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•  RS addresses the gauge hierarchy : 

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

New Physics effects in the heavy fermion sector ! 

Randall, Sundrum (1999) 

Gherghetta, Pomarol (2000) 
… 



+ other attractive features of the RS scenario: 

– 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  

– Fermion mixing angles and flavor structure (as in ADD)       in SUSY 

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

"



 

5D holographic version 
 

 
RS with bulk fields 
 

 
gauge-Higgs unification 

 
Higgsless models 

 
 
 

4D dual  interpretation 

 
 
composite Higgs 
boson 

 
composite Higgs pseudo-
Goldstone boson 
of a global symmetry 
 
(as for little Higgs 
with T parity) 
 
 

 
 
technicolor models 

AdS / CFT correspondance (98’) : 
  

WARPED H-DIM. SCENARIOS / STRONGLY COUPLED 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 the warped models: 

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

Cabrer, Gersdorff, Quiros (2010) 



 
 
 
 
 
We consider the quark representations under SU(2)L x SU(2)R x U(1)X : 
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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

,

 SU(2)R                 U(1)R  

 U(1)R x U(1)X                   U(1)Y 

WR
3 BX BY ( + Z’ KK  ) 

 
 
 
 
 
Z’ charges (I3R isospin) and coupling (gZ’~3)  
 
                                        =>     Zbb couplings allowing to address Ab

FB 
 
 
         
           
 
 

custodians 
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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 difficult  

@ LHC 



« How is At
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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).
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(ŝ) + σ̂total
RS+inter.−LO

(ŝ)
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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) =
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RS+inter.−LO
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(ŝ)

� ÂLO
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RS−LO(ŝ) + σ̂total
inter.−LO(ŝ) � σ̂total
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=
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ŝ− 4m2
t
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�
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FB (ŝ) (16)

since ÂSM−LO
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(ŝ) + σ̂B
RS+inter.−LO

(ŝ))
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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 



01-2011 CDF in the lepton+jets channel with 5.3fb-1  
(ttbar frame, unfolded) :  
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  (ttbar 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 =
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=
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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
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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
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σ[ypp̄t > 0]− σ[ypp̄t < 0]

σ[ypp̄t > 0] + σ[ypp̄t < 0]
(13)
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C =
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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
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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),
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FB (ŝ) =
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RS+inter.−LO
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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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� ÂLO
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RS−LO(ŝ) + σ̂total
inter.−LO(ŝ) � σ̂total
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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.
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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
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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
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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

,

The way to compute it… 
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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 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-
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(ŝ) =

πα2
s(µr)βt
9ŝ
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(ŝ) =

πα2
s(µr)βt
9ŝ
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D = ŝ−M2
KK + iΓKK

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
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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
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N(∆y > 1)−N(∆y < −1)

N(∆y > 1) +N(∆y < −1)
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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],
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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

Eq.(6)-(7)-(9),
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SM−LO(ŝ) � σ̂total

SM−NLO(ŝ).
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(ŝ))− (σ̂B
SM−NLO
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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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obtained by integrating the angle θ∗ over cos θ∗ > 0 (Backward cross section from integrating
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σ̂RS−LO being the partonic cross section for the reaction qq̄/gg → tt̄, fi(x) the PDF functions
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9ŝ

×
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9ŝ
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How is measured the asymmetry by the CDF Collaboration in [18] ? First, one has to introduce

the top quark rapidity yt =
1
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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 PDF… 
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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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(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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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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Looking at the effect of MSTW uncertainties [@ 90%C.L.]… 
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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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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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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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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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(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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Full asymmetry as a function of rapidity… 
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(in GeV/c2) in the SM at NLO (ÂSM−NLO
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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. 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
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framework (ÂRS−LO

FB (ŝ)) [dashed red curve], in the RS extension of the SM (ÂNLO
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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
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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
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is only away by −1.9σ.
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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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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 0.169 +0.15(7)σ +192.8%

σtt̄ 7.50± 0.48 pb 7.46 pb [20] −0.08σ 6.86 pb −1.33σ −8.0%

σtt̄ 7.50± 0.48 pb 7.29 pb [21] −0.43σ 6.70 pb −1.65σ −8.0%

σtt̄ 7.50± 0.48 pb 7.26 pb [22] −0.5σ 6.68 pb −1.71σ −8.0%

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 [18] (with

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

respectively in [20],[21],[22] (deduced for mt = 172.5 GeV/c2) while the experimental value is taken from [23]

(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 [17].

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 0.169 +0.15(9)σ +193.0%

σtt̄ 7.50± 0.48 pb 7.61 pb [20] +0.24σ 7.00 pb −1.04σ −8.1%

σtt̄ 7.50± 0.48 pb 7.44 pb [21] −0.11σ 6.84 pb −1.37σ −8.1%

σtt̄ 7.50± 0.48 pb 7.41 pb [22] −0.18σ 6.81 pb −1.43σ −8.1%

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

Ref [21]). There is a weak dependence of the asymmetry on µf as well as on mt, in contrast with the cross

section.

the Yukawa coupling constant values and do not treat the FCNC constraints which require a full

study of the 3× 3 mass matrix. It has been noticed in literature that additional flavor structure is

generally required, like introducing flavor symmetries for example.

B. Comments on the lepton sector

The oblique corrections are important in the lepton and gauge boson sector...
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the Yukawa coupling constant values and do not treat the FCNC constraints which require a full

study of the 3× 3 mass matrix. It has been noticed in literature that additional flavor structure is

generally required, like introducing flavor symmetries for example.

B. Comments on the lepton sector

The oblique corrections are important in the lepton and gauge boson sector...

What about the whole integrated top quark asymmetry and cross section ? 
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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
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Observable SM RS

Ab
FB(mZ) 2.7σ 1.4σ

Rb 0.8σ 1.1σ

Ac
FB(mZ) 0.9σ 0.7σ

Rc 0.0σ 0.5σ

As
FB(mZ) 0.6σ 0.1σ

Γhad(Z) 1.3σ 0.8σ

Γtot(W ) 0.2σ 0.2σ

σhad 1.5σ 1.6σ

�QFB� 1.1σ 0.1σ

C1u + C1d 0.2σ 0.9σ

C1u − C1d 1.1σ 0.1σ

χ2/d.o.f. 27.5/18 22.0/18

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. [28]) and in our RS realization. The observables are defined as usual (see the description in

Ref. [26–28]). In particular, the observable �QFB� is the asymmetry in the average charges over hemispheres

of hadronic events measured at LEP [29]; 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)

[30]. In the second line from the bottom of the table, is given the χ2
function for all the observables of

the bottom quark sector including Rb, Ab
FB(mZ) plus all the Ab

FB(
√
s) asymmetry measurements outside

the Z0
pole at LEP. The resulting χ2

amount is also given in the last line for all the quark observables.

Concerning the Tevatron Run I [31] and combined HERA (ZEUS+H1) [32] data on Zuu/Zdd couplings,

the RS version studied here is clearly compatible with existing constraints at 1σ 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 [33]. This new study

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

the dijet production cross section via axigluon [34], 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

+ Zuu/Zdd OK from 
    Tevatron Run I  
& HERA (H1,ZEUS) 

Summary of the EW observables… 

no more Ab
FB anomaly 

at the Z0 pole 
still fits well 

fit improved 
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Constraint from tt cross section      - 
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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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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 @ 0.017 pb 
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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.

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.
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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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error
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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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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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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 �
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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 visible.. 

assuming 100 GeV bin resolutions 

..for 
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FIG. 10: Same as in Fig.(9) with smearing so that (Signal −Background)/
√
Background � 5.
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 The predicted tt excess due to KK gluon is observable but not ‘spectacular’  
 
 

the pair production of ~102GeV colored fermions [« custodian » b’ ] might be 
    ( in particular due to the increase factor induced by : qq      g(1)         b’b’ ). 

- 

- - 

Let’s assume now a slightly different scenario solving Ab
FB, At

FB as we showed 
but without custodian effects at present colliders : 
 
             heavy custodians (by mixing with higher KK states, in a multiplet  
             with larger c value, coupled to Planckian/bulk masses, …) 
 
             custodial symmetry implemented à la Mohapatra i.e. without new 
             fermions, e.g. with (tR,bR), thanks to more structured Higgs sector  
             
            without custodial symmetry: EWPT protected by brane-kinetic  
            terms or modified geometrical background and Ab

FB curred by ZKK. 



assuming 100 GeV bin resolutions 

Without b’ like fermion, the RS model predicts a nice g(1) resonant peak… 

A clean resonance shape is predicted… 
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Smaller total KK gluon width cause no more channel g(1)          b’b’ :   
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√
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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…becoming only a characteristic shape after  
simulating the Mtt experimental resolution: 

Smearing effect 
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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.

(preliminary) 



 V) 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,… 

 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 framework addressing At
FB reflects a more generic ‘no-lose’ thm 

in the phenomenology of warped models : a clear signature is expected  
@ LHC either from KK gluon resonances or from custodian productions. 



Back up 
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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).

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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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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D = ŝ−M2
KK + i

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

1

D = ŝ−M2
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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 
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10.3% 42.3% 

10.3% 

p-value 37.3%  ó     /10 =1.08  
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" 2p-value 10.3%  ó     /11 =1.56  
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Best-fit Higgs mass 

t   RS fit can be  better for any mh>115GeV ( e.g. mh=190GeV => h->Z0Z0 ) 

t    for mh= 500 GeV         p-value can be @  25.3% in RS  if MKK= 4 TeV  
                                        p-value is only @ 2.5 10-9 in SM  
                                        mh excluded in gauge-Higgs unification & SUSY  ⎩

⎨
⎧

=> the discovery of a heavy Higgs would constitute a  sign for RS 

t    the best-fit mh value is possibly  larger than the LEP2 direct limit of 115GeV  
 
       in contrast with the SM where the best-fit mh is           GeV  
                       (getting even smaller by excluding Ab

FB)  
! 

76+33
"24



     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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0,l

fb 0.23099 # 0.00053

Al(P#
) 0.23159 # 0.00041

Al(SLD) 0.23098 # 0.00026

A
0,b

fb 0.23221 # 0.00029

A
0,c

fb 0.23220 # 0.00081

Q
had

fb 0.2324 # 0.0012

Average 0.23153 # 0.00016

$%had= 0.02758 # 0.00035$%
(5)

mt= 178.0 # 4.3 GeV

        

SM   à  



Problems/Solutions in the Higgs boson sector 

a) Quantum instability of the Higgs mass:  

! 

"mh
2 #$NP

2

~> Supersymmetry (MSSM):                                                as no quadratic dvg.  ≈≈ 22 mmhδ ~ 

~> Extra Dimensions (ADD,RS):            protected by  

22 )10( GeV
2
hmδ TeVMgravNP ≈<Λ

~> Composite Higgs (MHCM):             protected by  2
hmδ TeVIRNP ≈Λ=Λ

b) Quantum instability of the Higgs quartic coupling   λ
2g=λ~> Supersymmetry (MSSM): SUSY =>    protects λ

~> Extra Dimensions (gauge-Higgs unif.): GAUGE SYM. =>   protects λ2g=λ

(Higgsless): models without Higgs boson ! 

              (Higgsless): no high-energy Higgs potential 

[& possibly till          via a global symmetry] 

! 

"NP



c) EW Symmetry Breaking dynamics   

~> Extra Dimensions (Higgsless): SB by field Boundary Conditions 
                                                       & KK masses for fermions/bosons  

~> Supersymmetry (mSUGRA): EWSB triggered by negative Higgs mass  
                                                    induced radiatively (via top quark loop)  

~> Composite Higgs (MHCM): EWSB triggered by negative Higgs mass  
                                                  induced radiatively (via top quark loop)  

So the main approaches towards the Higgs questions are SUSY or ED like 
  
+ renew of interest for ED-type scenarios: 

⎩
⎨
⎧EXP. – no discovery of superpartners @ LEPII   (nor Tevatron Run II) 

TH. – AdS/CFT correspondance (98’) => calculability of EW observables (03’) 
                                                                  in Composite Higgs scenarios (84’) 


