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•  RS addresses the gauge hierarchy : 

 
 
•  RS generates the mass hierarchies : 
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I) Introduction: a warped model 

Randall, Sundrum (1999) 

Gherghetta, Pomarol (2000) 
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I) Introduction: a warped model 

New Physics effects in the heavy fermion sector ! 

Randall, Sundrum (1999) 

Gherghetta, Pomarol (2000) 
… 



+ attractive features of the RS scenario with bulk fields 
(= dual via AdS/CFT to composite Higgs & top models) :  

– WIMP candidates for the dark matter of universe:  
   a LKP stable due to a possible KK-parity (like in UED)   

– Unification of gauge couplings (as in ADD) at high-energies  

– Extra-Dimensions =  
   necessary ingredients for higher-energy string theories 



 
Bulk gauge bosons/fermions mix with their KK excitations  
                                           => tree-level contributions to EW observables 
 
Ways out to respect the constraints from EW precision data for MKK~TeV : 

The EW precision constraints in warped models : 



 
Bulk gauge bosons/fermions mix with their KK excitations  
                                           => tree-level contributions to EW observables 
 
Ways out to respect the constraints from EW precision data for MKK~TeV : 

Agashe, Delgado,  
May, Sundrum (2003) 

~> Modification of the AdS metric in the vicinity of the IR brane 

~> Gauge custodial symmetry in the bulk    
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The EW precision constraints in warped models : 

~> Brane-localized kinetic terms for fermions/gauge fields 
Carena et al. (2002)    Aguila et al. (2003)  

Cabrer, Gersdorff, Quiros (2010) 



 
 
 
 
 
« Minimal »  representations under SU(2)L x SU(2)R x U(1)X :    H=(2,2)0 
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in order to realize this idea in supersymmetry one must find a specific model beyond the MSSM.

The organization of the paper is as follows. In Section II,...

II. THE THEORETICAL MODEL

A. Energy scales

Within the RS framework, the gravity scale on the so-called Planck-brane is MPlanck = 2.44×
10

18
GeV, whereas the effective scale on the TeV-brane M� = e−πkRcMPlanck is suppressed by

the warp factor which depends on the curvature radius of the AdS space 1/k as well as on the

compactification radius Rc. For a product kRc � 11, M� = O(1) TeV allowing to address the

gauge hierarchy problem if the Higgs boson is confined on the TeV-brane. We will take kRc � 10.7

so that the maximum value of MKK � 2.45ke−πkRc , fixed by the theoretical consistency bound

k < 0.105MPlanck, is ∼ 1.55 TeV in agreement with the range of MKK values considered here.

The dimensionless parameters noted cf fix the 5D solitonic masses ±cfk, affected to each fermion

f , and thus control the fermion localizations in the bulk. Those satisfy |cf |=O(1) to avoid the

introduction of new fundamental energy scales.

B. Gauge multiplets

We consider the gauge custodial symmetry SU(2)L × SU(2)R ×U(1)X and the SM gauge group

is recovered after the breaking of the SU(2)R group into U(1)R, by boundary conditions and possibly

also by a small breaking of SU(2)R in the bulk effectively parametrized by the �W±
µ mass (the �W±

µ

boson, without zero–mode, is associated to SU(2)R). Then the breaking U(1)R ×U(1)X → U(1)Y

occurs via a Vacuum Expectation Value (VEV) on the Planck-brane: the state �W 3
, associated to

U(1)R, mixes with �B, associated to U(1)X, to give the SM hypercharge B boson, the orthogonal

linear combination being an extra Z �
boson. The Z �

has no zero–mode (its first KK mass is close

to MKK : M �
KK � 2.40ke−πkRc).

The chiral quarks are promoted to the following universal representations under the

SU(2)L × SU(2)R ×U(1)X group, looking e.g. at the third generation, q1L ∈ (2,3)−5/6 [i.e. dou-

blet under SU(2)L, triplet under SU(2)R and with an U(1)X charge −5/6], bR ∈ (1,2)−5/6 and

q2L ∈ (2,2)2/3, tR ∈ (1,1)2/3 with SU(2)R isospins I3R(q1L) = +1, I3R(q2L) = −1/2, I3R(tR) = 0

and I3R(bR) = +1/2 which we represent as,

q1L ∈



 t1L b�L q�−4/3L

b1L q��−4/3L q�−7/3L





−5/6

q2L ∈



 q�5/3L t2L

t�L b2L





2/3

bR ∈ (bR q�−4/3R)−5/6 tR ∈ (tR)2/3

(1)

the subscript −4/3 of the custodian q�−4/3R, for example, indicating its electric charge. Following

the mechanism of Ref. [17, 27–29] for instance, the q1L and q2L multiplets mix together on the

Planck-brane resulting in the SM doublet QL mainly composed here by the q2L component (the

universal mixing angle taken is given by sin
2 θ12 � 0.66 as will be discussed). Since the Higgs

field belongs to a bidoublet (2,2)0 under the custodial symmetry, the group representations of
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2/3
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the subscript −4/3 of the custodian q�−4/3R, for example, indicating its electric charge. Following

the mechanism of Ref. [17, 27–29] for instance, the q1L and q2L multiplets mix together on the

Planck-brane resulting in the SM doublet QL mainly composed here by the q2L component (the

universal mixing angle taken is given by sin
2 θ12 � 0.66 as will be discussed). Since the Higgs

field belongs to a bidoublet (2,2)0 under the custodial symmetry, the group representations of
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in order to realize this idea in supersymmetry one must find a specific model beyond the MSSM.

The organization of the paper is as follows. In Section II,...

II. THE THEORETICAL MODEL
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KK � 2.40ke−πkRc).

The chiral quarks are promoted to the following universal representations under the

SU(2)L × SU(2)R ×U(1)X group, looking e.g. at the third generation, q1L ∈ (2,3)−5/6 [i.e. dou-

blet under SU(2)L, triplet under SU(2)R and with an U(1)X charge −5/6], bR ∈ (1,2)−5/6 and
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(1)

the subscript −4/3 of the custodian q�−4/3R, for example, indicating its electric charge. Following

the mechanism of Ref. [17, 27–29] for instance, the q1L and q2L multiplets mix together on the
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component along the direction of the q̄ origin, in the tt̄ rest frame. Clearly yt > 0 is equivalent to

cos θ∗t > 0 (and pz > 0) so that the asymmetry of Eq.(2) is equal to

At
FB =

σF − σB

σF + σB
=

σ[cos θ∗t : 0 → 1]− σ[cos θ∗t : −1 → 0]

σ[cos θ∗t : 0 → 1] + σ[cos θ∗t : −1 → 0]
=

σ[yt > 0]− σ[yt < 0]

σ[yt > 0] + σ[yt < 0]
. (10)

Now, yt = (yt − yt̄)/2 in the tt̄ rest frame and ∆y = yt − yt̄ is a longitudinal motion invariant

difference so that ∆y = q(yl − yh) = q∆ylh where q is the lepton charge and yl (yh) the rapidity

of the reconstructed top decaying leptonically (hadronically) in the laboratory frame. Hence, by

multiplying Eq.(10) by the integrated luminosity,

At
FB =

N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
=

N(q∆ylh > 0)−N(q∆ylh < 0)

N(q∆ylh > 0) +N(q∆ylh < 0)
. (11)

which can be measured experimentally (the reconstruction of neutrino from missing energy degrades

the precision on the asymmetry measurement). Since the experimental cuts apply on |∆y| < 3 and

asymmetries

A|∆y|<1
FB =

N(1 > ∆y > 0)−N(−1 < ∆y < 0)

N(1 > ∆y > 0) +N(−1 < ∆y < 0)
, A|∆y|>1

FB =
N(∆y > 1)−N(∆y < −1)

N(∆y > 1) +N(∆y < −1)
(12)

are measured, for comparison with data, one should compute the theoretical asymmetry from

integrating over yt rather than over cos θ∗t as in Eq.(5); this is done by changing the variable using

[19],

cos θ∗t =

�

1 +
4m2

t

ŝ− 4m2
t

tanh yt.

App̄

FB =
σ[ypp̄t > 0]− σ[ypp̄t < 0]

σ[ypp̄t > 0] + σ[ypp̄t < 0]
(13)

At
C =

σt[yt > 0]− σt̄[yt > 0]

σt[yt > 0] + σt̄[yt > 0]
At

C = At
FB => CP (14)

It is instructive, just for the qualitative discussion here, to write down the asymmetry at the

partonic level and neglecting the PDF for the second/third quark generations as well as for the

gluon initial states (their contribution is only about 15% at Tevatron) so that the parton luminosity

factors simplify; starting from Eq.(2) and without convoluting with the PDF, one gets at LO, using

Eq.(6)-(7)-(9),

ÂLO
FB (ŝ) =

aqatβt ŝ |D|2
�
(ŝ−M2

KK
) + 2vqvt ŝ

�

σ̂total
SM−LO

(ŝ) + σ̂total
RS−LO

(ŝ) + σ̂total
inter.−LO

(ŝ)
. (15)

One has the approximation at NLO (neglecting the RS contribution at NLO),

ÂNLO
FB (ŝ) =

(σ̂F
SM−NLO

(ŝ) + σ̂F
RS+inter.−LO

(ŝ))− (σ̂B
SM−NLO

(ŝ) + σ̂B
RS+inter.−LO

(ŝ))

σ̂total
SM−NLO

(ŝ) + σ̂total
RS+inter.−LO

(ŝ)

� ÂLO
FB (ŝ) + ÂSM−NLO

FB (ŝ) (16)

since ÂSM−LO

FB (ŝ) = 0 and the experimental data impose typically

σ̂total
SM−LO(ŝ) + σ̂total

RS−LO(ŝ) + σ̂total
inter.−LO(ŝ) � σ̂total

SM−LO(ŝ) � σ̂total
SM−NLO(ŝ).

« What is the Forward-Backward  
asymmetry for the top quark ? »  

Forward-backward asymmetry in tt̄ production

Charge-(a)symmetric cross section

σa(s) =

∫ 1

0
cos θ

[

dσ(pp̄ → tt̄X )

d cos θ
− (+)

dσ(pp̄ → t̄tX )

d cos θ

]

P P̄

q̄q

t

t̄ B F

θ
At

FB =
Nt(F ) − Nt(B)

Nt(F ) + Nt(B)
=

σa

σs

Measurement at Tevatron: inclusive and in bins of invariant mass Mtt̄

(At
FB)pp̄

exp = (15.0 ± 5.0stat ± 2.4syst)%

(At
FB)Mtt̄ > 450 GeV

exp ≡ (At,>
FB )exp = (47.5 ± 11.4)%

[CDF ’11]

2

0  with Parity-violating couplings 

    ( tt rest frame )                       Rapidity : 

4

R =
σtotal
RS−LO

+ σtotal
inter.−LO

σtotal
SM−LO

+ σtotal
RS−LO

+ σtotal
inter.−LO

, (4)

where for instance the Forward cross section σF
RS−LO

for the full hadronic process pp̄ → tt̄ is

obtained by integrating the angle θ∗ over cos θ∗ > 0 (Backward cross section from integrating

over cos θ∗ < 0), summing over all contributing initial partons and convoluting with their Parton

Distribution Functions (PDF):

σF
RS−LO = σRS−LO[cos θ

∗
t : 0 → 1] =

�

ij

� τmax

τmin

dτ

� � 1

0
d cos θ∗t

�
dσ̂RS−LO

d cos θ∗t
(τs)

�

ij

��� 1

τ

dx

x
fi(x, µf )fj(

τ

x
, µf )

�
(5)

σ̂RS−LO being the partonic cross section for the reaction qq̄/gg → tt̄, fi(x) the PDF functions in

the MSTW-2008-NNLO [17] and τmin/max = ŝmin/max/s (with τmin/max always such that 1 > τ >

τ0 = 4m2
t /s given that

√
s = 1.96 TeV). µf is taken at

√
ŝ and mt = 173.1 GeV.

dσ̂RS−LO

d cos θ∗t
(ŝ) =

πα2
s(µr)βt
9ŝ

×

ŝ2|D|2
�
8vqvtaqatβt cos θ

∗ + (a2q + v2q )
�
v2t (2− β2

t sin
2 θ∗) + a2tβ

2
t (1 + cos2 θ∗)

� �
(6)

dσ̂inter.−LO

d cos θ∗t
(ŝ) =

πα2
s(µr)βt
9ŝ

4ŝRe(D)
�
vqvt

�
1− 1

2
β2
t sin

2 θ∗
�
+ aqatβt cos θ

∗� (7)

where ŝ is the effective c.m. energy of the subprocess, θ∗ the scattering angle in the qq̄ frame,

βt = βt(ŝ) =
�

1− 4m2
t /ŝ is the velocity of the top quark and (βR = βt(M2

KK
))

1

D = ŝ−M2
KK + iΓKK

ŝ

MKK

βt[v2t (3− β2
t )]/2 + a2tβ

2
t

βR[v2t (3− β2
R
)]/2 + a2tβ

2
R

the propagator of the KK gluon with mass MKK and total width ΓKK . For our typical set of

parameters, ΓKK/MKK � 832 GeV /1500 GeV � 0.55. αs(µr) is calculated at LO (one loop) for

consistency with RS. The axial and vector couplings of the first KK gluon are given in the RS

framework by,

aq = (Q(cqR)−Q(cqL))/2, vq = (Q(cqR) +Q(cqL))/2,

at = (Q(ctR)−Q(ctL))/2, vt = (Q(ctR) +Q(ctL))/2, (8)

where Q(+∞) → −0.2 and q stands for an initial quark.

For completeness, we also give here the SM-LO differential cross section in the partonic center-

of-mass frame for the qq̄ initial state,

dσ̂SM−LO

d cos θ∗t
(ŝ)

����
qq̄

=
πα2

s(µr)βt
9ŝ

�
2− β2

t sin
2 θ∗

�
, (9)

How is measured the asymmetry by the CDF Collaboration in [18] ? First, one has to introduce

the top quark rapidity yt =
1
2 ln[(E + pz)/(E − pz)] = ∆y/2, E being the top energy and pz its

!y =1!y = "1At
FB at Tevatron 

-‐	  

-‐	  



01-2011 CDF in the lepton+jets channel with 5.3fb-1 :  
 
At

FB = 0.158 +/- 0.075   (+1.3 sigma from SM prediction) 

the data we use cause: most recent, unfolded 
and the only ones on rapidity dependence 
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FIG. 10: Left: The ∆y—Mtt̄ plane. Each dot represents one event, while the intensity of the shading shows approximately
the event probability in the standard pythia based prediction.Right: The tt̄ frame asymmetry in the data in bins of invariant
mass Mtt̄, compared to the prediction of mc@nlo tt̄ + backgrounds. The last bin includes all events with Mtt̄ ≥ 700GeV/c2.
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FIG. 11: The tt̄ frame asymmetries in bins of invariant mass
Mtt̄ when the data is partitioned by lepton charge.

100 GeV/c2 bins above that. The Mtt̄-dependent asym-
metry in ∆y is shown on the right in Fig. 10 and Ta-
ble IX, compared to the prediction of mc@nlo in combi-
nation with the standard background. The uncertainties
in the plot are the statistical errors only; in the table the
mc@nlo uncertainty contains both the statistical and
theoretical component. In the bulk of the data at low
mass the asymmetry is consistent with zero, while at high
mass the asymmetry is consistently above the prediction.
Fig. 11 shows that when the data are separated by lepton
charge, the asymmetries in the two independent samples
behave in approximately opposite fashion.

TABLE IX: The data-level asymmetry Att̄ in bins ofMtt̄ com-
pared to the prediction of mc@nlo + backgrounds.

bin-center Att̄

(GeV/c2) N events data mc@nlo
375 532 -0.019 ± 0.043 0.003± 0.006
425 322 -0.012 ± 0.056 0.026± 0.008
475 190 0.158 ± 0.072 0.013± 0.010
525 95 0.305 ± 0.097 0.019± 0.013
575 58 0.138 ± 0.130 0.063± 0.020
650 34 0.471 ± 0.151 0.051± 0.020
750 29 0.103 ± 0.185 0.091± 0.022

A. Asymmetries at High and Low Mass

The large statistical errors in the Att̄(Mtt̄,i) distribu-
tion of Fig. 10 do not allow any conclusion on the func-
tional dependence. In order to make a quantitative mea-
surement of Att̄(Mtt̄) in a simple, statistically meaningful
way, we use a compact representation of Att̄(Mtt̄,i) into
just two Mtt̄ bins, below and above a given mass bound-
ary.
The boundary between the low and high mass regions

is chosen based on a study of the color-octet samples de-
scribed in the Appendix. These samples have Att̄(Mtt̄,i)
distributions that are comparable to the data and reason-
able for modeling the sensitivity in that variable. We find
that the significance of the asymmetry at high mass is
maximized when the bin division is atMtt̄ = 450 GeV/c2,
and therefore adopt this cut.
Fig. 12 shows the ∆y distributions when the data

is divided into two regions, below and above Mtt̄ =
450 GeV/c2. At low mass the asymmetry is consis-
tent with zero. At high mass, the rapidity difference is

+3.4 standard 
deviations from SM  ( tt rest frame )            unfolding  -‐	  
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momentum component along the direction of the q̄ origin, in the tt̄ rest frame. Clearly yt > 0 is

equivalent to cos θ∗t > 0 (and pz > 0) so that the asymmetry of Eq.(2) is equal to

At
FB =

σF − σB

σF + σB
=

σ[cos θ∗t : 0 → 1]− σ[cos θ∗t : −1 → 0]

σ[cos θ∗t : 0 → 1] + σ[cos θ∗t : −1 → 0]
=

σ[yt > 0]− σ[yt < 0]

σ[yt > 0] + σ[yt < 0]
. (10)

Now, yt = (yt − yt̄)/2 in the tt̄ rest frame and ∆y = yt − yt̄ is a longitudinal motion invariant

difference so that ∆y = q(yl − yh) = q∆ylh where q is the lepton charge and yl (yh) the rapidity

of the reconstructed top decaying leptonically (hadronically) in the laboratory frame. Hence, by

multiplying Eq.(10) by the integrated luminosity,

At
FB =

N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
=

N(q∆ylh > 0)−N(q∆ylh < 0)

N(q∆ylh > 0) +N(q∆ylh < 0)
. (11)

which can be measured experimentally (the reconstruction of neutrino from missing energy degrades

the precision on the asymmetry measurement). Since the experimental cuts apply on |∆y| < 3 and

asymmetries

A|∆y|<1
FB =

N(1 > ∆y > 0)−N(−1 < ∆y < 0)

N(1 > ∆y > 0) +N(−1 < ∆y < 0)
, A|∆y|>1

FB =
N(∆y > 1)−N(∆y < −1)

N(∆y > 1) +N(∆y < −1)
(12)

are measured, for comparison with data, one should compute the theoretical asymmetry from

integrating over yt rather than over cos θ∗t as in Eq.(5); this is done by changing the variable using

[19],

cos θ∗t =

�

1 +
4m2

t

ŝ− 4m2
t

tanh yt.

App̄

FB =
σ[ypp̄t > 0]− σ[ypp̄t < 0]

σ[ypp̄t > 0] + σ[ypp̄t < 0]
(13)

At
C =

σt[yt > 0]− σt̄[yt > 0]

σt[yt > 0] + σt̄[yt > 0]
At

C = At
FB => CP (14)

It is instructive, just for the qualitative discussion here, to write down the asymmetry at the

partonic level and neglecting the PDF for the second/third quark generations as well as for the

gluon initial states (their contribution is only about 15% at Tevatron) so that the parton luminosity

factors simplify; starting from Eq.(2) and without convoluting with the PDF, one gets at LO, using

Eq.(6)-(7)-(9),

ÂLO
FB (ŝ) =

aqatβt ŝ |D|2
�
(ŝ−M2

KK
) + 2vqvt ŝ

�

σ̂total
SM−LO

(ŝ) + σ̂total
RS−LO

(ŝ) + σ̂total
inter.−LO

(ŝ)
. (15)

One has the approximation at NLO (neglecting the RS contribution at NLO),

ÂNLO
FB (ŝ) =

(σ̂F
SM−NLO

(ŝ) + σ̂F
RS+inter.−LO

(ŝ))− (σ̂B
SM−NLO

(ŝ) + σ̂B
RS+inter.−LO

(ŝ))

σ̂total
SM−NLO

(ŝ) + σ̂total
RS+inter.−LO

(ŝ)

� ÂLO
FB (ŝ) + ÂSM−NLO

FB (ŝ) (16)

since ÂSM−LO

FB (ŝ) = 0 and the experimental data impose typically

σ̂total
SM−LO(ŝ) + σ̂total

RS−LO(ŝ) + σ̂total
inter.−LO(ŝ) � σ̂total

SM−LO(ŝ) � σ̂total
SM−NLO(ŝ).

5

momentum component along the direction of the q̄ origin, in the tt̄ rest frame. Clearly yt > 0 is

equivalent to cos θ∗t > 0 (and pz > 0) so that the asymmetry of Eq.(2) is equal to

At
FB =

σF − σB

σF + σB
=

σ[cos θ∗t : 0 → 1]− σ[cos θ∗t : −1 → 0]

σ[cos θ∗t : 0 → 1] + σ[cos θ∗t : −1 → 0]
=

σ[yt > 0]− σ[yt < 0]

σ[yt > 0] + σ[yt < 0]
. (10)

Now, yt = (yt − yt̄)/2 in the tt̄ rest frame and ∆y = yt − yt̄ is a longitudinal motion invariant

difference so that ∆y = q(yl − yh) = q∆ylh where q is the lepton charge and yl (yh) the rapidity

of the reconstructed top decaying leptonically (hadronically) in the laboratory frame. Hence, by

multiplying Eq.(10) by the integrated luminosity,

At
FB =

N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
=

N(q∆ylh > 0)−N(q∆ylh < 0)

N(q∆ylh > 0) +N(q∆ylh < 0)
. (11)

which can be measured experimentally (the reconstruction of neutrino from missing energy degrades

the precision on the asymmetry measurement). Since the experimental cuts apply on |∆y| < 3 and

asymmetries

A|∆y|<1
FB =

N(1 > ∆y > 0)−N(−1 < ∆y < 0)

N(1 > ∆y > 0) +N(−1 < ∆y < 0)
, A|∆y|>1

FB =
N(∆y > 1)−N(∆y < −1)

N(∆y > 1) +N(∆y < −1)
(12)

are measured, for comparison with data, one should compute the theoretical asymmetry from

integrating over yt rather than over cos θ∗t as in Eq.(5); this is done by changing the variable using

[19],

cos θ∗t =

�

1 +
4m2

t
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factors simplify; starting from Eq.(2) and without convoluting with the PDF, one gets at LO, using
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FB (ŝ) =
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(ŝ−M2

KK
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�

σ̂total
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(ŝ) + σ̂total
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(ŝ)
. (15)

One has the approximation at NLO (neglecting the RS contribution at NLO),

ÂNLO
FB (ŝ) =

(σ̂F
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(ŝ) + σ̂F
RS+inter.−LO

(ŝ))− (σ̂B
SM−NLO

(ŝ) + σ̂B
RS+inter.−LO

(ŝ))

σ̂total
SM−NLO

(ŝ) + σ̂total
RS+inter.−LO

(ŝ)

� ÂLO
FB (ŝ) + ÂSM−NLO

FB (ŝ) (16)

since ÂSM−LO

FB (ŝ) = 0 and the experimental data impose typically

σ̂total
SM−LO(ŝ) + σ̂total

RS−LO(ŝ) + σ̂total
inter.−LO(ŝ) � σ̂total

SM−LO(ŝ) � σ̂total
SM−NLO(ŝ).

( tt rest frame, unfolded ) 

+1.9 standard 
deviation from SM  
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At
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FIG. 3: Same as in Fig.2 but exhibiting the MSTW-2008-NLO PDF [17] uncertainty effects (at 90%C.L.),

uncertainty estimated on RS part only. In the second energy bin, the lowest At
FB value in RS is at −2.1σ

from data.
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FIG. 4: Asymmetries A|∆y|<1
FB and A|∆y|>1

FB (see Eq.(12)) integrated over [350, 800] GeV computed within the
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FB in RS is only away by −1.4σ.
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momentum component along the direction of the q̄ origin, in the tt̄ rest frame. Clearly yt > 0 is

equivalent to cos θ∗t > 0 (and pz > 0) so that the asymmetry of Eq.(2) is equal to

At
FB =

σF − σB

σF + σB
=

σ[cos θ∗t : 0 → 1]− σ[cos θ∗t : −1 → 0]

σ[cos θ∗t : 0 → 1] + σ[cos θ∗t : −1 → 0]
=

σ[yt > 0]− σ[yt < 0]

σ[yt > 0] + σ[yt < 0]
. (10)

Now, yt = (yt − yt̄)/2 in the tt̄ rest frame and ∆y = yt − yt̄ is a longitudinal motion invariant

difference so that ∆y = q(yl − yh) = q∆ylh where q is the lepton charge and yl (yh) the rapidity

of the reconstructed top decaying leptonically (hadronically) in the laboratory frame. Hence, by

multiplying Eq.(10) by the integrated luminosity,

At
FB =

N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
=

N(q∆ylh > 0)−N(q∆ylh < 0)

N(q∆ylh > 0) +N(q∆ylh < 0)
. (11)

which can be measured experimentally (the reconstruction of neutrino from missing energy degrades

the precision on the asymmetry measurement). Since the experimental cuts apply on |∆y| < 3 and

asymmetries

A|∆y|<1
FB =

N(1 > ∆y > 0)−N(−1 < ∆y < 0)

N(1 > ∆y > 0) +N(−1 < ∆y < 0)
, A|∆y|>1

FB =
N(∆y > 1)−N(∆y < −1)

N(∆y > 1) +N(∆y < −1)
(12)

are measured, for comparison with data, one should compute the theoretical asymmetry from

integrating over yt rather than over cos θ∗t as in Eq.(5); this is done by changing the variable using

[19],

cos θ∗t =

�

1 +
4m2

t

ŝ− 4m2
t

tanh yt.

App̄

FB =
σ[ypp̄t > 0]− σ[ypp̄t < 0]

σ[ypp̄t > 0] + σ[ypp̄t < 0]
(13)

At
C =

σt[yt > 0]− σt̄[yt > 0]

σt[yt > 0] + σt̄[yt > 0]
At

C = At
FB => CP (14)

It is instructive, just for the qualitative discussion here, to write down the asymmetry at the

partonic level and neglecting the PDF for the second/third quark generations as well as for the

gluon initial states (their contribution is only about 15% at Tevatron) so that the parton luminosity

factors simplify; starting from Eq.(2) and without convoluting with the PDF, one gets at LO, using

Eq.(6)-(7)-(9),

ÂLO
FB (ŝ) = aqat

4πα2
s(µr)

9

β2
t |D|2

�
(ŝ−M2

KK
) + 2vqvt ŝ

�

σ̂total
SM−LO

(ŝ) + σ̂total
RS+inter.−LO

(ŝ)
. (15)

One has the approximation at NLO (neglecting the RS contribution at NLO),

ÂNLO
FB (ŝ) =

(σ̂F
SM−NLO

(ŝ) + σ̂F
RS+inter.−LO

(ŝ))− (σ̂B
SM−NLO

(ŝ) + σ̂B
RS+inter.−LO

(ŝ))

σ̂total
SM−NLO

(ŝ) + σ̂total
RS+inter.−LO

(ŝ)

� ÂLO
FB (ŝ) + ÂSM−NLO

FB (ŝ) (16)

since ÂSM−LO

FB (ŝ) = 0 and the experimental data impose typically

σ̂total
SM−LO(ŝ) + σ̂total

RS+inter.−LO(ŝ) � σ̂total
SM−LO(ŝ) � σ̂total

SM−NLO(ŝ).
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(ŝ−M2

KK
) + 2vqvt ŝ
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� ÂLO
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FIG. 1: Partonic asymmetry for the partonic process qq̄ → tt̄ as a function of the tt̄ invariant mass Mtt̄

(in GeV/c2) in the SM at NLO (ÂSM−NLO

FB (ŝ) according to the text notations) [blue line], in the pure RS

framework (ÂRS−LO

FB (ŝ)) [dashed red curve], in the RS extension of the SM (ÂNLO

FB (ŝ)) [plain red curve]

and within the heavy axigluon scenario (Octet A) solving the CDF anomaly on Âoctet

FB (ŝ) (M = 2TeV ,

vq = vt = 0 and −aq = at = 3/2) [18] [green curve]. The gg initial state contribution is not included here.

We have taken mt = 173.1 GeV.
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FIG. 2: Integrated asymmetry in the two energy bins [350, 450] GeV and [450, 800] GeV of tt̄ invariant mass

Mtt̄ (in GeV/c2) computed within the RS extension of the SM (At

FB according to Eq.(3)) [red curve] (with

µf = µr = mt = 172.5 GeV) and compared to the SM prediction at NLO ASM

FB (see Eq.(4)) [blue curve]

as well as to the unfolded CDF data (for mt = 172.5 GeV) [18] [black crosses exhibiting the experimental

errors]. The used PDF for RS are MSTW-2008 at NLO [17]. In the first energy bin, ASM

FB is at 1.0σ from

data whereas At

FB is acceptaby at 1.6σ. In the second energy bin, ASM

FB is at −3.4σ from data whereas At

FB

is only away by −1.9σ.
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R =
σtotal
RS−LO

+ σtotal
inter.−LO

σtotal
SM−LO

+ σtotal
RS−LO

+ σtotal
inter.−LO

, (4)

where for instance the Forward cross section σF
RS−LO

for the full hadronic process pp̄ → tt̄ is

obtained by integrating the angle θ∗ over cos θ∗ > 0 (Backward cross section from integrating

over cos θ∗ < 0), summing over all contributing initial partons and convoluting with their Parton

Distribution Functions (PDF):

σF
RS−LO = σRS−LO[cos θ

∗
t : 0 → 1] =

�

ij

� τmax

τmin

dτ

� � 1

0
d cos θ∗t

�
dσ̂RS−LO

d cos θ∗t
(τs)

�

ij

��� 1

τ

dx

x
fi(x, µf )fj(

τ

x
, µf )

�
(5)

σ̂RS−LO being the partonic cross section for the reaction qq̄/gg → tt̄, fi(x) the PDF functions

in the MSTW-2008-NNLO [17] and τmin/max = ŝmin/max/s (with τmin/max always such that 1 >

τ > τ0 = 4m2
t /s given that

√
s = 1.96 TeV). µf is the factorization scale (and below µr is the

renormalization scale).

dσ̂RS−LO

d cos θ∗t
(ŝ) =

πα2
s(µr)βt
9ŝ

×

ŝ2|D|2
�
8vqvtaqatβt cos θ

∗ + (a2q + v2q )
�
v2t (2− β2

t sin
2 θ∗) + a2tβ

2
t (1 + cos2 θ∗)

� �
(6)

dσ̂inter.−LO

d cos θ∗t
(ŝ) =

πα2
s(µr)βt
9ŝ

4ŝRe(D)
�
vqvt

�
1− 1

2
β2
t sin

2 θ∗
�
+ aqatβt cos θ

∗� (7)

where ŝ is the effective c.m. energy of the subprocess, θ∗ the scattering angle in the qq̄ frame,

βt = βt(ŝ) =
�

1− 4m2
t /ŝ is the velocity of the top quark and (βR = βt(M2

KK
))

1

D = ŝ−M2
KK + iΓKK

ŝ

MKK

βt[v2t (3− β2
t )]/2 + a2tβ

2
t

βR[v2t (3− β2
R
)]/2 + a2tβ

2
R

the propagator of the KK gluon with mass MKK and total width ΓKK . For our typical set of

parameters, ΓKK/MKK � 832 GeV /1500 GeV � 0.55. αs(µr) is calculated at LO (one loop) for

consistency with RS. The axial and vector couplings of the first KK gluon are given in the RS

framework by,

aq = (Q(cqR)−Q(cqL))/2, vq = (Q(cqR) +Q(cqL))/2,

at = (Q(ctR)−Q(ctL))/2, vt = (Q(ctR) +Q(ctL))/2, (8)

where Q(+∞) → −0.2 and q stands for an initial quark.

For completeness, we also give here the SM-LO differential cross section in the partonic center-

of-mass frame for the qq̄ initial state,

dσ̂SM−LO

d cos θ∗t
(ŝ)

����
qq̄

=
πα2

s(µr)βt
9ŝ

�
2− β2

t sin
2 θ∗

�
, (9)

How is measured the asymmetry by the CDF Collaboration in [18] ? First, one has to introduce

the top quark rapidity yt =
1
2 ln[(E + pz)/(E − pz)] = ∆y/2, E being the top energy and pz its
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FB (ŝ) =

(σ̂F
SM−NLO
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(ŝ))− (σ̂B
SM−NLO
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ÂNLO
FB (ŝ) =
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(ŝ) + σ̂total
RS+inter.−LO

(ŝ)
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FIG. 1: Partonic asymmetry for the partonic process qq̄ → tt̄ as a function of the tt̄ invariant mass Mtt̄

(in GeV/c2) in the SM at NLO (ÂSM−NLO

FB (ŝ) according to the text notations) [blue line], in the pure RS

framework (ÂRS−LO

FB (ŝ)) [dashed red curve], in the RS extension of the SM (ÂNLO

FB (ŝ)) [plain red curve]

and within the heavy axigluon scenario (Octet A) solving the CDF anomaly on Âoctet

FB (ŝ) (M = 2TeV ,

vq = vt = 0 and −aq = at = 3/2) [18] [green curve]. The gg initial state contribution is not included here.

We have taken mt = 173.1 GeV.
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FIG. 2: Integrated asymmetry in the two energy bins [350, 450] GeV and [450, 800] GeV of tt̄ invariant mass

Mtt̄ (in GeV/c2) computed within the RS extension of the SM (At

FB according to Eq.(3)) [red curve] (with

µf = µr = mt = 172.5 GeV) and compared to the SM prediction at NLO ASM

FB (see Eq.(4)) [blue curve]

as well as to the unfolded CDF data (for mt = 172.5 GeV) [18] [black crosses exhibiting the experimental

errors]. The used PDF for RS are MSTW-2008 at NLO [17]. In the first energy bin, ASM

FB is at 1.0σ from

data whereas At

FB is acceptaby at 1.6σ. In the second energy bin, ASM

FB is at −3.4σ from data whereas At

FB

is only away by −1.9σ.
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R =
σtotal
RS−LO

+ σtotal
inter.−LO

σtotal
SM−LO

+ σtotal
RS−LO

+ σtotal
inter.−LO

, (4)

where for instance the Forward cross section σF
RS−LO

for the full hadronic process pp̄ → tt̄ is

obtained by integrating the angle θ∗ over cos θ∗ > 0 (Backward cross section from integrating

over cos θ∗ < 0), summing over all contributing initial partons and convoluting with their Parton

Distribution Functions (PDF):

σF
RS−LO = σRS−LO[cos θ

∗
t : 0 → 1] =

�

ij
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dτ

� � 1

0
d cos θ∗t

�
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d cos θ∗t
(τs)

�

ij

��� 1

τ

dx

x
fi(x, µf )fj(

τ

x
, µf )

�
(5)

σ̂RS−LO being the partonic cross section for the reaction qq̄/gg → tt̄, fi(x) the PDF functions

in the MSTW-2008-NNLO [17] and τmin/max = ŝmin/max/s (with τmin/max always such that 1 >

τ > τ0 = 4m2
t /s given that

√
s = 1.96 TeV). µf is the factorization scale (and below µr is the

renormalization scale).

dσ̂RS−LO

d cos θ∗t
(ŝ) =

πα2
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9ŝ

×
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8vqvtaqatβt cos θ
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t (1 + cos2 θ∗)
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d cos θ∗t
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πα2
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9ŝ

4ŝRe(D)
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vqvt
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1− 1
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β2
t sin

2 θ∗
�
+ aqatβt cos θ

∗� (7)

where ŝ is the effective c.m. energy of the subprocess, θ∗ the scattering angle in the qq̄ frame,

βt = βt(ŝ) =
�

1− 4m2
t /ŝ is the velocity of the top quark and (βR = βt(M2

KK
))

1

D = ŝ−M2
KK + iΓKK

ŝ

MKK

βt[v2t (3− β2
t )]/2 + a2tβ

2
t

βR[v2t (3− β2
R
)]/2 + a2tβ

2
R

the propagator of the KK gluon with mass MKK and total width ΓKK . For our typical set of

parameters, ΓKK/MKK � 832 GeV /1500 GeV � 0.55. αs(µr) is calculated at LO (one loop) for

consistency with RS. The axial and vector couplings of the first KK gluon are given in the RS

framework by,

aq = (Q(cqR)−Q(cqL))/2, vq = (Q(cqR) +Q(cqL))/2,

at = (Q(ctR)−Q(ctL))/2, vt = (Q(ctR) +Q(ctL))/2, (8)

where Q(+∞) → −0.2 and q stands for an initial quark.

For completeness, we also give here the SM-LO differential cross section in the partonic center-

of-mass frame for the qq̄ initial state,

dσ̂SM−LO

d cos θ∗t
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����
qq̄

=
πα2

s(µr)βt
9ŝ

�
2− β2

t sin
2 θ∗

�
, (9)

How is measured the asymmetry by the CDF Collaboration in [18] ? First, one has to introduce

the top quark rapidity yt =
1
2 ln[(E + pz)/(E − pz)] = ∆y/2, E being the top energy and pz its

4

R =
σtotal
RS−LO

+ σtotal
inter.−LO

σtotal
SM−LO

+ σtotal
RS−LO

+ σtotal
inter.−LO

, (4)

where for instance the Forward cross section σF
RS−LO

for the full hadronic process pp̄ → tt̄ is

obtained by integrating the angle θ∗ over cos θ∗ > 0 (Backward cross section from integrating

over cos θ∗ < 0), summing over all contributing initial partons and convoluting with their Parton

Distribution Functions (PDF):

σF
RS−LO = σRS−LO[cos θ

∗
t : 0 → 1] =

�

ij

� τmax

τmin

dτ

� � 1

0
d cos θ∗t

�
dσ̂RS−LO

d cos θ∗t
(τs)

�

ij

��� 1

τ

dx

x
fi(x, µf )fj(

τ

x
, µf )

�
(5)

σ̂RS−LO being the partonic cross section for the reaction qq̄/gg → tt̄, fi(x) the PDF functions
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FIG. 1: Partonic asymmetry for the partonic process qq̄ → tt̄ as a function of the tt̄ invariant mass Mtt̄

(in GeV/c2) in the SM at NLO (ÂSM−NLO

FB (ŝ) according to the text notations) [blue line], in the pure RS

framework (ÂRS−LO

FB (ŝ)) [dashed red curve], in the RS extension of the SM (ÂNLO

FB (ŝ)) [plain red curve]

and within the heavy axigluon scenario (Octet A) solving the CDF anomaly on Âoctet

FB (ŝ) (M = 2TeV ,

vq = vt = 0 and −aq = at = 3/2) [18] [green curve]. The gg initial state contribution is not included here.

We have taken mt = 173.1 GeV.
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FIG. 2: Integrated asymmetry in the two energy bins [350, 450] GeV and [450, 800] GeV of tt̄ invariant mass

Mtt̄ (in GeV/c2) computed within the RS extension of the SM (At

FB according to Eq.(3)) [red curve] (with

µf = µr = mt = 172.5 GeV) and compared to the SM prediction at NLO ASM

FB (see Eq.(4)) [blue curve]

as well as to the unfolded CDF data (for mt = 172.5 GeV) [18] [black crosses exhibiting the experimental

errors]. The used PDF for RS are MSTW-2008 at NLO [17]. In the first energy bin, ASM

FB is at 1.0σ from

data whereas At

FB is acceptaby at 1.6σ. In the second energy bin, ASM

FB is at −3.4σ from data whereas At

FB

is only away by −1.9σ.

Full asymmetry after convolution with MSTW-2008… 

6

SM�NLO�
Octet.A�SM

RS RS�SM

500 1000 1500

�0.2

0.0

0.2

0.4

Mtt�GeV�

A F
Bt

FIG. 1: Partonic asymmetry for the partonic process qq̄ → tt̄ as a function of the tt̄ invariant mass Mtt̄

(in GeV/c2) in the SM at NLO (ÂSM−NLO

FB (ŝ) according to the text notations) [blue line], in the pure RS

framework (ÂRS−LO

FB (ŝ)) [dashed red curve], in the RS extension of the SM (ÂNLO

FB (ŝ)) [plain red curve]

and within the heavy axigluon scenario (Octet A) solving the CDF anomaly on Âoctet

FB (ŝ) (M = 2TeV ,

vq = vt = 0 and −aq = at = 3/2) [18] [green curve]. The gg initial state contribution is not included here.

We have taken mt = 173.1 GeV.
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FIG. 2: Integrated asymmetry in the two energy bins [350, 450] GeV and [450, 800] GeV of tt̄ invariant mass

Mtt̄ (in GeV/c2) computed within the RS extension of the SM (At

FB according to Eq.(3)) [red curve] (with

µf = µr = mt = 172.5 GeV) and compared to the SM prediction at NLO ASM

FB (see Eq.(4)) [blue curve]

as well as to the unfolded CDF data (for mt = 172.5 GeV) [18] [black crosses exhibiting the experimental

errors]. The used PDF for RS are MSTW-2008 at NLO [17]. In the first energy bin, ASM

FB is at 1.0σ from

data whereas At

FB is acceptaby at 1.6σ. In the second energy bin, ASM

FB is at −3.4σ from data whereas At

FB

is only away by −1.9σ.

Mtt = 450GeV rest of the discrepancy : RS @ NLO ?           

( tt rest frame ) 	  -‐	  

-‐	  

CDF data unfolded
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CDF data unfolded
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FIG. 2: Full top quark asymmetry integrated in the two energy bins [350, 450] and [450, 900] of invariant mass

Mtt̄ (in GeV/c2) computed within the RS extension of the SM (At
FB according to Eq.(3)) with µf = µr =

mt = 172.5 GeV/c2 [red curve] and compared to the SM prediction at NLO ASM
FB (see Eq.(4)) [blue curve]

as well as to the unfolded CDF data for mt = 172.5 GeV/c2 [6] [black crosses exhibiting the experimental

error]. The interval shown for At
FB reflects the PDF uncertainty effects (at 90%C.L.), uncertainty estimated

on the RS part only. Considering the central values with respect to these uncertainties, in the first energy

bin, ASM
FB is at 1.0σ from data whereas At

FB is acceptably at 1.7σ; in the second energy bin, ASM
FB is at −3.4σ

from data whereas At
FB is only away by −1.7σ.

Observable Measurement SM [QCD-(N)NLO] SM (dev.) RS+SM RS+SM (dev.) RS+SM w.r.t. SM (%)

At
FB 0.158± 0.075 0.058± 0.009 −1.33σ 0.190 +0.42(7)σ +227.6%

σtt̄ 7.50± 0.48 pb 7.46 pb [43] −0.08σ 6.80 pb −1.44σ −8.7%

σtt̄ 7.50± 0.48 pb 7.29 pb [44] −0.43σ 6.65 pb −1.76σ −8.7%

σtt̄ 7.50± 0.48 pb 7.26 pb [45] −0.5σ 6.62 pb −1.82σ −8.7%

TABLE I: Experimental/theoretical values for the Forward-Backward asymmetry, At
FB , in the top quark

sector and top pair production cross section at Tevatron, σtt̄. Following the available data, At
FB has

been obtained by integration over the interval [350, 800] GeV, whereas σtt̄ comes from integrating over

the whole allowed range: [2mt,
√
s]. The data and QCD prediction at NLO on At

FB are from [6] (with

mt = 172.5 GeV/c2 and L = 5.3 fb−1). The three approximate QCD-NNLO results for σtt̄ were computed

respectively in [43],[44],[45] (deduced for mt = 172.5 GeV/c2) while the experimental value is taken from [46]

(obtained for mt = 172.5 GeV/c2 with L = 4.6 fb−1 from all the combined channels). The RS contribution

is estimated at NLO assuming that the K factor is the same as in the SM. The used PDF for RS are

MSTW-2008 at NLO [37].
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FIG. 3: Same as in Fig.2 but exhibiting the MSTW-2008-NLO PDF [17] uncertainty effects (at 90%C.L.),

uncertainty estimated on RS part only. In the second energy bin, the lowest At
FB value in RS is at −2.1σ

from data.
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FIG. 4: Asymmetries A|∆y|<1
FB and A|∆y|>1

FB (see Eq.(12)) integrated over [350, 800] GeV computed within the

RS extension of the SM [red curve] (with µf = µr = mt = 172.5 GeV) and compared to the SM prediction

at NLO [blue curve] as well as to the unfolded CDF data (for mt = 172.5 GeV) [18] [black crosses show the

experimental errors]. The used PDF for RS are MSTW-2008 at NLO [17]. In the second bin, A|∆y|>1
FB in

the SM is at −1.9σ from data whereas A|∆y|>1
FB in RS is only away by −1.4σ.

B. Top production cross sections

IV. THE ELECTROWEAK PRECISION CONSTRAINTS FROM LEP

A. The bottom and other quarks

With our parameters, the quark masses can be reproduced; we obtain mt � 170 GeV, mb �
3 GeV, mc � 1 GeV, ms � 0.3 GeV, mu � 5 MeV and md � 5 MeV. The quark mixing angles

of the CKM matrix can be generated almost as in the usual geometric approach of the RS models

as our configuration is close to the usual one being clight > 0.5, cb,t � 0.5. We do not specify all

44% uncertainty 
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FIG. 1: Partonic asymmetry for the partonic process qq̄ → tt̄ as a function of the tt̄ invariant mass Mtt̄

(in GeV/c2) in the SM at NLO (ÂSM−NLO

FB (ŝ) according to the text notations) [blue line], in the pure RS

framework (ÂRS−LO

FB (ŝ)) [dashed red curve], in the RS extension of the SM (ÂNLO

FB (ŝ)) [plain red curve]

and within the heavy axigluon scenario (Octet A) solving the CDF anomaly on Âoctet

FB (ŝ) (M = 2TeV ,

vq = vt = 0 and −aq = at = 3/2) [18] [green curve]. The gg initial state contribution is not included here.

We have taken mt = 173.1 GeV.
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FIG. 2: Integrated asymmetry in the two energy bins [350, 450] GeV and [450, 800] GeV of tt̄ invariant mass

Mtt̄ (in GeV/c2) computed within the RS extension of the SM (At

FB according to Eq.(3)) [red curve] (with

µf = µr = mt = 172.5 GeV) and compared to the SM prediction at NLO ASM

FB (see Eq.(4)) [blue curve]

as well as to the unfolded CDF data (for mt = 172.5 GeV) [18] [black crosses exhibiting the experimental

errors]. The used PDF for RS are MSTW-2008 at NLO [17]. In the first energy bin, ASM

FB is at 1.0σ from

data whereas At

FB is acceptaby at 1.6σ. In the second energy bin, ASM

FB is at −3.4σ from data whereas At

FB

is only away by −1.9σ.

additional positive test of the model 

( tt rest frame ) 	  -‐	  

CDF data unfolded
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Observable Measurement SM [QCD-(N)NLO] SM (dev.) RS+SM RS+SM (dev.) RS+SM w.r.t. SM (%)

At
FB 0.158± 0.075 0.058± 0.009 −1.33σ 0.190 +0.43(2)σ +228.3%

σtt̄ 7.50± 0.48 pb 7.61 pb [43] +0.24σ 6.94 pb −1.16σ −8.9%

σtt̄ 7.50± 0.48 pb 7.44 pb [44] −0.11σ 6.78 pb −1.49σ −8.9%

σtt̄ 7.50± 0.48 pb 7.41 pb [45] −0.18σ 6.75 pb −1.55σ −8.9%

TABLE II: Same as in Table I still with µr = mt but now with µf = 2mt (using the factor estimated in

Ref [44]). There is a weak dependence of the asymmetry on µf as well as on mt, in contrast with the cross

section.

CDF data unfolded
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FIG. 3: Asymmetries A|∆y|<1
FB and A|∆y|>1

FB (see Eq.(9)) integrated over [350, 800] GeV computed within the

RS extension of the SM [red curve] (with µf = µr = mt = 172.5 GeV) and compared to the SM prediction

at NLO [blue curve] as well as to the unfolded CDF data (for mt = 172.5 GeV) [6] [black crosses show the

experimental errors]. The used PDF for RS are MSTW-2008 at NLO [37]. In the second bin, A|∆y|>1
FB in

the SM is at −1.9σ from data whereas A|∆y|>1
FB in RS is only away by −1.3σ.

B. Top production cross sections

IV. THE LEP AND OTHER PRECISION EW CONSTRAINTS

A. The bottom quark

Z’...

B. The other quarks

cuL = cdL � 0.44 � 0.5 but compensation (see notes: s compensates 1st and bL, bR for AFBb)



One must take care of the differential  
tt production cross section  
in good agreement with the SM… 

In RS : 

- uu , dd      tt  - - - 
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FIG. 5: Partonic cross sections σ̂SM−LO(qq̄ → tt̄) (in pb) [blue curve] and σ̂RS+SM (qq̄ → tt̄) (in pb)

[red curve] as a function of the tt̄ invariant mass Mtt̄ (in GeV/c2). The gg initial state contribution, which

represents ∼ 15% of the entire convoluted cross section, is not included here. We have takenmt = 173.1 GeV.
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FIG. 6: Differential cross section distribution

dσSM−NNLO

dMtt̄

(in fb/(GeV/c2)) at leading NNLO derived from

[24] [blue curve] (for mt = 175 GeV and µf = µr = mt) as a function of the tt̄ invariant mass Mtt̄ (in

GeV/c2) together with the distribution
dσSM−NNLO

dMtt̄

(1 +
dσRS+inter.−LO

dMtt̄

/dσSM.−LO

dMtt̄

) (in fb/(GeV/c2)) [red

curve]. The unfolded CDF data [25] for these 8 energy bins with mt = 175 GeV are also illustrated by the

black crosses indicating the experimental errors. The differential cross section in the first bin is at 1.38σ

from the measurement within the SM wheras it is at 1.65σ in RS. The whole χ2 function divided by the

number of degrees of freedom is χ2/d.o.f. = 6.85/8 in the SM while it improves down to χ2/d.o.f. = 5.08/8

in RS.
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FIG. 5: Partonic cross sections σ̂SM−LO(qq̄ → tt̄) (in pb) [blue curve] and σ̂RS+SM (qq̄ → tt̄) (in pb)

[red curve] as a function of the tt̄ invariant mass Mtt̄ (in GeV/c2). The gg initial state contribution, which

represents ∼ 15% of the entire convoluted cross section, is not included here. We have takenmt = 173.1 GeV.
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FIG. 6: Differential cross section distribution
dσSM−NNLO

dMtt̄

(in fb/(GeV/c2)) at leading NNLO derived from

[24] [blue curve] (for mt = 175 GeV and µf = µr = mt) as a function of the tt̄ invariant mass Mtt̄ (in

GeV/c2) together with the distribution
dσSM−NNLO

dMtt̄

(1 +
dσRS+inter.−LO

dMtt̄

/dσSM.−LO

dMtt̄

) (in fb/(GeV/c2)) [red

curve]. The unfolded CDF data [25] for these 8 energy bins with mt = 175 GeV are also illustrated by the

black crosses indicating the experimental errors. The differential cross section in the first bin is at 1.38σ

from the measurement within the SM wheras it is at 1.65σ in RS. The whole χ2 function divided by the

number of degrees of freedom is χ2/d.o.f. = 6.85/8 in the SM while it improves down to χ2/d.o.f. = 5.08/8

in RS.

2.7 fb-1 In SM : 
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FIG. 5: Partonic cross sections σ̂SM−LO(qq̄ → tt̄) (in pb) [blue curve] and σ̂RS+SM (qq̄ → tt̄) (in pb)

[red curve] as a function of the tt̄ invariant mass Mtt̄ (in GeV/c2). The gg initial state contribution, which

represents ∼ 15% of the entire convoluted cross section, is not included here. We have takenmt = 173.1 GeV.
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FIG. 6: Differential cross section distribution
dσSM−NNLO

dMtt̄

(in fb/(GeV/c2)) at leading NNLO derived from

[24] [blue curve] (for mt = 175 GeV and µf = µr = mt) as a function of the tt̄ invariant mass Mtt̄ (in

GeV/c2) together with the distribution
dσSM−NNLO

dMtt̄

(1 +
dσRS+inter.−LO

dMtt̄

/dσSM.−LO

dMtt̄

) (in fb/(GeV/c2)) [red

curve]. The unfolded CDF data [25] for these 8 energy bins with mt = 175 GeV are also illustrated by the

black crosses indicating the experimental errors. The differential cross section in the first bin is at −1.38σ

from the measurement within the SM wheras it is at −1.65σ in RS. The whole χ2 function divided by the

number of degrees of freedom is χ2/d.o.f. = 6.85/8 in the SM while it improves down to χ2/d.o.f. = 5.08/8

in RS.
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FIG. 4: Partonic cross sections σ̂SM−LO for qq̄ → tt̄ (in pb) [blue curve] and σ̂RS+SM for qq̄ → tt̄ (in pb)

[red curve] as a function of the tt̄ invariant mass Mtt̄ (in GeV/c2). The gg initial state contribution, which

represents ∼ 15% of the entire convoluted cross section, is not included here. We have takenmt = 172.5 GeV.
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FIG. 5: Differential cross section distribution
dσSM−NNLO

dMtt̄

(in fb/(GeV/c2)) at leading NNLO derived from

[39] [blue curve] (for mt = 175 GeV and µf = µr = mt) as a function of the tt̄ invariant mass Mtt̄ (in

GeV/c2) together with the distribution
dσSM−NNLO

dMtt̄

(1 +
dσRS+inter.−LO

dMtt̄

/dσSM.−LO

dMtt̄

) (in fb/(GeV/c2)) [red

curve]. The unfolded CDF data [47] for these 8 energy bins with mt = 175 GeV are also illustrated by the

black crosses indicating the experimental errors. The differential cross section in the first bin is at −1.4σ

from the measurement within the SM wheras it is at −1.7σ in RS. The whole χ2 function divided by the

number of degrees of freedom is χ2
SM/d.o.f. = 6.8/8 in the SM while it improves down to χ2

RS/d.o.f. = 6.3/8

in RS.

C. The lepton and gauge boson sector

The oblique corrections are important in the lepton and gauge boson sector...
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[red curve] as a function of the tt̄ invariant mass Mtt̄ (in GeV/c2). The gg initial state contribution, which

represents ∼ 15% of the entire convoluted cross section, is not included here. We have takenmt = 172.5 GeV.
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(in fb/(GeV/c2)) at leading NNLO derived from

[39] [blue curve] (for mt = 175 GeV and µf = µr = mt) as a function of the tt̄ invariant mass Mtt̄ (in

GeV/c2) together with the distribution
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) (in fb/(GeV/c2)) [red

curve]. The unfolded CDF data [47] for these 8 energy bins with mt = 175 GeV are also illustrated by the

black crosses indicating the experimental errors. The differential cross section in the first bin is at −1.4σ

from the measurement within the SM wheras it is at −1.7σ in RS. The whole χ2 function divided by the

number of degrees of freedom is χ2
SM/d.o.f. = 6.8/8 in the SM while it improves down to χ2
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in RS.
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curve]. The unfolded CDF data [47] for these 8 energy bins with mt = 175 GeV are also illustrated by the

black crosses indicating the experimental errors. The differential cross section in the first bin is at −1.4σ

from the measurement within the SM wheras it is at −1.7σ in RS. The whole χ2 function divided by the

number of degrees of freedom is χ2
SM/d.o.f. = 6.8/8 in the SM while it improves down to χ2
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in RS.
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from the measurement within the SM wheras it is at −1.7σ in RS. The whole χ2 function divided by the

number of degrees of freedom is χ2
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predictions on the asymmetry are very stable against scale variation as well as PDF and

top quark mass uncertainties, a mere consequence of the fact that it is defined as a cross

section ratio. Hence, the error given above on At
FB

is mainly due to the SM uncertainty.

The FB asymmetries at low (|∆y| < 1) and high (|∆y| > 1) top rapidities, yt = ∆y/2,

have been measured by the CDF collaboration [5] with a rapidity cut |∆y| < 3. The

right-hand side of Fig. 2, in which are given these unfolded results, illustrates that the

fit to data is improved in the RS realization compared to the SM situation. The reason

is that if high absolute rapidities are selected, then large cos θ∗ values are considered, θ∗

being the scattering angle, so that the asymmetry generated by the KK gluon exchange

is maximized [12]5.

The total cross section for top quark pair production at the Tevatron in our RS

scenario, calculated with the program of Ref. [25] which includes the approximate NNLO

corrections to the SM contribution, is found to be σ(pp̄ → tt̄) = 6.62±1 pb for µR = µF =

mt = 172.5 GeV when the MSTW PDF set is adopted. The combined uncertainty is from

the scale variation, PDF and the top quark mass which have been estimated according

to the procedure given in Ref. [26]. Given the uncertainties, the cross section value is in

a good agreement with the value measured at the Tevatron, 7.50 ± 0.48 pb [27], again

obtained for mt = 172.5 GeV. This agreement is essentially due to the large mass and

total width of the KK gluon resonance induced by the significant g(1)t̄RtR coupling, which

lead to only a small departure from the SM prediction.
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Figure 3: The differential cross section dσSM−NNLO/dMtt̄ [in fb/GeV] at NNLO as a function
of the tt̄ invariant mass Mtt̄ [in GeV] [29] (µF = µR = mt = 175 GeV) [blue curve] together with
the distribution including the KK gluon exchange effect [red curve]. The unfolded CDF data of
Ref. [28] on these eight energy bins, for mt = 175 GeV, are also illustrated by the black crosses
indicating the experimental error. The differential cross section in the first bin is at −1.4σ from
the measurement within the SM whereas it lies at −1.7σ in RS. The resulting χ2 function values
are indicated on the figure.

An important final comment is on the tt̄ invariant mass distribution

dσSM−NNLO

dMtt̄
(1 +

dσRS+inter.−LO

dMtt̄
/
dσSM.−LO

dMtt̄
),

5More generally, these excesses in At
FB can be due to s-channel exchanges of color octet vector bosons,

interfering with SM top quark production, with masses in the vicinity of the TeV scale. For instance,

effective axigluon-inspired scenarios can cure these anomalies [24] (note that the parameter space explored

here is not the same as the one considered in Ref. [24] and our resonance width is larger) if one makes sure

that the axigluon exchanges do not affect drastically the well behaved tt̄ (differential) cross sections.
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Figure 3: The differential cross section dσSM−NNLO/dMtt̄ [in fb/GeV] at NNLO as a function
of the tt̄ invariant mass Mtt̄ [in GeV] [29] (µF = µR = mt = 175 GeV) [blue curve] together with
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What about the whole integrated top quark asymmetry and cross section ? 

OK as heavy KK gluon with broad resonance 

with the considered theoretical parameters, the left-hand side of Fig. 2 shows that the

RS contribution increases the whole FB asymmetry, leading to a much better agreement

with the recent unfolded CDF results4 than in the pure SM case. The increase with ŝ of

the RS contribution to the asymmetry in Fig. 1 is responsible for a larger enhancement

of At
FB above Mtt̄ = 450 GeV in Fig. 2 as needed for a better fit to data. Nevertheless,

choosing RS parameters that would lead to a larger asymmetry above Mtt̄ = 450 GeV

would inevitably lead in the same time to an At
FB value too far from the data below

450 GeV. Hence, in the high Mtt̄ range, the improvement of At
FB from −3.4 standard

deviations within the SM down to −1.7 standard deviations within the present RS model

is the best improvement that one can hope in our warped higher-dimensional scenario.

This is due to an intrinsic constraint coming from the tension between the asymmetry

measurements above and below Mtt̄ = 450 GeV. This feature suggests that the remaining

discrepancy of ∼ 1.7σ could be attributed to either a statistical fluctuation or higher order

QCD corrections. Indeed, the NLO corrections to the KK gluon exchange could play a role

in the present framework and, for the SM part, additional and non-negligible contributions

might arise at NNLO.
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Figure 2: Left : The full top quark asymmetry integrated in the two energy ranges [350, 450] and
[450, 900] of invariant mass Mtt̄ (in GeV) computed within the RS extension of the SM, At

FB, with
µF = µR = mt = 172.5 GeV [red lines] and compared to the SM prediction at NLO, ASM

FB [blue
lines] as well as to the unfolded CDF data for mt = 172.5 GeV [5] [black crosses for experimental
errors]. In the first energy bin, ASM

FB is at 1.0σ from data whereas At
FB is at 1.7σ; in the second

energy bin, ASM
FB is at −3.4σ from data whereas At

FB is away by −1.7σ. Right : The asymmetries
A|∆y|<1

FB and A|∆y|>1
FB computed in the RS extension [red lines] and compared to the SM prediction

at NLO [blue lines] as well as to the unfolded CDF data [5] [black crosses]. In the highest bin,
A|∆y|>1

FB in the SM is at −1.9σ from data whereas A|∆y|>1
FB in RS is away by −1.3σ.

The fit on the asymmetry At
FB integrated over the whole Mtt̄ range is also greatly

improved in our RS scenario compared to the SM case, as one sees by comparing the

theoretical prediction of our RS extension with the measurement [for µR = µF = mt =

172.5 GeV] :

Tevatron data [5] : 0.158± 0.075

SM [NLO] [5] : 0.058± 0.009 (−1.33σ)

RS+SM : 0.189± 0.010 (+0.42σ)

where the standard deviations of the central theoretical values relatively to the exper-

imental value are given in brackets. We have checked that the present RS theoretical
4Attempts have been made to fit the non-unfolded CDF data within a specific warped framework [23].
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Let us stress that while several alternative models can also explain the excess in

At
FB, like in the case of axigluons for instance, they generally do not account for the Ab

FB

anomaly. A possible way to discriminate at the LHC the scenarios with the present KK

gluon or an axigluon is to search for KK electroweak gauge bosons – e.g. via their decay

into longitudinal Z and Higgs bosons [48] – heavy quarks (custodians10) [49] or a more

challenging second KK gluon excitation.
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[2] A. Djouadi, J. Kühn and P. M. Zerwas, Z. Phys. C46 (1990) 411.

[3] D0 Collaboration (V. M. Abazov et al.), Phys. Rev. Lett. 100 (2008) 142002; CDF
Collaboration (T. Aaltonen et al.), Phys. Rev. Lett. 101 (2008) 202001.

[4] CDF Collaboration, CDF/ANAL/TOP/PUBLIC/9724, March 2009;
http://www-cdf.fnal.gov/physics/new/top/2009/tprop/Afb/.

[5] CDF Collaboration (T. Aaltonen et al.), arXiv:1101.0034 [hep-ex].

[6] CDF Collaboration, CDF/ANAL/TOP/CDFR/10398, March 2011.

[7] L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999) 3370.

[8] T. Gherghetta and A. Pomarol, Nucl. Phys. B586 (2000) 141.

[9] See e.g. S. J. Huber and Q. Shafi, Phys. Lett. B544 (2002) 295; B583 (2004) 293;
G. Moreau and J. I. Silva-Marcos, JHEP 0601 (2006) 048; 0603 (2006) 090; Y. Grossman
and M. Neubert, Phys. Lett. B474 (2000) 361; G. Moreau, Eur. Phys. J. C40 (2005) 539.

[10] T. Lari et al., Eur. Phys. J. C57 (2008) 183; M. Raidal et al., Eur. Phys. J. C57 (2008) 13.

[11] A. Djouadi, G. Moreau and F. Richard, Nucl. Phys. B773 (2007) 43; C. Bouchart and
G. Moreau, Nucl. Phys. B810 (2009) 66; Phys. Rev. D80 (2009) 095022.

[12] A. Djouadi, G. Moreau, F. Richard and R. K. Singh, Phys. Rev. D82 (2010) 071702.

[13] L. Da Rold, JHEP 1102 (2011) 034; E. Alvarez, L. Da Rold and A. Szynkman,
arXiv:1011.6557 [hep-ph].

10Given our choice of a singlet representation for tR and the value of ctL imposed by phenomenological

constraints, one predicts that all custodians should be heavier than ∼ 1.5 TeV. This scale is much above

the experimental sensitivity of present heavy quark searches which is about 400 GeV. Morever, these

searches assume a fourth generation pattern for heavy quark decays [17] while, e.g., a b
� custodian could

decay predominantly into bZ and bH. Therefore, the actual mass limit for such particles could fall down

to ∼ 150 GeV, if FCNC constraints are also satisfied. One could therefore have chosen to embed tR into a

doublet containing a light b
�
R custodian (taking the model of Ref. [12]); the mass limit quoted just above

would have then imposed ctR � −0.5 which translates into RS contributions to A
t
FB – at high Mtt̄ and ∆y

– lower than here, but still substantial. Thus, given the At
FB measurement accuracy, we cannot clearly rule

out the presence of a light b
�
R custodian. In such a case, the KK gluon width would significantly increase

due to the opening of the channel g(1) → b̄
�
b
�, rendering more challenging the g

(1) detection. On the other

side, these colored custodians would be abundantly produced at the LHC with a significant enhancement

from the g
(1) resonance contribution.

– 11 –

[14] J. A. Aguilar-Saavedra and M. Perez-Victoria, arXiv:1103.2765 [hep-ph]; C. Degrande
et al., arXiv:1104.1798 [hep-ph].

[15] K. Agashe, A. Delgado, M. J. May and R. Sundrum, JHEP 0308 (2003) 050.

[16] K. Agashe, R. Contino, L. Da Rold and A. Pomarol, Phys. Lett. B641 (2006) 62.

[17] See for example : CDF Collaboration, CDF/PUB/TOP/PUBLIC/10110; D0
Collaboration, 5892-CONF; CMS Collaboration, arXiv:1102.4746 [hep-ex].

[18] C. Csaki, A. Falkowski and A. Weiler, Phys. Rev. D80 (2009) 016001.

[19] Q.-H. Cao et al., Phys. Rev. D81 (2010) 114004.

[20] O. Antunano, J. H. Kuhn and G. Rodrigo, Phys. Rev. D77 (2008) 014003; J. H. Kuhn and
G. Rodrigo, Phys. Rev. Lett. 81 (1998) 49.

[21] M. Bauer, F. Goertz, U. Haisch, T. Pfoh and S. Westhoff, JHEP 1011 (2010) 039.

[22] A. D. Martin, W. J. Stirling, R. S. Thorne and G. Watt, Eur. Phys. J. C64 (2009) 653.

[23] C. Delaunay, O. Gedalia, S. J. Lee, G. Perez and E. Pontón, arXiv:1101.2902 [hep-ph].

[24] Y. Bai, J. L. Hewett, J. Kaplan and T. G. Rizzo, JHEP 1103 (2011) 003.

[25] M. Aliev et al. (HATHOR calculator), Comput. Phys. Commun. 182 (2011) 1034.

[26] J. Baglio et al., Phys. Lett. B699 (2011) 368.

[27] CDF Collaboration, Note 9913, Run II, October 2009.

[28] CDF Collaboration, arXiv:0903.2850 [hep-ex].

[29] V. Ahrens et al., JHEP 1009 (2010) 097; arXiv:1103.0550 [hep-ph].

[30] C. Delaunay, O. Gedalia, S. J. Lee, G. Perez and E. Pontón, arXiv:1007.0243 [hep-ph].

[31] D0 Collaboration, FERMILAB-PUB-11-190-E, arXiv:1104.4590 [hep-ex].

[32] H. Davoudiasl et al., New J. Phys. 12 (2010) 075011.

[33] M. E. Peskin and T. Takeuchi, Phys. Rev. Lett. 65 (1990) 964; Phys. Rev. D46 (1992) 381.

[34] M. S. Carena et al., Nucl. Phys. B759 (2006) 202; Phys. Rev. D76 (2007) 035006.

[35] S. Jung and J. D. Wells, JHEP 1011 (2010) 001.

[36] J. A. Cabrer et al., Phys. Lett. B697 (2011) 208; arXiv:1103.1388 [hep-ph].

[37] B. C. Allanach, F. Mahmoudi, J. P. Skittrall and K. Sridhar, JHEP 1003 (2010) 014;
A. Djouadi, G. Moreau and R. K. Singh, Nucl. Phys. B797 (2008) 1.

[38] ATLAS Collaboration, ATL-PHYS-PUB-2010-008.

[39] CMS Collaboration, CMS PAS TOP-10-007.

[40] ATLAS webpage : http://atlas.web.cern.ch/Atlas/Collaboration/index.php.

[41] CMS Collaboration, CMS PAS TOP-11-001; see also the CMS webpage :
http://cms.cern.ch/iCMS/.

[42] CMS Collaboration, Phys. Rev. Lett. 105 (2010) 211801.

[43] ATLAS Collaboration, arXiv:1103.3864 [hep-ex].

[44] J. Bagger, C. Schmidt and S. King, Phys. Rev. D37 (1988) 1188.

[45] CMS Collaboration, arXiv:1102.2020 [hep-ex].

[46] P. Ferrario and G. Rodrigo, Phys. Rev. D80 (2009) 051701.

[47] J. L. Hewett et al., arXiv:1103.4618 [hep-ph].

– 12 –

[14] J. A. Aguilar-Saavedra and M. Perez-Victoria, arXiv:1103.2765 [hep-ph]; C. Degrande
et al., arXiv:1104.1798 [hep-ph].

[15] K. Agashe, A. Delgado, M. J. May and R. Sundrum, JHEP 0308 (2003) 050.

[16] K. Agashe, R. Contino, L. Da Rold and A. Pomarol, Phys. Lett. B641 (2006) 62.

[17] See for example : CDF Collaboration, CDF/PUB/TOP/PUBLIC/10110; D0
Collaboration, 5892-CONF; CMS Collaboration, arXiv:1102.4746 [hep-ex].

[18] C. Csaki, A. Falkowski and A. Weiler, Phys. Rev. D80 (2009) 016001.

[19] Q.-H. Cao et al., Phys. Rev. D81 (2010) 114004.

[20] O. Antunano, J. H. Kuhn and G. Rodrigo, Phys. Rev. D77 (2008) 014003; J. H. Kuhn and
G. Rodrigo, Phys. Rev. Lett. 81 (1998) 49.

[21] M. Bauer, F. Goertz, U. Haisch, T. Pfoh and S. Westhoff, JHEP 1011 (2010) 039.

[22] A. D. Martin, W. J. Stirling, R. S. Thorne and G. Watt, Eur. Phys. J. C64 (2009) 653.

[23] C. Delaunay, O. Gedalia, S. J. Lee, G. Perez and E. Pontón, arXiv:1101.2902 [hep-ph].

[24] Y. Bai, J. L. Hewett, J. Kaplan and T. G. Rizzo, JHEP 1103 (2011) 003.

[25] M. Aliev et al. (HATHOR calculator), Comput. Phys. Commun. 182 (2011) 1034.

[26] J. Baglio et al., Phys. Lett. B699 (2011) 368.

[27] CDF Collaboration, Note 9913, Run II, October 2009.

[28] CDF Collaboration, arXiv:0903.2850 [hep-ex].

[29] V. Ahrens et al., JHEP 1009 (2010) 097; arXiv:1103.0550 [hep-ph].

[30] C. Delaunay, O. Gedalia, S. J. Lee, G. Perez and E. Pontón, arXiv:1007.0243 [hep-ph].

[31] D0 Collaboration, FERMILAB-PUB-11-190-E, arXiv:1104.4590 [hep-ex].

[32] H. Davoudiasl et al., New J. Phys. 12 (2010) 075011.

[33] M. E. Peskin and T. Takeuchi, Phys. Rev. Lett. 65 (1990) 964; Phys. Rev. D46 (1992) 381.

[34] M. S. Carena et al., Nucl. Phys. B759 (2006) 202; Phys. Rev. D76 (2007) 035006.

[35] S. Jung and J. D. Wells, JHEP 1011 (2010) 001.

[36] J. A. Cabrer et al., Phys. Lett. B697 (2011) 208; arXiv:1103.1388 [hep-ph].

[37] B. C. Allanach, F. Mahmoudi, J. P. Skittrall and K. Sridhar, JHEP 1003 (2010) 014;
A. Djouadi, G. Moreau and R. K. Singh, Nucl. Phys. B797 (2008) 1.

[38] ATLAS Collaboration, ATL-PHYS-PUB-2010-008.

[39] CMS Collaboration, CMS PAS TOP-10-007.

[40] ATLAS webpage : http://atlas.web.cern.ch/Atlas/Collaboration/index.php.

[41] CMS Collaboration, CMS PAS TOP-11-001; see also the CMS webpage :
http://cms.cern.ch/iCMS/.

[42] CMS Collaboration, Phys. Rev. Lett. 105 (2010) 211801.

[43] ATLAS Collaboration, arXiv:1103.3864 [hep-ex].

[44] J. Bagger, C. Schmidt and S. King, Phys. Rev. D37 (1988) 1188.

[45] CMS Collaboration, arXiv:1102.2020 [hep-ex].

[46] P. Ferrario and G. Rodrigo, Phys. Rev. D80 (2009) 051701.

[47] J. L. Hewett et al., arXiv:1103.4618 [hep-ph].

– 12 –

Theoretical (HATHOR): 

Experimental (Tevatron): 

improves	  

predictions on the asymmetry are very stable against scale variation as well as PDF and

top quark mass uncertainties, a mere consequence of the fact that it is defined as a cross

section ratio. Hence, the error given above on At
FB

is mainly due to the SM uncertainty.

The FB asymmetries at low (|∆y| < 1) and high (|∆y| > 1) top rapidities, yt = ∆y/2,

have been measured by the CDF collaboration [5] with a rapidity cut |∆y| < 3. The

right-hand side of Fig. 2, in which are given these unfolded results, illustrates that the

fit to data is improved in the RS realization compared to the SM situation. The reason

is that if high absolute rapidities are selected, then large cos θ∗ values are considered, θ∗

being the scattering angle, so that the asymmetry generated by the KK gluon exchange

is maximized [12]5.

The total cross section for top quark pair production at the Tevatron in our RS

scenario, calculated with the program of Ref. [25] which includes the approximate NNLO

corrections to the SM contribution, is found to be σ(pp̄ → tt̄) = 6.62±1 pb for µR = µF =

mt = 172.5 GeV when the MSTW PDF set is adopted. The combined uncertainty is from

the scale variation, PDF and the top quark mass which have been estimated according

to the procedure given in Ref. [26]. Given the uncertainties, the cross section value is in

a good agreement with the value measured at the Tevatron, 7.50 ± 0.48 pb [27], again

obtained for mt = 172.5 GeV. This agreement is essentially due to the large mass and

total width of the KK gluon resonance induced by the significant g(1)t̄RtR coupling, which

lead to only a small departure from the SM prediction.
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Figure 3: The differential cross section dσSM−NNLO/dMtt̄ [in fb/GeV] at NNLO as a function
of the tt̄ invariant mass Mtt̄ [in GeV] [29] (µF = µR = mt = 175 GeV) [blue curve] together with
the distribution including the KK gluon exchange effect [red curve]. The unfolded CDF data of
Ref. [28] on these eight energy bins, for mt = 175 GeV, are also illustrated by the black crosses
indicating the experimental error. The differential cross section in the first bin is at −1.4σ from
the measurement within the SM whereas it lies at −1.7σ in RS. The resulting χ2 function values
are indicated on the figure.

An important final comment is on the tt̄ invariant mass distribution

dσSM−NNLO

dMtt̄
(1 +

dσRS+inter.−LO

dMtt̄
/
dσSM.−LO

dMtt̄
),

5More generally, these excesses in At
FB can be due to s-channel exchanges of color octet vector bosons,

interfering with SM top quark production, with masses in the vicinity of the TeV scale. For instance,

effective axigluon-inspired scenarios can cure these anomalies [24] (note that the parameter space explored

here is not the same as the one considered in Ref. [24] and our resonance width is larger) if one makes sure

that the axigluon exchanges do not affect drastically the well behaved tt̄ (differential) cross sections.
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III) Ab
FB and EW precision tests @ LEP 



Interpretation in a generic extra-dimensional model… 
(difficult in SUSY) 
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Summary of the EW observables… 
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Observable SM RS

Ab
FB(mZ) 2.7σ 1.2σ

Rb 0.8σ 1.2σ

Ac
FB(mZ) 0.9σ 0.9σ

Rc 0.0σ 0.5σ

As
FB(mZ) 0.6σ 0.2σ

Γhad(Z) 1.3σ 1.0σ

Γtot(W ) 0.2σ 0.2σ

�QFB� 1.1σ 0.1σ

C1u + C1d 0.2σ 0.8σ

C1u − C1d 1.1σ 0.1σ

χ2/d.o.f. 25.3/17 19.8/17

TABLE III: Exhaustive list of electroweak precision observables in the quark sector: the standard deviations

(in absolute value) for theoretical predictions with respect to experimental data in the SM (predictions

taken from Ref. [1]) and in our RS realization. The observables are defined as usual (see the description in

Ref. [1, 2, 48]). In particular, the observable �QFB� is the asymmetry in the average charges over hemispheres

of hadronic events measured at LEP [49]; The C1u,d encode the effective couplings between two leptons and

two quarks tested in parity-violating electron scattering measurements on nuclear targets (APV, PVES)

[50]. The resulting χ2
amount is also given in the last line for all the quark observables (including Ab

FB(mZ)

plus all the Ab
FB(

√
s) asymmetry measurements outside the Z0

pole at LEP). Concerning the Tevatron

and combined HERA (ZEUS+H1) data on Zuu/Zdd couplings [51], the RS version studied here is clearly

compatible with existing constraints on the vector and axial couplings, like for the SM predictions.

V. THE LHC PHYSICS

A. Constraints on the new RS scenario from LHC

1. Search for dijet resonances

The search for resonance bumps with the ATLAS detector at
√
s = 7 TeV and L = 36 pb

−1

allows to constrain the dijet production cross section times the acceptance [52]. This new study

[52] does not assume the narrow width approximation, as previous ones, so that we can rescale

the dijet production cross section via axigluon [53], considered in the exclusion plot of Fig.(3)

inside this reference, to the dijet production cross section via KK gluon exchange. We then obtain

that dijet production cross section (through KK gluon) times acceptance is in a region clearly not

excluded by the ATLAS constaint, namely at 0.023 pb whereas the upper bound is around 1 pb

at our resonant mass MKK = 1.5 TeV (there is a factor ∼ 10
−2

w.r.t. the axigluon cross section

– thus excluded at this mass – roughly due to a factor ∼ 10
−1

w.r.t. the axigluon couplings). We
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excluded by the ATLAS constaint, namely at 0.017 pb whereas the upper bound is around 1 pb

at our resonant mass MKK = 1.5 TeV (there is a factor ∼ 10−2 w.r.t. the axigluon cross section

– thus excluded at this mass – roughly due to a factor ∼ 10−1 w.r.t. the axigluon couplings). We

have used µf = µr = (mt =)173.1 GeV but this has not much influence on this test as a ratio of

cross sections is involved.

2. Angular distributions for dijet final states

...

B. Predictions for the new RS scenario at LHC

Collaboration Measurement SM [QCD-(N)NLO] SM (dev.) RS+SM (dev.)

ATLAS 180± 18.5 pb 164 pb [35] −0.86σ −0.88σ

ATLAS 180± 18.5 pb 163 pb [21] −0.91σ −0.94σ

ATLAS 180± 18.5 pb 155 pb [24] −1.35σ −1.37σ

CMS 158± 19 pb 164 pb [35] +0.31σ +0.29σ

CMS 158± 19 pb 163 pb [21] +0.26σ +0.24σ

CMS 158± 19 pb 155 pb [24] −0.15σ −0.17σ

TABLE IV: Experimental/theoretical values for the top quark pair production cross section σtt̄ (in pb) at

LHC with
√
s = 7 TeV. The experimental data are from combined channels with an integrated luminosity

of L = 35 pb−1 for ATLAS [36] and L = 36 pb−1 for CMS [37]. The three approximate QCD-NNLO results

for σtt̄ are taken from Ref [35], [21] and [24] where those are given at µf = µr = mt = 173 GeV/c2 (see also

[38]). The RS contribution is estimated at NNLO assuming that the K factor is the same as in the SM. The

used PDF for RS are MSTW-2008 at NNLO [17]. The weak RS contribution is due to the fact that it is

only induced by a qq̄ initial state while the initial states with gluons are major at LHC.

The gKKuLuL and gKKdLdL couplings are increased by ∼ ... and mass decreased by.. This is

due to the smaller cqL values for first generation compared to the usual case cqL > 0.5 (i.e. the light

quarks are now slighlty shifted towards the TeV-brane). The consequence is an important increase

of the KK gluon contribution to the tt̄ production cross section – one of the strongest signatures

of RS – of about ×.... (given that the gKKu/dRu/dR couplings would be typically negligible).

prediction. The sR quark being in a different multiplet from the uL, dL one, it can possess

a different SU(2)R isospin leading to different Z–Z � mixing-induced corrections to the

Z coupling. In Table 1, we present the list of EW precision observables in the quark

sector, together with their standard deviations relatively to the data, in the SM and RS

cases for MKK = 1.5 TeV. We see that within RS, each observable is in a good agreement

with the corresponding measurement. Concerning the combined Tevatron (CDF+D0) and

HERA (ZEUS+H1) data on the Zuu/Zdd couplings, the RS scenario studied here is also

compatible with the present constraints on the vector and axial couplings [31].

We have focused on the EW fits in the quark sector as we consider new specific quark

locations aimed at addressing the bottom and top FB asymmetries. We will not treat

in detail the EW precision tests in the lepton and gauge boson sector but we describe

here, two ways of obtaining acceptable fits within the present context. To have a low

KK mass at ∼ 1.5 TeV – usually EW precision tests impose rather MKK � 2–3 TeV for

clept. > 0.5 [32] – a first possibility is to achieve compensations between corrections to

different lepton chiral couplings involved in some EW observables, as mentioned above for

the bottom quark sector [11]. This can be done by taking some clept. values slightly smaller

than 0.5 so that the Z � couplings are non-vanishing and can induce different Z coupling

corrections due to different SU(2)R lepton isospins. The oblique corrections implemented

via the S parameter [33], which usually include the direct corrections to lepton couplings

after some redefinition valid for clept. > 0.5 [15], should now be treated separately and

combined. The other possibility is already known : if the leptons are decoupled from the

KK gauge bosons by taking clept. � 0.5, the EW precision tests – including direct lepton

vertex corrections as well as oblique corrections through the S parameter – can be satisfied

for MKK � 1.5 TeV [34, 35]. The other important oblique corrections enter via the T

parameter which is protected at the tree level by the custodial symmetry. At the loop

level, the fermion exchange contributions depend on their multiplet embedding. If the

gauge custodial symmetry is weakly broken in the bulk, the T parameter is fixed at tree

level by an effective gauge boson mass giving a sufficient freedom [11]7.

5. LHC physics

tt̄ production cross section :

The g(1)gg coupling is zero at tree level due to the orthonormalization condition on the

wave functions along the extra dimension [8] combined with the flat profile of the gluon.

The loop induced coupling leads to small contributions to the tt̄ production cross section

at the LHC [37]. The contribution of the KK gluon exchange originates mainly from the

qq̄ initial state so that the rate σ(pp → tt̄) in RS+SM is not significantly different from

that in the SM, whose major contribution at the LHC is coming from gluon-gluon fusion.

As a consequence, the RS contribution to the tt̄ rate is in good agreement with the recent

LHC data. Indeed, the theoretical NNLO prediction in our RS model for the central

σ(pp → tt̄) value, based on Ref. [25] with µF = µR = mt = 173 GeV, is at −0.81σ (the

SM is at −0.86σ) from the ATLAS measurement, 180± 18.5 pb [40], and at +0.36σ (SM

at +0.31σ) from the CMS value, 158 ± 19 pb [41]; even without taking into account the

QCD uncertainties, the agreement is thus satisfactory.

7Note that recently, a similar framework has been suggested [36] where a modifications of the AdS

metric near the infrared brane allows a KK scale at 1 TeV without conflicting with EW precision tests.
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section ratio. Hence, the error given above on At
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is mainly due to the SM uncertainty.

The FB asymmetries at low (|∆y| < 1) and high (|∆y| > 1) top rapidities, yt = ∆y/2,

have been measured by the CDF collaboration [5] with a rapidity cut |∆y| < 3. The

right-hand side of Fig. 2, in which are given these unfolded results, illustrates that the

fit to data is improved in the RS realization compared to the SM situation. The reason

is that if high absolute rapidities are selected, then large cos θ∗ values are considered, θ∗

being the scattering angle, so that the asymmetry generated by the KK gluon exchange

is maximized [12]5.

The total cross section for top quark pair production at the Tevatron in our RS

scenario, calculated with the program of Ref. [25] which includes the approximate NNLO

corrections to the SM contribution, is found to be σ(pp̄ → tt̄) = 6.62±1 pb for µR = µF =

mt = 172.5 GeV when the MSTW PDF set is adopted. The combined uncertainty is from

the scale variation, PDF and the top quark mass which have been estimated according

to the procedure given in Ref. [26]. Given the uncertainties, the cross section value is in

a good agreement with the value measured at the Tevatron, 7.50 ± 0.48 pb [27], again

obtained for mt = 172.5 GeV. This agreement is essentially due to the large mass and

total width of the KK gluon resonance induced by the significant g(1)t̄RtR coupling, which

lead to only a small departure from the SM prediction.
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Figure 3: The differential cross section dσSM−NNLO/dMtt̄ [in fb/GeV] at NNLO as a function
of the tt̄ invariant mass Mtt̄ [in GeV] [29] (µF = µR = mt = 175 GeV) [blue curve] together with
the distribution including the KK gluon exchange effect [red curve]. The unfolded CDF data of
Ref. [28] on these eight energy bins, for mt = 175 GeV, are also illustrated by the black crosses
indicating the experimental error. The differential cross section in the first bin is at −1.4σ from
the measurement within the SM whereas it lies at −1.7σ in RS. The resulting χ2 function values
are indicated on the figure.

An important final comment is on the tt̄ invariant mass distribution

dσSM−NNLO

dMtt̄
(1 +

dσRS+inter.−LO

dMtt̄
/
dσSM.−LO

dMtt̄
),

5More generally, these excesses in At
FB can be due to s-channel exchanges of color octet vector bosons,

interfering with SM top quark production, with masses in the vicinity of the TeV scale. For instance,

effective axigluon-inspired scenarios can cure these anomalies [24] (note that the parameter space explored

here is not the same as the one considered in Ref. [24] and our resonance width is larger) if one makes sure

that the axigluon exchanges do not affect drastically the well behaved tt̄ (differential) cross sections.
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prediction. The sR quark being in a different multiplet from the uL, dL one, it can possess

a different SU(2)R isospin leading to different Z–Z � mixing-induced corrections to the
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sector, together with their standard deviations relatively to the data, in the SM and RS

cases for MKK = 1.5 TeV. We see that within RS, each observable is in a good agreement

with the corresponding measurement. Concerning the combined Tevatron (CDF+D0) and

HERA (ZEUS+H1) data on the Zuu/Zdd couplings, the RS scenario studied here is also

compatible with the present constraints on the vector and axial couplings [31].

We have focused on the EW fits in the quark sector as we consider new specific quark

locations aimed at addressing the bottom and top FB asymmetries. We will not treat

in detail the EW precision tests in the lepton and gauge boson sector but we describe

here, two ways of obtaining acceptable fits within the present context. To have a low

KK mass at ∼ 1.5 TeV – usually EW precision tests impose rather MKK � 2–3 TeV for

clept. > 0.5 [32] – a first possibility is to achieve compensations between corrections to
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after some redefinition valid for clept. > 0.5 [15], should now be treated separately and

combined. The other possibility is already known : if the leptons are decoupled from the

KK gauge bosons by taking clept. � 0.5, the EW precision tests – including direct lepton

vertex corrections as well as oblique corrections through the S parameter – can be satisfied

for MKK � 1.5 TeV [34, 35]. The other important oblique corrections enter via the T

parameter which is protected at the tree level by the custodial symmetry. At the loop

level, the fermion exchange contributions depend on their multiplet embedding. If the

gauge custodial symmetry is weakly broken in the bulk, the T parameter is fixed at tree

level by an effective gauge boson mass giving a sufficient freedom [11]7.

5. LHC physics

tt̄ production cross section :

The g(1)gg coupling is zero at tree level due to the orthonormalization condition on the

wave functions along the extra dimension [8] combined with the flat profile of the gluon.

The loop induced coupling leads to small contributions to the tt̄ production cross section

at the LHC [37]. The contribution of the KK gluon exchange originates mainly from the

qq̄ initial state so that the rate σ(pp → tt̄) in RS+SM is not significantly different from

that in the SM, whose major contribution at the LHC is coming from gluon-gluon fusion.

As a consequence, the RS contribution to the tt̄ rate is in good agreement with the recent

LHC data. Indeed, the theoretical NNLO prediction in our RS model for the central

σ(pp → tt̄) value, based on Ref. [25] with µF = µR = mt = 173 GeV, is at −0.81σ (the

SM is at −0.86σ) from the ATLAS measurement, 180± 18.5 pb [40], and at +0.36σ (SM

at +0.31σ) from the CMS value, 158 ± 19 pb [41]; even without taking into account the

QCD uncertainties, the agreement is thus satisfactory.

7Note that recently, a similar framework has been suggested [36] where a modifications of the AdS

metric near the infrared brane allows a KK scale at 1 TeV without conflicting with EW precision tests.
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excluded by the ATLAS constaint, namely at 0.017 pb whereas the upper bound is around 1 pb

at our resonant mass MKK = 1.5 TeV (there is a factor ∼ 10−2 w.r.t. the axigluon cross section

– thus excluded at this mass – roughly due to a factor ∼ 10−1 w.r.t. the axigluon couplings). We

have used µf = µr = (mt =)173.1 GeV but this has not much influence on this test as a ratio of

cross sections is involved.

2. Angular distributions for dijet final states

...

B. Predictions for the new RS scenario at LHC

Collaboration Measurement SM [QCD-(N)NLO] SM (dev.) RS+SM (dev.)

ATLAS 180± 18.5 pb 164 pb [35] −0.86σ −0.88σ

ATLAS 180± 18.5 pb 163 pb [21] −0.91σ −0.94σ

ATLAS 180± 18.5 pb 155 pb [24] −1.35σ −1.37σ

CMS 158± 19 pb 164 pb [35] +0.31σ +0.29σ

CMS 158± 19 pb 163 pb [21] +0.26σ +0.24σ

CMS 158± 19 pb 155 pb [24] −0.15σ −0.17σ

TABLE IV: Experimental/theoretical values for the top quark pair production cross section σtt̄ (in pb) at

LHC with
√
s = 7 TeV. The experimental data are from combined channels with an integrated luminosity

of L = 35 pb−1 for ATLAS [36] and L = 36 pb−1 for CMS [37]. The three approximate QCD-NNLO results

for σtt̄ are taken from Ref [35], [21] and [24] where those are given at µf = µr = mt = 173 GeV/c2 (see also

[38]). The RS contribution is estimated at NNLO assuming that the K factor is the same as in the SM. The

used PDF for RS are MSTW-2008 at NNLO [17]. The weak RS contribution is due to the fact that it is

only induced by a qq̄ initial state while the initial states with gluons are major at LHC.

The gKKuLuL and gKKdLdL couplings are increased by ∼ ... and mass decreased by.. This is

due to the smaller cqL values for first generation compared to the usual case cqL > 0.5 (i.e. the light

quarks are now slighlty shifted towards the TeV-brane). The consequence is an important increase

of the KK gluon contribution to the tt̄ production cross section – one of the strongest signatures

of RS – of about ×.... (given that the gKKu/dRu/dR couplings would be typically negligible).
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Constraints from dijets 
Search for New Physics in Dijet Distributions with the ATLAS Detector 12
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Figure 3. The 95% C.L. upper limits on the cross section times acceptance for
a resonance decaying to dijets taking into account both statistical and systematic
uncertainties (points and solid line) compared to an axigluon model and to a q∗ model
with three alternate MC tunes. We also show the expected limit (dotted line) and the
68% and 95% contours of the expected limit by the band.

and full detector simulation. There are large non-resonant contributions to the cross

section at low dijet mass, so we require at the parton-level that the axigluon invariant

mass be between 0.7 and 1.3 times the nominal mass of the resonance. Having made this
requirement, we note that the axigluon and q∗ signal templates result in very similar

limits. So for convenience we use the q∗ templates in setting cross section limits on

axigluon production.

The resulting limits are shown in Fig. 3. Using the MRST2007LO* PDFs, we

exclude at 95% C.L. axigluon masses in the interval 0.60 < m < 2.10 TeV. The expected

limit is m < 2.01 TeV. If only statistical uncertainties are included, the limit rises by
∼ 0.2 TeV, indicating that the systematic uncertainties are not dominant.

5.5. Limits on Quantum Black Hole Production

We search for production of Randall-Meade QBHs as these are expected to produce low

multiplicity decays with a significant contribution to dijet final states. Several scenarios

are examined, with quantum gravity scales MD ranging from 0.75 TeV to 4.0 TeV, and
with the number of extra dimensions, n, ranging from two to seven. The fully simulated

MC events are used to create templates similar to the q∗ analysis. These QBH models

produce threshold effects in mjj with long tails to higher mjj that compete with the

QCD background. However, the cross section is very large just above the threshold and

now including the width effect 
between 0.7 MKK and 1.3 MKK 

we’ve computed the ratio RS/Axigluon  
 => KK gluon exchange @ 0.023 pb 

Axigluon - SU(3)LxSU(3)R 

we have also checked the 
angular distribution constraints 

Frampton et al. (1987) 
Bagger et al. (1987) 

+ 
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FIG. 7: Distribution of the number of events N per 50 GeV bin of tt̄ invariant mass Mtt̄ at LHC with
√
s = 7 TeV and the present integrated luminosity of L = 36 pb−1, assuming a tt̄ reconstruction efficiency

of � ≈ 10% (it lies between 5% and 20% depending on e.g. the tagging used) [39], in the SM at leading

NNLO derived from [24] and [35] [blue curve] (for mt = 173 GeV and µf = µr = mt) together with the case

where the RS contribution (KK gluon exchange) is included [in black: the crosses indicate the statistical

error
√
N in a given bin]. We recall that ΓKK/MKK � 832 GeV /1500 GeV � 0.55.
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FIG. 8: Same as in Fig.(7) but in the case of the absence of a b�R custodian. In such a case ΓKK/MKK �

416 GeV /1500 GeV � 0.27.

11

excluded by the ATLAS constaint, namely at 0.017 pb whereas the upper bound is around 1 pb

at our resonant mass MKK = 1.5 TeV (there is a factor ∼ 10−2 w.r.t. the axigluon cross section

– thus excluded at this mass – roughly due to a factor ∼ 10−1 w.r.t. the axigluon couplings). We

have used µf = µr = (mt =)173.1 GeV but this has not much influence on this test as a ratio of

cross sections is involved.

2. Angular distributions for dijet final states

...

B. Predictions for the new RS scenario at LHC

Collaboration Measurement SM [QCD-(N)NLO] SM (dev.) RS+SM (dev.)

ATLAS 180± 18.5 pb 164 pb [35] −0.86σ −0.88σ

ATLAS 180± 18.5 pb 163 pb [21] −0.91σ −0.94σ

ATLAS 180± 18.5 pb 155 pb [24] −1.35σ −1.37σ

CMS 158± 19 pb 164 pb [35] +0.31σ +0.29σ

CMS 158± 19 pb 163 pb [21] +0.26σ +0.24σ

CMS 158± 19 pb 155 pb [24] −0.15σ −0.17σ

TABLE IV: Experimental/theoretical values for the top quark pair production cross section σtt̄ (in pb) at

LHC with
√
s = 7 TeV. The experimental data are from combined channels with an integrated luminosity

of L = 35 pb−1 for ATLAS [36] and L = 36 pb−1 for CMS [37]. The three approximate QCD-NNLO results

for σtt̄ are taken from Ref [35], [21] and [24] where those are given at µf = µr = mt = 173 GeV/c2 (see also

[38]). The RS contribution is estimated at NNLO assuming that the K factor is the same as in the SM. The

used PDF for RS are MSTW-2008 at NNLO [17]. The weak RS contribution is due to the fact that it is

only induced by a qq̄ initial state while the initial states with gluons are major at LHC.

The gKKuLuL and gKKdLdL couplings are increased by ∼ ... and mass decreased by.. This is

due to the smaller cqL values for first generation compared to the usual case cqL > 0.5 (i.e. the light

quarks are now slighlty shifted towards the TeV-brane). The consequence is an important increase

of the KK gluon contribution to the tt̄ production cross section – one of the strongest signatures

of RS – of about ×.... (given that the gKKu/dRu/dR couplings would be typically negligible).

12

Lum.36 pb�1

LHC 7 TeV

SM
NNLO

Data Prediction� RS � SM

800 1000 1200 1400 1600 1800 2000 2200
0

1

2

3

4

Mtt�GeV�

Ev
en
ts

bin

FIG. 7: Distribution of the number of events N per 50 GeV bin of tt̄ invariant mass Mtt̄ at LHC with
√
s = 7 TeV and the present integrated luminosity of L = 36 pb−1, assuming a tt̄ reconstruction efficiency

of � ≈ 10% (it lies between 5% and 20% depending on e.g. the tagging used) [39], in the SM at leading

NNLO derived from [24] and [35] [blue curve] (for mt = 173 GeV and µf = µr = mt) together with the case

where the RS contribution (KK gluon exchange) is included [in black: the crosses indicate the statistical

error
√
N in a given bin]. We recall that ΓKK/MKK � 832 GeV /1500 GeV � 0.55.

Lum.36 pb�1

LHC 7 TeV

SM
NNLO

Data Prediction� RS�no b�� � SM

800 1000 1200 1400 1600 1800 2000 2200
0

1

2

3

4

Mtt�GeV�

Ev
en
ts

bin

FIG. 8: Same as in Fig.(7) but in the case of the absence of a b�R custodian. In such a case ΓKK/MKK �

416 GeV /1500 GeV � 0.27.

tt reconstruction efficiency taken  - 

Luminosity 36 pb�1
LHC 7 TeV

SM
NNLO

Data Prediction� RS � SM

800 1000 1200 1400 1600 1800 2000 2200
0

1

2

3

4

Mtt�GeV�

Ev
en
ts

bin

9.2 Limit Setting for Z� Production 11
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Figure 4: Reconstructed mtt̄ using leading 3 jets (3-jet events with at least one b tag) and recon-
structed mtt̄ after kinematic fit (4-jet events with 0, 1, and at least 2 b tags) in the electron + jets
channel.
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FIG. 7: Distribution of the number of events N per 50 GeV bin of tt̄ invariant mass Mtt̄ at LHC with
√
s = 7 TeV and the present integrated luminosity of L = 36 pb−1, assuming a tt̄ reconstruction efficiency

of � ≈ 10% (it lies between 5% and 20% depending on e.g. the tagging used) [39], in the SM at leading

NNLO derived from [24] and [35] [blue curve] (for mt = 173 GeV and µf = µr = mt) together with the case

where the RS contribution (KK gluon exchange) is included [in black: the crosses indicate the statistical

error
√
N in a given bin]. We recall that ΓKK/MKK � 832 GeV /1500 GeV � 0.55.
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FIG. 8: Same as in Fig.(7) but in the case of the absence of a b�R custodian. In such a case ΓKK/MKK �

416 GeV /1500 GeV � 0.27.
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FIG. 8: Same as in Fig.(7) but in the case of the absence of a b�R custodian. In such a case ΓKK/MKK �

416 GeV /1500 GeV � 0.27.
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FIG. 9: Same as in Fig.(7) but with expected 100 GeV bins of resolution and an integrated luminosity of

L = 1 fb
−1

. There is no clear peak but the integration of the cross section e.g. over [1050, 1750] GeV can allow

to point out an excess at the level (Signal−Background)/
√
Background � 5.4 (with Signal = RS+SM),

given that the SM tt̄ production constitutes the main background in the tt̄ channel.
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FIG. 10: Same as in Fig.(8) but with expected 100 GeV bins of resolution and an integrated luminosity of

L = 1 fb
−1

. A smearing effect taking into account the energy resolution of the invariant mass would be

needed here to conclude precisely on the observability of such a resonance peak at LHC.

What does the RS model predicts at the expected luminosity of 1 fb-1 ? 

An excess should be clearly visible. 

assuming 100 GeV bin resolutions 
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Appendix A: The partonic cross section and width energy dependence

The differential tt̄ production cross section at the partonic level at LO for the first KK gluon

exchange and its interference with the SM contribution read as

dσ̂RS−LO

d cos θ∗
(ŝ) =

πα2
s(µr)βt
9ŝ

×

ŝ2|D|2
�
8vqvtaqatβt cos θ

∗ + (a2q + v2q )
�
v2t (2− β2

t sin
2 θ∗) + a2tβ

2
t (1 + cos2 θ∗)

� �
(A.1)

dσ̂inter.−LO

d cos θ∗
(ŝ) =

πα2
s(µr)βt
9ŝ

4ŝRe(D)
�
vqvt

�
1− 1

2
β2
t sin

2 θ∗
�
+ aqatβt cos θ

∗� (A.2)

where αs accounts for the QCD coupling constant estimated at the renormalization scale µr,

βt =
�
1− 4m2

t /ŝ is the velocity of the top quark and the inverse of the propagator is

1

D = ŝ−M2
KK + i

ŝ

M2
KK

�

q

Γ
g(1)→qq̄

MKK

βq[v2q (3− β2
q )]/2 + a2qβ

2
q

v2q + a2q
(A.3)

Γ
g(1)→qq̄

denoting the first KK gluon partial width for its decay into qq̄. Note that the energy

dependence of the width part of the propagator [see Eq.(A.3)], which is induced by radiative

corrections to the pp̄ → tt̄ process, must indeed be implemented for a significant resonant total

width as is the case with our set of parameters: Γ
g(1) � 40%MKK . Such a broad resonance effect

is similar to the one occuring in the ρ vector–meson exchange in e+e− → π+π− [60]. This energy

dependence of the imaginary part of the propagator leads to a shift in the resonance pôle position:

�
ŝp �

MKK

(1 + Γ2
g(1)

/M2
KK

)1/4
. (A.4)

The axial and vector couplings of the first KK gluon to the top quark, t, and other light quarks,

q, are given as follows, if one normalizes to the strong coupling constant gs,

aq = (Q(cqR)−Q(cqL))/2, vq = (Q(cqR) +Q(cqL))/2,

at = (Q(ctR)−Q(ctL))/2, vt = (Q(ctR) +Q(ctL))/2, (A.5)

where Q(cf ) quantifies the wave function overlap between two fermions f and the g(1), having

Q(+∞) � −0.2.

For completeness, we also give the differential cross section for the qq̄ initial state in the SM at

LO,

dσ̂SM−LO

d cos θ∗
(ŝ)

����
qq̄

=
πα2

s(µr)βt
9ŝ

�
2− β2

t sin
2 θ∗

�
. (A.6)
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A great excess even simulating  
the Mtt experimental resolution: 

Smearing effect 

5

Quantity Reference Value Resolution
Leptonic Top Mass 169.0 GeV/c

2
16.3 GeV/c

2

Hadronic Top Mass 174.7 GeV/c
2

14.6 GeV/c
2

Hadronic W Mass 83 GeV/c
2

10.9 GeV/c
2

pT of tt System 0 GeV/c 50 GeV/c

HT Fraction 1. 0.15

Table 1: Quantities, with their reference values and resolutions, used in the definition of the χ2

for jet-parton association. The ‘HT Fraction’ is the scalar sum of the transverse energy in the

selected jets divided by the scalar sum of the transverse energy in all jets.
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Figure 1: Resolution of reconstructed mtt̄ as a function of generated mtt̄ for muon plus jets

events (left) and electron plus jets events (right).

7 Background Estimation
We divide the SM backgrounds into three categories and, where possible, use the data to

constrain both the rates and kinematic shapes of each. These contributions are QCD multi-

jet events, W boson/Drell-Yan plus jets events and tt̄ events. We also account for the small

contribution from single top quark production.

7.1 QCD Multijet Events

QCD multijet events can be mis-reconstructed as a lepton plus jets signature, even though this

is highly suppressed by the isolation requirement. Although semileptonic and leptonic decays

of hadrons contribute to both channels, energetic photon conversions will only contaminate

the electron channel. The contribution of this background to muon plus jets and electron plus

jets samples is therefore determined separately.

The yields in the muon sample are determined with a matrix method [33]. A loose region

which is a superset of the tight region containing the signal is first defined, in this case by

relaxing the cut on the relative isolation from 10% to 100%. The number of QCD events in

the signal region can then be calculated from: the total number of events in the loose region;

the fraction of muons from QCD events in the loose region that are also in the tight region;

and the fraction of muons from non-QCD events in the loose region that are also in the tight

region. The fraction of muons from QCD events falling in the tight region is calculated from a

control region; the fraction in non-QCD events is taken from simulation and verified using the

tag-and-probe method.
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V) Other scenarios for At
FB ? 

 Messages from the effective operator approach… 
(trying to fit  At

FB  and       ) 

Aguilar-S. et al. (2011) 
Delaunay et al. (2011) 
Degrande et al. (2011) 

Extra scalar field – color octet [t-channel] : impossible   
 
             ‘ ‘            – color triplet [t-channel] : possible (diquark FC couplings) 
 
             ‘ ‘            – color singlet [s- & t-channel] : difficult 
 
Extra vector boson – color octet [s-channel] : possible (Axigluon/KK gluon)    
 
             ‘ ‘                – color singlet [s- & t-channel] : 
   tensions as no Z’,W’ interferences with the SM contributions (QCD@LO) 
 
 Possibility: t-chan. exchange of a non-abelian Z’ (with Z’uRtR couplings)  
 

11

excluded by the ATLAS constaint, namely at 0.017 pb whereas the upper bound is around 1 pb

at our resonant mass MKK = 1.5 TeV (there is a factor ∼ 10−2 w.r.t. the axigluon cross section

– thus excluded at this mass – roughly due to a factor ∼ 10−1 w.r.t. the axigluon couplings). We

have used µf = µr = (mt =)173.1 GeV but this has not much influence on this test as a ratio of

cross sections is involved.

2. Angular distributions for dijet final states

...

B. Predictions for the new RS scenario at LHC

Collaboration Measurement SM [QCD-(N)NLO] SM (dev.) RS+SM (dev.)

ATLAS 180± 18.5 pb 164 pb [35] −0.86σ −0.88σ

ATLAS 180± 18.5 pb 163 pb [21] −0.91σ −0.94σ

ATLAS 180± 18.5 pb 155 pb [24] −1.35σ −1.37σ

CMS 158± 19 pb 164 pb [35] +0.31σ +0.29σ

CMS 158± 19 pb 163 pb [21] +0.26σ +0.24σ

CMS 158± 19 pb 155 pb [24] −0.15σ −0.17σ

TABLE IV: Experimental/theoretical values for the top quark pair production cross section σtt̄ (in pb) at

LHC with
√
s = 7 TeV. The experimental data are from combined channels with an integrated luminosity

of L = 35 pb−1 for ATLAS [36] and L = 36 pb−1 for CMS [37]. The three approximate QCD-NNLO results

for σtt̄ are taken from Ref [35], [21] and [24] where those are given at µf = µr = mt = 173 GeV/c2 (see also

[38]). The RS contribution is estimated at NNLO assuming that the K factor is the same as in the SM. The

used PDF for RS are MSTW-2008 at NNLO [17]. The weak RS contribution is due to the fact that it is

only induced by a qq̄ initial state while the initial states with gluons are major at LHC.

The gKKuLuL and gKKdLdL couplings are increased by ∼ ... and mass decreased by.. This is

due to the smaller cqL values for first generation compared to the usual case cqL > 0.5 (i.e. the light

quarks are now slighlty shifted towards the TeV-brane). The consequence is an important increase

of the KK gluon contribution to the tt̄ production cross section – one of the strongest signatures

of RS – of about ×.... (given that the gKKu/dRu/dR couplings would be typically negligible).
Jung et al. (2011) 

Shu et al. (2010), … 
Giudice et al. (2011) 



 VI) Conclusions 

The ‘warped paradigm’, with theoretical motivations, predicts deviations  
from SM in the 3rd generation sector => Ab

FB , At
FB = early indications ?  

 We suggest a geometrical RS realization addressing both Ab
FB and At

FB.   

One must wait for more data (Tevatron,LHC) in order to discriminate  
between the main At

FB interpretations: Z/W ’, KK gluon, Axigluon, stop… 

 The several constraints on the parameter space render this RS scenario  
 quite predictive on the effects in the tt invariant mass ditribution @ LHC.   - 

This RS model addressing Ab
FB, At

FB predicts a KK gluon resonance 
 
Other RS models usually with light custodians copiously producable 
             ( ‘no-lose signal’ theorem in warped pheno. @ LHC )  

!
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5

momentum component along the direction of the q̄ origin, in the tt̄ rest frame. Clearly yt > 0 is

equivalent to cos θ∗t > 0 (and pz > 0) so that the asymmetry of Eq.(2) is equal to

At
FB =

σF − σB

σF + σB
=

σ[cos θ∗t : 0 → 1]− σ[cos θ∗t : −1 → 0]

σ[cos θ∗t : 0 → 1] + σ[cos θ∗t : −1 → 0]
=

σ[yt > 0]− σ[yt < 0]

σ[yt > 0] + σ[yt < 0]
. (10)

Now, yt = (yt − yt̄)/2 in the tt̄ rest frame and ∆y = yt − yt̄ is a longitudinal motion invariant

difference so that ∆y = q(yl − yh) = q∆ylh where q is the lepton charge and yl (yh) the rapidity

of the reconstructed top decaying leptonically (hadronically) in the laboratory frame. Hence, by

multiplying Eq.(10) by the integrated luminosity,

At
FB =

N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
=

N(q∆ylh > 0)−N(q∆ylh < 0)

N(q∆ylh > 0) +N(q∆ylh < 0)
. (11)

which can be measured experimentally (the reconstruction of neutrino from missing energy degrades

the precision on the asymmetry measurement). Since the experimental cuts apply on |∆y| < 3 and

asymmetries

A|∆y|<1
FB =

N(1 > ∆y > 0)−N(−1 < ∆y < 0)

N(1 > ∆y > 0) +N(−1 < ∆y < 0)
, A|∆y|>1

FB =
N(∆y > 1)−N(∆y < −1)

N(∆y > 1) +N(∆y < −1)
(12)

are measured, for comparison with data, one should compute the theoretical asymmetry from

integrating over yt rather than over cos θ∗t as in Eq.(5); this is done by changing the variable using

[19],

cos θ∗t =

�

1 +
4m2

t

ŝ− 4m2
t

tanh yt.

App̄

FB =
σ[ypp̄t > 0]− σ[ypp̄t < 0]

σ[ypp̄t > 0] + σ[ypp̄t < 0]
(13)

At
C =

σt[yt > 0]− σt̄[yt > 0]

σt[yt > 0] + σt̄[yt > 0]
At

C = At
FB => CP (14)

It is instructive, just for the qualitative discussion here, to write down the asymmetry at the

partonic level and neglecting the PDF for the second/third quark generations as well as for the

gluon initial states (their contribution is only about 15% at Tevatron) so that the parton luminosity

factors simplify; starting from Eq.(2) and without convoluting with the PDF, one gets at LO, using

Eq.(6)-(7)-(9),

ÂLO
FB (ŝ) =

aqatβt ŝ |D|2
�
(ŝ−M2

KK
) + 2vqvt ŝ

�

σ̂total
SM−LO

(ŝ) + σ̂total
RS−LO

(ŝ) + σ̂total
inter.−LO

(ŝ)
. (15)

One has the approximation at NLO (neglecting the RS contribution at NLO),

ÂNLO
FB (ŝ) =

(σ̂F
SM−NLO

(ŝ) + σ̂F
RS+inter.−LO

(ŝ))− (σ̂B
SM−NLO

(ŝ) + σ̂B
RS+inter.−LO

(ŝ))

σ̂total
SM−NLO

(ŝ) + σ̂total
RS+inter.−LO

(ŝ)

� ÂLO
FB (ŝ) + ÂSM−NLO

FB (ŝ) (16)

since ÂSM−LO

FB (ŝ) = 0 and the experimental data impose typically

σ̂total
SM−LO(ŝ) + σ̂total

RS−LO(ŝ) + σ̂total
inter.−LO(ŝ) � σ̂total

SM−LO(ŝ) � σ̂total
SM−NLO(ŝ).

4

R =
σtotal
RS−LO

+ σtotal
inter.−LO

σtotal
SM−LO

+ σtotal
RS−LO

+ σtotal
inter.−LO

, (4)

where for instance the Forward cross section σF
RS−LO

for the full hadronic process pp̄ → tt̄ is

obtained by integrating the angle θ∗ over cos θ∗ > 0 (Backward cross section from integrating

over cos θ∗ < 0), summing over all contributing initial partons and convoluting with their Parton

Distribution Functions (PDF):

σF
RS−LO = σRS−LO[cos θ

∗
t : 0 → 1] =

�

ij

� τmax

τmin

dτ

� � 1

0
d cos θ∗t

�
dσ̂RS−LO

d cos θ∗t
(τs)

�

ij

��� 1

τ

dx

x
fi(x, µf )fj(

τ

x
, µf )

�
(5)

σ̂RS−LO being the partonic cross section for the reaction qq̄/gg → tt̄, fi(x) the PDF functions

in the MSTW-2008-NNLO [17] and τmin/max = ŝmin/max/s (with τmin/max always such that 1 >

τ > τ0 = 4m2
t /s given that

√
s = 1.96 TeV). µf is the factorization scale (and below µr is the

renormalization scale).

dσ̂RS−LO

d cos θ∗t
(ŝ) =

πα2
s(µr)βt
9ŝ

×

ŝ2|D|2
�
8vqvtaqatβt cos θ

∗
+ (a2q + v2q )

�
v2t (2− β2

t sin
2 θ∗) + a2tβ

2
t (1 + cos

2 θ∗)
� �

(6)

dσ̂inter.−LO

d cos θ∗t
(ŝ) =

πα2
s(µr)βt
9ŝ

4ŝRe(D)
�
vqvt

�
1− 1

2
β2
t sin

2 θ∗
�
+ aqatβt cos θ

∗�
(7)

where ŝ is the effective c.m. energy of the subprocess, θ∗ the scattering angle in the qq̄ frame,

βt =
�

1− 4m2
t /ŝ is the velocity of the top quark and

1

D = ŝ−M2
KK + i

ŝ

M2
KK

�

q

Γg(1)→qq̄

KK
MKK

βq[v2q (3− β2
q )]/2 + a2qβ

2
q

v2q + a2q

the propagator of the KK gluon with mass MKK and total width ΓKK . This energy dependence

of the imaginary part of the propagator leads to a shift in the resonance pole position:

�
ŝ0 �

MKK

(1 + Γ2
KK

/M2
KK

)1/4
.

For our typical set of parameters, ΓKK/MKK � 832 GeV /1500 GeV � 0.55. αs(µr) is calculated

at LO (one loop) for consistency with RS. The axial and vector couplings of the first KK gluon are

given in the RS framework by,

aq = (Q(cqR)−Q(cqL))/2, vq = (Q(cqR) +Q(cqL))/2,

at = (Q(ctR)−Q(ctL))/2, vt = (Q(ctR) +Q(ctL))/2, (8)

where Q(+∞) → −0.2 and q stands for an initial quark.

For completeness, we also give here the SM-LO differential cross section in the partonic center-

of-mass frame for the qq̄ initial state,

dσ̂SM−LO

d cos θ∗t
(ŝ)

����
qq̄

=
πα2

s(µr)βt
9ŝ

�
2− β2

t sin
2 θ∗

�
, (9)

Some useful formula’s… 
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σ̂RS−LO being the partonic cross section for the reaction qq̄/gg → tt̄, fi(x) the PDF functions

in the MSTW-2008-NNLO [17] and τmin/max = ŝmin/max/s (with τmin/max always such that 1 >

τ > τ0 = 4m2
t /s given that

√
s = 1.96 TeV). µf is the factorization scale (and below µr is the

renormalization scale).
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d cos θ∗t
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where ŝ is the effective c.m. energy of the subprocess, θ∗ the scattering angle in the qq̄ frame,

βt =
�
1− 4m2

t /ŝ is the velocity of the top quark and

1
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�

q

Γg(1)→qq̄

KK
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at LO (one loop) for consistency with RS. The axial and vector couplings of the first KK gluon are

given in the RS framework by,
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(ŝ) =

πα2
s(µr)βt
9ŝ
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where ŝ is the effective c.m. energy of the subprocess, θ∗ the scattering angle in the qq̄ frame,

βt =
�

1− 4m2
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in the MSTW-2008-NNLO [17] and τmin/max = ŝmin/max/s (with τmin/max always such that 1 >

τ > τ0 = 4m2
t /s given that

√
s = 1.96 TeV). µf is the factorization scale (and below µr is the

renormalization scale).

dσ̂RS−LO

d cos θ∗t
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D = ŝ−M2
KK + i

ŝ
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momentum component along the direction of the q̄ origin, in the tt̄ rest frame. Clearly yt > 0 is

equivalent to cos θ∗t > 0 (and pz > 0) so that the asymmetry of Eq.(2) is equal to

At
FB =

σF − σB

σF + σB
=

σ[cos θ∗t : 0 → 1]− σ[cos θ∗t : −1 → 0]

σ[cos θ∗t : 0 → 1] + σ[cos θ∗t : −1 → 0]
=

σ[yt > 0]− σ[yt < 0]

σ[yt > 0] + σ[yt < 0]
. (10)

Now, yt = (yt − yt̄)/2 in the tt̄ rest frame and ∆y = yt − yt̄ is a longitudinal motion invariant

difference so that ∆y = q(yl − yh) = q∆ylh where q is the lepton charge and yl (yh) the rapidity

of the reconstructed top decaying leptonically (hadronically) in the laboratory frame. Hence, by

multiplying Eq.(10) by the integrated luminosity,

At
FB =

N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
=

N(q∆ylh > 0)−N(q∆ylh < 0)

N(q∆ylh > 0) +N(q∆ylh < 0)
. (11)

which can be measured experimentally (the reconstruction of neutrino from missing energy degrades

the precision on the asymmetry measurement). Since the experimental cuts apply on |∆y| < 3 and

asymmetries

A|∆y|<1
FB =

N(1 > ∆y > 0)−N(−1 < ∆y < 0)

N(1 > ∆y > 0) +N(−1 < ∆y < 0)
, A|∆y|>1

FB =
N(∆y > 1)−N(∆y < −1)

N(∆y > 1) +N(∆y < −1)
(12)

are measured, for comparison with data, one should compute the theoretical asymmetry from

integrating over yt rather than over cos θ∗t as in Eq.(5); this is done by changing the variable using

[19],

cos θ∗t =

�

1 +
4m2

t

ŝ− 4m2
t

tanh yt.

App̄

FB =
σ[ypp̄t > 0]− σ[ypp̄t < 0]

σ[ypp̄t > 0] + σ[ypp̄t < 0]
(13)

At
C =

σt[yt > 0]− σt̄[yt > 0]

σt[yt > 0] + σt̄[yt > 0]
At

C = At
FB => CP (14)

It is instructive, just for the qualitative discussion here, to write down the asymmetry at the

partonic level and neglecting the PDF for the second/third quark generations as well as for the

gluon initial states (their contribution is only about 15% at Tevatron) so that the parton luminosity

factors simplify; starting from Eq.(2) and without convoluting with the PDF, one gets at LO, using

Eq.(6)-(7)-(9),

ÂLO
FB (ŝ) =

aqatβt ŝ |D|2
�
(ŝ−M2

KK
) + 2vqvt ŝ

�

σ̂total
SM−LO

(ŝ) + σ̂total
RS−LO

(ŝ) + σ̂total
inter.−LO

(ŝ)
. (15)

One has the approximation at NLO (neglecting the RS contribution at NLO),

ÂNLO
FB (ŝ) =

(σ̂F
SM−NLO

(ŝ) + σ̂F
RS+inter.−LO

(ŝ))− (σ̂B
SM−NLO
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(ŝ))

σ̂total
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since ÂSM−LO

FB (ŝ) = 0 and the experimental data impose typically

σ̂total
SM−LO(ŝ) + σ̂total

RS−LO(ŝ) + σ̂total
inter.−LO(ŝ) � σ̂total

SM−LO(ŝ) � σ̂total
SM−NLO(ŝ).
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(ŝ))− (σ̂B
SM−NLO
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5

momentum component along the direction of the q̄ origin, in the tt̄ rest frame. Clearly yt > 0 is

equivalent to cos θ∗t > 0 (and pz > 0) so that the asymmetry of Eq.(2) is equal to

At
FB =

σF − σB

σF + σB
=

σ[cos θ∗t : 0 → 1]− σ[cos θ∗t : −1 → 0]

σ[cos θ∗t : 0 → 1] + σ[cos θ∗t : −1 → 0]
=

σ[yt > 0]− σ[yt < 0]

σ[yt > 0] + σ[yt < 0]
. (10)

Now, yt = (yt − yt̄)/2 in the tt̄ rest frame and ∆y = yt − yt̄ is a longitudinal motion invariant

difference so that ∆y = q(yl − yh) = q∆ylh where q is the lepton charge and yl (yh) the rapidity

of the reconstructed top decaying leptonically (hadronically) in the laboratory frame. Hence, by

multiplying Eq.(10) by the integrated luminosity,

At
FB =

N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
=

N(q∆ylh > 0)−N(q∆ylh < 0)

N(q∆ylh > 0) +N(q∆ylh < 0)
. (11)

which can be measured experimentally (the reconstruction of neutrino from missing energy degrades

the precision on the asymmetry measurement). Since the experimental cuts apply on |∆y| < 3 and

asymmetries

A|∆y|<1
FB =

N(1 > ∆y > 0)−N(−1 < ∆y < 0)

N(1 > ∆y > 0) +N(−1 < ∆y < 0)
, A|∆y|>1

FB =
N(∆y > 1)−N(∆y < −1)

N(∆y > 1) +N(∆y < −1)
(12)

are measured, for comparison with data, one should compute the theoretical asymmetry from

integrating over yt rather than over cos θ∗t as in Eq.(5); this is done by changing the variable using
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It is instructive, just for the qualitative discussion here, to write down the asymmetry at the

partonic level and neglecting the PDF for the second/third quark generations as well as for the

gluon initial states (their contribution is only about 15% at Tevatron) so that the parton luminosity

factors simplify; starting from Eq.(2) and without convoluting with the PDF, one gets at LO, using
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ÂLO
FB (ŝ) =
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(ŝ)
. (15)

One has the approximation at NLO (neglecting the RS contribution at NLO),
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(ŝ) + σ̂total
RS+inter.−LO

(ŝ)
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�
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RS−LO(ŝ) + σ̂total
inter.−LO(ŝ) � σ̂total
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Other asymmetries… 
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B. Gauge symmetry breaking

The SM gauge group is recovered after the breaking of the SU(2)R group into U(1)R, by bound-

ary conditions and possibly also by a small breaking of SU(2)R in the bulk effectively parametrized

by the �W± mass M̃ (the �W±
µ boson associated to SU(2)R without zero–mode). Then the breaking

U(1)R ×U(1)X → U(1)Y occurs via a VEV on the UV brane: the state �W 3, associated to U(1)R,

mixes with �B, associated to U(1)X, to give the SM hypercharge B boson, the orthogonal linear

combination being the extra Z � boson. The Z � has no zero–mode and its first KK mass is close to

MKK : M �
KK

� 2.40ke−πkRc .

C. The concrete RS realization

The universal quark representations under the SU(2)L×SU(2)R ×U(1)X custodial symmetry are

q1L ∈ (2,3)−5/6, bR ∈ (1,2)−5/6 and q2L ∈ (2,1)1/6, tR ∈ (1,2)1/6 with I3R(q1L) = 1, I3R(q2L) = 0,

I3R(tR) = +1/2, I3R(bR) = +1/2 which we represent as,



 t1L b�
L

q�−4/3L

b1L q��−4/3L q�−7/3L





−5/6



 t2L

b2L





1/6

(bR q�−4/3R)−5/6 (tR b�R)1/6 (1)

The q1L and q2L multiplets mix together on the UV boundary resulting in the SM doublet QL

mainly composed by the q2L multiplet.

The five-dimensional parameter set is cuL = cdL � 0.43, cuR , cdR � 0.8, ccL = csL � 0.6,

ccR � 0.6, csR � 0.51, ctL = cbL � 0.5, ctR � −0.5 ,cbR � 0.55, gZ� � 3, MKK � 1.5 TeV.

The lepton representations and cleptons values are not specified.

III. TOP QUARK PHYSICS AT TEVATRON

A. Top quark asymmetries

In the qq̄ rest frame (generally almost equivalent to the tt̄ rest frame, and, at LO exactly

equivalent to the tt̄ rest frame), the Forward-Backward (FB) asymmetry for the top quark at

Tevatron in the energy bin [ŝmin, ŝmax] is calculated as

At
FB =

(σF
SM

+ σF
RS

+ σF
inter.

)− (σB
SM

+ σB
RS

+ σB
inter.

)

(σF
SM

+ σF
RS

+ σF
inter.

) + (σB
SM

+ σB
RS

+ σB
inter.

)
, (2)

σSM being the cross section in the SM, σinter. in the RS model (encoding the KK gluon exchange)

and σinter. being the interference part of the cross section. Eq.(2) can be directly recast into,

following [16],

At
FB = ARS

FB ×R+ASM
FB × (1−R) (3)

with,

ARS
FB =

(σF
RS−LO

+ σF
inter.−LO

)− (σB
RS−LO

+ σB
inter.−LO

)

(σF
RS−LO

+ σF
inter.−LO

) + (σB
RS−LO

+ σB
inter.−LO

)
, ASM

FB =
σF
SM−NLO

− σB
SM−NLO

σF
SM−NLO

+ σB
SM−NLO

,

MCFM for SM (mt=172.5GeV, PDF=CTEQ) @ NLO :  At
FB = 0.058 +/- 0.009 

 
Ahrens et al. (2010) obtain (mt=173.1GeV, PDF=MSTW) :  
  @ NLO :  At

FB = 0.067 +0.006
-0.004     @ NNLO-approx :  At

FB = 0.064 +0.009
-0.007 

                                                             
=> At

FB [Mtt>450GeV] anomaly probably not fully explained by QCD errors ~0.01  
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FIG. 1: Interfering qq̄ → tt̄ (above) and qq̄ → tt̄j (below) amplitudes.

broadened by the varying boost of the tt̄ system along

the beamline, and the asymmetry is diluted to App̄ =

0.038± 0.006. Our mcfm predictions are in accord with

other recent calculations [1–3]. These predictions are for

top quarks as they emerge from the qq̄ collision, before

any modifications by detector acceptance and resolution.

We will call this the parton-level. Based on our own stud-

ies of scale dependence in mcfm and also the studies in

the references above, we assign a 15% relative uncertainty

to all NLO mcfm predictions.

An NLO calculation for inclusive tt̄ production is an

LO calculation for the production of a tt̄ + jet final state,

and thus an LO calculation for the asymmetry in final

states containing an extra jet. A new NLO calculation

for tt̄j production (and thus for the asymmetry) suggests

that the negative asymmetry in this final state is greatly

reduced from leading-order [25]. This new result for the

tt̄j asymmetry can be incorporated into an analysis of

the asymmetry for inclusive tt̄ production only within the

context of a full NNLO calculation of tt̄ production. Such
calculations are underway but are not complete. Thresh-

old resummation calculations indicate that the inclusive

asymmetry at NNLO should not differ greatly from that

predicted at NLO [1, 21]. In this paper, we compare

to the NLO predictions for tt̄ production. We include a

15% scale dependence uncertainty, but note that there is

an overall unknown systematic uncertainty on the theo-

retical prediction pending the completion of the NNLO

calculation.

In the near-threshold form of the cross section [1] the

tt̄ frame asymmetry can be seen to increase with the top

quark production angle and velocity (β), and these are

thus key variables for understanding the source of the

asymmetry. In this analysis, the proxies for these vari-

ables are the top quark rapidities and the mass Mtt̄ of

the tt̄ system. Measurements of the rapidity and mass

dependence of Att̄ are described in Sections VI and VII.

B. NLO QCD Simulation with MC@NLO

We use the event generator mc@nlo to create a sim-

ulated sample that includes the QCD asymmetry as pre-

dicted by the standard model at NLO. In addition to

including the asymmetric processes this generator prop-

erly estimates the amount of gg, and thus the dilution of

the asymmetry from these symmetric processes.

Some naming conventions for the data-to-simulation

comparison are given in Table II. All Monte Carlo (MC)

generators will have the same conventions: the truth in-

formation is the parton level; the pure top signal after

simulation, selection, and reconstruction is the tt̄ level,

and the full prediction including backgrounds is tt̄ + bkg

level. The reconstructed lepton+jets sample is the data.

Subtracting the backgrounds from the data yields the

reconstructed tt̄ signal-level. Correcting the data for ac-

ceptance and resolution produces a measurement at the

parton-level.

TABLE II: Naming conventions for data and simulation sam-
ples.

sample level definition comparable to
data data reco l+jets
data signal data minus bkg tt̄ in data
data parton corrected signal tt̄ at creation
MC tt̄+bkg reco tt̄ + bkg data
MC tt̄ reco tt̄ no bkg data signal
MC parton truth level data parton

The mc@nlo predictions for the asymmetries at var-

ious levels of simulation are shown in Table III. The

uncertainties include the Monte Carlo statistics and the

NLO theoretical uncertainty. The parton-level mc@nlo
asymmetries are consistent with mcfm, as expected. Af-
ter CDF detector simulation, event selection, and recon-

struction, the asymmetries in the mc@nlo tt̄ signal are

C=+1 

C=+1 

C=-1 

C=-1 

(vanishing at LO) 

0.2 < µ f /TeV < 0.8



Measurements of At
FB at Tevatron 

 
07-2010 D0 in the lepton+jets channel with (0.9fb-1 then) 4.3fb-1  
(ttbar frame, not unfolded = no subtracting bckgrd & effic. + no ttbar level) :  
At

FB = 0.08 +/- 0.04 +/- 0.01                   (+1.7 sigma from SM prediction) 
 
03-2009 CDF in the lepton+jets channel with (1.9fb-1 then) 3.1fb-1  
(lab frame, unfolded) :  
At

FB = 0.193 +/- 0.065 +/- 0.024             (+2.1 sigma from SM prediction) 
 
01-2011 CDF in the dilepton channel with 5.1fb-1  
(lab frame, unfolded) :  
At

FB = 0.42 +/- 0.15 +/- 0.05                     (+2.3 sigma from SM prediction) 
                                    (large error => +1.7 sigma from lept.+jets channel)  
(lab frame, not unfolded) :  
At

FB (Mtt<450GeV)= 0.104 +/- 0.066        (+1.6 sigma from SM prediction)  
At

FB (Mtt>450GeV)= 0.212 +/- 0.096       (+2.6 sigma from SM prediction)       
 
 
 

now 5.1fb-1: see F.Badaud’s talk 
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The way to compute it… 
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by the �W± mass M̃ (the �W±
µ boson associated to SU(2)R without zero–mode). Then the breaking

U(1)R ×U(1)X → U(1)Y occurs via a VEV on the UV brane: the state �W 3, associated to U(1)R,

mixes with �B, associated to U(1)X, to give the SM hypercharge B boson, the orthogonal linear

combination being the extra Z � boson. The Z � has no zero–mode and its first KK mass is close to

MKK : M �
KK

� 2.40ke−πkRc .

C. The concrete RS realization

The universal quark representations under the SU(2)L×SU(2)R ×U(1)X custodial symmetry are

q1L ∈ (2,3)−5/6, bR ∈ (1,2)−5/6 and q2L ∈ (2,1)1/6, tR ∈ (1,2)1/6 with I3R(q1L) = 1, I3R(q2L) = 0,

I3R(tR) = +1/2, I3R(bR) = +1/2 which we represent as,
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The q1L and q2L multiplets mix together on the UV boundary resulting in the SM doublet QL

mainly composed by the q2L multiplet.

The five-dimensional parameter set is cuL = cdL � 0.43, cuR , cdR � 0.8, ccL = csL � 0.6,

ccR � 0.6, csR � 0.51, ctL = cbL � 0.5, ctR � −0.5 ,cbR � 0.55, gZ� � 3, MKK � 1.5 TeV.

The lepton representations and cleptons values are not specified.

III. TOP QUARK PHYSICS AT TEVATRON

A. Top quark asymmetries
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σSM being the cross section in the SM, σinter. in the RS model (encoding the KK gluon exchange)

and σinter. being the interference part of the cross section. Eq.(2) can be directly recast into,
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R =
σtotal
RS−LO

+ σtotal
inter.−LO

σtotal
SM−LO

+ σtotal
RS−LO

+ σtotal
inter.−LO

, (4)

where for instance the Forward cross section σF
RS−LO

for the full hadronic process pp̄ → tt̄ is

obtained by integrating the angle θ∗ over cos θ∗ > 0 (Backward cross section from integrating

over cos θ∗ < 0), summing over all contributing initial partons and convoluting with their Parton

Distribution Functions (PDF):

σF
RS−LO = σRS−LO[cos θ

∗
t : 0 → 1] =

�

ij
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dτ

� � 1

0
d cos θ∗t

�
dσ̂RS−LO

d cos θ∗t
(τs)

�

ij

��� 1

τ

dx

x
fi(x, µf )fj(

τ

x
, µf )

�
(5)

σ̂RS−LO being the partonic cross section for the reaction qq̄/gg → tt̄, fi(x) the PDF functions in

the MSTW-2008-NNLO [17] and τmin/max = ŝmin/max/s (with τmin/max always such that 1 > τ >

τ0 = 4m2
t /s given that

√
s = 1.96 TeV). µf is taken at

√
ŝ and mt = 173.1 GeV.
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d cos θ∗t
(ŝ) =

πα2
s(µr)βt
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ŝ2|D|2
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8vqvtaqatβt cos θ
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v2t (2− β2

t sin
2 θ∗) + a2tβ

2
t (1 + cos2 θ∗)
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4ŝRe(D)
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1− 1

2
β2
t sin

2 θ∗
�
+ aqatβt cos θ

∗� (7)

where ŝ is the effective c.m. energy of the subprocess, θ∗ the scattering angle in the qq̄ frame,

βt = βt(ŝ) =
�

1− 4m2
t /ŝ is the velocity of the top quark and (βR = βt(M2

KK
))

1

D = ŝ−M2
KK + iΓKK

ŝ

MKK

βt[v2t (3− β2
t )]/2 + a2tβ

2
t

βR[v2t (3− β2
R
)]/2 + a2tβ

2
R

the propagator of the KK gluon with mass MKK and total width ΓKK . For our typical set of

parameters, ΓKK/MKK � 832 GeV /1500 GeV � 0.55. αs(µr) is calculated at LO (one loop) for

consistency with RS. The axial and vector couplings of the first KK gluon are given in the RS

framework by,

aq = (Q(cqR)−Q(cqL))/2, vq = (Q(cqR) +Q(cqL))/2,

at = (Q(ctR)−Q(ctL))/2, vt = (Q(ctR) +Q(ctL))/2, (8)

where Q(+∞) → −0.2 and q stands for an initial quark.

For completeness, we also give here the SM-LO differential cross section in the partonic center-

of-mass frame for the qq̄ initial state,

dσ̂SM−LO

d cos θ∗t
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����
qq̄

=
πα2

s(µr)βt
9ŝ

�
2− β2

t sin
2 θ∗

�
, (9)

How is measured the asymmetry by the CDF Collaboration in [18] ? First, one has to introduce

the top quark rapidity yt =
1
2 ln[(E + pz)/(E − pz)] = ∆y/2, E being the top energy and pz its
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D = ŝ−M2
KK + iΓKK

ŝ
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9ŝ
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FIG. 1: Partonic asymmetry for the partonic process qq̄ → tt̄ as a function of the tt̄ invariant mass Mtt̄

(in GeV/c2) in the SM at NLO (ÂSM−NLO

FB (ŝ) according to the text notations) [blue line], in the pure RS

framework (ÂRS−LO

FB (ŝ)) [dashed red curve], in the RS extension of the SM (ÂNLO

FB (ŝ)) [plain red curve]

and within the heavy axigluon scenario (Octet A) solving the CDF anomaly on Âoctet

FB (ŝ) (M = 2TeV ,

vq = vt = 0 and −aq = at = 3/2) [18] [green curve]. The gg initial state contribution is not included here.

We have taken mt = 173.1 GeV.
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FIG. 2: Integrated asymmetry in the two energy bins [350, 450] GeV and [450, 800] GeV of tt̄ invariant mass

Mtt̄ (in GeV/c2) computed within the RS extension of the SM (At

FB according to Eq.(3)) [red curve] (with

µf = µr = mt = 172.5 GeV) and compared to the SM prediction at NLO ASM

FB (see Eq.(4)) [blue curve]

as well as to the unfolded CDF data (for mt = 172.5 GeV) [18] [black crosses exhibiting the experimental

errors]. The used PDF for RS are MSTW-2008 at NLO [17]. In the first energy bin, ASM

FB is at 1.0σ from

data whereas At

FB is acceptaby at 1.6σ. In the second energy bin, ASM

FB is at −3.4σ from data whereas At

FB

is only away by −1.9σ.

Mtt = 450GeV 

(ttbar frame) 

no significant dependence as well on              and  mt   µ f ,µr
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FB (ŝ)) [dashed red curve], in the RS extension of the SM (ÂNLO
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FIG. 2: Full top quark asymmetry integrated in the two energy bins [350, 450] and [450, 900] of invariant mass

Mtt̄ (in GeV/c2) computed within the RS extension of the SM (At
FB according to Eq.(3)) with µf = µr =

mt = 172.5 GeV/c2 [red curve] and compared to the SM prediction at NLO ASM
FB (see Eq.(4)) [blue curve]

as well as to the unfolded CDF data for mt = 172.5 GeV/c2 [6] [black crosses exhibiting the experimental

error]. The interval shown for At
FB reflects the PDF uncertainty effects (at 90%C.L.), uncertainty estimated

on the RS part only. Considering the central values with respect to these uncertainties, in the first energy

bin, ASM
FB is at 1.0σ from data whereas At

FB is acceptably at 1.7σ; in the second energy bin, ASM
FB is at −3.4σ

from data whereas At
FB is only away by −1.7σ.

Observable Measurement SM [QCD-(N)NLO] SM (dev.) RS+SM RS+SM (dev.) RS+SM w.r.t. SM (%)

At
FB 0.158± 0.075 0.058± 0.009 −1.33σ 0.190 +0.42(7)σ +227.6%

σtt̄ 7.50± 0.48 pb 7.46 pb [43] −0.08σ 6.80 pb −1.44σ −8.7%

σtt̄ 7.50± 0.48 pb 7.29 pb [44] −0.43σ 6.65 pb −1.76σ −8.7%

σtt̄ 7.50± 0.48 pb 7.26 pb [45] −0.5σ 6.62 pb −1.82σ −8.7%

TABLE I: Experimental/theoretical values for the Forward-Backward asymmetry, At
FB , in the top quark

sector and top pair production cross section at Tevatron, σtt̄. Following the available data, At
FB has

been obtained by integration over the interval [350, 800] GeV, whereas σtt̄ comes from integrating over

the whole allowed range: [2mt,
√
s]. The data and QCD prediction at NLO on At

FB are from [6] (with

mt = 172.5 GeV/c2 and L = 5.3 fb−1). The three approximate QCD-NNLO results for σtt̄ were computed

respectively in [43],[44],[45] (deduced for mt = 172.5 GeV/c2) while the experimental value is taken from [46]

(obtained for mt = 172.5 GeV/c2 with L = 4.6 fb−1 from all the combined channels). The RS contribution

is estimated at NLO assuming that the K factor is the same as in the SM. The used PDF for RS are

MSTW-2008 at NLO [37].
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have used µf = µr = (mt =)173.1 GeV but this has not much influence on this test as a ratio of

cross sections is involved.

2. Angular distributions for dijet final states

At the LHC, valence quark scattering allows to explore very large jet-jet mass values. While

this process is insensitive to an s-channel exchange of a heavy gluon, it can give access to t and

u-channel exchange of this heavy gluon. The SM quark-quark scattering is governed by gluon

exchange in the t-channel with a propagator varying like 1/t. In contrast, the propagator of a

KK gluon of mass MKK goes like 1/(t −M2
KK). These expressions show that the massive gluon

term has a flatter t dependence as long as −t ≤ M2
KK . By selecting values of −t close to M2

KK ,

one can therefore maximize the relative contribution of a massive gluon and therefore reach the

best sensitivity to observe this process. In practice one selects a large jet-jet mass final state with

the largest scattering angle. This occurs for cos θ� = 0, where θ� is the quark-quark scattering

angle in its center-of-mass system. Then one has t = −M2
jj/2, Mjj being jet-jet mass. To achieve

−t ∼ M2
KK , one needs to select Mjj =

√
2MKK ∼ 2 TeV which is precisely the end of the mass

domain explored by ATLAS and CMS in 2010. Using Ref. [53], which give quark-quark scattering

distributions for a heavy axigluon and extending them to accommodate the case of a heavy gluon

which, as in our scenario, also has a vectorial component, one can check whether the LHC limits

are compatible. More precisely, for cos θ� = 0, which corresponds to χ = 0 in the notation of these

references, it was found that the KK gluon produces less than 10% deviation which is compatible

with the data. In contrast, the axigluon scenario Ref. [54] used by CDF to reproduce the AFBt

effect which assumes a large axial coupling to light quarks, gives a 70% deviation at χ = 0, clearly

incompatible with the LHC data.

3. The predictivity of the model

To increase the asymmetry, e.g. decrease cqL (to increase aq) but it leads to larger deviations

in the dijet angular distribution... (give the individual Q(c))

B. Predictions for the new RS scenario at LHC

VI. CONCLUSIONS

improve fit AFBt and solve AFBb 1.5TeV -¿ predictivity typical summed up

Appendix
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Global  Ab
FB fit @ and off the Z pôle : 
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Improved goodness-of-fit 
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EW observables are expressed  
in terms of oblique parameters  
encoding the New Physics... 

RS-5,4,3TeV 

SM 

RS-4TeV 

37.3% 

10.3% 42.3% 

10.3% 

p-value 37.3%  ó     /10 =1.08  

! 

" 2p-value 10.3%  ó     /11 =1.56  

! 

" 2

SRS � 2π

�
2.4v

MKK

�2

TRS � kπ2Rc
g̃2

8e2

M̃2

k2

�
2.4v

MKK

�2

1



     Better quality of fit in RS than in SM cause.. 
 
1) positive contribution TRS (custodial symmetry breaking)  

2) SM fit degraded by the sin2      measurement derived directly from Ab
FB : 
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5D holographic version 
 

 
RS with bulk fields 
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4D dual  interpretation 
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technicolor models 
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