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What I will and will not to cover

EWSB scenarios and its signatures

The difficult question
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What I Will and Will Not Cover?
-

Will not discuss 

• Scenarios do not directly related to EWSB and (little) Hierarchy

- UED, split SUSY, GUT, ... 

• Indirect signatures: effects in precision measurements

• Higgs properties

Will focus on 

• Recent developments

• Direct search signatures @ LHC

• try to be as model independent as possible

- particle directly related to the cancellation of quadratic divergence

- particles essential to the scenario

- minimum (vanilla) model (might not be the best model)
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New Particles at a Glance  
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TechnicolorSUSY ADD Little 
Higgs

Twin 
Higgs

HiggslessRS

SM partners

massive vector bosons

technipion, technirho, ...

KK gravitons



S. Su 8

-

SUSY



S. Su 9

Supersymmetry
-

SUSY

By now, everyone knows what usual SUSY signals are ...  

you always hear people say 
“ If there is supersymmetry, we can observe it at the LHC.”
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•cancellation of Λ2 only need H-H-t-t coupling relate to top Yukawa

•stop does NOT have to charge under the SM SU(3)c.

~~



S. Su 9

Supersymmetry
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Burdman, Chacko, Goh and Harnik, hep-ph/0609152folded SUSY
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Large Extra Dimensions  

-

•gravity live in δ+4 dimensions

•massless mode: 4D graviton
   massive mode:  KK tower of graviton

M* ~ TeV δ=1 δ=2 δ=3 δ=4 δ=5 δ=6

R    (m)  3E13 2E-3 1E-8 2E-11 5E-13 4E-14

1/R (GeV) 6E-30 8E-14 2E-8 9E-6 4E-4 4E-3

Arkani-Hamed, Dimopopulos, Dvali, hep-ph/9803315

Mn+2
∗ Rn = M2

pl

~ TeV 1019 GeV

...

δm2
H ∼ 3y2

t

4π2
Λ2 log(Λ/mt)2

∼ EW scale

mGKK= n/R, n=1,2,...  small mass splitting

ADD
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Single Jet/Photon + MET 
-
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•KK graviton: appear as missing ET

•Signatures: Single gluon/photon + large missing ET
Research Notes from Collaborations 1845

 

 

 

 

Figure 2. Distribution of the missing transverse energy in background events and in signal events
after the selection and for 100 fb−1. The contribution of the three main kinds of background is
shown as well as the distribution of the signal for several values of (δ, MD).

4.4. Signal significance

After a typical cut "ET > 1 TeV, the number of remaining background events are shown in
table 1, while the number of signal events and the statistical significances are shown in table 2.

To estimate the conservative significance, the ratio between the background, dominated by
the jZ(νν) events, and the calibration sample has been studied by simulating and applying a
basic selection on jZ(→ ee) events. For triggering we required one jet of at least 50 (100) GeV
at low (high) luminosity within the trigger acceptance (|η| < 3.2) and two isolated electrons
of at least 15 (20) GeV within |η| < 2.5. The invariant mass of the two electrons is required
to lie in mZ ± 10 GeV. Assuming that the jZ(→ µµ) sample can also be used, the calibration
sample is approximately a factor of seven smaller than the background sample. We therefore
used Smin = S/

√
7B as the conservative statistical estimator.

4.5. Sensitivity

The maximum reach in MD is shown in figure 3 as a function of the cut on the jet ET (∼ "ET ).
The estimators Smin and Smax are shown and in both cases a 5-sigma significance and at least
100 signal events are required. For two extra dimensions, it can be seen that some sensitivity
could be gained by loosening the cut on "ET below the 1 TeV cut we applied. However, the
background in this region is less under control.

MD=7-9 TeV for L=100fb-1

Vacavant and Hinchliffe, 2001

PTmiss

PTjet ~ PTmiss

gluon radiation

ADD
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2 ➝ 2 Scattering
-

Virtual Graviton Exchange in 2→2 scattering

•deviations in SM process with difermions

•new production process absent in SM at tree level, e.g. gg➝l+l-

CMSTDR

464 Chapter 14. Extra Dimensions and New Vector Boson High Mass States

gg → !+!−. The signature is similar to that expected in composite theories and provides a
good experimental tool for searching for large extra dimensions for the case

√
s < MD.

Graviton exchange is governed by the effective Lagrangian

L = i
4λ

M4
H

TµνT
µν + h.c. (14.11)

The amplitude is proportional to the sum over the propagators for the graviton KK tower
which may be converted to an integral over the density of KK states. However, in this case,
there is no specific cut-off associated with the process kinematics and the integral is divergent
for n > 1. This introduces a sensitivity to the unknown ultraviolet physics which appears
at the fundamental scale. This integral needs to be regulated and several approaches have
been proposed: (i) a naive cut-off scheme [702, 711] (ii) brane fluctuations [710], or (iii) the
inclusion of full weakly coupled TeV-scale string theory in the scattering process [704, 708].
The most model independent approach which does not make any assumptions as to the
nature of the new physics appearing at the fundamental scale is that of the naive cut-off.
Here, the cut-off is set to MH #= MD; the exact relationship between MH and MD is not
calculable without knowledge of the full theory. The parameter λ = ±1 is also usually
incorporated in direct analogy with the standard parametrisation for contact interactions
[122] and accounts for uncertainties associated with the ultraviolet physics. The substitution

M ∼ i2π

M2
Pl

∞∑

"n=1

1
s−m2

"n

→ λ

M4
H

(14.12)

is then performed in the matrix element for s-channel KK graviton exchange with corre-
sponding replacements for t- and u-channel scattering. As above, the Planck scale suppres-
sion is removed and superseded by powers of MH ∼TeV/c2.

The resulting angular distributions for fermion pair production are quartic in cos θ and thus
provide a unique signal for spin-2 exchange.

The experimental analyses also make use of the cut-off approach. Using virtual Kaluza-Klein
graviton exchange in reactions with diphoton, dibosons and dilepton final states, (Gn →
γγ, V V, !!), the LEP and Tevatron experiments exclude exchange scales up to ∼ 1.1 TeV/c2.

In the dimuon studies presented here (14.3.2) with 1 fb−1 a 5-sigma effect from the virtual
contributions of ADD gravitons to Drell-Yan process is observable for effective fundamental
Planck scale of 4.0 TeV and for n = 6 extra dimensions.

14.1.4 Inverse TeV sized extra dimensions

The possibility of TeV -1-sized extra dimensions naturally arises in braneworld theories [700].
By themselves, they do not allow for a reformulation of the hierarchy problem, but they may
be incorporated into a larger structure in which this problem is solved. In these scenarios,
the Standard Model fields are phenomenologically allowed to propagate in the bulk. This
presents a wide variety of choices for model building: (i) all, or only some, of the Standard
Model gauge fields exist in the bulk; (ii) the Higgs field may lie on the brane or in the bulk;
(iii) the Standard Model fermions may be confined to the brane or to specific locales in the
extra dimension. The phenomenological consequences of this scenario strongly depend on
the location of the fermion fields. Unless otherwise noted, our discussion assumes that all of
the Standard Model gauge fields propagate in the bulk.

G(n)
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Figure 14.9: 5σ limit on MS for the number of extra dimensions n = 3 and 6.

14.4 High energy single lepton final states
14.4.1 Introduction

Several theoretical models predict, in addition to the well known electroweak vector bosons
γ, W , Z, further heavy gauge bosons. These additional particles are postulated for exam-
ple in Left-Right Symmetric Models [724–727], based on the gauge group SU(3)C× SU(2)L×
SU(2)R× U(1)B-L (B,L: baryon-, lepton-number) in theories predicting a substructure of the
known “elementary particles”, and in Little Higgs Models [90].

Here we investigate the detection capabilities for a hypothetical heavy partner of the W , a
charged spin-1 boson W ′. We do not assume one of the specific models mentioned above,
but derive the W ′ properties from the Reference Model by Altarelli [697], which has been
used in several earlier experiments, so that the resulting limits can be compared easily. In
this Reference Model the W ′ is a carbon copy of the W , with the very same left-handed
fermionic couplings (including CKM matrix elements), while there is no interaction with the
Standard Model gauge bosons or with other heavy gauge bosons as a Z ′. Thus the W ′ decay
modes and corresponding branching fractions are similar to those for the W , with the notable
exception of the tb channel, which opens for W ′ masses beyond 180 GeV.
In hadron collisions W ′ bosons can be created through qq̄ annihilation, in analogy to W
production. Previous searches for the Reference W ′ at LEP and at the Tevatron give rise to
lower bounds approaching 1 TeV [728].
This analysis is based on the decay W ′ → µν, with a branching ratio of roughly 10%. The
resulting signature of a high energy muon accompanied by missing energy allows an easy
separation of signal and background reactions. More details are found in [729].

dimuon
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Black Hole Production 
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14.8 Black holes
14.8.1 Introduction to higher-dimensional black holes

One of the consequences of large extra dimensions is the possibility to produce microscopic
black hole (BH) at LHC energies. Such a BH formed in a (4+n)-dimensional space-time has a
Schwarzschild radius

rs(4+n) =
1√

πM(4+n)

(
MBH

M(4+n)

(
8Γ((n + 3)/2)

n + 2

)) 1
n+1

(14.18)

where M(4+n) is the reduced Planck scale and n is the number of large extra dimensions [741].
A high energy collision of two partons can result in the formation of a BH when the impact
parameter is smaller than rs(4+n). In the semi-classical approach the BH cross section is given
by σ(MBH) = πr2

s(4+n) at the parton level. If for low masses M(4+n), i.e. around 2 TeV, the BH
production cross sections at the LHC is in the pb range.

Once produced, these BHs are expected to decay thermally via Hawking radiation [742]. The
Hawking temperature for a BH in 4 + n dimensions is [743]

T(4+n) ∼M(4+n)(M(4+n)/MBH)1/(n+1) (14.19)

These BHs have a very short lifetime typically of ∼ 10−27 seconds.

BH events are expected to evaporate democratically by emission of all particle types that
exist in nature, independent of their spin, charge, quantum numbers or interaction proper-
ties. Therefore they can be a source of new particles. BH physics at the LHC can provide the
possibility of probing quantum gravity in the lab.

14.8.2 Analysis selection path and results

Black hole event samples were produced using the CHARYBDIS event generator [744]. As
a benchmark the case which is analysed has the following parameters: a) 2 TeV/c2 effective
Planck scale, b) 4 TeV/c2 minimum and 14 TeV/c2 maximum black hole mass c) 3 extra dimen-
sions. Time evolution during Hawking radiation and gray body effects are included. The
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Figure 14.21: Expected significances as function of MD for different number n of extra di-
mensions.

MD~ 2 TeV, σ ~ pb
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Black Hole Production 
-

Signatures: 

• high multiplicity of final state particles 

• spherical distribution
 
Dominant background: QCD jets, top, boson+jets, 

14.8. Black holes 493

detector response was simulated by us using the CMS fast simulation (FAMOS, version 1.4.0)
after validation against the detailed CMS GEANT-based simulation. The Standard Model
backgrounds taken into account include QCD jets, top production and boson plus jet pro-
duction. The invariant mass of all final state objects (electrons, photons, jets and muons)
in the event is found to be correlated with the input black hole mass. In addition since the
black hole formation can only occur if MBH > M(4+n), the event invariant mass can indicate
the effective Planck scale M(4+n). In the benchmark scenario the invariant mass is required
to be greater than 2 TeV/c2. BH events are characterised by a high multiplicity of the final
state particles, which increase as a function of the BH mass (and decreases as a function of
Hawking temperature). In particular the ratio of jets to leptons is found to be 5 to 1. In this
study with a simple jet and lepton multiplicity counting the jet/lepton ratio is formed. The
average value of this ratio is found to be 4.5. The thermal nature of Hawking radiation re-
quires the distribution of BH remnants to be spherical as shown and a sphericity of 0.28 is
required which eliminates drastically the Standard Model backgrounds. The invariant mass
distribution and sphericity for the signal and background events is shown in figure 14.22.
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Figure 14.22: (a) Reconstructed invariant mass distribution and (b)event sphericity for black
hole and standard model background events

Events are counted when the total sum of the PT of all reconstructed objects plus the missing
transverse energy is larger than 2500 GeV. A study of the Level-1 and HLT trigger path shows
that the 4 jet trigger has a 93% efficiency for the signal events and is used in the analysis.

The event selection criteria applied to the reconstructed events and the efficiencies of the
requirements are listed in Table 14.11.

Table 14.11: Event selection and background rejection for signal events and major back-
ground processes

Cut Signal tt+nJ W+nj Z+nJ QCD Dijet WW+nJ
Cross Section (pb) 18.85 371 896 781.84 33076.8 269.91

Events (10 fb−1) 188500 3.71×106 8.96×106 7.82×106 3.31×108 2.70×106

M Inv > 2 TeV/c2 18.71 13.29 6.53 3.85 2634.94 20.53
Tot. Multiplicity > 4 17.72 13.25 6.43 3.84 2613.18 20.42

Sphericity > 0.28 9.27 1.60 0.23 0.10 53.74 0.07
Final No.Events (10 fb-1) 92740 15990 2328 982 537391 740

The minimum integrated luminosity needed for 5σ significance and for the benchmark point
is ∼2 pb−1. A survey of the parameter space using 25 points shows that for effective Planck

M(4+n)~2-3 TeV
MBH: up to 4 TeV
n: 2-6
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Figure 14.22: (a) Reconstructed invariant mass distribution and (b)event sphericity for black
hole and standard model background events

Events are counted when the total sum of the PT of all reconstructed objects plus the missing
transverse energy is larger than 2500 GeV. A study of the Level-1 and HLT trigger path shows
that the 4 jet trigger has a 93% efficiency for the signal events and is used in the analysis.

The event selection criteria applied to the reconstructed events and the efficiencies of the
requirements are listed in Table 14.11.

Table 14.11: Event selection and background rejection for signal events and major back-
ground processes

Cut Signal tt+nJ W+nj Z+nJ QCD Dijet WW+nJ
Cross Section (pb) 18.85 371 896 781.84 33076.8 269.91

Events (10 fb−1) 188500 3.71×106 8.96×106 7.82×106 3.31×108 2.70×106

M Inv > 2 TeV/c2 18.71 13.29 6.53 3.85 2634.94 20.53
Tot. Multiplicity > 4 17.72 13.25 6.43 3.84 2613.18 20.42

Sphericity > 0.28 9.27 1.60 0.23 0.10 53.74 0.07
Final No.Events (10 fb-1) 92740 15990 2328 982 537391 740

The minimum integrated luminosity needed for 5σ significance and for the benchmark point
is ∼2 pb−1. A survey of the parameter space using 25 points shows that for effective Planck

sphericity

M(4+n)~TeV
MBH: 4 TeV - 14 TeV
n: 3
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Little Higgs Models  
-

•Higgs is a Goldstone boson of spontaneous global symmetry breaking

•obtain mass from interactions explicitly breaking global symmetry

•gauge interaction, Yukawa interaction

•1-loop quadratic divergence protected via collective symmetry breaking

for review, see Perelstein, hep-ph/0512128;
Schmaltz and Tucker-Smith, hep-ph/0502182; 

e.g. Littlest Higgs model 
global symmetry: SU(5) ➝ SO(5)
gauge symmetry: [SU(2)XU(1)]2➝[SU(2)XU(1)]SM

•Higgs mass is zero if either of the gauge coupling is zero.

•One loop contribution is at most logarithmically divergent.

Good for Λ up to about 10 TeV

Little 
Higgs
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Little Higgs Models  
-

t
T

New particles:

•New gauge bosons: WH, ZH , AH

•New heavy quarks: T, ...

•Extra Higgses

Cancellation of Λ2 by partners of the same spin.

masses ~ TeV

Little 
Higgs
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Heavy Top in Littlest Higgs Model
-

Heavy top production
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Han, McElrath, Logan, Wang, hep-ph/0301040
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Figure 2: Cross section for the new top-like quark, T , versus mass (left) and the invariant mass reconstruction
signal and background (dark) of the T quark using the Wb channel in the ATLAS detector for an integrated

luminosity of 300 fb−1 (right).

values, λ1 and λ2, should satisfy some constraints. These requirements allow the cancellation of
SM top-quark corrections. Equation 1 shows the value of the T quark mass as function of the
Yukawa couplings and the condition to be satisfied by these couplings in order to be compatible
with the SM values,
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where mt is the top mass and v is the so-called Fermi scale, v = 244 GeV . The mass MT is of
the order of the scale f . The constraint that none of the loop contributions exceeds the value of
the Higgs mass squared by more than a factor of 10 (∼ 10% fine-tuning) yields an upper bound
on MT as a function of mH . Lower bounds can also be extracted from Equation 1. Therefore
MT should be inside the mass window:
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where mH is the expected mass of the Higgs boson. Figure 2 (left) from reference 14 shows the
production cross section of T as function of MT at LHC energies (

√
s = 14 TeV ). TT production

(dashed line) and single T production (solid and dotted) are shown. The solid line corresponds
to a choice λ1/λ2 = 1, whereas the dotted line corresponds to λ1/λ2 = 2 and 1/2. The Wb fusion
mechanism is dominant for masses larger than 700 GeV. TT production dominates for lower
masses. In this analysis, the mass of T is considered to be above 700 GeV, thus the production
via Wb fusion has been used. T has 3 possible decay modes, with the following partial widths:

Γ(T → tZ) = Γ(T → t h) =
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2
Γ(T → bW ) =
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2. Other decay channels are suppressed by a factor v2/f2. The first
two decays are distinctive of Littlest Higgs models.

These three decay channels have been studied. The more advantageous signature associated
with the Zt decay is: 3 isolated leptons (2 of them from the Z decay), one b-jet and missing
energy. The following requirements are applied: 3 high pT leptons, one b-tag and large ET (miss).
The background is largely dominated by WZ production, although other processes like tt and
tbZ have significant contributions. This channel has a low number of expected events (around
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where mH is the expected mass of the Higgs boson. Figure 2 (left) from reference 14 shows the
production cross section of T as function of MT at LHC energies (
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(dashed line) and single T production (solid and dotted) are shown. The solid line corresponds
to a choice λ1/λ2 = 1, whereas the dotted line corresponds to λ1/λ2 = 2 and 1/2. The Wb fusion
mechanism is dominant for masses larger than 700 GeV. TT production dominates for lower
masses. In this analysis, the mass of T is considered to be above 700 GeV, thus the production
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These three decay channels have been studied. The more advantageous signature associated
with the Zt decay is: 3 isolated leptons (2 of them from the Z decay), one b-jet and missing
energy. The following requirements are applied: 3 high pT leptons, one b-tag and large ET (miss).
The background is largely dominated by WZ production, although other processes like tt and
tbZ have significant contributions. This channel has a low number of expected events (around
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Figure 2: Reconstructed mass of the Z and t (inferred from the measured lepton, /ET , and tagged
b−jet). The signal T → Zt is shown for a mass of 1000 GeV. The background, shown as the filled
histogram, is dominated by WZ and tbZ (the latter is larger) production. The signal event rates
correspond to λ1/λ2 = 1 and a BR(T → ht) of 25%. More details can be found in Ref [17].

• Three isolated leptons (either e or µ) with pT > 40 GeV and |η| < 2.5. One of these is
required to have pT > 100 GeV.

• No other leptons with pT > 15 GeV.

• /ET > 100 GeV.

• At least one tagged b−jet with pT > 30 GeV.

The presence of the leptons ensures that the events are triggered. A pair of leptons of same flavor
and opposite sign is required to have an invariant mass within 10 GeV of Z mass. The efficiency
of these cuts is 3.3% for mT = 1000 GeV. The third lepton is then assumed to arise from a W and
the W ’s momentum reconstructed using it and the measured /ET .

The invariant mass of the Zt system can then be reconstructed by including the b−jet. This
is shown in Figure 2 for mT = 1000 GeV where a clear peak is visible above the background.
Following the cuts, the background is dominated by tbZ which is more than 10 times greater than
all the others combined. The cuts accept 0.8% of this background [17].

Using this analysis, the discovery potential in this channel can be estimated. The signal to
background ratio is excellent as can be seen from Figure 2. Requiring a peak of at least 5σ
significance containing at least 10 reconstructed events implies that for λ1/λ2 = 1(2) and 300 fb−1

the quark of mass MT < 1050(1400) GeV is observable. At these values, the single T production
process dominates, justifying a posteriori the neglect of TT production in this simulation.
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luminosity of 300 fb−1 (right).

values, λ1 and λ2, should satisfy some constraints. These requirements allow the cancellation of
SM top-quark corrections. Equation 1 shows the value of the T quark mass as function of the
Yukawa couplings and the condition to be satisfied by these couplings in order to be compatible
with the SM values,

MT = f
√

λ2
1 + λ2

2

1

λ2
1

+
1

λ2
2

=
( v

mt

)2

≈ 2 (1)

where mt is the top mass and v is the so-called Fermi scale, v = 244 GeV . The mass MT is of
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production cross section of T as function of MT at LHC energies (
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where mH is the expected mass of the Higgs boson. Figure 2 (left) from reference 14 shows the
production cross section of T as function of MT at LHC energies (

√
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mechanism is dominant for masses larger than 700 GeV. TT production dominates for lower
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Figure 2: Reconstructed mass of the Z and t (inferred from the measured lepton, /ET , and tagged
b−jet). The signal T → Zt is shown for a mass of 1000 GeV. The background, shown as the filled
histogram, is dominated by WZ and tbZ (the latter is larger) production. The signal event rates
correspond to λ1/λ2 = 1 and a BR(T → ht) of 25%. More details can be found in Ref [17].

• Three isolated leptons (either e or µ) with pT > 40 GeV and |η| < 2.5. One of these is
required to have pT > 100 GeV.

• No other leptons with pT > 15 GeV.

• /ET > 100 GeV.

• At least one tagged b−jet with pT > 30 GeV.

The presence of the leptons ensures that the events are triggered. A pair of leptons of same flavor
and opposite sign is required to have an invariant mass within 10 GeV of Z mass. The efficiency
of these cuts is 3.3% for mT = 1000 GeV. The third lepton is then assumed to arise from a W and
the W ’s momentum reconstructed using it and the measured /ET .

The invariant mass of the Zt system can then be reconstructed by including the b−jet. This
is shown in Figure 2 for mT = 1000 GeV where a clear peak is visible above the background.
Following the cuts, the background is dominated by tbZ which is more than 10 times greater than
all the others combined. The cuts accept 0.8% of this background [17].

Using this analysis, the discovery potential in this channel can be estimated. The signal to
background ratio is excellent as can be seen from Figure 2. Requiring a peak of at least 5σ
significance containing at least 10 reconstructed events implies that for λ1/λ2 = 1(2) and 300 fb−1

the quark of mass MT < 1050(1400) GeV is observable. At these values, the single T production
process dominates, justifying a posteriori the neglect of TT production in this simulation.
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SM top-quark corrections. Equation 1 shows the value of the T quark mass as function of the
Yukawa couplings and the condition to be satisfied by these couplings in order to be compatible
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where mt is the top mass and v is the so-called Fermi scale, v = 244 GeV . The mass MT is of
the order of the scale f . The constraint that none of the loop contributions exceeds the value of
the Higgs mass squared by more than a factor of 10 (∼ 10% fine-tuning) yields an upper bound
on MT as a function of mH . Lower bounds can also be extracted from Equation 1. Therefore
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where mH is the expected mass of the Higgs boson. Figure 2 (left) from reference 14 shows the
production cross section of T as function of MT at LHC energies (

√
s = 14 TeV ). TT production

(dashed line) and single T production (solid and dotted) are shown. The solid line corresponds
to a choice λ1/λ2 = 1, whereas the dotted line corresponds to λ1/λ2 = 2 and 1/2. The Wb fusion
mechanism is dominant for masses larger than 700 GeV. TT production dominates for lower
masses. In this analysis, the mass of T is considered to be above 700 GeV, thus the production
via Wb fusion has been used. T has 3 possible decay modes, with the following partial widths:
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These three decay channels have been studied. The more advantageous signature associated
with the Zt decay is: 3 isolated leptons (2 of them from the Z decay), one b-jet and missing
energy. The following requirements are applied: 3 high pT leptons, one b-tag and large ET (miss).
The background is largely dominated by WZ production, although other processes like tt and
tbZ have significant contributions. This channel has a low number of expected events (around
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Figure 2: Cross section for the new top-like quark, T , versus mass (left) and the invariant mass reconstruction
signal and background (dark) of the T quark using the Wb channel in the ATLAS detector for an integrated

luminosity of 300 fb−1 (right).
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where mH is the expected mass of the Higgs boson. Figure 2 (left) from reference 14 shows the
production cross section of T as function of MT at LHC energies (
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SM top-quark corrections. Equation 1 shows the value of the T quark mass as function of the
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where mt is the top mass and v is the so-called Fermi scale, v = 244 GeV . The mass MT is of
the order of the scale f . The constraint that none of the loop contributions exceeds the value of
the Higgs mass squared by more than a factor of 10 (∼ 10% fine-tuning) yields an upper bound
on MT as a function of mH . Lower bounds can also be extracted from Equation 1. Therefore
MT should be inside the mass window:
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where mH is the expected mass of the Higgs boson. Figure 2 (left) from reference 14 shows the
production cross section of T as function of MT at LHC energies (

√
s = 14 TeV ). TT production

(dashed line) and single T production (solid and dotted) are shown. The solid line corresponds
to a choice λ1/λ2 = 1, whereas the dotted line corresponds to λ1/λ2 = 2 and 1/2. The Wb fusion
mechanism is dominant for masses larger than 700 GeV. TT production dominates for lower
masses. In this analysis, the mass of T is considered to be above 700 GeV, thus the production
via Wb fusion has been used. T has 3 possible decay modes, with the following partial widths:
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These three decay channels have been studied. The more advantageous signature associated
with the Zt decay is: 3 isolated leptons (2 of them from the Z decay), one b-jet and missing
energy. The following requirements are applied: 3 high pT leptons, one b-tag and large ET (miss).
The background is largely dominated by WZ production, although other processes like tt and
tbZ have significant contributions. This channel has a low number of expected events (around
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Figure 2: Reconstructed mass of the Z and t (inferred from the measured lepton, /ET , and tagged
b−jet). The signal T → Zt is shown for a mass of 1000 GeV. The background, shown as the filled
histogram, is dominated by WZ and tbZ (the latter is larger) production. The signal event rates
correspond to λ1/λ2 = 1 and a BR(T → ht) of 25%. More details can be found in Ref [17].

• Three isolated leptons (either e or µ) with pT > 40 GeV and |η| < 2.5. One of these is
required to have pT > 100 GeV.

• No other leptons with pT > 15 GeV.

• /ET > 100 GeV.

• At least one tagged b−jet with pT > 30 GeV.

The presence of the leptons ensures that the events are triggered. A pair of leptons of same flavor
and opposite sign is required to have an invariant mass within 10 GeV of Z mass. The efficiency
of these cuts is 3.3% for mT = 1000 GeV. The third lepton is then assumed to arise from a W and
the W ’s momentum reconstructed using it and the measured /ET .

The invariant mass of the Zt system can then be reconstructed by including the b−jet. This
is shown in Figure 2 for mT = 1000 GeV where a clear peak is visible above the background.
Following the cuts, the background is dominated by tbZ which is more than 10 times greater than
all the others combined. The cuts accept 0.8% of this background [17].

Using this analysis, the discovery potential in this channel can be estimated. The signal to
background ratio is excellent as can be seen from Figure 2. Requiring a peak of at least 5σ
significance containing at least 10 reconstructed events implies that for λ1/λ2 = 1(2) and 300 fb−1

the quark of mass MT < 1050(1400) GeV is observable. At these values, the single T production
process dominates, justifying a posteriori the neglect of TT production in this simulation.
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values, λ1 and λ2, should satisfy some constraints. These requirements allow the cancellation of
SM top-quark corrections. Equation 1 shows the value of the T quark mass as function of the
Yukawa couplings and the condition to be satisfied by these couplings in order to be compatible
with the SM values,
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where mt is the top mass and v is the so-called Fermi scale, v = 244 GeV . The mass MT is of
the order of the scale f . The constraint that none of the loop contributions exceeds the value of
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on MT as a function of mH . Lower bounds can also be extracted from Equation 1. Therefore
MT should be inside the mass window:
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where mH is the expected mass of the Higgs boson. Figure 2 (left) from reference 14 shows the
production cross section of T as function of MT at LHC energies (

√
s = 14 TeV ). TT production

(dashed line) and single T production (solid and dotted) are shown. The solid line corresponds
to a choice λ1/λ2 = 1, whereas the dotted line corresponds to λ1/λ2 = 2 and 1/2. The Wb fusion
mechanism is dominant for masses larger than 700 GeV. TT production dominates for lower
masses. In this analysis, the mass of T is considered to be above 700 GeV, thus the production
via Wb fusion has been used. T has 3 possible decay modes, with the following partial widths:
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These three decay channels have been studied. The more advantageous signature associated
with the Zt decay is: 3 isolated leptons (2 of them from the Z decay), one b-jet and missing
energy. The following requirements are applied: 3 high pT leptons, one b-tag and large ET (miss).
The background is largely dominated by WZ production, although other processes like tt and
tbZ have significant contributions. This channel has a low number of expected events (around
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ZH➝ l+l- WH➝ l+ν

Little 
Higgs

Azuelos et. al., hep-ph/0402037
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Heavy Gauge Bosons in LH  
-
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Figure 14: Invariant mass of the Zh system reconstructed from the !+!−bb final state showing the
signal from a ZH of mass 1000 GeV with cot θ = 0.5 above the Standard Model background. The
vertical lines define the signal region.
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Figure 15: As in Figure 14 except that the ZH mass is 2 TeV.
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Figure 16: Invariant mass of the Wh system reconstructed from the !+νbb final state showing the
signal from a WH of mass 1000 GeV with cot θ = 0.5 above the Standard Model background. The
vertical lines define the signal region.
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Diboson signals

ZH➝ Zh ➝ llbb WH➝ Wh ➝ lνbb

cotθ=0.5

Little 
Higgs
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Little Higgs with T-parity
-

•EWPT ⇒ f large

•T-parity (similar to R-parity in SUSY) 

-contribution to SM process only appears at loop level, allow small f

•T-odd partners for SM particles (T-quarks, T-leptons, ...)

•lightest T-odd particle: stable, most likely, AH

•SUSY-like signals
 

even odd

New gauge 
bosons

AH (LTP)
WH, ZH 

New heavy 
quarks

T+ T-
q-,l-

However, as C. Hill and R. Hill told 
us yesterday, T-parity is broken by 
topological effects ... 

Little 
Higgs
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-

Twin Higgs
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Twin Higgs mechanism  
-

Higgs as pseudo-Goldstone boson of a global symmetry
Its mass is protected against radiative correction via discrete symmetry

Chacko, Goh, Harnik, hep-ph/0506256
Chacko, Nomura, Papucci, Perez, hep-ph/0510273
Chacko, Goh, Harnik, hep-ph/0512088

• Global U(4) , with subgroup SU(2)L × SU(2)R × U(1)B-L gauged
• Left-right symmetry: gL=gR (yL=yR)

e.g., left-right Twin Higgs Models

U(4) → U(3)
SU(2)L × SU(2)R × U(1)B-L → SU(2)L×U(1)Y

SM Higgs doublet

3 eaten by heavy gauge bosons

7 GB

Twin 
Higgs
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-

Twin Higgs mechanism  

Quadratic divergence forbidden by left-right symmetry

gL=gR=g 

U(4) invariant, does not contribute to the mass of GB 

Log contribution:

mH ∼ g2f / (4 π), natural for f ∼ TeV

Little 
Higgs
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New particles  
-

• Heavy gauge bosons: WH, ZH% %  % %  
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- Drell-Yan production 

- Decays into 
    dilepton, dijets 
    (similar to LR model)

- ZH➝ tt, WH➝ tb, ... 

• Heavy top: tH

Little 
Higgs

Single production tHj
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Randall-Sundrum Scenario 
-

Particle Physics Probes Of Extra Spacetime Dimensions 9

The potential search reach for virtual KK graviton exchange in processes at future acceler-

ators are listed in Table 2. These sensitivities are estimated for the LHC (31), a high energy e+e−

linear collider (24), as well as for a γγ collider (32), where the initial photon beams originate from

Compton laser back-scattering. Note that the γγ → WW process has the highest sensitivity to
graviton exchange.

In summary, present facilities have searched for large extra dimensions and excluded their
existence for fundamental scales up to ∼ TeV. The reach of future facilities will extend this reach
to a sensitivity of ∼ 10 TeV. If this scenario is indeed relevant to the hierarchy, then it should
be discovered in the next round of experiments. In addition, future experiments will have the
capability to determine the geometry of the higher dimensional space, such as the size and number
of extra dimensions, as well as the degree of the brane tension.

2.2 Warped Extra Dimensions with Localized Gravity

In this scenario, the hierarchy between the Planck and electroweak scales is generated by a large

curvature of the extra dimensions (4, 5). The simplest such framework is comprised of just one

additional spatial dimension of finite size, in which gravity propagates. The geometry is that of a

5-dimensional Anti-de-Sitter space (AdS5), which is a space of constant negative curvature. The

extent of the 5th dimension is y = πRc. Every slice of the 5th dimension corresponds to a 4-d
Minkowski metric. Two 3-branes, with equal and opposite tension, sit at the boundaries of this
slice of AdS5 space. The Standard Model fields are constrained to the 3-brane located at the
boundary y = πRc, known as the TeV-brane, while gravity is localized about the opposite brane
at the other boundary y = 0. This is referred to as the Planck brane.

The metric for this scenario preserves 4-d Poincare invariance and is

ds2 = e−2kyηµνdxµdxν − dy2 , (7)

where the exponential function of the 5th dimensional coordinate multiplying the usual 4-d Minkowski
term indicates a non-factorizable geometry. This exponential is known as a warp factor. Here, the
parameter k governs the degree of curvature of the AdS5 space; it is assumed to be of order the

Planck scale. Consistency of the low-energy theory sets k/MPl <∼ 0.1, with MPl = MPl/
√

8π =

2.4 × 1018 being the reduced 4-d Planck scale. The relation

M
2
Pl =

M
3
5

k
(8)

is derived from the 5-dimensional action and indicates that the (reduced) 5-dimensional fundamental

scale M5 is of order MPl. Since k ∼ M5 ∼ MPl, there are no additional hierarchies present in this
model.

The scale of physical phenomena as realized by a 4-dimensional flat metric transverse to

the 5th dimension is specified by the exponential warp factor. The scale Λπ ≡ MPle−kRcπ then

Λπ ~ TeV for kRc ~ 11-12

New particles: KK tower of graviton 

10 JH,MS

describes the scale of all physical processes on the TeV-brane. With the gravitational wavefunction
being localized on the Planck brane, Λπ takes on the value ∼ 1 TeV providing kRc " 11−12. It has

been demonstrated (33) that this value of kRc can be stabilized within this configuration without

the fine tuning of parameters. The hierarchy is thus naturally established by the warp factor. Note

that since kRc " 10 and it is assumed that k ∼ 1018 GeV, this is not a model with a large extra
dimension.

Two parameters govern the 4-d effective theory of this scenario (34): Λπ and the ratio

k/MP l. Note that the approximate values of these parameters are known due to the relation of

this model to the hierarchy problem. As in the case of large extra dimensions, the Feynman rules
are obtained by a linear expansion of the flat metric,

Gαβ = e−2ky(ηαβ + 2hαβ/M3/2
5 ) , (9)

which for this scenario includes the warp factor multiplying the linear expansion. After compact-
ification, the resulting KK tower states are the coefficients of a Bessel expansion with the Bessel
functions replacing the Fourier series of a flat geometry due to the strongly curved space and the

presence of the warp factor. Here, the masses of the KK states are mn = xnke−kRcπ = xnΛπk/MPl

with the xn being the roots of the first-order Bessel function, i.e., J1(xn) = 0. The first excitation

is then naturally of order a TeV and the KK states are not evenly spaced. The interactions of the
graviton KK tower with the Standard Model fields on the TeV-brane are given by

L =
−1

MP l
T µν(x)h(0)

µν (x) −
1

Λπ
T µν(x)

∞
∑

n=1

h(n)
µν (x) . (10)

Note that the zero-mode decouples and that the couplings of the excitation states are inverse
TeV strength. This results in a strikingly different phenomenology than in the case of large extra
dimensions.

In this scenario, the principal collider signature is the direct resonant production of the
spin-2 states in the graviton KK tower. To exhibit how this may appear at a collider, Figure 4

displays the cross section for e+e− → µ+µ− as a function of
√

s, assuming m1 = 500 GeV and

varying k/MPl in the range 0.01−0.05. The height of the third resonance is greatly reduced as the

higher KK excitations prefer to decay to the lighter graviton states, once it is kinematically allowed

(35). In this case, high energy colliders may become graviton factories! If the first graviton KK

state is observed, then the parameters of this model can be uniquely determined by measurement
of the location and width of the resonance. In addition, the spin-2 nature of the graviton resonance
can be determined from the shape of the angular distribution of the decay products. This is
demonstrated in Figure 5, which displays the angular distribution of the final state leptons in

Drell-Yan production, pp → "+"−, at the LHC (36).

Searches for the first graviton KK resonance in Drell-Yan and dijet data from Run I at the

Tevatron restrict (34) the parameter space of this model, as shown in Figure 6. These data exclude

larger values of k/MPl for values of m1 which are in kinematic reach of the accelerator.

Interactions: 

SMgravity

Planck TeV

AdS5

Particle Physics Probes Of Extra Spacetime Dimensions 9

The potential search reach for virtual KK graviton exchange in processes at future acceler-

ators are listed in Table 2. These sensitivities are estimated for the LHC (31), a high energy e+e−

linear collider (24), as well as for a γγ collider (32), where the initial photon beams originate from

Compton laser back-scattering. Note that the γγ → WW process has the highest sensitivity to
graviton exchange.

In summary, present facilities have searched for large extra dimensions and excluded their
existence for fundamental scales up to ∼ TeV. The reach of future facilities will extend this reach
to a sensitivity of ∼ 10 TeV. If this scenario is indeed relevant to the hierarchy, then it should
be discovered in the next round of experiments. In addition, future experiments will have the
capability to determine the geometry of the higher dimensional space, such as the size and number
of extra dimensions, as well as the degree of the brane tension.

2.2 Warped Extra Dimensions with Localized Gravity

In this scenario, the hierarchy between the Planck and electroweak scales is generated by a large

curvature of the extra dimensions (4, 5). The simplest such framework is comprised of just one

additional spatial dimension of finite size, in which gravity propagates. The geometry is that of a

5-dimensional Anti-de-Sitter space (AdS5), which is a space of constant negative curvature. The

extent of the 5th dimension is y = πRc. Every slice of the 5th dimension corresponds to a 4-d
Minkowski metric. Two 3-branes, with equal and opposite tension, sit at the boundaries of this
slice of AdS5 space. The Standard Model fields are constrained to the 3-brane located at the
boundary y = πRc, known as the TeV-brane, while gravity is localized about the opposite brane
at the other boundary y = 0. This is referred to as the Planck brane.

The metric for this scenario preserves 4-d Poincare invariance and is

ds2 = e−2kyηµνdxµdxν − dy2 , (7)

where the exponential function of the 5th dimensional coordinate multiplying the usual 4-d Minkowski
term indicates a non-factorizable geometry. This exponential is known as a warp factor. Here, the
parameter k governs the degree of curvature of the AdS5 space; it is assumed to be of order the

Planck scale. Consistency of the low-energy theory sets k/MPl <∼ 0.1, with MPl = MPl/
√

8π =

2.4 × 1018 being the reduced 4-d Planck scale. The relation

M
2
Pl =

M
3
5

k
(8)

is derived from the 5-dimensional action and indicates that the (reduced) 5-dimensional fundamental

scale M5 is of order MPl. Since k ∼ M5 ∼ MPl, there are no additional hierarchies present in this
model.

The scale of physical phenomena as realized by a 4-dimensional flat metric transverse to

the 5th dimension is specified by the exponential warp factor. The scale Λπ ≡ MPle−kRcπ then

Ads/CFT dual: Higgs in TeV brane @5D  ⇔ composite Higgs @4D
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RS Graviton 
-

Collider signature:  resonance in dilepton, dijet, diboson, tt

Davoudiasl, Hewett and Rizzo, 0006041
Figure 17: Drell-Yan production of a (a) 700 GeV KK graviton at the Tevatron with k/MP l =
1, 0.7, 0.5, 0.3, 0.2, and 0.1, respectively, from top to bottom; (b) 1500 GeV KK graviton
and its subsequent tower states at the LHC. From top to bottom, the curves are for k/MP l =
1, 0.5, 0.1, 0.05, and 0.01, respectively.

44

k/Mpl=1, 0.5, 0.1, 0.005, 0.001

Figure 14: Mass dependencies of the two-body branching fractions for the first graviton KK
state in the case where the SM fields are on the wall. From top to bottom on the right side
of the figure the curves are for dijets, W ’s, Z’s, tops, dileptons and Higgs pairs assuming a
Higgs mass of 120 GeV.
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RS graviton  (Variation)
-

SMgravity

Planck TeV

RS
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RS graviton  (Variation)
-

SMgravity

Planck TeV

GKK

RS
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RS graviton  (Variation)
-

gravity

Planck TeVSM

GKK
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RS graviton  (Variation)
-

gravity

Planck TeVSM

GKK

Higgs

RS
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RS graviton  (Variation)
-

gravity

Planck TeVSM

GKKgaugeKK

Higgs

RS
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RS graviton  (Variation)
-

gravity

Planck TeVSM

GKKgaugeKK

tR

Higgs

RS
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RS graviton  (Variation)
-

gravity

Planck TeVSM

GKKgaugeKK

tRlight fermion

Higgs

RS
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RS graviton  (Variation)
-

Agashe, Delgado, May and Sundrum, hep-ph/0308036

gravity

Planck TeVSM

GKKgaugeKK

tRlight fermion

Higgs

RS
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RS graviton  (Variation)
-

Agashe, Delgado, May and Sundrum, hep-ph/0308036

•couple strongly to H, tR, VKK (composite fields)

•less to light quarks, leptons (fundamental fields)

gravity

Planck TeVSM

GKKgaugeKK

tRlight fermion

KK graviton

Higgs

RS
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RS graviton  
-
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Figure 2: Branching Ratios for graviton decay to scalars and quarks as a function of the top-right localization
parameter νt,R. At −0.5 < νt,R < −0.2, the dominant decay is to the Higgs and longitudinal gauge bosons
ZL, W±

L . At νt,R > −0.2, the dominant decay is to tt̄. The decay to a zero-mode top and a KK anti-top is
kinematically allowed in the range −0.5 < νt,R < 0.5. The line at νt,R corresponds to the specific choice made
in [6].

2.4 Decay Rates/Width

The width of KK-graviton is dominated by the top quark (due to the large coupling to the right-handed top
quark) and the TeV brane scalars (the Higgs boson and longitudinal W’s and Z’s). Other decay modes are
suppressed by the volume factor 1/(πkrc)2 ∼ 1/900. The width due to the four real scalar degrees of freedom is

ΓZL,WL,h =
1

(M4L)2µ2
TeV

m3
grav

960π
=

(

2.5

M4L

)2 mgrav

1300
(10)

For the tR quark contribution to the width, we find

Γtop =
1

(M4L)2µ2
TeV

(

1 + 2νt,R

1 − e−πkrc(1+2νt,R)

∫ 1
0 dy y2+2νt,RJ2(3.83y)

J2(3.83)

)2
3m3

grav

160π
(11)

which is about mgrav/160 for M4L = 2.5 and νt,R = 1.
For a range of possible νt,R, the decay to a KK top and a zero-mode top will also be allowed. From equation

(4), the mass of the KK top is approximately (1 + νt,R/2)πµTeV ; the mass will be less than the KK graviton
mass 3.83µTeV for νt,R < 1/2. Below this value, the decay width is

Γt1t =
1

(M4L)2µ2
TeV

(

2(1 + 2νt,R)

1 − ε2νt,R+1

)

(

∫ 1

0
dyyνt,R+5/2 Jνt,R−1/2(x

L
1 y)

Jνt,R−1/2(xL
1 )

J2(3.83y)

|J2(3.83)|

)2
3m3

grav

160π

∣

∣

∣

∣

2pf

mgrav

∣

∣

∣

∣

(12)

where pf is the spatial momentum of either outgoing decay product. This kinematic factor vanishes when the
zero mode top and KK top mass sum to the KK graviton mass, so the decay shuts off at a little below νt,R = 1/2.
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q q -> q’ q’ G

g g -> G

Figure 1: Cross section of KK graviton production. Both the cross-section from gluon fusion gg → G and W
boson fusion qq → q′q′WW → q′q′G are shown.

4

gg ➝ G1 

VBF

Agashe, Davoudiasl, Perez and Soni, hep-ph/0701186

7
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FIG. 4: Significance for the purely leptonic decay mode for Z
pairs from KK graviton using 300fb−1.
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FIG. 5: Same as FIG. 4, but with η < 2.

Finally, it is interesting that, although we might not
have enough statistics for a few TeV KK graviton masses,
the Z/W pairs from KK graviton can be discriminated
from SM background as follows. First of all, the (recon-
structed) Z/W pairs from KK graviton have a charac-
teristic spin-2 angular distribution as opposed to the SM
background. Also, the SM ZZ’s are mostly transverse,
whereas the ones from KK graviton are mostly longitu-
dinal. Hence, the angular distribution of decay products
of Z in the Z rest frame (or their energy distribution in
the lab frame) can also distinguish KK graviton signal
from SM background.

CONCLUSIONS

In this work, we have studied the discovery potential,
at the LHC and its future upgrades, for the first RS
graviton KK mode, assuming bulk SM. Such a discov-

intact.

c ≡ k/M̄P 0.5 1.0 1.5 2.0

mG
1 (TeV) < 1.5 1.6 1.9 2.2

S/
√

B − 7.0 6.1 6.1

TABLE I: The mass of the first KK graviton for which the
number of signal events is 10 at the LHC, for various choices
of c. See the text for an explanation of the upper limit on
c. The significance S/

√
B of each result is also given. These

numbers correspond to 300 fb−1 of integrated luminosity.

c ≡ k/M̄P 0.5 1.0 1.5 2.0

mG
1 (TeV) 1.9 2.3 2.6 2.9

S/
√

B 6.1 4.3 4.3 4.3

TABLE II: Same as TABLE I, except for the SLHC with
3 ab−1 of integrated luminosity.

ery will provide strong evidence in favor of the RS model
as the resolution of both the Planck-weak and the fla-
vor hierarchy puzzles. We considered gluon-fusion and
VBF production modes and found that the VBF mode
is sub-dominant. We focused on a remarkably clean 4-
lepton signal, originating from the decay of the graviton
to 2 longitudinal Z’s. With this signal, the reach of the
LHC for the first graviton KK mode extends to around
2 TeV, for an integrated luminosity of 300 fb−1 and for
the ratio of the AdS5 curvature to M̄P modestly above
unity, which as we argued (and contrary to the lore) can
still be within the regime of validity for our computa-
tions. On the other hand, within the (simplest) current
theory understanding, the electroweak and flavor preci-
sion tests disfavor KK graviton masses below ∼ 4 TeV.
However, the discovery reach can be extended at the up-
graded SLHC luminosity of order 3 ab−1 and approach
3 TeV. Finally, we discussed briefly how the semi-leptonic
decay mode of the Z pairs from KK graviton can be use-
ful with a more refined analysis designed to reduce the
background.

Note added: While this work was being finalized,
Ref. [30] appeared containing a similar discussion, in the
context of bulk SM, of the couplings of KK gravitons
to longitudinal W/Z, based on the equivalence principle,
but focusing on the search for the KK graviton at the
LHC using its decays to top quarks.

Acknowledgments. We thank Tao Han, Tadas
Krupovnickas, Seong-Chan Park, Maxim Perelstein,
David Rainwater, Tom Rizzo, and Joseph Virzi for useful
discussions and the Aspen Center for Physics for hospi-
tality during part of this project. KA is supported in
part by the U. S. DOE under Contract no. DE-FG-02-
85ER 40231. HD and AS are supported in part by the
DOE grant DE-AC02-98CH10886 (BNL).

gg ➝G1➝ZZ➝ 4l, L=300 fb-1

Signatures: resonance in tt, diboson

Fitzpatrick, Kaplan, Randall and Wang, hep-ph/0711150
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KK Gluon
-

Lillie, Randall and Wang, hep-ph/0701166
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Figure 3: Invariant mass distribution of tt̄ pairs coming from the KK gluon resonance, and SM
tt̄ production. The errors shown on the background curve are the statistical errors assuming
100 fb−1 of luminosity.

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

 1000  2000  3000  4000  5000  6000  7000  8000

p
b
/G

e
V

Mjj (GeV)

2 TeV
3 TeV
5 TeV
7 TeV

BG

Figure 4: Invariant mass distribution of the decay products for several masses of the KK gluon.
This assumes all tt̄ events are fully collimated. “BG” is QCD dijet production. All jets are
required to have pseudo-rapidities |η| < 0.5, and at least one to have pT > 500 GeV. The errors
shown on the background curve are the statistical errors assuming 100 fb−1 of luminosity.
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Signatures: resonance in tt

New particles: KK gluon
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Technicolor
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Technicolor  
-

•new non-abelian gauge symmetry: Technicolor

•additional massless fermions: technifermion

•formation of techifermion condensate break electroweak symmetry

Similar to QCD chiral symmetry breaking ... 

•color singlet sector: spin 0 πTC, spin 1 ρTC, etc. 

New particles

Technicolor
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Technicolor  
-

Signature •diboson resonance

Figure 12: The expected signal and background yields for the invariant mass. The spectra have been
normalized to Ldt = 5 , with a normalization factor = 0.021 for and 0.009, 0.003, 0.191, 0.160 for

, , and , respectively
.
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Figure 21-3 shows the signals and backgrounds expected with the above selection after three
years of low luminosity running (integrated luminosity of 30 fb-1). Because of the large weight
of the backgrounds, statistical fluctuations are exaggerated in the figure. Cases (b) and (c) give
clear signals above background, but case (d) is not resolved from background not only because
of its small number of events, but also because of the larger width, 77 GeV, of the resonance.

A better mass resolution of the two jet system would considerably improve the signal to back-
ground ratio. The difference in the reconstructed masses m!T and m"T is better resolved than the
individual masses separately, since uncertainties in jet pair mass measurement largely cancel.
An improved jet pair resolution can be achieved by choosing a larger cone for jet reconstruction.
Figure 21-4 shows the effect of selecting a value of #R = 0.7 instead of #R = 0.4. However, by do-
ing so, one would become more susceptible to pile-up from minimum bias events, and other de-
tector effects. In order to extract the significance of the signals (Table 21-3), the number of signal
and background events are counted in mass regions around the signal peak in the following
way: for cases (b), (c) and (d), the selected regions were [m!T -m"T,m"T] = [175-230,200-350],
[250-350,350-600] and [420-620,190-280] respectively (in GeV). It was verified that the results do
not change significantly if a cone of size # R = 0.7 is used. The systematic error due to the uncer-
tainty in the shape of the background is not included.

Figure 21-3 Reconstructed masses of !T candidates

and "T candidates in the decay !T
± $"T

± % $b q l+l-

The Z+jets background is in light shade, and the tt

background in darker shade. The two cases (b) and

(c) are shown in dark. Statistical fluctuations are over-

estimated.

Figure 21-4 !& $"T Z $b q l+ l-: Comparison of

reconstructed Mbj for jet cones of size # R = 0.4 (full

histogram) and # R = 0.7 (dashed histogram). Case b

is shown.
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21.2.1.4 b b resonance

Single production of pseudo-Goldstone bosons such at is observable, given a large enough
cross section. Coloured technipions are, in particular, more likely to be detected since colour
counting factors make their production cross section through gg fusion larger than for colour
singlet ones. The decay to gg pairs compete, however, with the bb channel and may actually

Figure 21-5 !T
± " W± #T

0" l+ $ b b: Distribution of

for cases (b) and (c) as well for the tt and

W+jets backgrounds.

Figure 21-6 Reconstructed mass of the !T candi-

dates vs mass of the pT candidates for the channel

!T " W± #%
0 " l+$ bb. From lightest to darkest: W +

jets background, tt background and the signals for

three cases (b), (c) and (d). The statistical fluctuations

are exaggerated.

Table 21-4 !T
± " W± #T

0" l+$ b b: Number of signal/ tt / (W+jets and Z+jets) events around the mass peak

(see text), after the application of cuts. The last two lines give the & ' BR predicted by the model, with the

assumed values of the parameters, as well as the & ' BR required for a 5& significance of the signal, for an inte-

grated luminosity of 30 fb-1

case (b)

m(!T)=500, m(#T)=300 GeV

case (c)

m(!T)=800, m(#T)=500 GeV

case (d)

m(!T)=800, m(#T)=250 GeV

Number of
events

86/165/5 24/118/10 12/5/0

S/(B 6.6 2.1 5.3

& x BR (pb),
model

0.336 0.064 0.021

& x BR (pb), 5& 0.255 0.15 0.02
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Higgsless
-

Inspired by deconstruction, warped extra dimension ...

Unitarity 

Csaki, Grojean, Murayama, Pilo, Terning
Chivukula, He, Kurachi, Simmons, Tanabashi, Matsuzaki;
Foadi, Gopalkrishna, Schmidt (deconstruction)
Georgi 

SU(2) x U(1) @ E
4

Sum                0                   

Why a Higgs?

SU(2) x U(1) @ E
2

including (d+e)E <
√

8πv " 1.2 TeVNo Higgs

Why a Higgs?

SU(2) x U(1) @ E
2

including (d+e)E <
√

8πv " 1.2 TeV

SM

From S. Chivukula

Higgsless
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RS Higgsless
-

•electroweak symmetry is broken by boundary conditions

•Unitarity fixed by exchange of KK tower of gauge boson

Csaki, Grojean, Murayama, Pilo, Terning

SU(2)L⊗SU(2)R➝SU(2)DSU(2)R⊗U(1)B-L➝U(1)Y

SU(2)L⊗SU(2)R⊗U(1)B-L

Planck TeV

AdS5

4-D KK Mode Scattering

Cancellation of bad high-
energy behavior through 

exchange of massive 
vector particles

RSC, H.J. He, D. Dicus

Can we apply this to 
W and Z?

From S. Chivukula

dual to 
walking technicolor model

Higgsless
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3-site Model Higgsless
-

•Unitarity fixed by exchange of extra gauge boson

Chivukula, He, Kurachi, Simmons, Tanabashi, Matsuzaki

3-Site Model: basic structure

!
"

!
#

$%$#
!
%

!

"

SU(2) × SU(2) × U(1) g0, g2 ! g1

Gauge boson spectrum:   photon, Z, Z’,   W,  W’ (BESS/HLS)

Fermion spectrum:  t, T, b, B (    is an SU(2) doublet) 

           and also  c, C, s, S, u, U, d, D  plus the leptons

pR1

ψL1ψL0

ψR1 tR2, bR2

ψ

BESS - Casalbuoni, et. al. PLB155 (1985) 95, HLS - Bando, et. al. PRL54 (1985) 1215
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Signatures of Higgsless models
-

New particles:   Massive gauge bosons 

Signatures:   VBF ➝ diboson resonance

VBF ➝ W(1) ➝ WZ ➝ 3lν

+(c2 − 2c − 3)M2
ZE2 − (c2 − 10c− 3)M2

WE2

+(1 − c)
3

(

M±
i

)4 −
(

M2
W − M2

Z

)2

2
(

M±
i

)2 E2
]

+ O(E0). (3)

The notation for the three-point coupling strength
is again self-explanatory, and the overall factor of
iM−2

W M−2
Z has been dropped. Note that there is no dia-

gram involving neutral MVBs, V 0
i — the quantum num-

bers forbid three-point and four-point couplings involving
exclusively neutral states. Remarkably, the E4 and E2

terms in Eq. (2) can be exactly cancelled by the contribu-
tion of the MVBs, provided that the following sum rules
are satisfied:

gWWZZ = g2
WWZ

+
∑

i

(g(i)
WZV)2,

2 (gWWZZ − g2
WWZ

)(M2
W + M2

Z) + g2
WWZ

M4
Z

M2
W

=
∑

i

(g(i)
WZV)2

[

3(M±
i )2 −

(M2
Z − M2

W)2

(M±
i )2

]

. (4)

(a)

W

W

Z

W

Z
(b)

W

W

Z

W

Z
(c)

W

Z

W

Z

(d)

V ±

i

W

Z

W

Z
(e)

V ±

i

W

Z

W

Z
(f)

h

W

Z

W

Z

FIG. 1. Diagrams contributing to the W±Z → W±Z scat-
tering process: (a), (b) and (c) appear both in the SM and in
Higgsless models, (d) and (e) only appear in Higgsless models,
while (f) only appears in the SM.

In 5D theories, these equations are satisfied exactly if
all the KK states, i = 1 . . .∞, are taken into account.
This is not an accident, but a consequence of the gauge
symmetry and locality of the underlying theory. While
this is not sufficient to ensure unitarity at all energies
(the increasing number of inelastic channels ultimately
results in unitarity violation), the strong coupling scale
can be significantly higher than the naive estimate (1).
For example, in the warped-space Higgsless models [4,11]
unitarity is violated at the scale [13]

ΛNDA ∼
3π4

g2

M2
W

M±
1

, (5)

which is typically of order 5–10 TeV. In 4D models, the
number of the MVBs is finite and the second of the sum

rules (4) is only satisfied approximately; however, a nu-
merical study of sample models indicates that the viola-
tion of the sum rule has to be very small (at the level of
1%) to achieve an adequate improvement in Λ [14].

Considering the W+
L W−

L → W+
L W−

L scattering process
yields the sum rules constraining the couplings of the
neutral MVBs V 0

i [3]:

gWWWW = g2
WWZ

+ g2
WWγ

+
∑

i

(g(i)
WWV)2,

4gWWWW M2
W = 3

[

g2
WWZ

M2
Z +

∑

i

(g(i)
WWV)2 (M0

i )2
]

, (6)

where M0
i is the mass of the V 0

i boson. Considering other
channels such as W+

L W−
L → ZZ and ZZ → ZZ does not

yield any new sum rules. The presence of multiple MVBs,
whose couplings obey Eqs. (4), (6), is a generic prediction
of the Higgsless models.

Collider Phenomenology— Our study of the collider
phenomenology in the Higgsless models will focus on
the vector boson fusion processes. These processes are
attractive for two reasons. Firstly, the production of
the MVBs via vector boson fusion is relatively model-
independent, since the couplings are constrained by the
sum rules (4), (6). This is in sharp contrast with the
Drell-Yan production mechanism [9], which dominates
for the conventional W ′ and Z ′ bosons but is likely to
be suppressed for the Higgsless MVBs due to their small
couplings to fermions, which is needed to evade PEC [11].
Secondly, if enough couplings and masses can be mea-
sured, these processes can provide a test of the sum rules,
probing the mechanism of partial unitarity restoration.

Eq. (5) indicates that the first MVB should appear
below ∼ 1 TeV, and thus be accessible at the LHC. For
V ±

1 , the sum rules (4) imply an inequality

g(1)
WZV

<∼
gWWZM2

Z√
3M±

1 MW

. (7)

This bound is quite stringent (g(1)
WZV

<∼ 0.04 for M±
1 = 700

GeV). At the same time, convergence of the sum rules
in (4) requires

g(k)
WZV ∝ k−1/2 (M±

k )−1. (8)

The combination of heavier masses and lower couplings
means that the heavier MVBs may well be unobservable,
so that only the V1 states can be studied. On the other
hand, a numerical study of sample models indicates that
the unitarity sum rules converge quite rapidly [14]. The
”saturation limit”, in which there is only a single set of
MVBs whose couplings saturate the sum rules, is likely
to provide a good approximation to the phenomenology
of the realistic Higgsless models. In this limit, the partial
width of the V ±

1 is given by

Γ(V ±
1 → W±Z) ≈

α (M±
1 )3

144 s2
w M2

W

, (9)

2
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Signatures of Higgsless models
-

New particles:   Massive gauge bosons 

Signatures:   VBF ➝ diboson resonance
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Z has been dropped. Note that there is no dia-

gram involving neutral MVBs, V 0
i — the quantum num-

bers forbid three-point and four-point couplings involving
exclusively neutral states. Remarkably, the E4 and E2

terms in Eq. (2) can be exactly cancelled by the contribu-
tion of the MVBs, provided that the following sum rules
are satisfied:
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FIG. 1. Diagrams contributing to the W±Z → W±Z scat-
tering process: (a), (b) and (c) appear both in the SM and in
Higgsless models, (d) and (e) only appear in Higgsless models,
while (f) only appears in the SM.

In 5D theories, these equations are satisfied exactly if
all the KK states, i = 1 . . .∞, are taken into account.
This is not an accident, but a consequence of the gauge
symmetry and locality of the underlying theory. While
this is not sufficient to ensure unitarity at all energies
(the increasing number of inelastic channels ultimately
results in unitarity violation), the strong coupling scale
can be significantly higher than the naive estimate (1).
For example, in the warped-space Higgsless models [4,11]
unitarity is violated at the scale [13]

ΛNDA ∼
3π4

g2

M2
W

M±
1

, (5)

which is typically of order 5–10 TeV. In 4D models, the
number of the MVBs is finite and the second of the sum

rules (4) is only satisfied approximately; however, a nu-
merical study of sample models indicates that the viola-
tion of the sum rule has to be very small (at the level of
1%) to achieve an adequate improvement in Λ [14].

Considering the W+
L W−

L → W+
L W−

L scattering process
yields the sum rules constraining the couplings of the
neutral MVBs V 0

i [3]:

gWWWW = g2
WWZ

+ g2
WWγ

+
∑
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(g(i)
WWV)2,

4gWWWW M2
W = 3

[

g2
WWZ

M2
Z +

∑
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(g(i)
WWV)2 (M0

i )2
]

, (6)

where M0
i is the mass of the V 0

i boson. Considering other
channels such as W+

L W−
L → ZZ and ZZ → ZZ does not

yield any new sum rules. The presence of multiple MVBs,
whose couplings obey Eqs. (4), (6), is a generic prediction
of the Higgsless models.

Collider Phenomenology— Our study of the collider
phenomenology in the Higgsless models will focus on
the vector boson fusion processes. These processes are
attractive for two reasons. Firstly, the production of
the MVBs via vector boson fusion is relatively model-
independent, since the couplings are constrained by the
sum rules (4), (6). This is in sharp contrast with the
Drell-Yan production mechanism [9], which dominates
for the conventional W ′ and Z ′ bosons but is likely to
be suppressed for the Higgsless MVBs due to their small
couplings to fermions, which is needed to evade PEC [11].
Secondly, if enough couplings and masses can be mea-
sured, these processes can provide a test of the sum rules,
probing the mechanism of partial unitarity restoration.

Eq. (5) indicates that the first MVB should appear
below ∼ 1 TeV, and thus be accessible at the LHC. For
V ±

1 , the sum rules (4) imply an inequality

g(1)
WZV

<∼
gWWZM2

Z√
3M±

1 MW

. (7)

This bound is quite stringent (g(1)
WZV

<∼ 0.04 for M±
1 = 700

GeV). At the same time, convergence of the sum rules
in (4) requires

g(k)
WZV ∝ k−1/2 (M±

k )−1. (8)

The combination of heavier masses and lower couplings
means that the heavier MVBs may well be unobservable,
so that only the V1 states can be studied. On the other
hand, a numerical study of sample models indicates that
the unitarity sum rules converge quite rapidly [14]. The
”saturation limit”, in which there is only a single set of
MVBs whose couplings saturate the sum rules, is likely
to provide a good approximation to the phenomenology
of the realistic Higgsless models. In this limit, the partial
width of the V ±

1 is given by

Γ(V ±
1 → W±Z) ≈

α (M±
1 )3

144 s2
w M2
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, (9)
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Single Photon + MET 
-

drell-yan muons for contact interaction 

14.1. Introduction 461

14.1.2 Arkani-Hamed Dimopoulos Dvali (ADD) models

ADD refers to the class of models which incorporate the large extra dimensions scenario of
Arkani-Hamed, Dvali, and Dimopoulos [698]. These were the first extra dimensions mod-
els in which the compactified dimensions can be of macroscopic size, consistent with all
current measurements, and they are referred to as “large extra dimensions” models. In the
most basic version, n extra spatial dimensions are compactified on a torus with common
circumference R, and a brane is introduced which extends only in the three infinite spatial
directions. Strictly speaking, the brane should have a very small tension (energy per unit vol-
ume) in order that it does not significantly warp the extra dimensional space. It is assumed
that all standard model fields extend only in the brane. This can be considered as a toy ver-
sion of what happens in string theory, where chiral gauge theories similar to the standard
model are confined to reasonably simple brane configurations in reasonably simple string
compactifications [699].

A consequence of these assumptions is that the effective 4d Planck scale is related to the
underlying fundamental Planck scale of the 4+n-dimensional theory and to the volume of
the compactified space. This relation follows from Gauss’ Law, or by dimensional analysis

M2
Planck = M2+n

∗ Rn , (14.1)

where M2
Planck is defined by Newton’s constant: MPlanck = 1/

√
GN = 1.2 × 1019 GeV/c2.

M2+n
∗ is defined as the gravitational coupling which appears in the 4+n-dimensional version

of the Einstein-Hilbert action. It is the quantum gravity scale of the higher dimensional
theory.

If MPlanck, M∗ and 1/R are all of the same order, as is usually assumed in string theory, this
relation is not very interesting. But it is plausible and experimentally allowed that M∗ is
equal to some completely different scale. Taking M∗ ∼ 1 TeV/c2 [700] the hierarchy problem
of the standard model is translated from an ultraviolet problem to an infrared one. Note that
if there is any interface with string theory, ADD-like models must arise from string ground
states in which the string scale (and thus the ultraviolet cutoff for gravity) is also in the TeV
range. This is difficult to achieve but has been studied in [701].

The ADD scenario renders observations of quantum gravity at the LHC possible. In such
models only the graviton, and possibly some non-SM exotics like the right-handed neutrino,
probe the full bulk space. There is a Kaluza-Klein tower of graviton modes, where the mass-
less mode is the standard 4d graviton, and the other KK modes are massive spin 2 particles
which also couple to SM matter with gravitational strength.

Whereas bremsstrahlung of ordinary gravitons is a completely negligible effect at colliders,
the total cross section to produce some massive KK graviton is volume enhanced, and effec-
tively suppressed only by powers of M∗ and not MPlanck. From Eq. (14.1) it follows :

σ ∼ 1
M2

Planck

(ER)n ∼ 1
M2

∗
(EM∗)n , (14.2)

where E is the characteristic energy of the subprocess.

For graviton phenomenology it is useful to replace the ADD parameter M∗ by other rescaled
parameters. The two most useful choices are taken from the work of Giudice, Rattazzi and

KK graviton bremsstrahlung

single photon, 740 

Dominant background: Zγ, W, Wγ, γ+jets, QCD, diγ, Z+jets

14.7. Single γ final state with Emiss
T from extra dimensions 491

reduce all backgrounds containing high-energetic charged particles (such as e±,
µ±, jets)

• An Isolated Photon Likelihood criterion is applied to remove residual background
from hard photon emission from jets as well as fake photons from jets.

Figure 14.20 shows the missing transverse energy spectra for events surviving the selection
path for both the signal and the backgrounds. As expected the Z0γ is by far the most dom-
inant component of the background, followed by W±γ while the contributions of the other
Standard Model backgrounds are small. For all ADD cross section the hard truncation ap-
proach is used (see section 14.1 ), i.e. events with MG < MD are rejected.

14.7.4 Systematic uncertainties and discovery potential

We consider an uncertainty of 2% for the measurement of the photon pγ
T in the electromag-

netic calorimeter and an uncertainty of 5% for the Emiss
T measurement. The resulting decrease

of the significance is 1.0% and 1.6% respectively. For the main background the systematics
can be reduced to the luminosity measurement using the Z0 candle calibration method. It
can thus be measured with a precision of 3% after 30 fb−1. The 5 σ discovery reach is achiev-
able for MD <2.5 TeV/c2 and all values of extra dimensions while for MD <3 TeV/c2 5 σ reach
is achievable for n between 2 and 4. Figure 14.21 shows the expected significances as function
of MD.
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Figure 14.20: Spectrum of the missing ET for all backgrounds (black histogram) and for an
example signal sample (MD = 2.5 TeV, n = 2). The number of events corresponds to an
integrated luminosity of 30 fb−1.
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14.8 Black holes
14.8.1 Introduction to higher-dimensional black holes

One of the consequences of large extra dimensions is the possibility to produce microscopic
black hole (BH) at LHC energies. Such a BH formed in a (4+n)-dimensional space-time has a
Schwarzschild radius

rs(4+n) =
1√

πM(4+n)

(
MBH

M(4+n)

(
8Γ((n + 3)/2)

n + 2

)) 1
n+1

(14.18)

where M(4+n) is the reduced Planck scale and n is the number of large extra dimensions [741].
A high energy collision of two partons can result in the formation of a BH when the impact
parameter is smaller than rs(4+n). In the semi-classical approach the BH cross section is given
by σ(MBH) = πr2

s(4+n) at the parton level. If for low masses M(4+n), i.e. around 2 TeV, the BH
production cross sections at the LHC is in the pb range.

Once produced, these BHs are expected to decay thermally via Hawking radiation [742]. The
Hawking temperature for a BH in 4 + n dimensions is [743]

T(4+n) ∼M(4+n)(M(4+n)/MBH)1/(n+1) (14.19)

These BHs have a very short lifetime typically of ∼ 10−27 seconds.

BH events are expected to evaporate democratically by emission of all particle types that
exist in nature, independent of their spin, charge, quantum numbers or interaction proper-
ties. Therefore they can be a source of new particles. BH physics at the LHC can provide the
possibility of probing quantum gravity in the lab.

14.8.2 Analysis selection path and results

Black hole event samples were produced using the CHARYBDIS event generator [744]. As
a benchmark the case which is analysed has the following parameters: a) 2 TeV/c2 effective
Planck scale, b) 4 TeV/c2 minimum and 14 TeV/c2 maximum black hole mass c) 3 extra dimen-
sions. Time evolution during Hawking radiation and gray body effects are included. The

  [TeV]D M
1 1.5 2 2.5 3 3.5 4 4.5 5

 S
ig

n
if

ic
a

n
c

e
 S

0

10

20

30

40

50

60

70

80

2D

3D

4D

5D

6D

-1
L= 30 fb

S = 5 

Figure 14.21: Expected significances as function of MD for different number n of extra di-
mensions.

Signal: Single photon + large missing ET
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Elastic scattering in transplanckian region with small momentum transfer

Giudice, Rattazzi and Wells, hep-ph/0112161 

! !

G

(a) (b)

G G

Figure 1: The dominant Feynman diagrams contributing to elastic scattering of Φ parti-
cles in the eikonal approximation at tree (a) and one-loop (b) level. Wavy lines represent
the exchange of D-dimensional gravitons, and the dashed line represents the cut from the
physical-region singularity.

the propagators of bosons and fermions are identical in the eikonal approximation. This

universality of bosons and fermions is not surprising since, as discussed in the introduction,

we are performing a semi-classical calculation, and the spin of the Φ particle should not

matter.

The tree-level exchange of a D-dimensional graviton in the diagram of fig. 1a gives the

scattering amplitude

ABorn(−t) =
s2

Mn+2
D

∫ dnqT

t − q2
T

= π
n
2 Γ(1 − n/2)

(

−t

M2
D

)
n
2 −1 (

s

M2
D

)2

, (11)

where qT is the momentum transfer in the extra dimensions. Although eq. (11) is a tree-

level amplitude, it is divergent due to the infinite number of (extra-dimensional) momentum

configurations of the exchanged gravitons, allowed by the non-conservation of momenta

transverse to the brane. Divergences have been subtracted using dimensional regularization,

considering non-integer n, but the regularization prescription is not important since the

eikonalization will consistently eliminate any ultraviolet sensitivity. Basically this is because

the eikonalization selects in eq. (11) only the partial waves with large angular momentum.

These do not depend on the local counter-terms as they are determined by the finite (calcu-

8

jet-jet production at small angle with large center of mass energy 

Figure 4: The di-jet differential cross section dσjj/d|∆η| from eikonal gravity for n = 6,
Mjj > 9TeV, when both jets have |η| < 5 and pT > 100GeV, and for MD = 1.5TeV and
3TeV. The dashed line is the expected rate from QCD.

The same differential cross section is shown in fig. 5 for different values of n and for

MD = 1.5TeV. For n = 2 the first peak is partly hidden by the logarithmic divergence for

t̂ → 0, and no structure after the first peak is visible. As n increases, the peaks become

more evident. The study of the peak structure could be a feasible experimental technique

to measure the number of extra spatial dimensions n. However, such a study can only

be pursued with a full detector simulation, taking into account the rapidity and jet mass

resolutions.

Since the two jets are experimentally indistinguishable, we have used |∆η|, instead of ∆η,

as the appropriate kinematical variable to plot. This means that the experimental signal

considered here contains also contributions from scattering with large and negative ∆η,

which corresponds to partons colliding with large momentum transfer and retracing their

path backwards. For the background, these effects are calculable and taken into account.

However, the theoretical estimate of the signal at negative ∆η lies outside the range of

validity of the eikonal approximation. Nevertheless, this is expected to be negligible and can

32

n=6

Figure 6: Total integrated di-jet cross-section for 3 < |∆η| < 4, n = 6, and Mjj > Mmin
jj ,

when both jets have |η| < 5 and pT > 100GeV. Lines are plotted for MD = 1.5 and 3 TeV.
The eikonal approximation is reliable only where Mjj/MD ! 1. The expected QCD rate is
given by the dashed line.

expected to fill the central region with soft gluons, and the lack of this central jet activity

could be an additional discriminating tool.

After having selected the range of 3 < |∆η| < 4, we now show in fig. 6 the cross-section

as a function of minimum jet-jet invariant mass cut for MD = 1.5TeV and 3TeV. We plot

results for all Mjj ≥ MD, but we recall that the eikonal approximation is valid only for

Mjj/MD ! 1. This plot shows the important feature that the signal cross-section is flatter

in Mjj than the background. This enables better signal to background for larger Mjj cuts,

which is the preferred direction to go for eikonal approximation validity. Therefore, one

should make the largest possible Mjj cut that still has a countable signal rate for a given

luminosity.

Finally, in fig. 7 we plot the total integrated cross-section as a function of MD for Mjj >

3MD (left panel) and Mjj > 6MD (right panel). We also have required 3 < |∆η| < 4. The

two solid lines correspond to n = 6 (upper line) and n = 2 (lower line). They are not far

35

Signal: dijets with large Mjj
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Figure 2: Cross section for the new top-like quark, T , versus mass (left) and the invariant mass reconstruction
signal and background (dark) of the T quark using the Wb channel in the ATLAS detector for an integrated

luminosity of 300 fb−1 (right).

values, λ1 and λ2, should satisfy some constraints. These requirements allow the cancellation of
SM top-quark corrections. Equation 1 shows the value of the T quark mass as function of the
Yukawa couplings and the condition to be satisfied by these couplings in order to be compatible
with the SM values,

MT = f
√

λ2
1 + λ2

2

1

λ2
1

+
1

λ2
2

=
( v

mt

)2

≈ 2 (1)

where mt is the top mass and v is the so-called Fermi scale, v = 244 GeV . The mass MT is of
the order of the scale f . The constraint that none of the loop contributions exceeds the value of
the Higgs mass squared by more than a factor of 10 (∼ 10% fine-tuning) yields an upper bound
on MT as a function of mH . Lower bounds can also be extracted from Equation 1. Therefore
MT should be inside the mass window:

2mt

v
f ≤ MT ≤ 2 TeV
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200 GeV

)2

(2)

where mH is the expected mass of the Higgs boson. Figure 2 (left) from reference 14 shows the
production cross section of T as function of MT at LHC energies (

√
s = 14 TeV ). TT production

(dashed line) and single T production (solid and dotted) are shown. The solid line corresponds
to a choice λ1/λ2 = 1, whereas the dotted line corresponds to λ1/λ2 = 2 and 1/2. The Wb fusion
mechanism is dominant for masses larger than 700 GeV. TT production dominates for lower
masses. In this analysis, the mass of T is considered to be above 700 GeV, thus the production
via Wb fusion has been used. T has 3 possible decay modes, with the following partial widths:

Γ(T → tZ) = Γ(T → t h) =
1

2
Γ(T → bW ) =

κ2
T

32π
MT (3)

where κT = λ2
1/

√

λ2
1 + λ2

2. Other decay channels are suppressed by a factor v2/f2. The first
two decays are distinctive of Littlest Higgs models.

These three decay channels have been studied. The more advantageous signature associated
with the Zt decay is: 3 isolated leptons (2 of them from the Z decay), one b-jet and missing
energy. The following requirements are applied: 3 high pT leptons, one b-tag and large ET (miss).
The background is largely dominated by WZ production, although other processes like tt and
tbZ have significant contributions. This channel has a low number of expected events (around
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values, λ1 and λ2, should satisfy some constraints. These requirements allow the cancellation of
SM top-quark corrections. Equation 1 shows the value of the T quark mass as function of the
Yukawa couplings and the condition to be satisfied by these couplings in order to be compatible
with the SM values,
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where mt is the top mass and v is the so-called Fermi scale, v = 244 GeV . The mass MT is of
the order of the scale f . The constraint that none of the loop contributions exceeds the value of
the Higgs mass squared by more than a factor of 10 (∼ 10% fine-tuning) yields an upper bound
on MT as a function of mH . Lower bounds can also be extracted from Equation 1. Therefore
MT should be inside the mass window:
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where mH is the expected mass of the Higgs boson. Figure 2 (left) from reference 14 shows the
production cross section of T as function of MT at LHC energies (

√
s = 14 TeV ). TT production

(dashed line) and single T production (solid and dotted) are shown. The solid line corresponds
to a choice λ1/λ2 = 1, whereas the dotted line corresponds to λ1/λ2 = 2 and 1/2. The Wb fusion
mechanism is dominant for masses larger than 700 GeV. TT production dominates for lower
masses. In this analysis, the mass of T is considered to be above 700 GeV, thus the production
via Wb fusion has been used. T has 3 possible decay modes, with the following partial widths:

Γ(T → tZ) = Γ(T → t h) =
1

2
Γ(T → bW ) =

κ2
T

32π
MT (3)

where κT = λ2
1/

√

λ2
1 + λ2

2. Other decay channels are suppressed by a factor v2/f2. The first
two decays are distinctive of Littlest Higgs models.

These three decay channels have been studied. The more advantageous signature associated
with the Zt decay is: 3 isolated leptons (2 of them from the Z decay), one b-jet and missing
energy. The following requirements are applied: 3 high pT leptons, one b-tag and large ET (miss).
The background is largely dominated by WZ production, although other processes like tt and
tbZ have significant contributions. This channel has a low number of expected events (around

ratio might get worse with reduced masses, we show a lower mass case to allay this concern. A
Higgs mass of 120 GeV was assumed and we comment on the effect of this choice in the conclusion.
We further assume that the Higgs boson has been discovered and that its mass is known.

PYTHIA 6.203 [11] with suitably normalized rates was used to generate events which were
passed through the ATLAS fast simulation [12] which provides a parametrized response of the
ATLAS detector to jets, electrons, muons, isolated photons and missing transverse energy. This
fast simulation has been validated using a large number of studies [13] where it was compared with,
and adjusted to agree with, the results of a full, GEANT based, simulation [14]. The performance
for high luminosity environment is assumed. The fast simulation provides a standard definition of
isolated leptons and photons that is used throughout. Using these definitions, fake electrons arising
from misidentified jets are negligible for our purposes. Jets are reconstructed using a cone algorithm
with a cone of size ∆R = 0.4. Performance for the high luminosity (1034 cm−2 sec−1 is assumed.
There is one case, that of identifying jets containing b−hadrons (b−tagging), where the validation
was in a kinematic range different from that needed in this study. In this case, a full simulation
was performed and its results used to reparametrize the tagging efficiency and the rejection against
non−b jets used in fast simulation. (See details in Section 3.3.) The event selections are based on
the characteristics of the signal being searched for, and are such that they will pass the ATLAS
trigger criteria. The most important triggers arise from the isolated leptons, jets or photons present
in the signal. These event selections exploit the experience gained in devising the stratgies for other
new physics searches [13]. The selections have not been optimized in detail for the particular cases
under study. In some cases, the cuts have been varied when the particle masses were changed;
for example raising the threshold on particular physics objects as the mass of the new particle
increases. It is not claimed that the event selections are optimal. Detailed optimization is not wise
at this stage due to uncertainties in the background estimates.

PYTHIA was also use for simulation of the backgrounds. In a few cases, discussed explicitly
below, other event generators were used if the backgrounds are needed in regions of phase space
where PYTHIA is known to be less reliable (mainly for processes with large numbers of well-
separated jets). Systematic uncertainties in the level of the backgrounds are, in many cases, difficult
to estimate. Since we are only interested in the observability of the signals, but are not, at this stage,
attempting to evaluate the precision with which cross-sections can be measured, these uncertainties
are not expected to affect significantly the results. Indeed, in most cases, the signals appear as
clear peaks above a smooth background. The precision with which masses can be measured will
ultimately depend on the calibration of the detector. Previous studies can be consulted for a
discussion of these issues [13].

2 Search for T and determination of its properties

The T quark can be produced at the LHC via two mechanisms: QCD production via the processes
gg → TT and qq → TT which depend only on the mass of T ; and production via W exchange
qb → q′T which leads to a single T in the final state and therefore falls off much more slowly as
mT increases. This latter process depends on the model parameters and, in particular, upon the
mixing of the T with the conventional top quark. The Yukawa couplings of the new T are given by
two constants λ1 and λ2

λ1(iQhtr + fTLtr −
1

2f
TLtrhh†) + λ2f(TLTR)

2

Mass eigenstates: T and tSM
parameters: f, λ1 , λ1 ➝ mt, mT, λ1/λ2
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T➝ t Z ➝ l+l-lνb, with leptonic decay of Z and W 

Figure 2: Cross section for the new top-like quark, T , versus mass (left) and the invariant mass reconstruction
signal and background (dark) of the T quark using the Wb channel in the ATLAS detector for an integrated

luminosity of 300 fb−1 (right).

values, λ1 and λ2, should satisfy some constraints. These requirements allow the cancellation of
SM top-quark corrections. Equation 1 shows the value of the T quark mass as function of the
Yukawa couplings and the condition to be satisfied by these couplings in order to be compatible
with the SM values,
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where mt is the top mass and v is the so-called Fermi scale, v = 244 GeV . The mass MT is of
the order of the scale f . The constraint that none of the loop contributions exceeds the value of
the Higgs mass squared by more than a factor of 10 (∼ 10% fine-tuning) yields an upper bound
on MT as a function of mH . Lower bounds can also be extracted from Equation 1. Therefore
MT should be inside the mass window:
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where mH is the expected mass of the Higgs boson. Figure 2 (left) from reference 14 shows the
production cross section of T as function of MT at LHC energies (

√
s = 14 TeV ). TT production

(dashed line) and single T production (solid and dotted) are shown. The solid line corresponds
to a choice λ1/λ2 = 1, whereas the dotted line corresponds to λ1/λ2 = 2 and 1/2. The Wb fusion
mechanism is dominant for masses larger than 700 GeV. TT production dominates for lower
masses. In this analysis, the mass of T is considered to be above 700 GeV, thus the production
via Wb fusion has been used. T has 3 possible decay modes, with the following partial widths:

Γ(T → tZ) = Γ(T → t h) =
1

2
Γ(T → bW ) =

κ2
T

32π
MT (3)

where κT = λ2
1/
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2. Other decay channels are suppressed by a factor v2/f2. The first
two decays are distinctive of Littlest Higgs models.

These three decay channels have been studied. The more advantageous signature associated
with the Zt decay is: 3 isolated leptons (2 of them from the Z decay), one b-jet and missing
energy. The following requirements are applied: 3 high pT leptons, one b-tag and large ET (miss).
The background is largely dominated by WZ production, although other processes like tt and
tbZ have significant contributions. This channel has a low number of expected events (around
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values, λ1 and λ2, should satisfy some constraints. These requirements allow the cancellation of
SM top-quark corrections. Equation 1 shows the value of the T quark mass as function of the
Yukawa couplings and the condition to be satisfied by these couplings in order to be compatible
with the SM values,
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where mt is the top mass and v is the so-called Fermi scale, v = 244 GeV . The mass MT is of
the order of the scale f . The constraint that none of the loop contributions exceeds the value of
the Higgs mass squared by more than a factor of 10 (∼ 10% fine-tuning) yields an upper bound
on MT as a function of mH . Lower bounds can also be extracted from Equation 1. Therefore
MT should be inside the mass window:
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where mH is the expected mass of the Higgs boson. Figure 2 (left) from reference 14 shows the
production cross section of T as function of MT at LHC energies (

√
s = 14 TeV ). TT production

(dashed line) and single T production (solid and dotted) are shown. The solid line corresponds
to a choice λ1/λ2 = 1, whereas the dotted line corresponds to λ1/λ2 = 2 and 1/2. The Wb fusion
mechanism is dominant for masses larger than 700 GeV. TT production dominates for lower
masses. In this analysis, the mass of T is considered to be above 700 GeV, thus the production
via Wb fusion has been used. T has 3 possible decay modes, with the following partial widths:
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1

2
Γ(T → bW ) =
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T

32π
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2. Other decay channels are suppressed by a factor v2/f2. The first
two decays are distinctive of Littlest Higgs models.

These three decay channels have been studied. The more advantageous signature associated
with the Zt decay is: 3 isolated leptons (2 of them from the Z decay), one b-jet and missing
energy. The following requirements are applied: 3 high pT leptons, one b-tag and large ET (miss).
The background is largely dominated by WZ production, although other processes like tt and
tbZ have significant contributions. This channel has a low number of expected events (aroundBG: WZ, ZZ, tt, tbZ

3 high pt leptons, one b-tagging, and large MET 
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Figure 2: Reconstructed mass of the Z and t (inferred from the measured lepton, /ET , and tagged
b−jet). The signal T → Zt is shown for a mass of 1000 GeV. The background, shown as the filled
histogram, is dominated by WZ and tbZ (the latter is larger) production. The signal event rates
correspond to λ1/λ2 = 1 and a BR(T → ht) of 25%. More details can be found in Ref [17].

• Three isolated leptons (either e or µ) with pT > 40 GeV and |η| < 2.5. One of these is
required to have pT > 100 GeV.

• No other leptons with pT > 15 GeV.

• /ET > 100 GeV.

• At least one tagged b−jet with pT > 30 GeV.

The presence of the leptons ensures that the events are triggered. A pair of leptons of same flavor
and opposite sign is required to have an invariant mass within 10 GeV of Z mass. The efficiency
of these cuts is 3.3% for mT = 1000 GeV. The third lepton is then assumed to arise from a W and
the W ’s momentum reconstructed using it and the measured /ET .

The invariant mass of the Zt system can then be reconstructed by including the b−jet. This
is shown in Figure 2 for mT = 1000 GeV where a clear peak is visible above the background.
Following the cuts, the background is dominated by tbZ which is more than 10 times greater than
all the others combined. The cuts accept 0.8% of this background [17].

Using this analysis, the discovery potential in this channel can be estimated. The signal to
background ratio is excellent as can be seen from Figure 2. Requiring a peak of at least 5σ
significance containing at least 10 reconstructed events implies that for λ1/λ2 = 1(2) and 300 fb−1

the quark of mass MT < 1050(1400) GeV is observable. At these values, the single T production
process dominates, justifying a posteriori the neglect of TT production in this simulation.

4

mT=1 TeV
λ1/λ2 =1

5 σ reach:  

300 fb-1, mT<1050 (1400) GeV

λ1/λ2 =2
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T➝ Wb, with leptonic decay of Z and W 

Figure 2: Cross section for the new top-like quark, T , versus mass (left) and the invariant mass reconstruction
signal and background (dark) of the T quark using the Wb channel in the ATLAS detector for an integrated

luminosity of 300 fb−1 (right).

values, λ1 and λ2, should satisfy some constraints. These requirements allow the cancellation of
SM top-quark corrections. Equation 1 shows the value of the T quark mass as function of the
Yukawa couplings and the condition to be satisfied by these couplings in order to be compatible
with the SM values,
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where mt is the top mass and v is the so-called Fermi scale, v = 244 GeV . The mass MT is of
the order of the scale f . The constraint that none of the loop contributions exceeds the value of
the Higgs mass squared by more than a factor of 10 (∼ 10% fine-tuning) yields an upper bound
on MT as a function of mH . Lower bounds can also be extracted from Equation 1. Therefore
MT should be inside the mass window:
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where mH is the expected mass of the Higgs boson. Figure 2 (left) from reference 14 shows the
production cross section of T as function of MT at LHC energies (

√
s = 14 TeV ). TT production

(dashed line) and single T production (solid and dotted) are shown. The solid line corresponds
to a choice λ1/λ2 = 1, whereas the dotted line corresponds to λ1/λ2 = 2 and 1/2. The Wb fusion
mechanism is dominant for masses larger than 700 GeV. TT production dominates for lower
masses. In this analysis, the mass of T is considered to be above 700 GeV, thus the production
via Wb fusion has been used. T has 3 possible decay modes, with the following partial widths:
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two decays are distinctive of Littlest Higgs models.

These three decay channels have been studied. The more advantageous signature associated
with the Zt decay is: 3 isolated leptons (2 of them from the Z decay), one b-jet and missing
energy. The following requirements are applied: 3 high pT leptons, one b-tag and large ET (miss).
The background is largely dominated by WZ production, although other processes like tt and
tbZ have significant contributions. This channel has a low number of expected events (around
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values, λ1 and λ2, should satisfy some constraints. These requirements allow the cancellation of
SM top-quark corrections. Equation 1 shows the value of the T quark mass as function of the
Yukawa couplings and the condition to be satisfied by these couplings in order to be compatible
with the SM values,
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where mt is the top mass and v is the so-called Fermi scale, v = 244 GeV . The mass MT is of
the order of the scale f . The constraint that none of the loop contributions exceeds the value of
the Higgs mass squared by more than a factor of 10 (∼ 10% fine-tuning) yields an upper bound
on MT as a function of mH . Lower bounds can also be extracted from Equation 1. Therefore
MT should be inside the mass window:
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where mH is the expected mass of the Higgs boson. Figure 2 (left) from reference 14 shows the
production cross section of T as function of MT at LHC energies (

√
s = 14 TeV ). TT production

(dashed line) and single T production (solid and dotted) are shown. The solid line corresponds
to a choice λ1/λ2 = 1, whereas the dotted line corresponds to λ1/λ2 = 2 and 1/2. The Wb fusion
mechanism is dominant for masses larger than 700 GeV. TT production dominates for lower
masses. In this analysis, the mass of T is considered to be above 700 GeV, thus the production
via Wb fusion has been used. T has 3 possible decay modes, with the following partial widths:

Γ(T → tZ) = Γ(T → t h) =
1

2
Γ(T → bW ) =

κ2
T

32π
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where κT = λ2
1/

√

λ2
1 + λ2

2. Other decay channels are suppressed by a factor v2/f2. The first
two decays are distinctive of Littlest Higgs models.

These three decay channels have been studied. The more advantageous signature associated
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values, λ1 and λ2, should satisfy some constraints. These requirements allow the cancellation of
SM top-quark corrections. Equation 1 shows the value of the T quark mass as function of the
Yukawa couplings and the condition to be satisfied by these couplings in order to be compatible
with the SM values,
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where mt is the top mass and v is the so-called Fermi scale, v = 244 GeV . The mass MT is of
the order of the scale f . The constraint that none of the loop contributions exceeds the value of
the Higgs mass squared by more than a factor of 10 (∼ 10% fine-tuning) yields an upper bound
on MT as a function of mH . Lower bounds can also be extracted from Equation 1. Therefore
MT should be inside the mass window:

2mt

v
f ≤ MT ≤ 2 TeV

( mH

200 GeV

)2

(2)

where mH is the expected mass of the Higgs boson. Figure 2 (left) from reference 14 shows the
production cross section of T as function of MT at LHC energies (

√
s = 14 TeV ). TT production

(dashed line) and single T production (solid and dotted) are shown. The solid line corresponds
to a choice λ1/λ2 = 1, whereas the dotted line corresponds to λ1/λ2 = 2 and 1/2. The Wb fusion
mechanism is dominant for masses larger than 700 GeV. TT production dominates for lower
masses. In this analysis, the mass of T is considered to be above 700 GeV, thus the production
via Wb fusion has been used. T has 3 possible decay modes, with the following partial widths:
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2
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2. Other decay channels are suppressed by a factor v2/f2. The first
two decays are distinctive of Littlest Higgs models.

These three decay channels have been studied. The more advantageous signature associated
with the Zt decay is: 3 isolated leptons (2 of them from the Z decay), one b-jet and missing
energy. The following requirements are applied: 3 high pT leptons, one b-tag and large ET (miss).
The background is largely dominated by WZ production, although other processes like tt and
tbZ have significant contributions. This channel has a low number of expected events (around

10) for a T mass of 1 TeV and an integrated luminosity of 300 fb−1 (3 years of LHC operation
at high luminosity).

The decay of the quark T to ht is also difficult to observe. The topology of the event depends
on the Higgs mass. In all these analyzes a Higgs mass of 120 GeV has been assumed, so the h
decay to bb dominates. The final state corresponding to the T → ht decay is an isolated lepton
and 3 b-jets with missing energy. At least one tagged b-jet is required, since a more severe
requirement does not reduce the background but decreases the efficiency. The background
is dominated by tt production and only kinematics can resolve signal and background. The
discovery in this mode is therefore very difficult.

More favorable is the case of T decaying to Wb (see Figure 2 right). The branching ratio
of this decay is larger by a factor 2, but the background is also larger. Using the high pT of
the lepton, ET (miss) from the W decay and the requirement of one tagged b-jet (out of the 2
b-jets in the event), the background can be reduced. An excess of signal over background can
be observed for a mass of 1 TeV. The two main sources of background in this channel are: Wbb
and tt production. A veto on the total number of jets and a cut in the invariant mass of the
two jets are critical to reject the background.

All these analyzes have been performed assuming λ1 = λ2 = 1. A larger value of λ1/λ2

would result in a larger signal in all previous cases.

1.3 Heavy gauge bosons

The new boson sector includes three gauge bosons, two neutrals, AH and ZH , and the charged
W±

H . AH is the massive partner of the photon γ and is typically lighter than the other gauge
bosons. This boson could be produced at LHC, but also at the Tevatron, provided the mass is
light enough. The mass of AH is dependent on the parameters of the model and has in addition
theoretical uncertainties related to the couplings. AH can be searched at colliders via the decays
AH → ff and AH → Z h. Due to the additional uncertainties mentioned before, the results
concerning this particle are not discussed here (see reference 14 for details).

The broken SU(2) group yields 3 new particles W±

H and ZH . The mass of these bosons is
again of the order of f . The mass of the SM bosons is also affected by corrections of the order
of v2/f2. The tree level SM relations MW /MZ = cW and ρ = 1 are no longer valid. The SU(2)
custodial symmetry of the SM is therefore broken. Precision measurements on electroweak
observables, like ρ, can constrain the model and provide a lower bound on the scale f . The
Littlest Higgs model may be modified in order to preserve the custodial SU(2) symmetry at

first order 12,13, but these models are not considered here. The following bounds on the masses
can be derived as before:

mW
2f

v
≤ MWH

≈ MZH
≤ 6 TeV

( mH

200 GeV

)2

(4)

Figure 3 (left) shows the cross section for ZH production versus mass at the LHC. The WH

cross section is larger by a factor 2. Only one parameter besides the mass is needed to obtain
the production of ZH and WH , namely cot θ (θ is a mixing angle analogous to the Weinberg
angle). In the Figure, a value of cot θ = 1 has been chosen. The cross section is proportional
to cot2 θ since ZH and WH couplings to fermion pairs are proportional to cot θ. It follows that
LHC will be able to produce a large number of heavy ZH particles. It also seems possible to
exploit all the available decay channels to search for these heavy gauge bosons.

The branching ratios of ZH versus the parameter cot θ are presented in Figure 3 (right).
Two main decays are present, to fermion pairs and to a SM gauge boson in association with the
Higgs boson. Neglecting QCD corrections and fermion masses (also top quark) the total widths
of ZH and WH are equal. The width is:

5 σ reach for 300 fb-1, 
λ1/λ2 =1(2) 
mT< 2000 (2500) GeV
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Figure 2: Cross section for the new top-like quark, T , versus mass (left) and the invariant mass reconstruction
signal and background (dark) of the T quark using the Wb channel in the ATLAS detector for an integrated

luminosity of 300 fb−1 (right).
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values, λ1 and λ2, should satisfy some constraints. These requirements allow the cancellation of
SM top-quark corrections. Equation 1 shows the value of the T quark mass as function of the
Yukawa couplings and the condition to be satisfied by these couplings in order to be compatible
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where mt is the top mass and v is the so-called Fermi scale, v = 244 GeV . The mass MT is of
the order of the scale f . The constraint that none of the loop contributions exceeds the value of
the Higgs mass squared by more than a factor of 10 (∼ 10% fine-tuning) yields an upper bound
on MT as a function of mH . Lower bounds can also be extracted from Equation 1. Therefore
MT should be inside the mass window:
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where mH is the expected mass of the Higgs boson. Figure 2 (left) from reference 14 shows the
production cross section of T as function of MT at LHC energies (

√
s = 14 TeV ). TT production

(dashed line) and single T production (solid and dotted) are shown. The solid line corresponds
to a choice λ1/λ2 = 1, whereas the dotted line corresponds to λ1/λ2 = 2 and 1/2. The Wb fusion
mechanism is dominant for masses larger than 700 GeV. TT production dominates for lower
masses. In this analysis, the mass of T is considered to be above 700 GeV, thus the production
via Wb fusion has been used. T has 3 possible decay modes, with the following partial widths:
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These three decay channels have been studied. The more advantageous signature associated
with the Zt decay is: 3 isolated leptons (2 of them from the Z decay), one b-jet and missing
energy. The following requirements are applied: 3 high pT leptons, one b-tag and large ET (miss).
The background is largely dominated by WZ production, although other processes like tt and
tbZ have significant contributions. This channel has a low number of expected events (aroundBG: tt, difficult

one isolated leptons, three jets (one b-tagging), 
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Figure 5: Reconstructed mass of the W (inferred from the isolated lepton and missing transverse
energy) and three jets, two of which are required to have an invariant mass consistent with the
Higgs mass. The signal arises from the decay T → ht and is shown for a mass of 1000 GeV.
The background, shown in cross-hatching, is dominated by tt production. The signal event rates
correspond to λ1/λ2 = 1 and a BR(T → ht) of 25%.
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CMS: 

Ref. 756, CMS 

T➝ t Z, with leptonic decay of Z and W

510 Chapter 15. Alternative BSM Signatures

• The combined transverse momentum of the same flavour opposite sign lepton
pair is required to be p!!

T > 100 GeV/c. The invariant mass of the pair is required
to be consistent with the nominal Z mass within 10 GeV/c.

• A further third lepton is required in the event (e± with pT >20 GeV/c or µ± with
pT >15 GeV/c); The combined transverse momentum of the third lepton with the
missing transverse energy is required to be greater than 60 GeV/c. In addition the
transverse mass of the third lepton with the missing transverse energy is required
to be less than 120 GeV/c2, to be consistent with the W boson transverse mass.

• Exactly one jet compatible with a b-jet and with calibrated transverse momentum
more than 30 GeV/c is required.

• The combined transverse momentum of the W boson and the b-jet should be more
than 150 GeV/c, while their invariant mass is required to be in the range (110−220)
GeV/c2.

• The combined Z W b system invariant mass is required to be in the mass range of
the search for heavy quark, namely (850− 1150) GeV/c2.

The SM background ZZ→ leptonic, is the only background that gives non-zero contribution
(still less than 1 event at luminosity 30 fb−1). The total efficiency for the signal selection is
(9.7±0.4)%. Assuming the production cross section of T→ t Z to be 192 fb for MT = 1 TeV/c2

(for the case of λ1 = λ2) and folding in the branching ratios involved, a total of NS = 2.1±0.1
signal events are expected for 30 fb−1. This implies that the discovery potential of the channel
is rather limited.
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Figure 15.8: Minimum cross section required for a 5σ discovery for a heavy quark of mass MT = 1 TeV/c2 as a
function of the luminosity. The horizontal lines correspond to the cross section values for the two cases of λ1/λ2.
The vertical line indicates the luminosity of 30 fb−1 used for this analysis.

The statistical significance of the channel (Sc12, defined in Appendix A.1) is 2.5 with a signal-
to-background ratio of 41 for 30 fb−1. Taking into account systematic uncertainties from the
electron energy scale, jet and missing energy scale and b-tagging efficiency uncertainty, the
significance drops down to 2.0. Fig. 15.8 shows the signal cross section as a function of the
integrated luminosity at the LHC, for establishing at 5σ level, single production of a heavy

5 σ reach:  

40 fb-1

150 fb-1
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WH, ZH, AH arise from [SU(2)⊗U(1)]2 ➞ SU(2)⊗U(1)

2 mixing angles: θ for ZH, θ’ for AH
ZH➝ ee, μμ  rise with cotθ to about 4%
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Figure 8: Plot showing the accessible region (shaded) in the channel ZH → e+e− as a function of
the mass and the mixing cot θ′.
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Figure 9: Plot showing the accessible region (shaded) in the channel AH → e+e− as a function of
the mass and the mixing tan θ′. significance.
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Figure 11: Plot showing the accessible region (shaded) in the channel WH → !ν as a function of
the mass and the mixing cot θ.
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AH

Figure 18: Plot showing the minimum value of the production cross-section times branching ratio
needed to obtain discovery in the channels AH → Zh → !!bb and AH → Zh → jetsγγ as a function
of the AH mass.
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Figure 22: Plot showing the accessible regions for 5σ discovery of the gauge bosons WH and ZH as
a function of the mass and cot θ for the various final states. The regions to the left of the lines are
accessible with 300 fb−1.
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• single heavy top production

• heavy top pair production 
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Heavy top tH decay 
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FIG. 3: Feynman diagrams for single heavy top production.
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FIG. 4: Left plot shows the single and pair production for heavy top quark at the LHC. The

“x”’s correspond to the value of f being 500, 600, ..., 1500 GeV. The right plot shows the branching
ratios of the heavy top decay for M = 150 GeV.

to more than 80% of the total cross section. The contribution from W boson exchange is
negligible, since WT̄b coupling is suppressed by (M/f)(v/f), which vanishes in the limit
of M = 0. This is different from the little Higgs model, where the t-channel W exchange
dominates the single heavy top production cross section.

The single heavy top quark production cross section is shown by the solid curve in the
left plot of Fig. 4. For a heavy top mass of 500−1500 GeV, the cross section is in the range
of 7 × 103 fb − 10 fb. It is comparable to the single heavy top production cross section
in the littlest Higgs model [17], which is about 20 fb for a 1500 GeV heavy top. We also
show the cross section of heavy top pair production (dashed line in the left plot of Fig. 4).
The dominant contribution comes from gluon exchange: qq̄, gg → T T̄ . Although the QCD
coupling is larger, this channel suffers from the phase space suppression due to the large
heavy top mass. The cross section is about a factor of five smaller when compared to the
single heavy top production mode.
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FIG. 4: Left plot shows the single and pair production for heavy top quark at the LHC. The

“x”’s correspond to the value of f being 500, 600, ..., 1500 GeV. The right plot shows the branching
ratios of the heavy top decay for M = 150 GeV.

to more than 80% of the total cross section. The contribution from W boson exchange is
negligible, since WT̄b coupling is suppressed by (M/f)(v/f), which vanishes in the limit
of M = 0. This is different from the little Higgs model, where the t-channel W exchange
dominates the single heavy top production cross section.

The single heavy top quark production cross section is shown by the solid curve in the
left plot of Fig. 4. For a heavy top mass of 500−1500 GeV, the cross section is in the range
of 7 × 103 fb − 10 fb. It is comparable to the single heavy top production cross section
in the littlest Higgs model [17], which is about 20 fb for a 1500 GeV heavy top. We also
show the cross section of heavy top pair production (dashed line in the left plot of Fig. 4).
The dominant contribution comes from gluon exchange: qq̄, gg → T T̄ . Although the QCD
coupling is larger, this channel suffers from the phase space suppression due to the large
heavy top mass. The cross section is about a factor of five smaller when compared to the
single heavy top production mode.
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to more than 80% of the total cross section. The contribution from W boson exchange is
negligible, since WT̄b coupling is suppressed by (M/f)(v/f), which vanishes in the limit
of M = 0. This is different from the little Higgs model, where the t-channel W exchange
dominates the single heavy top production cross section.

The single heavy top quark production cross section is shown by the solid curve in the
left plot of Fig. 4. For a heavy top mass of 500−1500 GeV, the cross section is in the range
of 7 × 103 fb − 10 fb. It is comparable to the single heavy top production cross section
in the littlest Higgs model [17], which is about 20 fb for a 1500 GeV heavy top. We also
show the cross section of heavy top pair production (dashed line in the left plot of Fig. 4).
The dominant contribution comes from gluon exchange: qq̄, gg → T T̄ . Although the QCD
coupling is larger, this channel suffers from the phase space suppression due to the large
heavy top mass. The cross section is about a factor of five smaller when compared to the
single heavy top production mode.
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WH decay  

• WH (mνR > mWH)

• WH (mνR < mWH), WH → l νR, Br ~ 9%
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WH decay  

• WH (mνR > mWH)
tH →bφ±: 4b + 1 lepton + missing ET

tH →bW : 2b + 1 lepton + missing ET

tH →tZ: 2b + 3 lepton + missing ET

• WH (mνR < mWH), WH → l νR, Br ~ 9%
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Randall-Sundrum 
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Collider signature:  resonance in drell-yan and dijets

Hewett, Spirolulu, hep-ph/0205156

28 JH,MS

Figure 6: Summary of experimental and theoretical constraints on the Randall-Sundrum model in
the two-parameter plane k/MPl−m1, for the case where the Standard Model fields are constrained
to the TeV-brane. The allowed region lies in the center as indicated. The LHC sensitivity to
graviton resonances in the Drell-Yan channel is represented by the diagonal dashed and solid curves,
corresponding to 10 and 100 fb−1 of integrated luminosity, respectively. From (38).
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gg->G1->tt Fitzpatrick, Kaplan, Randall and Wang, 
hep-ph/0711150
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Figure 5: Generic Sample of 100 gg → G → tt̄ events. The results of a Monte Carlo of 100 spin-2 events are
shown on top of the expected results for a spin-0, spin-1, and spin-2 resonance. Events have been removed both
from the expected curves and the Monte Carlo events if they are too close to forward or backward scattering
to be likely to be observed (that is, if pseudo-rapidity η > 2.5 − ln 2).
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Figure 18: signal sensitivity contours for various integrated Luminosities at CMS.

22

Figure 21: 5 signal sensitivity at Ldt = 4 . The dotted curve shows the sensitivity including systematic un-
certainties as determined in Sect. 5. The dashed curve shows the 90 C.L. signal upper limit, including systematic
uncertainties.
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• The invariant mass of the lepton pair with the same flavour and opposite sign should be
close to the that of the Z: m

l+l- = mZ ± 5 GeV.

• The longitudinal momentum of the neutrino is calculated, within a two fold ambiguity,
from the missing transverse energy and the momentum of the unpaired lepton assuming
an invariant mass ml! = m

W
. Both solutions are given a weight of 0.5. Once the W and Z

are reconstructed, their transverse momentum is required to be larger than 40 GeV.

• Only events for which the decay angle with respect to the direction of theWZ system ("T)
in its rest frame is |cos | < 0.8 are accepted. This variable is sensitive to the polarisation
of the "T (see Figure 21-1).

Table 21-2 shows the significance for all the cases considered. The number of signal and back-
ground events is counted in mass regions around the "T peak. The selected regions were [210-
240]. [460-560] and [740-870] GeV for m"T = 220, 500 and 800 GeV respectively. No evident sig-
nal is observed for cases (e), (g) and (h) (see Figure 21-2), principally because the "T resonance is
wide. Table 21-2 shows also the lower limit on (# $ BR) required for a 5# significance, from
which one could infer the potential of observability for a different assumed branching ratio.
Since this signal is based only on lepton reconstruction, the significance can be expected to scale
approximately as the square root of the integrated luminosity, even in the presence of pile-up.

Table 21-1 Masses and parameters for technicolor cases considered.

Case m"T (GeV) m%T (GeV) &"T (GeV) BR ("T ' WZ) #(production), pb

(a) 220 110 0.93 0.13 80

(e) 110 67 0.014 7.1

(b) 500 300 4.5 0.21 4.4

(f) 500 1.1 0.87 4.4

(g) 110 130 0.013 0.82

(d) 250 77 0.022 0.74

(h) 800 300 52 0.032 0.80

(c) 500 7.6 0.22 0.77

Table 21-2 Expected significance for the signal "T
± ' W±Z ' l ±! l+l-, with 30 fb-1. The mass bins used are

given in the text.

case (a) (e) (b) (f) (g) (h) (c)

S/(B 41.8 0.8 18 77 0.28 0.98 8.2

# $ BR (fb), model 160 1.04 13 54 0.15 0.36 0.25

# $ BR (fb), for 5# significance 19 6.5 3.6 3.5 2.6 1.8 1.5

)̂
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21.2.1.2 !T
±"#T

± Z " b q l+ l-

Here, the technipion decays to b and c quarks (a c-quark jet will not be distinguished from a
light quark jet in this analysis). Only cases (b), (c) and (d), defined in Table 21-1 are considered
here. Given the parameters chosen for the model, the branching ratios BR(!T

± " #T
± $0) are

39.8%, 38.2% and 13.0% respectively. In all cases, #T
± decays to cb (or bc) 92% of the time (assum-

ing that the coupling to the top quark is negligible).

The principal backgrounds are: Z + jets (with pT > 100 GeV, consisting of qq" gZ, qg" qZ and
qq " ZZ), tt (with pT > 80 GeV), and continuum WZ production (with pT > 30 GeV). The cuts
used in this analysis are the following:

• Two same flavour, opposite charge leptons required, with pT(l1) > 60 GeV and pT(l2), 20
GeV. The invariant mass of the lepton pair should be close to the mass of the Z; i.e.

 < 5 GeV.

• One identified b-jet is required. The highest pT b-jet is assumed to come from the technipi-
on decay. It must satisfy the conditions: |%b| < 2 and pT

b > 100 GeV.

• At least one jet, not identified as a b-jet, is required. The highest energy jet is the candi-
date. It must satisfy |%j|<2 and pT

j > 100 GeV.

• The low mass regions are excluded:mbj > 150 GeV andmllbj > 300 GeV. In the rest frame of
the llbj system (the !T), only events for which the angle of decay with respect to the direc-
tion of the !T is < 0.6 are accepted. This angle is sensitive to the polarisation of the
!T.

Figure 21-1 !T
± " W±Z " l ±& l+l- : Distribution of

decay angles of the !T candidates for three cases of

!T production and for WZ background.

Figure 21-2 !T
± " W±Z " l ±& l+l- : Reconstructed

W±Z0 invariant mass. The solid line is for the !T signal

and the filled area for the WZ background. The three

diagrams show the different !T for the cases (a) (e)

(g), (b) (h), and (f) (c).

mll mZ–

'̂bjcos
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Figure 21-3 shows the signals and backgrounds expected with the above selection after three
years of low luminosity running (integrated luminosity of 30 fb-1). Because of the large weight
of the backgrounds, statistical fluctuations are exaggerated in the figure. Cases (b) and (c) give
clear signals above background, but case (d) is not resolved from background not only because
of its small number of events, but also because of the larger width, 77 GeV, of the resonance.

A better mass resolution of the two jet system would considerably improve the signal to back-
ground ratio. The difference in the reconstructed masses m!T and m"T is better resolved than the
individual masses separately, since uncertainties in jet pair mass measurement largely cancel.
An improved jet pair resolution can be achieved by choosing a larger cone for jet reconstruction.
Figure 21-4 shows the effect of selecting a value of #R = 0.7 instead of #R = 0.4. However, by do-
ing so, one would become more susceptible to pile-up from minimum bias events, and other de-
tector effects. In order to extract the significance of the signals (Table 21-3), the number of signal
and background events are counted in mass regions around the signal peak in the following
way: for cases (b), (c) and (d), the selected regions were [m!T -m"T,m"T] = [175-230,200-350],
[250-350,350-600] and [420-620,190-280] respectively (in GeV). It was verified that the results do
not change significantly if a cone of size # R = 0.7 is used. The systematic error due to the uncer-
tainty in the shape of the background is not included.

Figure 21-3 Reconstructed masses of !T candidates

and "T candidates in the decay !T
± $"T

± % $b q l+l-

The Z+jets background is in light shade, and the tt

background in darker shade. The two cases (b) and

(c) are shown in dark. Statistical fluctuations are over-

estimated.

Figure 21-4 !& $"T Z $b q l+ l-: Comparison of

reconstructed Mbj for jet cones of size # R = 0.4 (full

histogram) and # R = 0.7 (dashed histogram). Case b

is shown.
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21.2.1.3 !T
±" W± #T

0" l $ b b

With the multiscale technicolor model parameters used, the branching ratio
BR(!T

±" W± #T
0) = 36.3%, 38.2% and 13.2% for cases (b), (c) and (d) respectively. The #T

0 de-
cays 90% of the time to bb (assuming that the tt channel is closed, as in the TC2 model.). It is to
be noted, however, that decay of a coloured neutral technipion to a pair of gluons may have a
dominant branching ratio. This case has been analysed for Tevatron energy [21-16]. The back-
grounds considered here are: tt, W + jets (consisting of: qq " W, qq " gW, qq " WW and
qg " qW), Z+jets and WZ.

In the present analysis events are selected according to the following criteria:

• A preselection: one lepton having pT > 30 GeV and two reconstructed b jets are required in
the central region, |%| < 2. The most energetic b-jet must have pT > 100 GeV and the other
pT > 50 GeV. The missing transverse energy should be ET

miss > 50 GeV.

• Efficient reduction of the dominant tt background can be achieved by applying a jet veto.
No extra jet, with pT > 40 GeV, besides the two b-jets is allowed.

• The W is reconstructed from the lepton and ET
miss four-momenta (the longitudinal mo-

mentum of the neutrino is calculated to give the correct W mass, up to a two-fold ambigu-
ity). The two corresponding solutions for the reconstructed mass of the !T must not differ
significantly: |mlvbb(1) - mlvbb(2)| < 80 GeV This cut is found to be efficient at rejecting
events which do not contain a W and for which the two solutions are very different. Only
events having mbb > 150 GeV and mlvbb > 300 GeV are kept.

• For each of these solutions, the following cut is applied: in the rest frame of the l$ bb sys-
tem, the decay angle with respect to the direction of the !T must be < 0.6. The
importance of this cut is seen in Figure 21-5.

Figure 21-6 shows the signals and backgrounds expected with the above selection after 30 fb-1

of integrated luminosity. Both solutions are included in the histogram, with weight 0.5 each.
Clear signals can be seen above background for some of the above cases, although poor mbb res-
olution is obtained. These could be used to confirm discovery in the channel discussed above.
The significance obtained for the signals is given in Table 21-4. Also shown in the table are the &
' BR required for a 5& significance. The uncertainty in the shape of the background can be an
important systematic error.

Table 21-3 !T " #T Z0 " bqll: Number of signal / Z+jets / tt events around the mass peak (see text) of the sig-

nal after the application of cuts. The last two lines give the & x BR predicted by the model with the assumed val-

ues of the parameters, as well as the & x BR required for a 5& significance, with 30 fb-1.

case (b):

m(!T)=500, m(#T)=300 GeV

 case (c):

m(!T)=800, m(#T)=500 GeV

case (d):

m(!T)=800, m(#T)=250 GeV

Number of
events

115/148/17 48/43/2 11.5/49/0

8.9  7.1 1.6

& x BR model  0.104 0.018 0.0059

& x BR for 5& 0.058 0.013  0.018

S B⁄

(̂lvbbcos

L=30fb-1

ATLAS TDR
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21.2.1.4 b b resonance

Single production of pseudo-Goldstone bosons such at is observable, given a large enough
cross section. Coloured technipions are, in particular, more likely to be detected since colour
counting factors make their production cross section through gg fusion larger than for colour
singlet ones. The decay to gg pairs compete, however, with the bb channel and may actually

Figure 21-5 !T
± " W± #T

0" l+ $ b b: Distribution of

for cases (b) and (c) as well for the tt and

W+jets backgrounds.

Figure 21-6 Reconstructed mass of the !T candi-

dates vs mass of the pT candidates for the channel

!T " W± #%
0 " l+$ bb. From lightest to darkest: W +

jets background, tt background and the signals for

three cases (b), (c) and (d). The statistical fluctuations

are exaggerated.

Table 21-4 !T
± " W± #T

0" l+$ b b: Number of signal/ tt / (W+jets and Z+jets) events around the mass peak

(see text), after the application of cuts. The last two lines give the & ' BR predicted by the model, with the

assumed values of the parameters, as well as the & ' BR required for a 5& significance of the signal, for an inte-

grated luminosity of 30 fb-1

case (b)

m(!T)=500, m(#T)=300 GeV

case (c)

m(!T)=800, m(#T)=500 GeV

case (d)

m(!T)=800, m(#T)=250 GeV

Number of
events

86/165/5 24/118/10 12/5/0

S/(B 6.6 2.1 5.3

& x BR (pb),
model

0.336 0.064 0.021

& x BR (pb), 5& 0.255 0.15 0.02
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21.2.1.4 b b resonance

Single production of pseudo-Goldstone bosons such at is observable, given a large enough
cross section. Coloured technipions are, in particular, more likely to be detected since colour
counting factors make their production cross section through gg fusion larger than for colour
singlet ones. The decay to gg pairs compete, however, with the bb channel and may actually

Figure 21-5 !T
± " W± #T

0" l+ $ b b: Distribution of

for cases (b) and (c) as well for the tt and

W+jets backgrounds.

Figure 21-6 Reconstructed mass of the !T candi-

dates vs mass of the pT candidates for the channel

!T " W± #%
0 " l+$ bb. From lightest to darkest: W +

jets background, tt background and the signals for

three cases (b), (c) and (d). The statistical fluctuations

are exaggerated.

Table 21-4 !T
± " W± #T

0" l+$ b b: Number of signal/ tt / (W+jets and Z+jets) events around the mass peak

(see text), after the application of cuts. The last two lines give the & ' BR predicted by the model, with the

assumed values of the parameters, as well as the & ' BR required for a 5& significance of the signal, for an inte-

grated luminosity of 30 fb-1

case (b)

m(!T)=500, m(#T)=300 GeV

case (c)

m(!T)=800, m(#T)=500 GeV

case (d)

m(!T)=800, m(#T)=250 GeV

Number of
events

86/165/5 24/118/10 12/5/0

S/(B 6.6 2.1 5.3

& x BR (pb),
model

0.336 0.064 0.021

& x BR (pb), 5& 0.255 0.15 0.02
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dominate. Other bb resonances are predicted by topcolor models, where the topgluon splits into
heavy quarks. The mass reach of such topgluons at the Tevatron (2 fb-1) has been estimated at
close to 1 TeV, depending on the width [21-17].

!8 production is implemented in PYTHIA according to the one-family model [21-18][21-19]. The
production mechanism is similar to a Standard Model Higgs boson via gg fusion, but is en-
hanced by the large number of techniquarks that can appear in the loop. This process is used
here to estimate the observability of a generic bb resonance. The mass has been chosen to be 300
GeV, i.e. below the tt threshold. Generic vector resonances, such as a topgluon, of masses 500,
1000 and 2000 TeV are also studied. The backgrounds considered for this process are: hard QCD
and tt.

To extract the signal, the only selection was to require at least two identified b-jets with a mini-
mum value of pT in the region |!|< 2. For a 300 GeV resonance, LVL1 trigger J75 x 3 will be re-
quired (see Chapter 11.3.2), whereas for a 500 GeV resonance or above, single jet trigger J180
will suffice. (A prescaled single jet trigger could also be used.) Events having a third high pT jet
are rejected; the threshold is shown in Table 21-5 which also shows the required " x BR for a 5 "
discovery limit. In this study, the assumed intrinsic widths of the resonances were very narrow.
For a wider resonance, the intrinsic width must be added in quadrature with "m, shown in
Table 21-5 and a new estimate of " x BR can be obtained. In each case, the resonance would be
seen as a small, but statistically significant peak, on top of a large, steeply falling, background.

21.2.1.5 t t resonances

The general case of tt resonances is discussed in Section 18.1.4.2. Here, the case of single produc-
tion of a technipion, sufficiently massive to decay to tt pairs, mtt = 500 GeV, is studied. Although
the decay of a technipion to tt is highly suppressed in topcolor assisted technicolor models, oth-
er resonances, such as a topgluon are predicted in this model. As in Section 21.2.1.4 above, the
process of !8 production as implemented in PYTHIA is used here. An intrinsic width # (= 2.35
"m) of 57 GeV is assumed for this generic resonance.

The backgrounds considered are (i) W+jets (generated with > 80 GeV) – Only events having
at least one lepton and one b-jet (before b-tagging) have been generated for this analysis (ii) tt,
with a requirement of > 80 GeV – Only events with one lepton have been generated; and (iii)
hard QCD (with > 80 GeV and > (200 GeV)2). The cuts applied at generator level do not
affect significantly the results below.

The mass of the resonance is reconstructed by looking for the channel . The following
selection criteria are applied:

Table 21-5 Discovery limits, after 30 pb-1, for narrow bb resonances of different masses, after cuts on the mini-

mum pT of the reconstructed b jets, and a maximum pT of any third jet. Also shown is the approximate width of

the reconstructed resonance.

mbb pTmin (b1/b2) pT3 (max) "m (GeV) " x BR (5") (pb)

300 75/75 100 37 13

500 180/50 50 60 7.0

1000 200/100 100 70 0.57

2000 300/200 100 160 0.11

p̂
T

p̂
T

p̂
T

ŝ

tt l$bbjj%

η8➝ tt➝lνbbjj
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• One lepton is required for the trigger, with pT > 20 GeV, within |!| < 2.

• Two b jets are required, with pT > 60 GeV and 40 GeV respectively, and within |!| < 2.
Two additional jets, not identified as b-jets are required, with pT > 50 and 40 GeV, also
within |!| < 2.

• ET
miss must be greater than 20 GeV.

At that point, theW from the t"W b" l # b decay is reconstructed, using ET
miss and the lepton

momentum. There is a two-fold ambiguity in the solution. There is also a two-fold ambiguity in
assigning the two highest pT b-jets to the two highest energy light-quark jets. These ambiguities
are resolved by choosing the solution that gives top masses closest to the true mass of the top
(175 GeV). The cut is then 160 <mt

l < 195 GeV and 160 <mt
h < 220 GeV, wheremt

l andmt
l are the

reconstructed masses of the top quarks for which the W decays leptonically and hadronically,
respectively.

This simple procedure gives top-mass resolu-
tion as shown in Figure 21-7. The tt resonance
mass is then reconstructed tt with a resolution
of about 57 GeV. The required $ x BR for a 5$
discovery limit is then 9.9 pb, for an integrated
luminosity of 30 fb-1.

Table 21-6 shows the result of extending this
study to larger masses. It shows the rates
needed for these heavier cases to be found by
ATLAS.

Figure 21-7 t t resonance: reconstructed masses of

top in tt decays. The left histogram shows the mass of

the top for which the W decays leptonically and the

one on the right shows the mass of the other top, with

leptonic decay of the W.

M
top

 - leptonic M
top

 - hadronic

0

2500

5000

7500

10000

12500

15000

17500

20000

100 200 300 400 500
0

2000

4000

6000

8000

10000

12000

100 200 300 400 500

Table 21-6 Masses and natural widths assumed for

the study of technicolor !8 resonances. Also shown

are the minimum values of $ % BR necessary for a 5$

discovery significance of !8 " tt for integrated lumi-

nosities of 10 fb&1 and 100 fb&1.

m(tt) '(tt) $ % BR [pb]

 [GeV]  [GeV] 10 fb&1 100 fb&1

500 57 17.0 5.5

750 107 12.0 3.8

1000 152 5.0 1.6

L=30 fb-1

ωTC➝ πTCγ➝bbγ
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As an example of this calculation, the same case as Section 21.2.1.3: !T
± " W± #T

0 " l $ b b,
(l = µ, e) with m!T = 800 GeV and m#T = 500 GeV (case (c)) is considered here. For this process,
% & BR is about 2.5 fb [21-22]. Because it involves the W Z!T vertex, as well as the !T W #T ver-
tex, the cross section depends sensitively on the assumed value of the mixing angle sin ' be-
tween the longitudinal gauge boson and the technipion. The same background Monte Carlo
samples as in Section 21.2.1.3 are used. The following cuts are applied on both the signal and
background.

• The presence of at least one lepton (pT > 20 GeV) and two reconstructed b-jets
(pT > 50 GeV) is required in the central region |(| < 2. The missing transverse energy
must be greater than 20 GeV.

• Since the !T is colour neutral, a central jet-veto (|(| < 2) helps reject the tt background.

• A forward and a backward jet are required, with pT > 80 GeV and 1.5<|(|< 3.5 for the
first jet and pT > 50 GeV and 1<|(|< 4 for the second jet.

Given a % & BR of only 2.5 fb, the resulting signal would be 2.6 events on a background of about
5.6, for an integrated luminosity of 30 fb-1. This process of vector boson fusion with forward tag-
ging of jets could complement the qq fusion process, but would not be a discovery channel un-
less the % & BR is at least 10 fb.

21.2.3 Conclusion

The ATLAS detector will be sensitive to the new resonances predicted in technicolor theory, up
to the TeV range. Although the parameter space is very large, the number of potential channels
allows for combinations of signatures to help in understanding the nature of the resonances,
and determine the possible existence of techniparticles.

21.3 Search for excited quarks

The replication of three generations of quarks and leptons suggests the possibility that they are
composite structures made up of more fundamental constituents. The existence of such quark
and lepton substructure leads one to expect a rich spectrum of new particles with unusual
quantum numbers such as excited quarks and leptons, leptoquarks, diquarks, dileptons, etc.
Since no satisfactory, theoretically consistent composite model yet exists, here the excited
quarks are taken into account as composite particles. The regions of compositeness scale are
given as

Table 21-7 )T " * #T
0 " * b b: Number of signal/*+jets events around the mass peak of the signal, for an inte-

grated luminosity of 30 fb-1. The % x BR predicted by the model, with the assumed values of the parameters, and

the % x BR required for a 5% significance of the signal are also shown.

m()T)= 500 GeV m()T)=800 GeV

Number of events 612/105 174/24

S/+B 60 35

% & BR (pb), model 0.161 0.033

% & BR (pb) 5% 0.013 0.0046

,

VBF with ρTC ➝ πTC W ➝ bblν, complementary to qq fusion, not 
discovery channel unless 10 fb


