.001 15.8 ± 3.0 ± 1.3 ± 0.9
500-550 0.029±0.001 9.9 ± 2.0 ± 0.9 ± 0.6
550-600 0.030±0.001 5.7 ± 1.2 ± 0.7 ± 0.3
600-700 0.030±0.001 2.3 ± 0.6 ± 0.4 ± 0.1
700-800 0.030±0.001 0.8 ± 0.3 ± 0.2 ± 0.1
800-1400 0.023±0.001 0.068 ± 0.032 ± 0.015 ± 0.004

Integrated Cross Section [pb] 6.9 ± 1.0 (stat.+JES)

TABLE III: The acceptance and measured differential cross
section in each bin. The uncertainties on the cross-section
values are, respectively, statistical+JES, systematic and lu-
minosity.

in the Mtt distribution.
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[12] T. Sjöstrand, S. Mrenna, and P. Skands, JHEP 0605,
026 (2006). We use PYTHIA version 6.216.

[13] H. L. Lai et al. (CTEQ Collaboration), Eur. Phys. J. C
12, 375 (2000).

[14] D. J. Lange, Nucl. Instrum. Meth. A 462, 152 (2001).
[15] G. Corcella et al., JHEP 0101, 010 (2001).
[16] J. Alwall et al., JHEP 0709, 028 (2007).
[17] J. M. Campbell and R. K. Ellis, Phys. Rev. D 60, 113006

(1999).

Mt = 172.5 GeV

Mt = 175 GeV

σtt̄(theory) = 7.5+0.5
−0.7 pb

σtt̄ = 7.50± 0.31stat ± 0.34syst ± 0.15th pb

Data is slightly below the SM prediction
for Mtt̄ > 400 GeV

Consistent with each other
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Why axi-gluon (s-channel)?

7

A color octet is preferred 
for its QCD interference 

• Parity has to be violated 
in both the      and    
vertex

uū tt̄

• The vertex must have 
both the vector and axi-
vector couplings.

• Need axi-vector coupling in 
the interference. (QCD 
provides the vector one). 

Axigluon!!!

θ

t

t̄

p p̄

Wednesday, November 11, 2009



25/Nov  12, 2009 IPMU Focus Week

From s-channel new physics

8

2

CHIRAL COLOR WITH A FOURTH FAMILY

We consider a chiral color model based on gauge group
SU(3)A×SU(3)B×SU(2)L×U(1)Y with gauge couplings
gA, gB , gL and gY respectively. The quark, lepton and
scalar fields are assigned as in Table . We assign quarks of
opposite chiralities charged under different SU(3) gauge
groups. Similarly, we assign quarks with the same chiral-
ities but between the first two generations and the third
and a fourth generation charged under different SU(3)
gauge groups. There is a bi-triplet scalar field Σ which
gets a vev at the TeV scale 〈Σik̄〉 = uδik̄ and breaks the
SU(3)A and SU(3)B to the diagonal subgroup, the QCD
color group SU(3)c. The SM Higgs scalars are now split
into two parts, the quarkonic Higgs Hq which are charged
under SU(3)A and SU(3)B and the leptonic Higgs Hl.

The kinetic term for the link field becomes the mass
term for the massive gauge boson Tr[(DµΣ)†(DµΣ)] ⊃
u2(gAAµ − gBBµ)2/2 = u2g2(G1

µ)2/2. The rotation ma-
trix between gauge bosons in mass eigenstates and gauge
eigenstates is

(

G1
µ

G0
µ

)

=

(

sg −cg

cg sg

)(

Aµ

Bµ

)

, (2)

where we define g ≡
√

g2
A + g2

B , sg ≡ sin θ ≡ gA/g and
cg ≡ cos θ = gB/g so θ = arctan(gA/gB). The massless
field G0

µ is the usual QCD gluon while we call the massive
octet vector boson G1

µ “axigluon”.
For the fermions charged under gauge group SU(3)A

and SU(3)B , their couplings to the massive axigluon G1
µ

is gs2
g and −gc2

g respectively (the QCD couplings are uni-
versal which are gs = gsgcg), which tells us the follow-
ing relation −aq = at = g and vq = vt = −gc2g where
c2g ≡ cos(2θ).

Field Qi uc
i dc

i Qj uc
j dc

j Σ Hq Lk ec
k Hl

SU(3)A 3 1 1 1 3̄ 3̄ 3 3 1 1 1

SU(3)B 1 3̄ 3̄ 3 1 1 3̄ 3̄ 1 1 1

SU(2)L 2 1 1 2 1 1 1 2 2 1 2

U(1)Y +1/3 −4/3 +2/3 +1/3 −4/3 +2/3 0 +1 -1 +2 +1

TABLE I: Charge assignment of all the quark, lepton fields
and the Higgs fields under SU(3)A × SU(3)B × SU(2)L ×

U(1)Y . The flavor indices are as i = 1, 2, j = 3, 4 and k =
1, 2, 3, 4. The hypercharge is defined as the convention of
electric charge q = I3

L +Y/2 where I3

L is the third component
of SU(2)L isospin. All the SU(2)L singlet fields are defined
in their conjugate forms.

FOWARD-BACKWARD ASYMMETRY OF TOP

In the presence of nonzero vector and axial-vector cou-
plings between quarks and the axigluon, an interest-
ing phenomenon naturally shows up: a non-vanishing
forward-backward asymmetry of quark production at the
proton anti-proton collider through the s-channel ax-
igluon exchange. The Born cross-section for qq̄ annihi-
lation into top quarks in the presence of a color-octet
vector resonance reads

∑

|M|2 = 1 + c2 + 4m2

+
2ŝ(ŝ − m2

G)

(ŝ − m2
G)2 + m2

GΓ2
G

[

gq
V gt

V (1 + c2 + 4m2)

+2 gq
A gt

A c
]

+
ŝ2

(ŝ − m2
G)2 + m2

GΓ2
G

[(

(gq
V )2 + (gq

A)2
)

×
(

(gt
V )2(1 + c2 + 4m2) + (gt

A)2(1 + c2 − 4m2)
)

+8 gq
V gq

A gt
V gt

A c
]

, (3)

where β =
√

1 − 4m2 is the velocity of the top quark,
m = mt/

√
s and θ is the polar angle of the top quark

with respect to the incoming up quark in the center of
mass rest frame.

The initial spin- and color-averaged amplitude squared
is given by

∑

|M|2 =
1

4

1

9

∑

|M|2 . (4)

The differential cross section σ versus the cosine of the
production angle θ is

dσ

d cos θ
=

β

32πs

∑

|M|2 , (5)

The asymmetry is obtained by integrating over the pos-
itive and negative range of the cos θ variable.

The relation between the vector and axial-vector cou-
plings of the initial light quarks and final top quarks,
and the presence of a top forward-backward asymmetry,
can intuitively understood as follows. The presence of
the top forward-backward asymmetry requires that par-
ity transformation is violated if we apply it to the final
top quark pair. Similarly, parity transformation apply-
ing to the initial light quark pair must also be violated
which can be easily seen with an additional 180 degree
rotation along the scattering plane. For the interference
term, the tree level amplitude already provides the vector
couplings, so one needs only the extra axial-vector cou-
pling to the light fermion/top quark. For the new physics
square term, instead, one need all four couplings gq

V , gq
V ,

gq
V and gq

V to be non-vanishing in order to violate the
parity transformation for both the initial and the final
states. We can see that the above arguments are verified
in the terms that are proportional to c in Eq. (3).

Provide the asymmetry from 
interference (Only axivector coupling is 

needed)
For the new physics square term, need 
bot the vector and axi-vector coupling 

from the new resonance (like b 
asymmetry at LEP from Z)

m = mt/
√

s

c = β cos θ

gq
Agt

A < 0

gq
V gq

Agt
V gt

A > 0
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The model

9

2

CHIRAL COLOR WITH A FOURTH FAMILY

We consider a chiral color model based on gauge group
SU(3)A×SU(3)B×SU(2)L×U(1)Y with gauge couplings
gA, gB , gL and gY respectively. The quark, lepton and
scalar fields are assigned as in Table . We assign quarks of
opposite chiralities charged under different SU(3) gauge
groups. Similarly, we assign quarks with the same chiral-
ities but between the first two generations and the third
and a fourth generation charged under different SU(3)
gauge groups. There is a bi-triplet scalar field Σ which
gets a vev at the TeV scale 〈Σik̄〉 = uδik̄ and breaks the
SU(3)A and SU(3)B to the diagonal subgroup, the QCD
color group SU(3)c. The SM Higgs scalars are now split
into two parts, the quarkonic Higgs Hq which are charged
under SU(3)A and SU(3)B and the leptonic Higgs Hl.

The kinetic term for the link field becomes the mass
term for the massive gauge boson Tr[(DµΣ)†(DµΣ)] ⊃
u2(gAAµ − gBBµ)2/2 = u2g2(G1

µ)2/2. The rotation ma-
trix between gauge bosons in mass eigenstates and gauge
eigenstates is

(

G1
µ

G0
µ

)

=

(

sg −cg

cg sg

)(

Aµ

Bµ

)

, (2)

where we define g ≡
√

g2
A + g2

B , sg ≡ sin θ ≡ gA/g and
cg ≡ cos θ = gB/g so θ = arctan(gA/gB). The massless
field G0

µ is the usual QCD gluon while we call the massive
octet vector boson G1

µ “axigluon”.
For the fermions charged under gauge group SU(3)A

and SU(3)B , their couplings to the massive axigluon G1
µ

is gs2
g and −gc2

g respectively (the QCD couplings are uni-
versal which are gs = gsgcg), which tells us the follow-
ing relation −aq = at = g and vq = vt = −gc2g where
c2g ≡ cos(2θ).

Field Qi uc
i dc

i Qj uc
j dc

j Σ Hq Lk ec
k Hl

SU(3)A 3 1 1 1 3̄ 3̄ 3 3 1 1 1

SU(3)B 1 3̄ 3̄ 3 1 1 3̄ 3̄ 1 1 1

SU(2)L 2 1 1 2 1 1 1 2 2 1 2

U(1)Y +1/3 −4/3 +2/3 +1/3 −4/3 +2/3 0 +1 -1 +2 +1

TABLE I: Charge assignment of all the quark, lepton fields
and the Higgs fields under SU(3)A × SU(3)B × SU(2)L ×

U(1)Y . The flavor indices are as i = 1, 2, j = 3, 4 and k =
1, 2, 3, 4. The hypercharge is defined as the convention of
electric charge q = I3

L +Y/2 where I3

L is the third component
of SU(2)L isospin. All the SU(2)L singlet fields are defined
in their conjugate forms.

FOWARD-BACKWARD ASYMMETRY OF TOP

In the presence of nonzero vector and axial-vector cou-
plings between quarks and the axigluon, an interest-
ing phenomenon naturally shows up: a non-vanishing
forward-backward asymmetry of quark production at the
proton anti-proton collider through the s-channel ax-
igluon exchange. The Born cross-section for qq̄ annihi-
lation into top quarks in the presence of a color-octet
vector resonance reads

∑

|M|2 = 1 + c2 + 4m2

+
2ŝ(ŝ − m2

G)

(ŝ − m2
G)2 + m2

GΓ2
G

[

gq
V gt

V (1 + c2 + 4m2)

+2 gq
A gt

A c
]

+
ŝ2

(ŝ − m2
G)2 + m2

GΓ2
G

[(

(gq
V )2 + (gq

A)2
)

×
(

(gt
V )2(1 + c2 + 4m2) + (gt

A)2(1 + c2 − 4m2)
)

+8 gq
V gq

A gt
V gt

A c
]

, (3)

where β =
√

1 − 4m2 is the velocity of the top quark,
m = mt/

√
s and θ is the polar angle of the top quark

with respect to the incoming up quark in the center of
mass rest frame.

The initial spin- and color-averaged amplitude squared
is given by

∑

|M|2 =
1

4

1
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∑

|M|2 . (4)

The differential cross section σ versus the cosine of the
production angle θ is

dσ

d cos θ
=

β

32πs

∑

|M|2 , (5)

The asymmetry is obtained by integrating over the pos-
itive and negative range of the cos θ variable.

The relation between the vector and axial-vector cou-
plings of the initial light quarks and final top quarks,
and the presence of a top forward-backward asymmetry,
can intuitively understood as follows. The presence of
the top forward-backward asymmetry requires that par-
ity transformation is violated if we apply it to the final
top quark pair. Similarly, parity transformation apply-
ing to the initial light quark pair must also be violated
which can be easily seen with an additional 180 degree
rotation along the scattering plane. For the interference
term, the tree level amplitude already provides the vector
couplings, so one needs only the extra axial-vector cou-
pling to the light fermion/top quark. For the new physics
square term, instead, one need all four couplings gq

V , gq
V ,

gq
V and gq

V to be non-vanishing in order to violate the
parity transformation for both the initial and the final
states. We can see that the above arguments are verified
in the terms that are proportional to c in Eq. (3).

Conventional chiral color model (family universal)
gq

A = gt
A Wrong sign!

A family nonuniversal model (split 1st, 2nd with 3rd, 
4th generation)

i = 1, 2 j = 3, 4

Cancel the anomaly 
Not necessary in ED 
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The model
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The scalar            breaks                             into the 
diagnol one 

SU(3)A × SU(3)BΣ (3, 3̄)
SU(3)C

(
G1

µ

G0
µ

)
=

(
sg −cg

cg sg

) (
Aµ

Bµ

)

( ) θ = Arctan(gA/gB)

gs =
gAgB√
g2

A + g2
B

g =
√

g2
A + g2

B

c2g ≡ cos(2θ)gq
v = gt

v = −gc2g −gq
a = gt

a = g
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Nicely fit the data!

11

Allowed region for one sigma

Large parameter space for 
90%CL (1.68   )

The      constrain are from the last 
bin assuming the K factor there is 1

Mtt̄

σ

θ

7

Mtt [GeV/c2] 0-350 350-400 400-450 450-500 500-550 550-600 600-700 700-800 800-1400
MC Gen. 0.7 2.4 5.3 5.7 4.6 3.3 1.4 1.0 1.0
ISR/FSR 1.5 1.3 0.8 0.2 1.1 2.1 2.0 2.2 3.3
JES 8.2 6.3 4.1 3.1 1.7 2.3 4.6 7.5 9.1
Backgrounds 10.3 7.4 2.4 1.7 3.0 4.0 4.5 5.1 5.4
Acceptance 4.5 4.4 4.3 4.4 4.6 4.6 4.4 4.0 3.8
PDF Set 7.7 6.1 3.0 1.0 4.8 9.3 14.0 17.4 18.8
Total 16.0 12.6 8.9 8.1 8.9 12.0 16.1 20.1 22.2

TABLE II: Summary of systematic uncertainties (in %) in each bin. The 6% uncertainty on the integrated luminosity is not
included in the total.

Mtt [GeV/c2] Ai dσ/dMtt [fb/GeV/c2]
≤ 350 0.016±0.001 0.47 ± 0.07 ± 0.08 ± 0.03
350-400 0.023±0.001 62.3 ± 7.0 ± 7.9± 3.7
400-450 0.026±0.001 33.8 ± 4.0 ± 3.0 ± 2.0
450-500 0.027±0.001 15.8 ± 3.0 ± 1.3 ± 0.9
500-550 0.029±0.001 9.9 ± 2.0 ± 0.9 ± 0.6
550-600 0.030±0.001 5.7 ± 1.2 ± 0.7 ± 0.3
600-700 0.030±0.001 2.3 ± 0.6 ± 0.4 ± 0.1
700-800 0.030±0.001 0.8 ± 0.3 ± 0.2 ± 0.1
800-1400 0.023±0.001 0.068 ± 0.032 ± 0.015 ± 0.004

Integrated Cross Section [pb] 6.9 ± 1.0 (stat.+JES)

TABLE III: The acceptance and measured differential cross
section in each bin. The uncertainties on the cross-section
values are, respectively, statistical+JES, systematic and lu-
minosity.

in the Mtt distribution.
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3

anomaly as well as the associated σ(tt̄) values. In this
figure, we have fixed the c values of the right–handed
light quarks to cuR ≈ cdR ≈ 0.8. The chosen range for
cqL with much smaller values than cuR ≈ cdR , allows
substantial parity violating couplings of first generation
quarks to the KK gluon and, hence, a sizeable At

FB.
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FIG. 1: Contour levels in the plane [cqL , ctR ] for the total
cross section σ(tt̄) (dashed lines) and the forward–backward
asymmetry At

F B [in %] for constant (thin solid lines) and
variable (thick solid lines) total decay width for the KK gluon;
the other parameters are as in eq. (5) with MKK = 2.75 TeV.

The decrease of σ(tt̄) with both cqL and ctR is caused
by the increase of the gKK couplings to q̄LqL and t̄RtR
states which dominantly enhance the total gKK decay
width. The increase of At

FB with the decrease of ctR ,
which amplifies the difference between ctR and the fixed
cQL , finds its origin in the larger parity violation effect
on the four–dimensional gKK t̄t coupling. At

FB can thus
reach sizable values in regions where σ(tt̄) has values con-
sistent with Tevatron data at the 1.65σ level. Note that
in the relevant region, the order of magnitude obtained
for top quark mass, mt ≈ 100 GeV, is satisfactory while,
despite of the atypically large Q(cqL) values for light
quarks, one can arrange such that the Zq̄q couplings are
in good agreement with Tevatron/HERA data as well as
with the high–precision measurements at LEP [2, 20].

The largest contribution from the KK gluon exchange,
assuming a fixed total decay width ΓKK , is At

FB " 4.3%
as shown by the thin contours of Fig. 1 [21]. Adding this
contribution to the SM NLO value, one obtains a total
of At

FB|
RS+SM ≈ 9%, which is well within <∼ 1.65σ from

the experimental value eq. (1), a substantial improvement
over the SM result which deviates by ≈ 2σ.

However, for this optimal choice of parameters, the to-
tal decay width for the KK gluon turns out to be quite
large, ΓKK ≈ 30%MKK . For such a broad resonance, at
least the energy dependent width, if not the full set of ra-
diative corrections to the pp̄ → tt̄ process, should be used,
in much the same way as for the ρ vector–meson exchange
in e+e− → π+π− [22]. We have checked that by doing so,

the contribution to At
FB from KK gluon exchange can be

increased to a maximum of ≈ 5.6%, as shown by the thick
solid contour lines in Fig. 1. This value then completely
resolves the Tevatron At

FB anomaly, At
FB|

RS+SM ≈ 11%.
Note that there is no fine–tuning of parameters as in a
large range of c values, a sizeable At

FB is obtained.
At this stage, a few important remarks are in order.
i) Another puzzling feature of the CDF data is that the

differential cross section with respect to the tt̄ invariant
mass is, except for the two extreme points, systemati-
cally below the SM expectation [23]. In our scenario, e.g.
for cqL ≈ 0.1, the negative interference between the con-
tributions of the gluon and its KK excitation lowers the
mass distribution as to fit nicely the data. We expect
a tiny excess of events, O(20%), for invariant tt̄ masses
above 800 GeV; this excess is found to be more significant
in other scenarios, e.g. for slightly lower MKK values.

ii) The contribution to At
FB and σ(tt̄) from the ex-

change of the KK excitations of electroweak gauge bosons
are not dominant for the set of parameters considered in
Fig. 1. However, scenarios can be found in which these
contributions are significant. In particular, the KK Z ′

boson can have large enough couplings to the initial qq̄
and final tt̄ states, such that it generates the bulk of At

FB

which, in some cases, can reach the level of ≈ 7% [24].
iii) At the Large Hadron Collider, such gluon KK

states could be copiously produced and At
FB asymmetry

could be measured [25], confirming or invalidating the
present scenario; this will be, however, rather challeng-
ing. At the future e+e− International Linear Collider,
one would be more sensitive to the exchange of the KK
excitations of electroweak gauge bosons in top or bottom
quark pair production [12].

In conclusion, we have proposed a warped extra–
dimensional scenario with specific localizations of the
fermions along the extra–dimension, in which the tree
level contribution of Kaluza–Klein gluon excitations with
masses ≈ 3 TeV, brings the theoretical value of the
forward–backward asymmetry in top quark pair produc-
tion close to the value measured at the Tevatron. This
is in contrast to the Standard Model case where the pre-
dicted and measured values differ by more than two stan-
dard deviations. This is the same scenario which also
cures the longstanding anomaly of the forward backward
asymmetry for b–quarks measured at LEP. In this letter,
we presented the main implications of this possibility;
more details will be given in a future publication [26].

We are eagerly awaiting for a more precise experimen-
tal determination of the asymmetry, in particular from
the D0 experiment. If the deviation persists and the rel-
evant higher order corrections to the asymmetry in the
Standard Model (which are mandatory to implement to
have the predicted value under full control) fail to explain
the experimental result, then one would have a very ex-
citing signal of warped extra space–time dimensions.

Acknowledgments: The work of AD and GM is
supported by HEPTOOLS while the work of RKS
is supported by the German BMBF under contract
05HT6WWA. We thank Z. Zhang for discussions.
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Cartoon picture for the (inverse?) deconstructed version.

• Light quarks and top quarks with the 
same chirality are localized at each brane.
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A full analysis shows for scalars it is somewhat different........
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Top quark forward-backward asymmetry from new t-channel physics
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Motivated by recent measurements of the top quark forward-backward asymmetry at the Tevatron,
we study how t-channel new physics can contribute to a large value. We concentrate on a theory
with an abelian gauge boson possessing flavor changing couplings between up and top quarks, but
satisfies flavor physics constraints. Collider constraints are strong, but can be consistent with the
aid of small flavor diagonal couplings. We find that MZ′ ≈ 160 GeV can yield a total lab-frame
asymmetry of ∼ 18% without being in conflict with other observables. There are implications for
future collider searches, including exotic top quark decays, like-sign top quark production, and
detailed measurements of the top production cross section. An alternate model with a gauged
non-Abelian flavor symmetry would have similar phenomenology, but lacks the like-sign top signal.

PACS numbers:

Introduction. The most recent measurement of the
top quark forward-backward asymmetry is from the CDF
experiment, which obtains At

FB = 19.3 ± 6.9% with 3.2
fb−1 of data [1]. The Standard Model (SM) prediction
[2–5] is dominated by O(α3

S) QCD interference effects
and is 5% in the lab frame. At present, this discrepancy
is less than 3σ. However, it is interesting to ask whether
such a large central value can be explained, especially
once one accounts for the other Tevatron measurements
of top quark properties, all consistent with the SM. It is
intriguing that past measurements at CDF and D0 have
yielded consistently large asymmetry values [6, 7].

Many models of new physics impact At
FB, but it is

difficult to produce a large positive asymmetry. The
most constrained idea is perhaps axigluons, which inter-
fere with QCD and induce large negative asymmetries [8–
10]. Kaluza-Klein excitations of the gluon in warped AdS
space may produce positive asymmetries [11].

Model. Our model consists of a new vector boson
(Z ′) associated with an abelian gauge symmetry U(1)Z′

with flavor off-diagonal couplings L ! gXZ ′
µūγµPRt+h.c.

This can generate At
FB through t-channel exchange of Z ′,

uū → tt̄. We also allow a small flavor-diagonal coupling
to up-type quarks L ! εUgXZ ′

µūiγµPRui, with εU < 1
and generation index i. If no diagonal coupling for the Z ′

exists (εU = 0), it is forced to decay as: Z ′ → t(∗)ū, t̄(∗)u.
Events with, e.g., uū → Z ′Z ′ then lead to numerous like-
sign top quark events, strongly constrained by data [12].

The model has three free parameters, (gX , εU , MZ′).
For MZ′ < mt the phenomenology is essentially identical
for all small εU #= 0. This coupling is solely to provide
the dominant two-body decay Z ′ → uū. We will show
that a light Z ′, MZ′ ≈ 160 GeV with αX ≈ 2.4 × 10−2

is preferred when taking into account all considerations.
We call this the “best point” of the model.

Since we are giving non-trivial charges to the right-

FIG. 1: At
F B as a function of

√
ŝ = Mtt̄ for MZ′ = 160 GeV.

handed up-type quarks, bare Yukawa couplings are not
invariant under U(1)Z′ . We assume a Froggatt-Nielsen
type mechanism [13] generates the Yukawa couplings.
Chiral gauge anomalies can be satisfied, e.g., by adding
two sets of extra heavy fermions of appropriate charge,
and will not be discussed further here.

Asymmetry and cross sections. The t-channel ex-
change of a new particle is a promising way to gener-
ate a large At

FB . The cross-section in the forward, large
Mtt̄ =

√
ŝ region is enhanced due to a Rutherford scat-

tering peak. We plot the asymmetry as a function of Mtt̄

in Fig. 1, which shows this important effect.
A challenge for any model wishing to generate a large

At
FB is avoiding a too large modification of the tt̄ pro-

duction cross section. The current measurement from 2.8
fb−1 at CDF [14] is σ(tt̄) = 7.0 ± 0.3 (stat) ±0.4 (syst)
±0.4 (lumi) pb for mt = 175GeV, in good agreement
with the SM prediction of σ(tt̄)SM = 6.73− 6.90 pb [15–
17], and is consistent with measurements from D0 [18]
that use smaller data sets.

A typical color singlet Z ′ with flavor diagonal couplings
does not interfere with the dominant (color-octet) QCD
production process. Thus, it is difficult to avoid a large
shift of the tt̄ production cross section as well as the

p̄

θ

t

t̄

p

Massless: collinear sigularity 
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p2
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k1

1
tφ
∼ 1

1− cos θ

Wednesday, November 11, 2009



25/Nov  12, 2009 IPMU Focus Week

T-channel explanation (scalar)

16

JS, T.Tait, K. Wang, 0911.XXXX

Color Factor Octet Singlet Sextet Triplet

C(0) −2/3 4 1 1

C(1) 4 3 3 -3/2

C(2) 2 9 3/2 3/4

TABLE I: Color factors for a SU(3) octet, singlet, sextet, and triplet object in the t-channel. C(0),

C(1) and C(2) stand for color factor from the t-channel physics interfering with an s-channel gluon

exchange, s-channel Z/γ exchange, and its amplitude squared term, respectively.

where the tiny up quark mass has been neglected, and s ≡ (p1 + p2)2, t ≡ (p1 − k1)2,

and u ≡ (p1 − k2)2 are the Mandelstam variables. We use a compact notation where

tt ≡ t−m2
t , tφ ≡ t−M2

φ , and so on. The couplings yS and yP occur only in the combination

y ≡
√

y2
S + y2

P , indicating that at this level our results are the same regardless of the chiral

nature of the φ coupling. The color factors C(0) and C(2) depend on the color representation

of φ. They can be found in Table I. The color sextet and triplet cases also require the switch

of u ↔ t.

The dependence on the scattering angle, and thus the potential to contribute a forward-

backward asymmetry, may be made more clear by working in the partonic center-of-mass

frame variables θ and β defined above. Using the relations, ut = −s(1 + cθ)/2, tt = −s(1 −

cθ)/2, where cθ = β cos θ for a color octet or singlet φ (for a sextet or triplet, the swap t ↔ u

takes cθ → −cθ), the matrix element becomes,

∑

|M|2 = 8g4
S(1 + c2

θ + 4m2) + (9)

2y2g2
SC(0)s

(1 − cθ)2 + 4m2

tφ
+ y4C(2)

s2(1 − cθ)2

t2φ
.

where m ≡ mt/
√

s. As odd powers of cθ contribute to a forward-backward asymmetry, we

see that both the scalar exchange amplitude interfering with the SM amplitude as well as

the scalar amplitude squared can produce a nonzero asymmetry. The resulting hadronic

asymmetry will be somewhat washed out by the PDFs, higher order jet radiation, and

detector effects.

To assess the impact of the scalar exchange on top observables at the Tevatron, we

compute the inclusive cross section and At
FB. We do not attempt to simulate the top decays,

parton showering, hadronization, or detector effects, as these have already been unfolded in

5
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TABLE I: Color factors for a SU(3) octet, singlet, sextet, and triplet object in the t-channel. C(0),

C(1) and C(2) stand for color factor from the t-channel physics interfering with an s-channel gluon

exchange, s-channel Z/γ exchange, and its amplitude squared term, respectively.

where the tiny up quark mass has been neglected, and s ≡ (p1 + p2)2, t ≡ (p1 − k1)2,

and u ≡ (p1 − k2)2 are the Mandelstam variables. We use a compact notation where

tt ≡ t−m2
t , tφ ≡ t−M2

φ , and so on. The couplings yS and yP occur only in the combination

y ≡
√

y2
S + y2

P , indicating that at this level our results are the same regardless of the chiral

nature of the φ coupling. The color factors C(0) and C(2) depend on the color representation

of φ. They can be found in Table I. The color sextet and triplet cases also require the switch

of u ↔ t.

The dependence on the scattering angle, and thus the potential to contribute a forward-

backward asymmetry, may be made more clear by working in the partonic center-of-mass

frame variables θ and β defined above. Using the relations, ut = −s(1 + cθ)/2, tt = −s(1 −

cθ)/2, where cθ = β cos θ for a color octet or singlet φ (for a sextet or triplet, the swap t ↔ u

takes cθ → −cθ), the matrix element becomes,

∑

|M|2 = 8g4
S(1 + c2

θ + 4m2) + (9)

2y2g2
SC(0)s

(1 − cθ)2 + 4m2

tφ
+ y4C(2)

s2(1 − cθ)2

t2φ
.

where m ≡ mt/
√

s. As odd powers of cθ contribute to a forward-backward asymmetry, we

see that both the scalar exchange amplitude interfering with the SM amplitude as well as

the scalar amplitude squared can produce a nonzero asymmetry. The resulting hadronic

asymmetry will be somewhat washed out by the PDFs, higher order jet radiation, and

detector effects.

To assess the impact of the scalar exchange on top observables at the Tevatron, we

compute the inclusive cross section and At
FB. We do not attempt to simulate the top decays,

parton showering, hadronization, or detector effects, as these have already been unfolded in

5

CDF result (mt = 172.5 GeV),

σtt̄ = 7.50 ± 0.31stat ± 0.34syst ± 0.15th pb , (3)

(combining errors in quadrature, σexp = 7.50 ± 0.48 pb) is in agreement with SM theory

predictions of σ = 7.5+0.5
−0.7 [12–14].

The tt̄ invariant mass distribution appears to fall off as expected for large invariant

masses [10, 11]. Any theory which attempts to ”fix” the value of At
FB must do so without

introducing large corrections to either the cross section or the invariant mass distribution

which are inconsistent with those measurements.

In Ref. [15], it was argued that a t-channel vector boson exchange with flavor-violating

couplings to right-handed up-type quarks can satisfy all of these criteria. A t-channel ex-

change avoids resonant behavior, and thus does not lead to large features in the invariant

mass distribution for a light particle, and allows a relatively larger forward-backward asym-

metry comparing to the s-channel exchange case. In this article, we explore new scalar

bosons (in a variety of SU(3)c representations) which couple in a flavor-violating way to up

quarks and the top quark, and explore the possibility that they can explain the measurement

of At
FB while remaining consistent with all other measurements.

II. EFFECTIVE THEORIES

The SM SU(3)c × SU(2)L ×U(1)Y gauge structure severely limits the possible represen-

tations of any scalar particle which can couple an up quark to the top quark. The various

possibilities may be distinguished by the SU(3)c representation of φ. The possible cases

include a color octet, a color singlet, a color triplet, and a color sextet,

(8, 2)−1/2, (1, 2)−1/2, (3̄, 1)4/3, (6, 1)4/3 . (4)

All of these possibilities require that φ is complex. Since we are interested in the neutral

To describe the scalar, we add terms (after electroweak symmetry-breaking) to the SM

Lagrangian such as,

Lφ = Dµφ
†Dµφ − M2

φ|φ|2

+φa¯̂tT a
r (yS + yPγ5)u + h.c., (5)

3

where Dµφ is the appropriate covariant derivative for φ depending on its gauge quantum

numbers, Mφ is the scalar mass and T a
r are the SU(3)c Clebsch-Gordon coefficients which

connect φa of color a to the two quarks. For the cases in which φ lives in an SU(2) doublet,

there will also be couplings between the SU(2) charged partners of the neutral φ involving

the b and d quarks. t̂ depends on the color representation of φ,

t̂ =











t (octet or singlet)

tc (triplet or sextet)
(6)

where tc = iγ0γ2t is the charge conjugate of the top quark.

We have neglected the possibility of a quartic interaction for φ (or mixed φ Higgs quartic

interactions), full 3× 3 generational coupling to the up-type quarks, and coupling to down-

type quarks. All of these may be included without substantially changing our conclusions,

although the down-type couplings will in general have strong experimental constraints from

flavor-violating observables.

III. ASYMMETRY AND CROSS SECTION

The process u(p1) ū(p2) → t(k1) t̄(k2) is described in the SM by the s-channel gluon

exchange diagram. In additional, the flavor-violating portion of the φ interaction will medi-

ate a t-channel contribution. The differential partonic cross section, summed/averaged over

final/initial state spins and colors may be written,

dσ

d cos θ
=

1

4

1

9

β

32πs

∑

|M|2 , (7)

where θ and β ≡
√

1 − 4m2
t /s are the the scattering angle between the outgoing top and

incoming quark and top quark velocity, defined in the partonic center-of-mass frame, and

the sum is over the matrix elements M for both SM and φ contributions. The hadronic cross

section is obtained by convolving this cross section with the parton distribution functions

(PDFs).

Including both the SM and φ contributions,

∑

|M|2 =
16g4

S

s2
(t2t + u2

t + 2sm2
t ) (8)

+8C(0)g
2
Sy2sm2

t + t2t
stφ

+ C(2)
4y4t2t

t2φ
,

4

where Dµφ is the appropriate covariant derivative for φ depending on its gauge quantum

numbers, Mφ is the scalar mass and T a
r are the SU(3)c Clebsch-Gordon coefficients which

connect φa of color a to the two quarks. For the cases in which φ lives in an SU(2) doublet,

there will also be couplings between the SU(2) charged partners of the neutral φ involving

the b and d quarks. t̂ depends on the color representation of φ,

t̂ =











t (octet or singlet)

tc (triplet or sextet)
(6)

where tc = iγ0γ2t is the charge conjugate of the top quark.

We have neglected the possibility of a quartic interaction for φ (or mixed φ Higgs quartic

interactions), full 3× 3 generational coupling to the up-type quarks, and coupling to down-

type quarks. All of these may be included without substantially changing our conclusions,

although the down-type couplings will in general have strong experimental constraints from

flavor-violating observables.

III. ASYMMETRY AND CROSS SECTION

The process u(p1) ū(p2) → t(k1) t̄(k2) is described in the SM by the s-channel gluon

exchange diagram. In additional, the flavor-violating portion of the φ interaction will medi-

ate a t-channel contribution. The differential partonic cross section, summed/averaged over

final/initial state spins and colors may be written,

dσ

d cos θ
=

1

4

1

9

β

32πs

∑

|M|2 , (7)

where θ and β ≡
√

1 − 4m2
t /s are the the scattering angle between the outgoing top and

incoming quark and top quark velocity, defined in the partonic center-of-mass frame, and

the sum is over the matrix elements M for both SM and φ contributions. The hadronic cross

section is obtained by convolving this cross section with the parton distribution functions

(PDFs).

Including both the SM and φ contributions,

∑

|M|2 =
16g4

S

s2
(t2t + u2

t + 2sm2
t ) (8)

+8C(0)g
2
Sy2sm2

t + t2t
stφ

+ C(2)
4y4t2t

t2φ
,

4

tφ = (p1 − k1)2 −m2
φ Taylor Expansion:  

1
tφ
∼ 1 + αcθ

3× 3 = 6 + 3̄
3× 3̄ = 8 + 1
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The total cross section
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The asymmetry

18
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Details of the Explanations.......
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Color Factor Octet Singlet Sextet Triplet

C(0) −2/3 4 1 1

C(1) 4 3 3 -3/2

C(2) 2 9 3/2 3/4

TABLE I: Color factors for a SU(3) octet, singlet, sextet, and triplet object in the t-channel. C(0),

C(1) and C(2) stand for color factor from the t-channel physics interfering with an s-channel gluon

exchange, s-channel Z/γ exchange, and its amplitude squared term, respectively.

where the tiny up quark mass has been neglected, and s ≡ (p1 + p2)2, t ≡ (p1 − k1)2,

and u ≡ (p1 − k2)2 are the Mandelstam variables. We use a compact notation where

tt ≡ t−m2
t , tφ ≡ t−M2

φ , and so on. The couplings yS and yP occur only in the combination

y ≡
√

y2
S + y2

P , indicating that at this level our results are the same regardless of the chiral

nature of the φ coupling. The color factors C(0) and C(2) depend on the color representation

of φ. They can be found in Table I. The color sextet and triplet cases also require the switch

of u ↔ t.

The dependence on the scattering angle, and thus the potential to contribute a forward-

backward asymmetry, may be made more clear by working in the partonic center-of-mass

frame variables θ and β defined above. Using the relations, ut = −s(1 + cθ)/2, tt = −s(1 −

cθ)/2, where cθ = β cos θ for a color octet or singlet φ (for a sextet or triplet, the swap t ↔ u

takes cθ → −cθ), the matrix element becomes,

∑

|M|2 = 8g4
S(1 + c2

θ + 4m2) + (9)

2y2g2
SC(0)s

(1 − cθ)2 + 4m2

tφ
+ y4C(2)

s2(1 − cθ)2

t2φ
.

where m ≡ mt/
√

s. As odd powers of cθ contribute to a forward-backward asymmetry, we

see that both the scalar exchange amplitude interfering with the SM amplitude as well as

the scalar amplitude squared can produce a nonzero asymmetry. The resulting hadronic

asymmetry will be somewhat washed out by the PDFs, higher order jet radiation, and

detector effects.

To assess the impact of the scalar exchange on top observables at the Tevatron, we

compute the inclusive cross section and At
FB. We do not attempt to simulate the top decays,

parton showering, hadronization, or detector effects, as these have already been unfolded in

5

Dominate at the 
Intemediate mass region.

Dominate at the 
low mass region. Dominate at the 

Intermediate mass 
region.

The two cancel 
each other 

(competition)

Taylor Expansion:  
1
tφ
∼ 1 + αcθ
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Scalar vs vector bosons
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Parameter scan (scalar)
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Invaraint mass distributions
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FIG. 3: The Mtt̄ invariant mass distribution. Data taken from Table III of [9] is shown along with

the Standard Model result. Also shown are the results of (MW ′ , g′) = (150, 0.7), (250, 1.0), (400,

1.4) and (570, 2). Each pair of these values are chosen within the 1σ range of σ(tt̄) in Fig. 2.

the same strength, except for the third generation. The deviation from family universality

and thus the magnitude of FCNC are characterized by a parameter x in the Z ′ − tL − tL

coupling. The interaction of the up sector is given by

L(2)
NC = −g2Z

′
µ (ū, c̄, t̄)I γµ (εu

LPL + εu
RPR)













u

c

t













I

(10)

where the subscript I denotes the interaction basis. The down sector is diagonal and uni-

versal for simplicity. For definiteness, we assume

εu
L = Qu

L













1 0 0

0 1 0

0 0 x













and εu
R = Qu

R













1 0 0

0 1 0

0 0 1













. (11)

7

3

l + j (pb) dilepton (pb) Atot
F B %

MX = 160 GeV, αX = 0.024 7.5 5.8 18
Measurements [1, 22, 23] 7.2 ± 0.8 6.7 ± 1.0 19 ± 7

TABLE I: tt̄ cross sections and total asymmetry for our best
parameter point compared with measurements at CDF. There
are measurements from D0 as well that use less data, and thus
have larger error bars [18, 24]

FIG. 4: The Mtt̄ invariant mass spectrum. Data from the
CDF measurement [25] is shown along with our SM sim-
ulation. Also shown are MZ′ = 100, 200, 300 GeV, with
αX = 0.013, 0.03, 0.055, respectively. Each (αX , MZ′) pair
would provide an Anew

F B ! 10%.

tion is the inferred cross-section from the dilepton sample
should be less than from the l+ j sample: tZ ′/t̄Z ′ events
produce relatively more events in the l + j sample than
in the dilepton sample. In addition, events with exotic
top decays (t → Z ′u → uūu) may contribute to the l + j
sample but not the dilepton sample.

Additional collider constraints. Our model yields
no resonances, but new t-channel physics modifies the
Mtt̄ distribution – especially in the higher invariant mass
bin due to the Rutherford enhancement. This distribu-
tion has been measured by the CDF experiment in the
lepton + jet channel [25] and is shown in Fig. 4. We also
show the apparent Mtt̄ from this model, which includes
contributions from fake processes. We observe that the
heavier the Z ′, the more the last bin deviates from the
measurement. This is because the Rutherford singularity
(beneficial to the generation of the At

FB) is most effective
at Mtt̄ " MZ′ . A higher mass Z ′ will thus need higher
αX because it cannot take full advantage of the singular-
ity, leading to larger distortion of Mtt̄. Thus, lighter Z ′

is favored.

The t-channel exchange of Z ′ can also produce like-
sign top-quark events uu(ūū) → tt(t̄t̄), which have been
discussed in a different context by [26]. Like-sign tops
can be observed as like-sign dilepton events plus b tag(s).
CDF has measured only 3 such events with 2 fb−1 of data
[12]. The SM expectation is also small but with large er-

ror: 2.1 ± 1.8 events. Our best point model predicts 5–6
events. Higher Z ′ mass models produce too many such
events from, e.g., tZ ′ → tt + ū if Z → uū (i.e., εU ) is
not large enough. For very large εU , constraints on the
Z ′ from the dijet channel [27] become important. This is
another reason why we desire MZ′ < Mt. This combina-
tion of constraints largely determines the location of the
“best point” of Fig. 3.

There is another reason that Z ′ → t(∗)ū decays are
potentially dangerous. CDF has measured the ratio of
tt̄+0 jets to tt̄ + n jets, with a result consistent with the
SM value [25]. If the Z ′ → t(∗)ū decays are present, they
will preferentially contribute to the tt̄+n jets, potentially
at a dangerous level. A non-zero εU removes this conflict.

There are also potential contributions to the single-
top sample. As discussed earlier, with εU #= 0, decays
of the Z ′ → uū dominate. Then the dominant contri-
bution to the single-top sample comes from the process
ug → tZ ′ → tuū. This process (after multiplication by
a K-factor of 1.3), gives a production cross section of 3
pb. This is comparable to the SM prediction for single-
top production (2.9 pb). The measurement of single-top
at D0 and CDF [28, 29] relies on a multivariate analy-
sis using detailed kinematic information to extract the
single-top events from a large background dominated by
W+heavy flavored jets. These backgrounds are nearly
an order of magnitude larger than the signal described
here. So, it is not possible to say without such a detailed
experimental analysis whether a constraint presently ex-
ists. As a test of this model, the Tevatron experiments
might look in the single-top sample and see whether it is
possible to discern a resonance in the two light-flavored
jets corresponding to the Z ′. This measurement might
also be possible at the Large Hadron Collider (LHC).

Flavor physics. One might wonder whether the novel
flavor violation of this model might be constrained by B
meson decays. The structure of the theory wherein off-
diagonal couplings are limited to the right-handed up-
type quarks make this model particularly safe.

Box diagrams containing both intermediate W and Z ′

bosons can communicate flavor violation to the B sec-
tor, giving operators of the form Od,s = (b̄Γdi)(ūΓu),
where di = d, s. However, these operators are only 0.3%
(4%) for di = d(s) of the SM tree level CKM-suppressed
contributions to similar operators, and are of no con-
cern. Moreover, even the CKM-suppressed Os is negli-
gible compared to the penguin contribution in processes
like B → Kπ, see, e.g., [30]. If present, a flavor-off diag-
onal coupling involving a charm quark could give a dan-
gerous contribution to D–D̄ mixing. So, the charges of
the right-handed quarks under the Z ′ must be such that
any off-diagonal couplings to the charm are supressed.

Flavor changing neutral currents of SM gauge bosons
are also induced by one-loop penguin diagrams where Z ′

runs in the loop with one off-diagonal and one diagonal
coupling. The t → ug measurement by CDF [31] gives
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Tevatron / LHC signals
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Conclusion

• New axigluon works very well....... (with new 
Tevatron predictions to distinguish it)

• T-channel sextet/triplet works OK. (with 
LHC predictions) 

• S-channel models typically are difficult to get 
very large asymmetry.

• T-channel models typically are difficult in the 
ttbar invariant mass distribution.

24

Great!
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Outlook

25

• Models explain the EWSB and asymmetry.

• A effective theory approach including the 
gluon ttbar vertex (top compositeness)  

• Thinking about both top and bottom 
asymmetry.

Unfortunately I have to stop here for 
lunch..............
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