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Why go Beyond the Standard Model?

The Standard Model has been stringently tested at colliders and

so far spectacularly confirmed.

- QCD

- strong interactions at colliders

- lattice QCD and hadron masses

- Flavour sector

- CKM matrix

- rare decays

- Electroweak

- consistency of electroweak measurements

- limits on New-Physics contributions
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QCD – High-precision QCD becoming an “industry standard”

Tremendous progress in past 5 years; still much to understand

Process Comments Motivation
(V ∈ {Z, W, γ})
pre Les Houches 2007 (completed)

1. pp→ V V jet V = Z cases missing, Higgs background
W -decays included

2. pp→ Higgs+2jets NLO QCD+EW to VBF
3. pp→ V V V γ cases missing new physics background
4. pp→ tt̄ bb̄ mb = 0, no t-decay background for tt̄H
5. pp→W+3jets W -decay included new physics background

Les Houches 2007 (in progress)

6. pp→ tt̄+2jets relevant for tt̄H
7. pp→WW bb̄, relevant for tt̄ benchmark process
8. pp→ V V +2jets V -decays useful VBF → H → V V
9. pp→ bb̄bb̄ Higgs and new physics signatures

two-loop observables

10. gg →W ∗W ∗ NLO QCD Higgs background
11. pp→ tt̄ NNLO QCD benchmark process
12. pp→ Z/γ+jet NNLO QCD pdf, jet-energy measurements
13. pp→W/Z NNLO QCD ⊕ NLO EW benchmark process

Les Houches 2009

14. pp→W+3jets W -decay included new physics background
15. pp→Wbb̄j mb = 0 sufficient (?) Higgs search
16. pp→ jjjj new physics background
17. pp→ tt̄tt̄ new physics background
18. pp→Wjjjj leading color sufficient (?) new physics background
19. H → ff̄f ′f̄ ′ NLO EW+QCD (completed) Higgs search

(two-loop)

20. gg → H NLO EW (completed) Higgs search
21. pp→ V V NNLO benchmark process
22. pp→ Hj NNLO (mt →∞) Higgs search

2

4



QCD – High-precision QCD becoming an “industry standard”

Tremendous progress in past 5 years; still much to understand
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FIG. 5: The measured cross section, dσ(pp̄ → eν+ ≥ n-jets)/dEnth-jet
T , for inclusive W + n-

jet production, compared to full NLO predictions for n = 2, 3. In the upper panels the NLO

distribution is the solid (black) histogram, and CDF data points are the (red) points, whose

inner and outer error bars respectively denote the statistical and total uncertainties (excluding

the luminosity error) on the measurements added in quadrature. The LO predictions are shown

as dashed (blue) lines. The thin vertical lines in the center of each bin (where visible) give the

numerical integration errors for that bin. Each lower panel shows the distribution normalized to

the full NLO prediction, using the CDF experimental bins (that is, averaging over bins in the upper

panel). The scale-dependence bands are shaded (gray) for NLO and cross-hatched (brown) for LO.

so-called K factor (NLO to LO ratio).

We do not include PDF uncertainties in our analysis. For W + 1, 2-jet production at the

Tevatron these uncertainties have been estimated in ref. [35]. For these processes, they are

smaller than uncertainties associated with NLO scale dependence at low jet ET , but larger

at high ET .

For reference, we also show the LO distributions and corresponding scale-dependence

bands. The NLO predictions match the data very well, and uniformly (without any difference

in slope) in all but the highest ET experimental bin. The central values of the LO predictions,

in contrast, have different shapes from the data. In the upper panels, we have used 5 GeV

bins to plot the predictions, and have superposed the data points, although CDF used

27

W + 3 jets at NLO C. Berger et al, arXiv:0907.1984
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QCD

Lattice QCD now at few-percent precision.

mud, corresponding toMp ≅ 135MeV, are difficult.
They need computationally intensive calculations,
withMp reaching down to 200 MeVor less.

5) Controlled extrapolations to the contin-
uum limit, requiring that the calculations be
performed at no less than three values of the
lattice spacing, in order to guarantee that the
scaling region is reached.

Our analysis includes all five ingredients
listed above, thus providing a calculation of the
light hadron spectrum with fully controlled sys-
tematics as follows.

1) Owing to the key statement from renor-
malization group theory that higher-dimension,
local operators in the action are irrelevant in the
continuum limit, there is, in principle, an un-
limited freedom in choosing a lattice action.
There is no consensus regarding which action
would offer the most cost-effective approach to
the continuum limit and to physical mud. We use
an action that improves both the gauge and
fermionic sectors and heavily suppresses non-
physical, ultraviolet modes (19). We perform a
series of 2 + 1 flavor calculations; that is, we
include degenerate u and d sea quarks and an
additional s sea quark. We fix ms to its approxi-
mate physical value. To interpolate to the phys-
ical value, four of our simulations were repeated
with a slightly different ms. We vary mud in a
range that extends down to Mp ≈ 190 MeV.

2) QCD does not predict hadron masses in
physical units: Only dimensionless combinations
(such as mass ratios) can be calculated. To set the
overall physical scale, any dimensionful observ-
able can be used. However, practical issues in-
fluence this choice. First of all, it should be a
quantity that can be calculated precisely and
whose experimental value is well known. Sec-
ond, it should have a weak dependence on mud,
so that its chiral behavior does not interfere with
that of other observables. Because we are con-
sidering spectral quantities here, these two con-
ditions should guide our choice of the particle
whose mass will set the scale. Furthermore, the
particle should not decay under the strong in-
teraction. On the one hand, the larger the strange
content of the particle, the more precise the mass
determination and the weaker the dependence on
mud. These facts support the use of theW baryon,
the particle with the highest strange content. On
the other hand, the determination of baryon dec-
uplet masses is usually less precise than those of
the octet. This observation would suggest that
the X baryon is appropriate. Because both the
W and X baryon are reasonable choices, we
carry out two analyses, one withMW (theW set)
and one withMX (the X set). We find that for all
three gauge couplings, 6/g2 = 3.3, 3.57, and 3.7,
both quantities give consistent results, namely
a ≈ 0.125, 0.085, and 0.065 fm, respectively. To
fix the bare quark masses, we use the mass ratio
pairs Mp/MW,MK/MW or Mp/MX,MK/MX. We
determine the masses of the baryon octet (N, S,
L, X) and decuplet (D, S*, X*, W) and those
members of the light pseudoscalar (p, K) and

vector meson (r, K*) octets that do not require
the calculation of disconnected propagators.
Typical effective masses are shown in Fig. 1.

3) Shifts in hadron masses due to the finite
size of the lattice are systematic effects. There
are two different effects, and we took both of
them into account. The first type of volume de-
pendence is related to virtual pion exchange be-
tween the different copies of our periodic system,
and it decreases exponentially with Mp L. Using
MpL >e 4 results in masses which coincide, for
all practical purposes, with the infinite volume
results [see results, for example, for pions (22)
and for baryons (23, 24)]. Nevertheless, for one
of our simulation points, we used several vol-
umes and determined the volume dependence,
which was included as a (negligible) correction at
all points (19). The second type of volume de-
pendence exists only for resonances. The cou-
pling between the resonance state and its decay
products leads to a nontrivial-level structure in
finite volume. Based on (20, 21), we calculated
the corrections necessary to reconstruct the reso-
nance masses from the finite volume ground-
state energy and included them in the analysis
(19).

4) Though important algorithmic develop-
ments have taken place recently [for example

(25, 26) and for our setup (27)], simulating di-
rectly at physical mud in large enough volumes,
which would be an obvious choice, is still ex-
tremely challenging numerically. Thus, the stan-
dard strategy consists of performing calculations
at a number of larger mud and extrapolating the
results to the physical point. To that end, we use
chiral perturbation theory and/or a Taylor expan-
sion around any of our mass points (19).

5) Our three-flavor scaling study (27) showed
that hadron masses deviate from their continuum
values by less than approximately 1% for lattice
spacings up to a ≈ 0.125 fm. Because the sta-
tistical errors of the hadron masses calculated in
the present paper are similar in size, we do not
expect significant scaling violations here. This is
confirmed by Fig. 2. Nevertheless, we quantified
and removed possible discretization errors by a
combined analysis using results obtained at three
lattice spacings (19).

We performed two separate analyses, setting
the scale with MX and MW. The results of these
two sets are summarized in Table 1. The X set is
shown in Fig. 3. With both scale-setting proce-
dures, we find that the masses agree with the
hadron spectrum observed in nature (28).

Thus, our study strongly suggests that QCD
is the theory of the strong interaction, at low

Fig. 3. The light hadron
spectrum of QCD. Hori-
zontal lines and bands are
the experimental values
with their decay widths.
Our results are shown by
solid circles. Vertical error
bars represent our com-
bined statistical (SEM) and
systematic error estimates.
p, K, and X have no error
bars, because they are
used to set the light quark
mass, the strange quark
mass and the overall
scale, respectively.

Table 1. Spectrum results in giga–electron volts. The statistical (SEM) and systematic uncertainties
on the last digits are given in the first and second set of parentheses, respectively. Experimental
masses are isospin-averaged (19). For each of the isospin multiplets considered, this average is
within at most 3.5 MeV of the masses of all of its members. As expected, the octet masses are more
accurate than the decuplet masses, and the larger the strange content, the more precise is the
result. As a consequence, the D mass determination is the least precise.

X Experimental (28) MX (X set) MX (W set)
r 0.775 0.775 (29) (13) 0.778 (30) (33)
K* 0.894 0.906 (14) (4) 0.907 (15) (8)
N 0.939 0.936 (25) (22) 0.953 (29) (19)
L 1.116 1.114 (15) (5) 1.103 (23) (10)
S 1.191 1.169 (18) (15) 1.157 (25) (15)
X 1.318 1.318 1.317 (16) (13)
D 1.232 1.248 (97) (61) 1.234 (82) (81)
S* 1.385 1.427 (46) (35) 1.404 (38) (27)
X* 1.533 1.565 (26) (15) 1.561 (15) (15)
W 1.672 1.676 (20) (15) 1.672

21 NOVEMBER 2008 VOL 322 SCIENCE www.sciencemag.org1226
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Dürr et al, Science 322, 1224 (2008)

Successful post- and pre-dictions of hadron masses.

Essential input for hadron decay constants.
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Flavour sector – consistent with CKM structure of SM
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Flavour sector – rare decays sensitive to new physics

Example: B0
s → `+`−: No evidence of deviation from SM
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Current limit: BR < 4.7× 10−8
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Electroweak

Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

∆αhad(mZ)∆α(5) 0.02758 ± 0.00035 0.02767

mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874

ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4959

σhad [nb]σ0 41.540 ± 0.037 41.478

RlRl 20.767 ± 0.025 20.742

AfbA0,l 0.01714 ± 0.00095 0.01643

Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1480

RbRb 0.21629 ± 0.00066 0.21579

RcRc 0.1721 ± 0.0030 0.1723

AfbA0,b 0.0992 ± 0.0016 0.1038

AfbA0,c 0.0707 ± 0.0035 0.0742

AbAb 0.923 ± 0.020 0.935

AcAc 0.670 ± 0.027 0.668

Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1480

sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314

mW [GeV]mW [GeV] 80.399 ± 0.025 80.378

ΓW [GeV]ΓW [GeV] 2.098 ± 0.048 2.092

mt [GeV]mt [GeV] 173.1 ± 1.3 173.2

March 2009

Most measurements at the

per-mille level.

Sensitivity at the level of

electroweak loop corrections.

All consistent with Standard

Model.

Use measurements to put

strict limits on New Physics:

e.g., new W ′ exchanged at

tree-level ≥ 2 TeV.
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Why go Beyond the Standard Model?

The Standard Model has been stringently tested at colliders and

so far spectacularly confirmed.

QCD

- strong coupling: detailed understanding still being developed

- no indication of deviation from SM predictions

Flavour sector

- extremely strong bounds on tree-level FC interactions

- no evidence for FC beyond CKM structure

Electroweak

- strong bounds on new tree-level exchange

- strongly-coupled new physics difficult to squeeze in

Heather Logan (Carleton U.) BSM at Colliders (1) TSI ’09
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Why go Beyond the Standard Model?

But despite the successes of the SM, there are problems.

- Dark matter

- Hierarchy problem (Higgs mass scale)

- Baryon asymmetry (matter/antimatter imbalance) of the uni-

verse

- A whole slew of other “Why?” questions

Heather Logan (Carleton U.) BSM at Colliders (1) TSI ’09
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Dark matter – We see its gravitational effects
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Dark matter – it is not modified gravity

Pink – hot gas via x-ray emission

Blue – mass density as reconstructed from gravitational lensing

No SM particle has the right properties to be the dark matter.

Heather Logan (Carleton U.) BSM at Colliders (1) TSI ’09
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Hierarchy problem – Radiative corrections to the Higgs mass

H
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Integral is divergent like two powers of p. Cut it off at a high

scale Λ (e.g., Planck scale) → δµ2 ∼ − λ2
t

16π2Λ
2 ∼ −1033 × µ2.

Heather Logan (Carleton U.) BSM at Colliders (1) TSI ’09

14



Hierarchy problem – Radiative corrections to the Higgs mass

Renormalization: µ2 = µ2
0 + δµ2

Loops: δµ2 ∼ coupling2

16π2 Λ2

But we know µ2 ∼ (100 GeV)2 = µ2
0 + δµ2.

Normal procedure is to adjust µ2
0 to absorb the (divergent part

of the) radiative correction.

But for a high cutoff, → have to engineer a ridiculous cancellation

between µ2
0 and δµ2.

High-scale “true” value of µ2
0 is ridiculously finely-tuned.

Or:

- SM cutoff Λ is low, ∼ 1 TeV.

- New physics comes in at ∼ 1 TeV to cancel the bad Λ2 behavior

of δµ2.

Heather Logan (Carleton U.) BSM at Colliders (1) TSI ’09
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Baryon asymmetry of the universe:

SM electroweak baryogenesis would only have worked with a

much lighter Higgs. → New physics?

A whole slew of other “Why?” questions:

- Do the forces unify at a high scale?

- Why are there so many kinds of particles?

- Are there any new forces? New symmetries of nature?

- Where do neutrino masses come from?

- Are there extra dimensions of space?

- . . .

Heather Logan (Carleton U.) BSM at Colliders (1) TSI ’09
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Hierarchy problem: in some sense aesthetic (it could just be
ridiculous fine-tuning). Most BSM models are built to fix this.
– SUSY
– Little Higgs (various versions)
– Technicolour
– Randall-Sundrum / warped extra dimensions

Dark matter: direct experimental evidence that we need some-
thing new. Not guaranteed to be a new weak-scale particle.
Many BSM models provide a dark matter candidate.
– SUSY
– Little Higgs with T-parity
– Universal extra dimensions

There are many models: I’ll organize things by signatures.
I’ll try to sketch the model motivation, the main features, and
what they look like at colliders.

We’ll see that common motivations often lead to common sig-
natures.

Heather Logan (Carleton U.) BSM at Colliders (1) TSI ’09
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Start with the hierarchy problem: caused by bad renormalization

properties of scalar mass µ2.

Simplest solution: get rid of the scalar!

Can we still do electroweak symmetry breaking? Yes!

- Technicolour

- Higgsless models [via an interlude on warped extra dimensions]

. . . but it can be hard to squeeze into allowed range of elec-

troweak precision data.

Next-simplest solution: keep the scalar, but add new physics at

∼ TeV scale to cancel the Λ2 divergence.

- Little Higgs models

Common feature: new particles at ∼ TeV scale, which show up

in colliders as resonances.

Heather Logan (Carleton U.) BSM at Colliders (1) TSI ’09
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Technicolour

We haven’t discovered any fundamental scalars.

The only scalar particles that we know of are the mesons of

QCD, composite quark+antiquark bound-states confined by the

strong interaction.

Let’s take a closer look at this in QCD.

Ignore the electroweak couplings and masses of the quarks. To

QCD, all the quarks look alike; without masses the quarks are

chiral (qL and qR are separate states).

There is a global chiral flavour symmetry [nG = # of generations]:

Gχ = SU(2nG)L× SU(2nG)R.

The strong coupling runs stronger in the infrared (low energies)

until QCD confines.

After confinement there is a quark condensate 〈q̄LqR〉 6= 0.

Heather Logan (Carleton U.) BSM at Colliders (1) TSI ’09
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The quark condensate breaks the global chiral flavour symmetry:

SU(2nG)L× SU(2nG)R −→ SU(2nG)V .

[SU(2nG)V is the diagonal subgroup.]

There are thus (2nG)2 − 1 Goldstone bosons (massless pseu-

doscalar mesons): these are the pions (q̄q bound states).

Now turn the electroweak interactions back on. The quark con-

densate 〈q̄LqR〉 6= 0 breaks SU(2)L× U(1)Y down to U(1)EM.

The W± and Z get masses from the pion decay constant fπ:

mW = g
√

nGfπ/2, mZ =
√

g2 + g′2
√

nGfπ/2

where the “pion decay constant” fπ ' 93 MeV is related to the

condensate by 〈q̄LqR〉 ∼ 4πf3
π .

Electroweak symmetry has been broken! and notice mW = mZ cos θW

Unfortunately fπ gives way too small masses:

mW ' 52.7 MeV, mZ ' 59.6 MeV.

Compare actual masses: mW = 80.42 GeV, mZ = 91.188 GeV.

Heather Logan (Carleton U.) BSM at Colliders (1) TSI ’09
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This points the way to Technicolour.

Replicate QCD at 1 TeV instead of 1 GeV. (1976/1979)

New gauge group GTC that gets strong around a TeV

Have ND doublets of fermions charged under GTC

“Pion decay constant” becomes:
√

nGfπ →
√

NDFπT = 246 GeV

“QCD compositeness scale” becomes:

ΛQCD → ΛTC = few ×FπT

As in QCD, the model should have an infinite tower of bound

states – technihadrons.

E.g., techni-rho ρT (isotriplet vector meson); techni-omega ωT

(isosinglet vector meson).

Both are colour singlets: produced by weak interactions. W ′, Z′

searches.

Heather Logan (Carleton U.) BSM at Colliders (1) TSI ’09
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Technicolour scale ΛTC is where the gauge coupling αTC runs
strong: just like for ΛQCD.
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Scale of ΛTC, and hence the EW scale, is ultimately set by the
starting value of αTC at MPl.
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Constraints and problems of Technicolour

There are two main problems with QCD-like Technicolour:

Flavour-changing neutral currents
New interactions needed to generate quark masses also give
flavour-changing interactions.
These cause big problems if their scale is below ∼ 100 TeV.
But we need their scale low to generate c, b (t??) masses.

Electroweak precision constraints
Technicolour is a strongly coupled theory: we can’t calculate
things well.
But we have QCD as a model: assume TC is QCD-like, then
read off corrections to EW precision observables.
It’s ruled out. :P

The way around both of these problems is Technicolour that is
not like QCD. But without the guidance of QCD data, we don’t
know how to calculate things.
And there Technicolour lingered half-dead for many years, until the end of the 20th century...
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Randall-Sundrum (RS) model: a warped extra dimension (1999)

Model introduces a 5th dimension, but unlike our 4 dimensions:
5th dimension is “warped” (the metric is not flat).

ds2 = e−2kr|φ|ηµνdxµdxν − r2dφ2

SSI 2004 Greg Landsberg, Searching for Extra Dimensions at the Tevatron 19
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figures from talk by Landsberg, SLAC Summer Institute 2004

e−2kr|φ| is called the “warp factor”.
φ = [0, π] is the coordinate in the 5th dimension.

Scales from the Planck brane (φ = 0) get “warped down” on the
SM brane (φ = π):
The SM brane cutoff is Λπ = MPle

−krπ.
For kr ∼ 11, Λπ ∼ TeV: hierarchy problem solved!
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To explain fermion masses, let the SM particles propagate in the
bulk.

Gauge fields in the bulk: meaningful theory up to MPl; can talk
about gauge coupling unification.

Choose appropriate set of parti-

cles to enter the bulk: can even

get unification with only SM on

the TeV brane.

from Randall & Schwartz, hep-th/0108114 JHEP11(2001)003
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Figure 4: α−1 as a function of log10(MGUT /MZ). Unification of couplings for Λ = k (solid

lines). The standard model is shown for comparison (dashed lines).

scale, For example, if we take Λ = 5, the scale drops from 1014 to 108. So, if we expect

unification near the string scale, we must have Λ ≈ 1. We assumed that I(Λ, q) was
constant. As we mentioned before, the additional effect from the first order term,

I1 is suppressed by MGUT /k. So if MGUT " k it is negligible, but if MGUT ≈ k, it
can be significant. Even though our regularization scheme cannot tell us the precise

effect from the 1-loop calculations, we can easily determine the sign. I1(Λ) is the
the slope of the curves in figure 2, and is always negative. So for MGUT ≈ k, these
corrections will lower the unification scale.

Now consider the second scenario, where the XY bosons are decoupled from the

standard model by changing their Z2 parity. Then the coefficient of the log picks up
an additional piece, proportional to Id

0 (Λ), as listed in the massless Dirichlet vector

column of table 2. Since complete multiplets do not contribute to unification, we can
simplify equations (10.1)–(10.3) by substituting:

I0(Λ) → I0(Λ) − Id
0 (Λ) . (10.4)

The main effect of this is that it allows us to go to higher values of Λ without lowering

the unification scale too much. For example, I0(5) = 1.954, but I0(5)−Id
0 (5) = 1.473.

This makes MGUT ≈ 1011 rather than 108 as it would be without these additional

states. We can also put in fields transforming as adjoints or fundamentals under the
GUT group with Dirichlet or Neumann components. There are too many possibilities

for us to examine them here, but it is fairly straightforward to work out how they
affect unification.

Finally consider the third scenario, where matter is on the Planck brane. Here
SU(5) might be broken by a massive adjoint in the standard way, and the triplet

might be coupled to some heavy missing partners. Proton decay is suppressed by at
least k−2, as we can see from (6.10). Unification is similar to the second scenario,

but we must make the replacement I0(Λ) → I0(Λ) − I1,m
0 (Λ) in equations (10.1)–

(10.3). From table 2, we can see that if the XY bulk mass is m = 1, the relevant

25

Fermions in the bulk: avoid possible FCNC operators cut off
by Λπ ∼ TeV by putting them near the Planck brane: effective
cutoff becomes very high.

Higgs must still be localized on or near the “TeV brane”:
Want the Higgs to feel the low cutoff Λπ ∼ TeV to retain solution
to the hierarchy problem.
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Higgs-fermion couplings: fermion wavefunctions have to overlap
with the Higgs wavefunction.

Light fermions can be localized near

the Planck brane: offers warped-

extra-dimensional explanation of large

fermion mass hierarchy: warp expo-

nential converts reasonable parameter

range to huge mass hierarchy.

Top quark is heavy: need large overlap

with the Higgs: must be localized near

the TeV brane.
0 1 2 3 4 5 6 7 8 9 10

Q2

u2

Q1

d3

Q3, u3

<H>   (on brane)

y

Figure 2: Zero mode profiles for some of the quarks, for the model with the Higgs VEV

localized at y = 0.

masses on the order of 100 TeV. The 5d mass terms are,

L =

{
Y e

ij

M∗
〈H〉 li ej +

Y ν
ij

M∗
〈Hc〉 li νj

}
δ(y) + Mν

Rij νc
i νj + h.c. (2.17)

Moving to the Kaluza-Klein description, the zero modes for the left-handed neutrinos

have Dirac masses with the entire tower of right-handed neutrino modes. The spacing

in this tower will not be the compactification scale 1/L but characteristic of the width

of the localized wave function. The contributions to the low energy neutrino masses

will differ from those estimated below (where we only take into account zero modes)

by coefficients of order unity, which is to the accuracy we are currently working.

The Dirac masses for the charged and neutral leptons are again proportional to

wave functions evaluated at y = 0,

me
ij

v
=

Y e
ij

M∗
ψ0

li(0) ψ0
ej

(0) ,
mν

ij

v
=

Y ν
ij

M∗
ψ0

li(0) ψ0
νj

(0), (2.18)

which for the charged leptons may simply be diagonalized. Once again, we integrate

out the heavy singlet neutrinos, resulting in an effective Majorana mass matrix for

10

from Kaplan & Tait, hep-ph/0110126

Expect to get new physics operators affecting the top quark with
a low cutoff Λπ ∼ TeV.

Everything that lives in the bulk gets Kaluza-Klein modes starting
at the scale Λπ. Spacing of the modes depends on warp factor
and where the zero-mode is localized in the bulk.
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Couplings between particles depend on the overlap of the wave-

functions in the 5-dim space.

Can get enhancements or suppressions of KK mode production

cross sections, flavour dependence, etc.

Phenomenology:

KK modes are produced as resonances.

Gauge boson KK excitations: Z′, W ′ searches; also g′ KK gluon.

Because of shape of fermion wavefunctions in the bulk, KK gauge

excitations couple preferentially to tR.

Fermion KK excitations: produce them in pairs, or singly if they

mix with the SM fermions [mixing is constrained by FCNC considera-

tions].

Heather Logan (Carleton U.) BSM at Colliders (1) TSI ’09
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KK gluon → tt̄: highly boosted top jets

Parton-level study, 3 TeV g′:
6

TABLE I: Selection cuts in the semileptonic tt̄ channel.

3. Differential cross section

The SM top pair production rate falls steeply as a func-
tion of the invariant mass. The uncertainty from PDF’s
in this shape is far less than that in the total cross-section.
Hence we look for a signal from KK gluons in the differ-
ential tt̄ cross-section as opposed to simply counting the
total number of tt̄ events. We do not expect a sharp
resonance in this distribution due to the large width of
the KK gluon, but we do obtain a statistically significant
“bump” as discussed below.

The differential cross section as a function of mtt̄ is
shown in Figs. 4 and 5 for MKKG = 3 TeV produced
at the LHC. In Fig. 4 we compare the total (signal +
background) distribution to the SM (background) distri-
bution, based on a partonic-level analysis. In Fig. 5, we
focus on the area near the peak and we consider con-
tributions from the reducible background (from Wjj).
We show the particle level results and the correspond-
ing statistical uncertainties of event reconstruction. The
predictions for the SM and SM+RS models, based on
partonic-level analysis (same as in Fig. 4), are also shown
for comparison. We see that, since the partonic and par-
ticle level data are consistent with each other, we do not
expect a large bias in the ability to reconstruct the KKG
mass.
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FIG. 4: Invariant tt̄ mass distribution for MKKG = 3 TeV
production at the LHC. The solid curve presents sig-
nal+background distribution, while the dashed curve presents
the tt̄ SM background, based on partonic level analysis.

In the following we describe the reconstruction effi-
ciency and how we estimate our signal to background
ratio and the sensitivity to the KK gluon mass based on
this analysis. Following [13], we assume a 20% efficiency
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FIG. 5: Invariant tt̄ mass distribution for 3 TeV KKG, fo-
cusing on the area near the peak. The error bars corre-
spond to statistical uncertainties and represent our particle
level analysis. The dotted line stands for the SM predic-
tion. The dashed-dotted line shows the Wjj background.
The dashed line shows the signal+background from Sherpa’s
partonic level analysis.

for tagging b-jets (εb), independent of the b-jet energy.
Our particle level study shows that the efficiency of the
additional cuts described, εcut, in Table I for the recon-
struction of tt̄ system in the mass window around KKG
is about 20(21)% for mtt̄ = 3(4)TeV. We find that for
the SM the reconstruction efficiency is lower, 9(10)% for
mtt̄ = 3(4) TeV. The signal+background (BG+KKG)
and background (BG) reconstruction efficiencies differ
because the BG and BG+KKG events have different
kinematics. The background is dominated by gg fusion
events which are more forwardly-peaked in the top pair
center of mass (cm) frame than the qq̄ fusion events.
Hence, the gg events have a smaller PT

9 than the qq̄
events. Since KK gluon signal comes only from qq̄ fu-
sion, the pT cut on the top-quark reduces background
more than the signal.

In addition, the branching ratio for the lj decay is given
by BRlj = 2 × 2/9 × 2/3 " 0.3. The total efficiency is
given by BRlj × εcut × εb ∼ 1%.

We estimate the statistical significance of our signal
by looking at the bump. An invariant tt̄ mass window
cut 0.85MKKG < Mtt̄ < 1.5MKKG is applied. The
lower bound corresponds roughly to the width. The
upper bound is not particularly important due to the
steep falloff in cross section. Below the MKKG thresh-
old, the signal+background distribution is actually be-
low the background one due to destructive interference.
Therefore, we choose an asymmetric mass window cut.
We estimate the ratio of the signal, S, to the statistical
error in the the background,

√
B, via our particle level

9 Note that, inside the mass window, the total momentum/energy
of each top quark in cm frame is roughly fixed at MKKG/2.

Agashe et al., PRD 77, 015003 (2008)

Heather Logan (Carleton U.) BSM at Colliders (1) TSI ’09
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Connection with Technicolour?

Randall-Sundrum warped spacetime is an Anti–de Sitter (AdS)
space: a space with negative curvature (in the 5th dimension).
There is a (conjectured) correspondence between theories in AdS
space and conformal field theories (CFT) on the edge bounding
the space [AdS/CFT or Maldacena conjecture (1997)]

Conformal means scale-invariant: the couplings don’t run.
Walking Technicolour is approximately conformal in the energy
range we’re interested in.

The AdS is weakly curved (gravity is weakly coupled) where the
CFT is strongly coupled: this gives us a way to calculate! (to
the extent that the correspondence is valid.)

5-dim states on or near the TeV brane correspond to bound
states of the CFT.
5-dim states on or near the Planck brane correspond to funda-
mental (pointlike) particles.

Heather Logan (Carleton U.) BSM at Colliders (1) TSI ’09
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Stripped-down version: “Higgsless models”

5-dim picture: SM gauge sector is in the bulk.
Boundary conditions chosen so there is no zero mode: Lightest
gauge boson is 1st KK excitation!
EWSB is caused by extra-dimensional boundary conditions.

Go down to 4-dim: Models contain KK excitations of the W, Z

which play some of the role of the Higgs in regularizing longitu-
dinal gauge boson scattering.
Presumably corresponds to a Walking Technicolour–like CFT
theory: new vectors interpreted as techni-rho–like states.
The theory stays under control up to somewhat higher energies
than the SM without a Higgs.

EW precision constraints:
Walking Technicolour wasn’t calculable.
But now the 5-dim theory is (more or less) calculable:
Generically constraints from EWP are severe, but can build good
models that evade them.

Heather Logan (Carleton U.) BSM at Colliders (1) TSI ’09
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Use RS to mock up an actual technicolour model, study phe-
nomenology Two models, W ′

1,2 → WZ, Wγ 2

We assume strong interactions are parity symmetric.
Once coupled to the EW sector, physical mass eigen-
states (W±

1,2, Z1,2) are an admixture of axial and vector
eigenstates. Therefore, both triplets of resonances couple
to the longitudinal W, Z.

Benchmark points: Our description is very econom-
ical in terms of new parameters: the size of the ED (l1),
the amount of departure from rescaled-QCD (oV,A) and
he coupling to fermions (gffV ).

We emphasize that HTC is not a model of EWSB,
rather it is an organizational scheme which allows us to
describe viable resonance models in terms of a few param-
eters. To give a sample of the phenomenology coming out
of this description, we chose two benchmark points in the
parameter space, HTC1 and HTC2.

Signal !1(TeV−1) oV oA gffV /g2

HTC 1 6.3 -10 0 0.1

HTC2 8 -22.5 0 0.05

For the point HTC1 above, MW1,2 ∼ (600, 680)GeV
and width ΓW1,2 ∼ (4, 2)GeV. For HTC2, MW1,2 ∼
(500, 630)GeV and width ΓW1,2 ∼ (1, 4)GeV. Small
Γ
M

can be understood from a purely 4D point of view:
HTC1 and HTC2 describe resonances as bound states
of a strongly coupled theory, but whose interactions are
determined by the number of colors, NTC, of the strong
sector. Large values of NTC correspond to weakly cou-
pled (i.e. narrow) resonances. In the HTC1 point, both
resonances are visible in the s-channel production to WZ
and Wγ. The mass separation between the W1 and W2

is larger in HTC2, leading to a different phenomenology:
only the lightest resonance is visible in the s-channel pro-
duction to Wγ.

Constraints : The geometry parameters oV , oA l1
are constrained by LEP limits on anomalous triboson
couplings [9]. The gffV are constrained by direct Z ′, W ′

Tevatron cross section bounds [19, 20] and by contact
interaction limits [9, 21]. We have also checked that the
resonances do not disrupt the measured Tevatron W Z,
γW cross sections [22, 23] and high pT distibutions [22,
24].

s-channel production to WZ: We first consider
ŝ-channel production of a new vector resonance to W±Z
final state. Within the narrow width approximation
(NWA), the signal cross section for each new resonance
is (

1

s

dL

dτ

)
g2

ffV g2
1M

5
W1,2

1152M2
WM2

ZΓW1,2

(
1 + O

(
M2

W

M2
W1,2

))
, (1)

where s is the square of the LHC center of mass energy,

g1 is a triboson coupling and dL
dτ

=
∫

dx1

x1
fq(x1)fq̄(

M2
ρ

x1s
)

[25].
The fully leptonic decay mode W±Z → 3! + ν, ! =

e, µ, is the cleanest mode and is not plagued by difficult
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FIG. 1: HTC1 (upper) and HTC2 (lower) - WZ (left) and
Wγ (right) channels (L = 10 fb−1).

QCD backgrounds. The important backgrounds for this
process are, W±Z → 3! + ν (irreducible), ZZ → 4!,
Z + bb̄ → !+!− + bb̄ and tt̄. All of the backgrounds were
generated at parton level using ALPGENv13 [26].

We implemented HTC into the event generator Mad-
Graph [27] and its add-on BRIDGE [28]. We modi-
fied both programs to handle anomalous triboson ver-
tices. The parton level events were passed through
PYTHIAv6.4 [29] for parton showering, fragmentation,
and hadronization, and then through PGS 4.0 [30] for
detector simulation4.

The standard minimal cuts we impose are: 1.) ex-
actly 3 leptons with pT > 10 GeV, |η| < 2.5. Of these
leptons, at least one must have pT > 30 GeV, 2.) 2
same-flavor, opposite charge leptons reconstruct the Z
mass to within 3ΓZ , and 3.) HT,jets < 125 GeV, where
HT,jets =

∑
jets pT,jets. Cut 1.) reduces the back-

ground from ZZ, while cuts 2.) and 3.) suppress
the contribution from tt̄. The significance can be en-
hanced by cutting on the minimum pT of the W and
Z (pT > 100 GeV). By assuming ET,miss = pT,ν and
constraining (pe +pν)2 = M2

W we can solve for the ẑ mo-
mentum of the neutrino5. This allows us to reconstruct
the W momentum. See TABLE I for details.

4 We use the PGS ATLAS parameter set available with MAD-
GRAPH4.0. The relevant parameters are the calorimeter seg-
mentation ∆η × ∆φ = 0.1 × 0.1, the jet energy resolu-
tion δE/Ejet = 0.8/

√
E, and the electromagnetic resolution

δE/Eem = 0.1/
√

E + 0.01.
5 There is a two-fold ambiguity in pz,ν which we resolve by taking

the solution with greater bp" · bpν

Hirn, Martin & Sanz, JHEP 0805, 084 (2008)

Heather Logan (Carleton U.) BSM at Colliders (1) TSI ’09
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Use RS to mock up an actual technicolour model, study phe-

nomenology Another TC model, more paired resonances.

Collider signals: vector resonances

- produced via qq̄ → V ′

- decay via V ′ → ff̄ or V ′ → V V

Z′ → `` W ′ → `ν W ′ → ZW → ```ν

(MT
! )2 = [

√
M2(!) + p2

T (!) + |/pT |]2 − |"pT (!) + /"pT |2 (23)

(MT
3!)

2 = [
√

M2(!!!) + p2
T (!!!) + |/pT |]2 − |"pT (!!!) + /"pT |2 (24)

We also add a cut on the transverse missing energy /ET > 15 GeV. We consider the

representative parameter space points g̃ = 2, 5 and MA = 0.5, 1, 1.5, 2 TeV for our plots and

discussion.

The invariant mass and transverse mass distributions for signatures (1)-(3) are shown in

Figs. 9-11. In the left frames of Figs. 9 and 10, corresponding to g̃ = 2, clear signals
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FIG. 9: Dilepton invariant mass distribution M!! for pp → R0
1,2 → !+!− signal and background

processes. We consider g̃ = 2, 5 respectively and masses MA = 0.5 Tev (purple), MA = 1 Tev
(red), MA = 1.5 Tev (green) and MA = 2 Tev (blue).

from the leptonic decays of R0
1,2 and R±

1,2 are seen even for 2 TeV resonances. Moreover

Fig. 9 demonstrates that for g̃ = 2 both peaks from R0
1 and R0

2 may be resolved. The lepton

energy resolution effects should not visibly affect the presented distributions. In the case

of signature (2) a double-resonance peak is also seen at low mass, but the transverse mass

distribution MT
! is not able to resolve the signal pattern as well as the M !! distribution for

signature (1), because of the presence of missing transverse momenta from the neutrino. This

analysis must be improved via a full-detector simulation. However, for larger masses only a

single resonance is visible because the R±
1 coupling to fermions is strongly suppressed. This

is a distinguishing footprint of the NMWT model at higher masses closer to the inversion
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FIG. 10: MT
! mass distribution for pp → R±

1,2 → !±ν signal and background processes. We consider
g̃ = 2, 5 respectively and masses MA = 0.5 Tev (purple), MA = 1 Tev (red), MA = 1.5 Tev (green)

and MA = 2 Tev (blue).
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FIG. 11: MT
3! mass distribution for pp → R±

1,2 → ZW± → 3!ν signal and background processes.

We consider g̃ = 2, 5 respectively and masses MA = 0.5 Tev (purple), MA = 1 Tev (red), MA = 1.5
Tev (green) and MA = 2 Tev (blue).

point: only a single peak from the R±
2 will appear in the single lepton channel while a double

peak should be visible in the di-lepton channel.

Let us now turn to the case of g̃ = 5 in the right frames of Figs. 9 and 10. For large g̃

the Rff couplings are suppressed, so observing signatures (1) and (2) could be problematic

(quantative results for the LHC reach for all signatures are presented below). However, for

large g̃, the triple-vector coupling is enchanced, so one can observe a clear signal in the MT
3!
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1,2 → !±ν signal and background processes. We consider
g̃ = 2, 5 respectively and masses MA = 0.5 Tev (purple), MA = 1 Tev (red), MA = 1.5 Tev (green)

and MA = 2 Tev (blue).

10
-1

1

10

10 2

500 1000 1500 2000

S=0.3
g̃=2

MT
3l (GeV)N

u
m

b
er

 o
f 

ev
en

ts
/2

0 
G

eV
 @

 1
00

 f
b

-1

10
-1

1

10

10 2

500 1000 1500 2000

S=0.3
g̃=5

MT
3l (GeV)N

u
m

b
er

 o
f 

ev
en

ts
/2

0 
G

eV
 @

 1
00

 f
b

-1

FIG. 11: MT
3! mass distribution for pp → R±

1,2 → ZW± → 3!ν signal and background processes.

We consider g̃ = 2, 5 respectively and masses MA = 0.5 Tev (purple), MA = 1 Tev (red), MA = 1.5
Tev (green) and MA = 2 Tev (blue).

point: only a single peak from the R±
2 will appear in the single lepton channel while a double

peak should be visible in the di-lepton channel.

Let us now turn to the case of g̃ = 5 in the right frames of Figs. 9 and 10. For large g̃

the Rff couplings are suppressed, so observing signatures (1) and (2) could be problematic

(quantative results for the LHC reach for all signatures are presented below). However, for

large g̃, the triple-vector coupling is enchanced, so one can observe a clear signal in the MT
3!
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Belyaev et al., PRD 79, 035006 (2009)
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Generic features:

New heavy spin-1 resonances, decaying to f̄f or V V

→ construct the invariant mass peak

→ use features of decay to learn about model parameters

W ′ → ZW decays are a signal that W ′ is mixed up with the SM

gauge groups.

New fermions (KK excitations of SM fermions)

– often very heavy, few TeV

Heather Logan (Carleton U.) BSM at Colliders (1) TSI ’09
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Generic problem:
– have to stretch to conform to electroweak precision constraints
– generally difficult without a light Higgs

Best fit mass within SM

is 90 GeV.

LEP excludes mH < 114.4

GeV; Tevatron excludes

160–170 GeV.

One-sided 95% CL up-

per limit 163 GeV (or 191

GeV including LEP exclu-

sion).
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So what happens if we add a Higgs back in?

There are strong constraints on Technicolour (and strongly-
coupled theories in general) from precision electroweak measure-
ments.
A general analysis indicates that new strongly-coupled physics
(exchanged at tree level) shouldn’t be lighter than roughly 10
TeV.

δµ2 ∼ (g2/16π2)Λ2 → mH ∼ (g/4π)Λ ∼ 0.1Λ for naturalness.
So we want Λ ∼ TeV.
Because of EW precision constraints, this is difficult!

But if δµ2 appeared only at 2-loops, then:
δµ2 ∼ (g2/16π2)2Λ2 → mH ∼ (g/4π)2Λ ∼ 0.01Λ
So Λ ∼ 10 TeV is ok!

This split (1 TeV → 10 TeV) is sometimes called the “Little
Hierarchy” (as opposed to the Big Hierarchy between MW and MPl).
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We want something like this:

4π
g f2

 f4π~Λ
Strong 

Coupling
Weak

Coupling� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �

� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �

gf

"Little" Higgs

New States

10 − 30 TeV

1 − 3 TeV

100 − 300 GeV

Still need new states at ∼ 1 TeV to cancel the 1-loop Higgs mass
divergence.
Enforce cancellation using a global symmetry: need to add new
things that transform into the SM under the global symmetry.
The global symmetry gets spontaneously broken, giving mass to
the new things around 1 TeV.

This is the idea behind Little Higgs models.
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What are the new states?

Little Higgs models include:

- New gauge bosons to cancel

the SM gauge loops

- New scalars to cancel the Higgs

self-interaction loop

- New “top-quark-partner” to

cancel the top loop

W

_

λλ _

h φ

2g 2 g

W

diagrams from Schmaltz, hep-ph/0210415

H

t

t

H

a)

H

T

t

H

b)

T

c)

λ t λ t λT λT

T

H Hλ′T--------
MT

MT

×

diagrams from Han, Logan & Wang, hep-ph/0506313
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New gauge bosons to cancel the SM gauge loops:

Product group models:

Littlest Higgs

SU(2)1×SU(2)2×U(1)Y

→SU(2)L×U(1)Y

Broken generators:

SU(2) triplet W±
H , ZH

blah

Couplings to fermions:

Left-handed doublets trans-

form under SU(2)1
Free mixing angle

cot θ = g1/g2

Simple group models:

SU(3) Simple Group

SU(3)×U(1)X →SU(2)L×U(1)Y

Broken diagonal generator Z′;
broken off-diagonal generators

X±, Y 0

Couplings to fermions:

Left-handed doublets embedded

in SU(3); U(1)X charges fixed

by hypercharges.

Two possible embeddings:

universal and anomaly-free,

each with fixed couplings.

Heather Logan (Carleton U.) BSM at Colliders (1) TSI ’09

40



Phenomenology: ZH , WH production at LHC

Han, Logan, & Wang, hep-ph/0506313

Littlest Higgs [dots]: MZH
= MWH

. Cross section ∝ cot2 θ.

SU(3) Simple Group [solid & dashes]: Z′ cross section depends
only on fermion embedding (discrete choice). MX = 0.82MZ′;
X± production very suppressed.
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Littlest Higgs: Search for ZH.
ZH → `+`− and ZH → Zh signals at LHC
Trick: reconstruct invariant mass peak of `+`− or Zh → `+`−bb

m2
ab = (pa + pb)
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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.

18

plots from Azuelos et al, hep-ph/0402037 cot θ = 0.5

MZH
= 2 TeV with 300 fb−1
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Littlest Higgs: Search for WH
WH → `ν and WH → Wh signals at LHC
Trick: (1) reconstruct transverse mass of ` pmiss

T or (2) recon-
struct W knowing its mass then reconstruct Wh invariant mass
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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.

19

plots from Azuelos et al, hep-ph/0402037 cot θ = 0.5

[MWH
= 1 TeV only]
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Definition of transverse mass:

Usual invariant mass is:

m2
ab = (pa + pb)

2 = m2
a + m2

b + 2pa · pb

= m2
a + m2

b + 2EaEb − 2~pa · ~pb

But if one of the particles is a neutrino, all we know are its

transverse energy and transverse momentum.

Transverse mass is defined as [4-vector pT = (ET , ~pT ,0)]:

m2
T = (pTa + pTb)

2 = 2ETaETb − 2~pTa · ~pTb

mT is always less than the parent particle’s true mass.
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Testing the gauge coupling structure to fermions:

Z′ → µ+µ− vs. b̄b vs. tt̄ 4

Rt/µ
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FIG. 3: Rb/µ versus Rt/µ for MZ′ = 2 TeV for the E6(χ),
E6(ψ), E6(η) [1]., Left-Right Symmetric Model (gR/gL = 1)
(LR) [33], Alternate Left-Right Model (gR/gL = 1) (ALR)
[41], Simplist Little Higgs Model (SLH) [34, 35], Littlest Higgs
Model (cot θH = 1) (LH) [35, 42], 3-3-1 2U1D Model [36], TC
- Topcolour (tan θ = 0.577) [9, 37]. The error bars are the
statistical errors based on the integrated luminosity shown in
the figure.

SM. The main challenge would be to reduce the measure-
ment errors sufficiently to discriminate between models
and make accurate measurements of the b- and t-quark
couplings to the Z ′. The major unknown in the analysis
is the detection efficiency of the t and b-quarks. To ac-
count for this we considered two scenarios, an optimistic,
high efficiency scenario using larger values for εt and εb

given in the literature, and a pessimistic, low efficiency
scenario which used more conservative values. We expect
that the LHC experiments will attain values somewhere

in between. Given the promise of this approach, a more
detailed detector level study to see the effects of detector
resolution is warranted.

The authors thank P. Kalyniak, H. Logan, H. Hou, J.
Reuter, T. Rizzo, and T. Schwartz for helpful discussions
and communications. This research was supported in
part by the Natural Sciences and Engineering Research
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Want the top loop to be cancelled also:
Need to implement collective symmetry breaking in top sector.
To set up the required global symmetry, have to enlarge the top
sector.

Give the top something to transform into under the global symmetry.

Upshot: have to add an extra “top-partner” quark T .
T is an electroweak singlet (has no SU(2) partner “heavy b”).
T has both left- and right-handed components: a Dirac fermion.

[T mass ∼ TeV; does not come from EWSB]

T mixes a little with the SM top quark [get TbW , TtZ, Tth couplings]

Coupling sum rule for top divergence cancellation:

λ2
t + λ2

T = λ′T

H

t

t

H

a)

H

T

t

H

b)

T

c)

λ t λ t λT λT

T

H Hλ′T--------
MT

MT

×

diagrams from Han, Logan & Wang, hep-ph/0506313
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Production of the top-partner T in the Littlest Higgs model:

Wb → T

from Han, Logan, McElrath, & Wang, hep-ph/0301040
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T decays into the 3rd-gen left-handed quark doublet (tL, bL) and

the components of the Higgs doublet (G+, (h + G0)/
√

2):

T → tZ (25%), T → bW (50%), T → th (25%).

T → tZ, T → bW , and T → th decay mode searches at LHC:
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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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Figure 3: Reconstructed mass of the W (inferred from the measured lepton and /ET ) and tagged
b−jet. The signal arises from the decay T → Wb and is shown a for mass of 1000 GeV. The
background, shown separately as the filled histogram, is dominated by tt and single top production
(the former is larger). The signal event rates correspond to λ1/λ2 = 1 and a BR(T → Wb) of 50%.
More details can be found in Ref [17].
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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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plots from Azuelos et al, hep-ph/0402037 [for mh = 120 GeV]
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Where we are so far: trying to solve the hierarchy problem

Simplest solution: get rid of the scalar!
Can we still do electroweak symmetry breaking? Yes!

- Technicolour
- Higgsless models [via an interlude on warped extra dimensions]

. . . but it can be hard to squeeze into allowed range of elec-
troweak precision data.

Next-simplest solution: keep the scalar, but add new physics at
∼ TeV scale to cancel the Λ2 divergence.

- Little Higgs models

Common feature: new particles at ∼ TeV scale, which show up
in colliders as resonances.

What about SUSY?
What about dark matter?
We’ll see next that a small but important addition to the theo-
retical structure leads to very different experimental signatures.
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