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Indirect information on NP

The SM holds up to QNP

At E < QNP, new physics is parameterized in terms of D>4 
interactions suppressed by powers of E/QNP, in analogy to 
Fermi’s effective description of weak interactions

• general parameterization of the physics above Q

• the experimental identification of D>4 interactions at E 
< QNP would provide information on the physics above 
QNP (as in the case of weak interactions); no clear 
evidence so far (except neutrinos) → lower limit on QNP
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Indirect information on NP

The SM holds up to QNP

At E < QNP, new physics is parameterized in terms of D>4 
interactions suppressed by powers of E/QNP, in analogy to 
Fermi’s effective description of weak interactions

• general parameterization of the physics above Q

• the experimental identification of D>4 interactions at E 
< QNP would provide information on the physics above 
QNP (as in the case of weak interactions); no clear 
evidence so far (except neutrinos) → lower limit on QNP

Leading theoretical guideline on the physics at QNP: a 
natural solution of the hierarchy problem
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(114GeV)2 < m2
h < M2

Z cos2 2β +
3

4π2
h2

t m
2
t log

m̃2
t

m2
t

⇒ FT ∼ 50÷ 100

FT ≈ maximum contribution in […]     (+ possibly in tanβ and mt)

Benchmark points:

Direct lower limits on squark and gluinos

Indirect lower limit on the stop mass

M2
Z ≈ (91 GeV)2

[
m̃2

Q

(70GeV)2
− m̃2

H

(80 GeV)2
+

M2
1/2

(40GeV)2
− µ2

(70 GeV)2

]
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Fine tuning in the MSSM

[De Roeck, Ellis, Gianotti, Moortgat, Olive, Pape]

[Lykken, Mrenna, Nelson, Wang, Wang]

M1/2 = (250 ÷ 1840) GeV : FT ! 40 ÷ 2000

m̃Q = (1500 ÷ 4300) GeV : FT ! 430 ÷ 3700 or M1/2 = 500GeV : FT ! 150
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What is left?

Quantitative measure of naturalness 
nicely taking into account and 
combining all the considerations 
above

• Scan the relative sizes of SUSY 
parameters and the SM 
parameters in their ranges

• Set the overall scale of SUSY 
parameters from <H> = 174 GeV

• Calculate SUSY spectrum and 
compare with experiment

Few O(1%) of points satisfy all 
experimental constraints
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m2
h<(114 GeV)2

Minimal extension: λSHuHd (with no μHuHd because of symmetries)

• harmless (unification OK)

• welcome (μ = λ<S> ≈ susy scale)

Spectrum: h H → h1 h2 h3, A → a1 a2, N1…N4 → N0 N1…N4

Help with FT from                                                            :

•                                                    (λ bound by Landau poles)

•                      through invisible decays h → aa (ma protected by PQ, R)

Persistent FT from

• direct bounds on SUSY partners

• arranging the invisible decay [Shuster Toro hep-ph/0512189]

Signatures:

Beyond MSSM: xMSSM

(114GeV)2 < m2
h < M2

Z cos2 2β +
3

4π2
h2

t m
2
t log

m̃2
t

m2
t

λH =
g2 + g′2

4
cos2 2β+

λ2

2
sin2 2β + loops



Invisible Higgs decays: h → aa → 4X  [No loose theorem? Ellwanger Gunion Hugonie Moretti hep-ph/0401228, ...]

3leptons → multileptons from additional steps in chargino/neutralino decays
• C1+N2 and then 
• N2 → N1+2l → N0+4l (if N0 is lightest and mainly singlino)
• C1 → N0+l+ν (5l overall) or even C1 → N1+l+ν  → N0+3l+ν (7l overall)

Deviation from MSSM coupling relations: VVh = VHA = sin2(α-β), VVH = VhA 
= cos2(α-β) (optimistic)

Z’ if μ is protected by a gauge symmetry
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[Barger Langacker Lee Shaughnessy hep-ph/0603247]



[Pomarol Quiros hep-ph/9806263
Barbieri Hall Nomura hep-ph/0011311]

Other variations on the MSSM
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Higgsless (technicolor & C): QNP < TeV, EWPT: not calculable or excluded; 
recent progress via duality to weakly coupled 5D theory

Composite Higgs: QNP = Qstrong,

Protect Higgs mass from QNP: Higgs = pseudo-NGB ⇔ shift symmetry        

H(x) → H(x) + c. Explicit breaking by λt λH g:

More clever explicit breaking (”collective breaking”): Little Higgs
• no 1-loop       terms (exact-NGB unless 2+ non-vanishing couplings)
• the top (gauge, Higgs) loop must be cancelled at a lower scale (= global 

symmetry breaking scale f « Qstrong) by same statistics partners

Strongly coupled models
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Figure 2: One-loop contributions to the Higgs boson (mass)2 in the Little Higgs model.

The quadratic divergences neatly cancel. The top sector contribution to the Higgs
(mass)2 is then given by

∆m2
h = −3

λ2
1λ

2
2f

2

8π2
log

Λ2

m2
T

= −3
λ2

tm
2
T

8π2
log

Λ2

m2
T

, (9)

where Λ ∼ 4πf is the strong interaction scale of the theory that gives rise to the
Goldstone bosons. In Little Higgs models, f is typically taken to be of order 1 TeV
(corresponding to Λ ∼ 10 TeV) to avoid fine tuning of the Higgs mass. As long as mT

is parametrically lower than Λ, the negative contribution to m2
h in Equation (9) could

be the dominant one and thus would provide the explanation for why electroweak
symmetry is broken. There are incalculable (quadratically divergent) two-loop con-
tributions to m2

h, which are the same order in λ1λ2, but these are not logarithmically
enhanced, and so are sub-dominant. The situation is that typically found in chiral
perturbation theory.

The cancellation of quadratic divergences in Equation (8) depends on the relation
of Equation (6), which can be rewritten as

mT

f
=

λ2
t + λ2

T

λT
. (10)

The relation (10) is a very interesting one. All of the four parameters in this equation
are in principle measurable. The top quark Yukawa coupling is known. The decay
constant f can be determined by measuring the properties of the heavy vector bosons
in the Little Higgs theory [25]. The mass and couplings of the heavy top quark will
be measured when this quark is observed, perhaps at the LHC. If the relation (10) is
shown to be valid, that will be strong evidence for the picture of electroweak symmetry
breaking given by the Little Higgs model.
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QNP ! √ci · 5 TeV ≈ 5 TeV

[Georgi Kaplan 84]
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[Arkani-Hamed Cohen Georgi 01, Arkani-Hamed Cohen Katz Nelson 02,  
Arkani-Hamed Cohen Katz 02, Nelson Gregoire Wacker 02]
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QNP: Qstrong → f = global symmetry breaking scale 
(separate the top loop cutoff from Qstrong > 5 TeV)

Bounds on QNP from EWPT still worse than MSSM 
(unless T-parity is used), FT similar

No dramatic gain but interesting alternative 

[Arkani-Hamed Cohen Georgi 01, Arkani-Hamed Cohen Katz Nelson 02,  
Arkani-Hamed Cohen Katz 02, Nelson Gregoire Wacker 02]



LH @ LHC
Observe the partners responsible for the divergence cancellation

• qq → ZH → l+l- up to few TeV (standard); in general → ff, VV, Vh

• T, Tc: single production via Wb fusion dominates (b pdf up to x ≈ 0.2) 

- Γ(T→th) = Γ(T→tZ) = Γ(T→bW)/2 all identifiable: tZ → bWl+l- (mT), 
th → bWbb (mh, mT), bW → blν

• additional (++) Higgs states

Observe the divergence cancellation
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are in principle measurable. The top quark Yukawa coupling is known. The decay
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Figure 1: Feynman rules for couplings between the Higgs boson and the top quarks in the
symmetric vacuum (〈h〉 = 0). We have only shown those vertices relevant to the calculation
of the one-loop quadratic divergences from the top sector. There are additional vertices,
generated by terms of higher order in the expansion of V , involving three or more Higgs
bosons.

combination of uR and UR to obtain a mass. The mass eigenstates are then

tL = uL, tR =
λ2uR − λ1UR

√

λ2
1 + λ2

2

,

TL = UL, TR =
λ1uR + λ2UR

√

λ2
1 + λ2

2

, (5)

with mt massless at this level and

mT =
√

λ2
1 + λ2

2 f. (6)

The Feynman rules for couplings between the Higgs boson and the top quarks in the
symmetric vacuum are given in Fig. 1. We only show rules involving one or two Higgs
bosons, which are relevant to the calculation of the one-loop quadratic divergence.
The couplings of the Higgs boson to tLtR and to tLTR are related to the parameters
appearing in the Lagrangian (3) via

λt =
λ1λ2

√

λ2
1 + λ2

2

, λT =
λ2

1
√

λ2
1 + λ2

2

. (7)

The one-loop contribution to the Higgs boson (mass)2 comes from the three dia-
grams in Fig. 2. The values of the diagrams are

a) = −6λ2
t

∫ d4k

(2π)4

1

k2
,

b) = −6λ2
T

∫ d4k

(2π)4

1

k2 − m2
T

,

c) = +6
λT

f

∫ d4k

(2π)4

mT

k2 − m2
T

. (8)
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t +λ2
T

mT

f
= 0

[Perelstein Peskin Pierce hep-ph/0310039]



Warping and composite Higgs 
Breaking of Gbulk by bc’s:        
H = (A5)0, or Little Higgs + UV 
completion and solution of the 
hierarchy problem

mH protected from Qstrong by 5D 
gauge symmetry, or collective 
breaking

UV brane: elementary               
IR brane: composite (H, tR)

Qstrong > 5 TeV as usual            
mKK > TeV, watch Z → bb

Gauge coupling unification in a 
novel way (but limited 
calculability)
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Figure 1: A slice of AdS5: The Randall-Sundrum scenario.

the warped down scale

1

M2
5

Ψ̄iΨjΨ̄kΨl → 1

(M5e−πkR)2
Ψ̄iΨjΨ̄kΨl , (3)

1

M5
ννHH → 1

M5e−πkR
ννHH , (4)

where Ψi is a Standard Model fermion and ν is the neutrino. This leads to generic
problems with proton decay and FCNC effects, and also neutrino masses are no longer
consistent with experiment. Thus, while the hierarchy problem has been addressed
in the Higgs sector by a classical rescaling of the Higgs field, this has come at the
expense of introducing proton decay and FCNC problems from higher-dimension op-
erators that were sufficiently suppressed in the Standard Model.

• Exercise: The classical rescaling Φ → edΦπkRΦ where dΦ = 1(3
2) for scalars

(fermions), suffers from a quantum anomaly and leads to the addition of the La-
grangian term

δLanomaly = πkR
∑

i

β(gi)

4g3
i

Tr F 2
µν,i , (5)

where β(gi) is the β-function for the corresponding gauge couplings gi. Show that this
anomaly implies that quantum mass scales, such as the gauge coupling unification
scale MGUT , are also redshifted by an amount MGUT e−πkR.

Instead in the slice of AdS5 with the Standard Model fields confined on the IR brane
one has to resort to discrete symmetries to forbid the offending higher-dimension
operators. Of course it is not adequate just to forbid the leading higher-dimension

4

(0)e

Aµ
(0)

(0)t

)UV (M  P

H

IR (TeV)

Figure 2: The Standard Model in the warped five-dimensional bulk.

requires that lepton number is conserved on the UV brane. Instead in the “reversed”
scenario one can place the right (left) handed neutrino near the IR (UV) brane. In
this case even though lepton number is violated on the UV brane, the neutrinos will
still obtain naturally tiny Dirac masses [21].

3.2 Higher-dimension operators

Let us consider the following generic four-fermion operators which are relevant for
proton decay and K − K̄ mixing

∫
d4x

∫
dy

√
−g

1

M3
5

Ψ̄iΨjΨ̄kΨl ≡
∫

d4x
1

M2
4

Ψ̄(0)
i+ Ψ(0)

j+Ψ̄(0)
k+Ψ(0)

l+ , (38)

where the effective 4D mass scale M4 for 1/2 <∼ ci
<∼ 1 is approximately given by[11]

1

M2
4

% k

M3
5

e(4−ci−cj−ck−cl)πkR . (39)

If we want the suppression scale for higher-dimension proton decay operators to be
M4 ∼ MP then (39) requires ci % 1 assuming k ∼ M5 ∼ MP . Unfortunately for these
values of ci the corresponding Yukawa couplings would be too small. Nevertheless, the
values of c needed to explain the Yukawa coupling hierarchies still suppresses proton
decay by a mass scale larger than the TeV scale [11, 22]. Thus there is no need to
impose a discrete symmetry which forbids very large higher-dimension operators.

On the other hand the suppression scale for FCNC processes only needs to be
M4

>∼ 1000 TeV. This can easily be achieved for the values of c that are needed
to explain the Yukawa coupling hierarchies. In fact the FCNC constraints can be
used to obtain a lower bound on the Kaluza-Klein mass scale mKK . For example

12

mH ∼M5e
−πkR

k = curvature
[Contino Nomura Pomarol hep-ph/0306259   
Agashe Contino Pomarol hep-ph/0412089     

hep-ph/0605341]
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@LHC (a first look)
Production:

• A(SM1 SM2 → KK3)

• SM3 needs to be substantially composite: tR (bW fusion) or Vlong (DY) 
(analogous to LH)

Decay

• into Vlong and heavier particles (tR bR, τ if non negligible) dominates

• also: (gluon)KK → tRtR

• possibly lepton excitations (if open)

16
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Back to the residual hierarchy
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δm2
h ∼

3GF√
2π2

m2
t Q

2
NP =






m2
h

(
QNP

0.5 TeV

)2

if mh = 115GeV

m2
h

(
QNP

2 TeV

)2

if mh = 250GeV

QNP ! √ci · 5 TeV ≈






50 TeV composite SM fermions
5 TeV composite Higgs

0.5 TeV 1-loop perturbative

mh = 500 GeV would help (QNP up to 2 TeV); 
disfavoured by EWPTs only within the SM

Cancel SM heavy Higgs contributions to EWPT 
with NP (good SM + light H fit accidental); does 
not require a large FT

Generic prediction of NP giving ΔT = 0.25±0.1

UV completion? -0.4

-0.2

0
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T

68 % CL
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m
h
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Figure 1: (Adapted from [8].) Dependence of the S, T parameters on the Higgs mass. The thick
black band marks mh = 400 − 600 GeV.

3 The Inert Doublet Model

In this section we will present what seems to us the most attractive realization of the improved
naturalness idea. Some alternatives are described in Section 4.

3.1 The Model

We consider the most general two-Higgs doublet model that possesses the parity

H2 → −H2 (8)

with all other fields invariant. This parity imposes natural flavor conservation in the Higgs
sector[9]3, implying that only H1 couples to matter. The scalar potential is

V = µ2
1|H1|2 + µ2

2|H2|2 + λ1|H1|4 + λ2|H2|4 + λ3|H1|2|H2|2

+ λ4|H†
1H2|2 +

λ5

2
[(H†

1H2)
2 + h.c.]. (9)

We assume that the parameters of this potential yield an asymmetric phase: H1 acquires a vev
but H2 does not4 This is not the well-studied standard phase of the theory that has both vevs

3In standard nomenclature this would be called Type I 2HDM, except that we reverse the usual roles of H1 and
H2.

4This phase of the unbroken parity was considered recently in [10] motivated by neutrino physics. We thank
E. Ma for bringing this to our attention.

5

mh = (400-600) GeV →

[Barbieri Hall hep-ph/0510243]



An inert Higgs
H1 (h): usual Higgs (but heavier): EWSB, MW MZ, mf

H2 (H, A, H±): inert Higgs (60 GeV-1TeV): no vev, no coupling to fermions 
(H2→-H2), gives ΔT = 0.25±0.1

DM candidate for mH ≈ 70 GeV (LEP?)

Pair production: pp → W* → H+H, H+A or pp → Z* → H+H-, HA 

Decay into the lightest + gauge bosons (no fermions) → charged leptons in 
the final states

18

[Barbieri Hall Rychkov hep-ph/0603188]
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Is a natural mH unavoidable?
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–    <H> = 174 GeV

–    MPl

SM
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What about the cosmological constant?

If the mh naturalness criterium is irrelevant, what are 
the observable consequences? 

LHC..?

Dark matter still motivates NP at the TeV scale

–    Qcutoff

NP

DM + unif

–    QNP

[Arkani-Hamed Dimopoulos 04,       
Giudice R 04,                                

Arkani-Hamed Dimopoulos Giudice R 04]



–    SUSY + R

Split Supersymmetry
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DM: μ < 1.2 TeV (M1 < M2), mostly Bino favourable for LHC
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Figure 5: Fits of precision data. Regions shaded in red are disfavored at 1, 2, 3, . . .σ, as indicated
on the iso-lines. Regions below the thick blue line are excluded by LEP2 direct searches. We
performed a full one-loop analysis, including LEP2 precision data. We kept fixed tan β = 10,
A0 = 0, λt(MGUT) = 0.6, sign µ = +1, the gauge-mediation scale MGM = 1010 GeV.
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[Strumia et al
hep-ph/0502095]
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DM: μ < 1.2 TeV (M1 < M2), mostly Bino favourable for LHC

No bounds from EWPTs

mH < 170 GeV, in terms of of m, tanβ
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DM: μ < 1.2 TeV (M1 < M2), mostly Bino favourable for LHC

No bounds from EWPTs

mH < 170 GeV, in terms of of m, tanβ

Long-lived gluino R-hadrons (charged: slow, highly ionizing 
track; neutral: missing energy, mild hadronic activity; 
actually: Energy, charge, Baryon-number exchange)       
LHC sensitivity up to (1-2.5) TeV
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Kraan Hansen Nevski hep-ex/0511014]
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DM: μ < 1.2 TeV (M1 < M2), mostly Bino favourable for LHC

No bounds from EWPTs

mH < 170 GeV, in terms of of m, tanβ

Long-lived gluino R-hadrons (charged: slow, highly ionizing 
track; neutral: missing energy, mild hadronic activity; 
actually: Energy, charge, Baryon-number exchange)       
LHC sensitivity up to (1-2.5) TeV

(quasi-stable coloured particles also e.g stop in some 5D 
SUSY models or in MSSM with fine-tuned mt ≈ MN1)

Wilder: stopping gluinos (1-2 jets in any direction from 
denser parts of the detector + m.e.), displaced vertexes 
(low m), charge flips
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Summary

Is a % tuning really worth worrying?

If not, NP could as well be out of reach of the LHC

Barring independent arguments (e.g. DM)

Useful and fruitful guideline within models addressing the naturalness issue

Surprises are not unlikely

Interpretation might not be unique
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m2
h ≈ (m2

h)tree+
3GF√
2π2

m2
t Q

2
NP+. . . =






(m2
h)tree + m2

h

(
QNP

0.5 TeV

)2

if mh = 115GeV

(m2
h)tree + m2

h

(
QNP

2 TeV

)2

if mh = 250 GeV

Upper pressure on QNP

Negative searches
No evidence of D>4 relics at E < QNP

• no L-violating operators → QL > 1015 GeV
• no flavour violating operators → QFCNC > 106 GeV
• no contribution to EWPT → QNP > (0.5-5) 103 GeV (model dependent but 

unavoidable)
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Depends on the Higgs mass (see below)

Lower bounds on QNP
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EWPT and the type of physics at QSM 

The hierarchy problem is best solved by perturbative physics

Leff
SM(E < QSM) = Lren

SM +
∑

i

ci

Q2
SM

Oi + . . .

ci = λ2

(
λ2

16π2

)n

EWPT:
ci

Q2
SM

! 1
(5 TeV)2

⇒ QSM " √ci · 5 TeV ≈






50 TeV if NP is strongly interacting
5 TeV if NP is perturbative, tree level, λ ∼ 1

0.5 TeV if NP is perturbative, one loop, λ ∼ 1
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EWPT and the type of physics at QSM 

The hierarchy problem is best solved by perturbative physics

Leff
SM(E < QSM) = Lren

SM +
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Q2
SM
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ci = λ2

(
λ2

16π2
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50 TeV if NP is strongly interacting
5 TeV if NP is perturbative, tree level, λ ∼ 1

0.5 TeV if NP is perturbative, one loop, λ ∼ 1

n = 0

n = 1



LH at LHC
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Through (11), the lower bound on f from the precision electroweak observables
places a strong lower bound of about 2 TeV on the mass of the T . However, this still
leaves a range in which the T can be discovered at the LHC. It is worth emphasizing
that a T mass much higher than 2 TeV would imply a large amount of fine tuning
in the Higgs potential. Therefore, naturalness considerations together with precision
electroweak constraints indicate that if the Little Higgs model is correct, the heavy
top should be in the 2 TeV range. In this case, it is possible that the physics of
electroweak symmetry breaking in the Little Higgs model can be tested at LHC. We
now turn to the analysis of those experimental tests. For our analyses in the next
section, we assume a heavy top mass of 2.5 TeV and f=1.2 TeV, which is clearly
allowed by the precision electroweak observables.

4 Testing the Model at the LHC

To test the relation (10), it is necessary to measure three quantities, the param-
eter f , the mass mT , and the coupling constant λT . The measurement of the mass
and production cross section of the heavy SU(2) gauge bosons WH , ZH at the LHC
can be used to determine f [25]. We will review the strategy for this measurement
below, concentrating on the low values of the mixing angle, ψ, preferred by preci-
sion electroweak constraints. The measurement of the heavy top mass mT is rather
straightforward; on the other hand, it is much less clear how λT can be determined.
In this section, we will discuss two methods for measuring λT . These involve the
decay width and the production cross section for T quarks at the LHC.

4.1 Measuring the parameter f

In the SU(5)/SO(5) Little Higgs model described in section 3, all the couplings
involving the heavy gauge bosons W±

H and ZH depend on just two unknown param-
eters, the scale f and the mixing angle ψ, defined in Equation (28). Thus, a small
number of measurements in this sector is sufficient to determine both parameters.
Let us concentrate on the measurements involving the neutral gauge boson ZH . To
leading order in v/f , the ZH mass is given by

MZH
=

√

g2
L + g2

R

2
f =

√
2g

sin 2ψ
f. (50)

The production cross section and decay branching ratios of ZH bosons have been
obtained‡ in [25]. For fixed MZH

, the production cross section is proportional to
‡The conventions used in Ref. [25] are slightly different from the ones used in this paper; they

are related by f[25] =
√

2fhere, ψ[25] = π/2 − ψhere.
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tan2 ψ. The decay rate is given by

Γ =
g2

96π
(cot2 2ψ + 24 tan2 ψ) MZH

, (51)

with the branching ratios§

Br(##) =
1

3
Br(qq) =

tan2 ψ

cot2 2ψ + 24 tan2 ψ
;

Br(W+W−) = Br(Zh) =
1

2

cot2 2ψ

cot2 2ψ + 24 tan2 ψ
. (52)

From these formulae, it is clear that combining, for example, the measurement of
the ZH mass and the number of events in the #+#− (# = e or µ) channels is sufficient
to determine both f and ψ.

In the parameter region preferred by electroweak precision constraints, the dom-
inant decay modes are ZH → W+W− and ZH → Zh. For example, for sψ = 0.2,
the combined branching ratio of these two modes is about 85%, with the remaining
decays to fermion pairs. The branching ratio to leptons (e’s and µ’s) is only about
1%. Nevertheless, for an f = 1.2 TeV the production cross section for the ZH is
roughly 12 fb, corresponding to 3600 events in a 300 fb−1 data sample. Therefore, in
the lepton channels we still expect roughly 40 events, with virtually no background.
Studying these events should be sufficient to determine f and ψ. Of course, the events
in the other decay channels, along with the decays of W±

H , will only help to improve
the precision of the determination of f .

4.2 Measuring λT

4.2.1 Decays of the T quark

Since T has a vertex for T → th, as shown in Fig. 1, the heavy T quark will decay to
th, and the corresponding decay width is proportional to λ2

T . But T also has other
decay modes. This is made clear by looking at the ‘gaugeless limit’ [39] g → 0, in
which the weak bosons become massless and the Goldstone bosons of SU(2) × U(1)
breaking become physical. In this limit, the structure of (3) ensures that T decays
symmetrically to the four members of the Higgs SU(2) doublet: Γ(T → th) = Γ(T →
tπ3) = 1

2Γ(T → bπ+). In the real situation, π+ and π3 are replaced by the longitudinal
polarization states of the W+ and Z0 vector bosons:

Γ(T → th) ≈ Γ(T → tZ0) ≈
1

2
Γ(T → bW+) . (53)

§Here we correct a mistake in Ref. [25], where the W+W− decay mode was inadvertently omit-
ted [38].
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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

f, ψ
mT

FIG. 5: Total cross sections for T T̄ production (dashed) and T+jet production (solid and dotted)
via t-channel W -exchange versus mass MT at the LHC. The solid line is for the couplings λ1 = λ2;

the dotted are for λ1/λ2 = 2 (upper) and 1/2 (lower). The number of events expected per 300 fb−1

luminosity is indicated on the right-hand axis. The scale f corresponding to λ1 = λ2 is given on the

top axis.

gauge bosons at higher energies. In Fig. 5 the cross sections of pair production of T T̄ (dashed
line) and the single T plus a jet production (solid and dotted) are presented versus its mass
MT at the LHC energy. We see that T+jet production dominates throughout the mass range
of current interest. The solid line is for the choice λ1 = λ2, while the dotted are for λ1/λ2 = 2
and 1/2. We see that for a T with a 3 TeV mass, the cross section can be about 0.23 fb. With
an integrated annual luminosity of 300 fb−1, this corresponds to about 70 events per year, as
indicated on the right-hand axis. The other processes of single T production qq̄′ → b̄T via
s-channel W -exchange and the associated production gb → WLT are both much smaller.

Because of the unsuppressed coupling of the heavy top T to the Higgs boson, and the en-
hanced couplings to the longitudinally polarized gauge bosons (Goldstone bosons)1, the partial
decay widths of T are

Γ(T → tH) = Γ(T → tZ) =
1

2
Γ(T → bW ) =

κ2

32π
MT , (51)

with the coupling κ = λ2
1/

√

λ2
1 + λ2

2. Other decay channels are effectively suppressed by v2/f 2.

1 We thank M. Perelstein [25] for drawing our attention to this point.
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