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• Effectively the LHC era has begun in 2010, with ~ 35 pb-1 of 7 TeV data per 
experiment being analyzed by ATLAS and CMS

• 2011 is likely to be the most exciting year of the LHC era, since most the discovery 
reach (in some metric) will be covered by the first few fb-1 of 8 TeV data

• What will the LHC experiments discover???

• The canonical discovery program is based on the expectation of a more-or-less 
SM-like Higgs and on TeV scale supersymmetry

• Many of us have voted with our feet that these are good bets

The LHC Era has begun!



Samuel CC Ting,  La Thuile 2006
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• The LHC era will last a long time

• Consider the Tevatron, celebrating its 25th year of operations and still doing exciting 
frontier physics

• LHC (with upgrades) will be the same

• Nominally the LHC pp physics program is 300 fb-1, but it will eventually be more

• This huge amount of data, combined with the amazing capabilities of the ATLAS and 
CMS detectors, will allow us to overcome the intrinsic messiness of pp collisions

• We should therefore be very ambitious about the physics goals of the long-term 
LHC program

The LHC is a precision machine
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J.L. complaining at a 2005 MCTP workshop:

“Why do almost all LHC studies by theorists and experimenters assume 30 to 100 fb-1?  
We should have a lot more people thinking about 100 pb-1 to 1 fb-1”

J.L. complaining at a 2010 MCTP workshop:

“Why do almost all LHC studies by theorists and experimenters assume 100 pb-1 to 1 fb-1?  
We should have a lot more people thinking about 300 fb-1 to 3000 fb-1”

The LHC Era: looking ahead

Tevatron history: a full-scale joint CDF-D0-theorist analysis of 
Tevatron Higgs sensitivity with 20 fb-1 was completed in 1998, a time 
when the Tevatron data set was ~100 pb-1, and Run II was defined as 
2 fb-1
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Conference on LHC Last Data
December 12-14, 2025

Sponsored  By: MCTP, UMATLAS, and our Cylon Overlords

Two kinds of scenarios that imply thinking about the later stages of the LHC era:

• Relatively early discoveries that then raise many challenging follow-up questions

• Discoveries/measurements that intrinsically require very large data sets
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1. Discovery of a 120 GeV resonance consistent with being a SM Higgs boson

2. No Higgs boson found

3. Discovery of some new heavy particles consistent with supersymmetry

4. Discovery (at LHC or elsewhere) of new sources of flavor/CP violation

5. Discovery of a missing energy signature/s consistent with WIMP dark matter

Relatively early discoveries that imply many 
challenging follow-up questions
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• Is it spin 0?

• Is it CP even? To what extent can you exclude a CP odd component?

• Does it come from a weak doublet?

• Are its couplings proportional to masses?

• Is it composite or an elementary scalar?

• Are there other neutral or charged resonances?

• Does other things decay into it?

• Did you look at all possible associated production of it?

Discovery a 120 GeV resonance consistent 
with a SM Higgs

Some immediate questions:
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• Measure h-> bb 

• Measure h -> WW and h-> ZZ

• Measure h-> tautau

• Measure h -> Z gamma

• Measure h-> mumu

• Measure h-> cc (?)

• Measure h-> gg (how?)

• Measure/constrain h-> invisible

• Measure/constrain h-> cascade 

• Measure/constrain self-couplings of h

Discovery a 120 GeV resonance consistent 
with a SM Higgs

Partial list of things we need to do then:
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• for 145 GeV SM Higgs we can exclude the general spin one hypothesis 
at 5 sigma with 60 signal events

Some of this may happen around the moment of discovery

A. De Rujula, J.L., M. Pierini, C. Rogan, M. Spiropulu, arXiv:1001.5300

Example: ZZ -> 4 lepton final state:
0+ neutral resonance versus any spin 1 look-alike

28
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FIG. 47: Significance for excluding values of !, for "=#/2, in
the general J=1 hypothesis [dubbed 1PC(!")] in favor of the
0+ one, assumed to be correct. Results for mH=350 GeV/c2

and NS=50. The dashed line is the median of the significance.
The 1 and 2 $ bands correspond to 68% and 95% median-
centered confidence intervals.

tent with Figs. 22 and 23 on these pure cases.

Assuming a J=1 resonance with given ! and " to be
the correct choice, we determine the significance with
which we can exclude the 0+ case in favor of J=1. We
have to treat ! and " as nuisance parameters, since we
are considering the general J=1 case. The statistic is
log[maxL(!̂, "̂)/L(0+)]. The results, as functions of ! for
"=#/4 and mH=200 GeV/c2, are given in Fig. 48, which
shows that one can potentially exclude the 0+ hypothesis
without knowing the actual values of ! and ". Prospects
for measuring these angles are discussed in Sec. VIIG.

In Fig 49 we show the significance for the distinction
between the 0+ and the general J=1 cases, as a func-
tion of ! and ", for mH=145, 200, and 350 GeV/c2. No-
tice that the significance levels colour-coded as a z-“axis”
range over a small interval. This means that the entire
J=1 family is almost “equally dissimilar” to 0+. In gen-
eral, one’s ability to exclude J=1 relative to 0+ is greater
than its opposite, due to the required treatment of ! and
" as nuisance parameters, although the di!erences are rel-
atively small in magnitude and in !- and "-dependence.

The fact that the significance plane as a function of
! and " is relatively flat means that, with some mH -
dependent amount of observed events, one shall be able
to unambiguously exclude the general J=1 hypothesis in
favor of the 0+ case (assuming it to be correct) or vice-
versa, regardless of the values of ! and ". Using the pure
JPC hypothesis test as a guide, we conclude that the
median expectation for di!erentiating between 0+ and
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FIG. 48: Significance for excluding the 0+ hypothesis in favor
of the general J=1 case [dubbed 1PC(!")], assumed correct for
! as in the x-axis and "=#/4. Results for mH=200 GeV/c2

and NS=50. The dashed line and bands are as in Fig. 47.
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FIG. 49: Left: Median of the significance (coloured z-“axis”)
for excluding values of ! and " corresponding to a J=1 hy-
pothesis [dubbed 1PC(!")] in favor of 0+, if the latter is correct.
Right: vice-versa, with values of ! and " indicated on the axes.
Results for mH=145, 200 and 350 GeV/c2 (top, middle and
bottom), for NS=50.

how well do I exclude arbitrary spin 1 
when in fact I have a SM Higgs? 28
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FIG. 47: Significance for excluding values of !, for "=#/2, in
the general J=1 hypothesis [dubbed 1PC(!")] in favor of the
0+ one, assumed to be correct. Results for mH=350 GeV/c2

and NS=50. The dashed line is the median of the significance.
The 1 and 2 $ bands correspond to 68% and 95% median-
centered confidence intervals.

tent with Figs. 22 and 23 on these pure cases.

Assuming a J=1 resonance with given ! and " to be
the correct choice, we determine the significance with
which we can exclude the 0+ case in favor of J=1. We
have to treat ! and " as nuisance parameters, since we
are considering the general J=1 case. The statistic is
log[maxL(!̂, "̂)/L(0+)]. The results, as functions of ! for
"=#/4 and mH=200 GeV/c2, are given in Fig. 48, which
shows that one can potentially exclude the 0+ hypothesis
without knowing the actual values of ! and ". Prospects
for measuring these angles are discussed in Sec. VIIG.

In Fig 49 we show the significance for the distinction
between the 0+ and the general J=1 cases, as a func-
tion of ! and ", for mH=145, 200, and 350 GeV/c2. No-
tice that the significance levels colour-coded as a z-“axis”
range over a small interval. This means that the entire
J=1 family is almost “equally dissimilar” to 0+. In gen-
eral, one’s ability to exclude J=1 relative to 0+ is greater
than its opposite, due to the required treatment of ! and
" as nuisance parameters, although the di!erences are rel-
atively small in magnitude and in !- and "-dependence.

The fact that the significance plane as a function of
! and " is relatively flat means that, with some mH -
dependent amount of observed events, one shall be able
to unambiguously exclude the general J=1 hypothesis in
favor of the 0+ case (assuming it to be correct) or vice-
versa, regardless of the values of ! and ". Using the pure
JPC hypothesis test as a guide, we conclude that the
median expectation for di!erentiating between 0+ and
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FIG. 48: Significance for excluding the 0+ hypothesis in favor
of the general J=1 case [dubbed 1PC(!")], assumed correct for
! as in the x-axis and "=#/4. Results for mH=200 GeV/c2

and NS=50. The dashed line and bands are as in Fig. 47.
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FIG. 49: Left: Median of the significance (coloured z-“axis”)
for excluding values of ! and " corresponding to a J=1 hy-
pothesis [dubbed 1PC(!")] in favor of 0+, if the latter is correct.
Right: vice-versa, with values of ! and " indicated on the axes.
Results for mH=145, 200 and 350 GeV/c2 (top, middle and
bottom), for NS=50.

how well do I exclude an SM Higgs when in 
fact I have some arbitrary spin 1?
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• Note this assumes 3000 fb-1 ATLAS and CMS combined 

• Assumes can use Z-> ee to get precise prediction for Z-> mumu background

Some of these will require huge LHC data sets

Table 6: Expected signal significance of a SM gg! H! µµ signal for various mass values, as obtained by combining AT-

LAS and CMS and for an integrated luminosity of 3000 fb!1per experiment [19]. The expected statistical accuracy on the

measurement of the product of cross-section times BR is also given.

mH (GeV) S/
!

B !"!BR(H"µµ)
"!BR

120 GeV 7.9 0.13

130 GeV 7.1 0.14

140 GeV 5.1 0.20

150 GeV 2.8 0.36

This channel, which in the SM has a BR of order 10#4, has recently been studied for the LHC design

luminosity in [18] using production via gauge boson fusion, and in [19] using production via gg fusion.
The analyses were performed at the generator level, taking into account the experimental acceptance and

muon momentum resolution. The large background fromZ " µµ was reduced by constructing a signal
likelihood function based on the µµ system kinematics and the event ET distribution. It should also be

noticed that, since a Higgs signal will have been previously observed in higher-rate decay modes, the

Higgs mass will be known with an accuracy of #0.1%. Therefore the Z background can be precisely
measured in the signal region by using a sample of Z"ee decays. Due to the small branching ratio,
this channel cannot be observed to better than 3.5! at the LHC design luminosity, even combining both
production channels. Extrapolation to the SLHC gives, for the gg-fusion channel alone, the results of
Table 6. In the mass range 120–140 GeV, a 5! evidence or larger can be obtained, and the square

root of the production cross-section times branching ratio (which is directly proportional to the muon

Yukawa coupling gHµµ) could be measured with statistical accuracies of better than 10%. These results

are comparable to those obtained for a 200 TeV Very Large Hadron Collider (VLHC) with an integrated

luminosity of 300 fb#1. The possibility of adding the contribution of the gauge-boson fusion production

channel rests on the viability of the forward jet tagging, and has so far not been explored in detail for the

SLHC.

4.2.2 Higgs couplings to fermions and bosons

Assuming that a SM Higgs boson will have been discovered at the LHC, measurements of Higgs cou-

plings to fermions and bosons should be possible [17], but inmost cases the precision will be limited by

the available statistics [20]. A luminosity upgrade should therefore be useful for this physics.

In principle, the Higgs coupling for instance to a given fermion family f could be obtained from
the following relation:

R(H"ff) =
!

Ldt · !(pp"H) ·
!f

!
(8)

where R(H"ff) is the Higgs production rate in a given final state, which can be measured experi-
mentally,

"

Ldt is the integrated luminosity, !(pp"H) is the Higgs production cross-section, and! and
!f are the total and partial Higgs widths respectively. Hence, a measurement of the Higgs production

rate in a given channel allows extraction of the partial width for that channel, and therefore of the Higgs

coupling gf to the involved decay particles (!f # g2
f ), provided that the Higgs production cross-section

and the total Higgs width are known from theory.

Model-independent measurements are only possible if one considers ratios of couplings, which

are experimentally accessible through the measurements of ratios of rates for two different final states,

because in the ratio the total Higgs cross-section, width and luminosity cancel. Examples are shown

in Fig. 7. The left plot gives the expected precision on the ratio of the Higgs widths for the decays

into WW and ZZ . For masses larger than approximately 150 GeV a comparison of the H"ZZ" 4"
and H"WW" "#"# rates provides a direct measurement of !W /!Z . At smaller masses the process

13

F. Gianotti, M. Mangano, T. Virdee, et al, hep-ph/0204087
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Fig. 10: Regions of the MSSM parameter space where the various Higgs bosons can be discovered at ! 5! at the LHC (for

300 fb!1 per experiment and both experiments combined) through their decays into SM particles. In the dashed regions at least

two Higgs bosons can be discovered, whereas in the dotted region only h can be discovered at the LHC. In the region to the

left of the rightmost contour at least two Higgs bosons can be discovered at the SLHC (for 3000 fb!1 per experiment and both

experiments combined).

18
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F. Gianotti, M. Mangano, T. Virdee, et al, hep-ph/0204087

Discovery of the extra heavy 
Higgses of the MSSM
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Fig. 8: Cross-sections for the production of Higgs boson pairs from gg fusion, WW/ZZ fusion and double Higgs-strahlung

(from [21]). The vertical arrows correspond to a variation of !HHH from 1/2 (arrow’s tail) to 3/2 (arrow’s tip) of the SM value.

couplings are fixed at LO in terms of the Higgs mass and vacuum expectation value v:

!SM
HHH = 3

m2
H

v
, !SM

HHHH = 3
m2

H

v2
(9)

A direct measurement of !HHH can be obtained via the detection of Higgs pair production, where a

contribution is expected from the production of a single off-shell Higgs which decays into a pair of

Higgs. This contribution will always be accompanied by diagrams where the two Higgs bosons are

radiated independently, with couplings proportional to the Yukawa couplings or to the gauge couplings.

As a result, different production mechanisms will lead to different sensitivities of the HH rate to the

value of !HHH. The production mechanisms which have been considered in the literature in the context

of hadron-hadron collisions include [21]:

1. inclusive HH production, dominated by the partonic process gg!HH [22, 23]

2. vector boson fusion [24]: qq!qqV !V !, followed by V !V !!HH (where possible different quark

flavours are understood in both initial and final state)

3. associated production with W or Z bosons [25]: qq̄!V HH

4. associated production with top quark pairs: gg/qq̄!tt̄HH

In theories beyond the SM, alternative production channels may exist. For example, when several Higgs

multiplets exist, as is typical of Supersymmetry, pairs of lighter Higgs bosons can be produced in the

resonant decay of a heavier one. In this document we concentrate on the SM case.

The HH production rates are shown in Fig. 8 for the first three channels [21], and in Table 7 for

the tt̄HH case1. The arrows indicate the variation in rate expected when changing the self-coupling

in the range !SM
HHH/2 < !HHH < 3/2!SM

HHH . Depending on the value of mH , different decay channels

dominate. For mH <
" 140 GeV H!bb̄ decays dominate, for 170 <

" mH <
" 190 GeV H!WW dominates,

and for larger masses WW and ZZ final states give the largest rate.

Given the extremely low production rates, and the potentially large backgrounds associated to the

final states with the largest signal rates, naive arguments lead to the conclusion that detection of SM

Higgs pairs at 1034 cm#2s#1 is not feasible. As a result, no complete study of the backgrounds is present

in the literature. We present here the first preliminary results of studies performed specifically for the

1035 cm#2s#1 option. We analysed the cases of production via gluon-gluon fusion, vector boson fusion,

1C.G. Papadopoulos, unpublished, using results of [26].

15

F. Gianotti, M. Mangano, T. Virdee, et al, hep-ph/0204087

FIG. 2: The invariant mass distribution of the cross section of gg ! hh process at the LHC with
"
s = 14 TeV for mh = 120 GeV (left) and mh = 160 GeV (right). The solid, dotted, dashed, long-

dashed and dot-dashed curves denote the SM prediction, the SM with the positive 100% correction

to the hhh coupling constant, that with the +20% correction, that with the #20% correction and

that with the #100% correction, respectively.

models. The QCD corrections in each new physics model are currently unknown so that the
computation of these corrections is beyond the scope of this paper.

In FIG. 2, we show the invariant mass distributions of the cross section of gg ! hh
process with the deviation of the hhh coupling constant for mh = 120 GeV (left) and

for mh = 160 GeV (right). Throughout this paper we take the top-quark mass to be
171.2 GeV. These solid, dotted/dashed and long-dashed/dot-dashed curves represent the

SM prediction including the SM one-loop e!ect on the hhh coupling constant, that with
constructive deviations"! = +1.0 and +0.2 and that with destructive deviations"! = #1.0

and #0.2, respectively. The total cross section is about 20 (10) fb for mh = 120 (160) GeV
in the SM. Only for "! = +1.0, a small peak comes from the large hhh coupling constant

through the triangular diagram in the near threshold region. The peaks can be found around
Mhh $ 400 GeV, which are caused by the interference e!ect of the triangular and the box

diagrams. Since these two contributions are destructive to each other, the positive (negative)
variation of the hhh coupling constant makes the cross sections small (large) in this process.

This means that in the gg ! hh process the sensitivity is getting better for the negative
contribution to the hhh coupling constant and vice versa. If we have additional colored

particles in the new physics model, this situation could be changed.
At an electron-positron linear collider, the hhh coupling constant will be measured by the

double-Higgs-strahlung [22] and the Higgs boson pair production via the W boson fusion
mechanism [23]. Feynman diagrams for these processes are shown in FIG. 3. The e+e! !
hhZ process may be promising channel at the ILC to measure the hhh coupling constant
for light Higgs bosons because of the simple kinematical structure. Since relatively larger

collision energy is required for three body final states of hhZ, the s-channel nature of the
process may decrease the cross section. On the other hand, if we have large enough energy,
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FIG. 1: The double Higgs boson production process gg ! hh via gluon fusion at the hadron

collider.

coupling constant due to the bosonic loop can also provide the constant shift of the hhh
coupling constant approximately [7].

At the LHC, the largest cross section of the Higgs boson pair production comes from the
gluon fusion mechanism [16–18]. Feynman diagrams for gg ! hh are depicted in FIG. 1.

The triangular loop diagrams contain information of the hhh coupling constant. The parton
level cross sections are calculated at the leading order as [17]

!!(gg ! hh) =

" t̂+

t̂!

dt̂
1

22
1

82
1

2!

1

16"ŝ2
2#2

S

(4")2

#$$$$
$hhh v

ŝ"m2
h

F! + F!

$$$$
2

+ |G!|2
%
, (3)

where F! is the loop functions for the triangular diagram, while F! and G! are those for box

diagrams which respectively correspond to the invariant amplitudes for same and opposite
polarizations of incoming gluons [21]: see Appendix B. The invariant mass distribution can

be obtained by multiplying the gluon-gluon luminosity function as

d!(gg ! hh)

dMhh
=

2Mhh

s
!!(gg ! hh)

dLgg

d%
, (4)

where Mhh =
#
ŝ, % = ŝ/s, and

dLgg

d%
=

" 1

!

dx

x
fg(x, µF = Mhh)fg(%/x, µF = Mhh), (5)

where fg(x, µF ) is the parton distribution function of gluons. In our numerical calculation,

the CTEQ6L parton distribution function is used [35]. The loop integrals are evaluated by
a package; LoopTools [36].

It is well known that this process receives large QCD corrections 3. Although the NLO
calculation is very important in evaluating this process, throughout this paper we totally

neglect NLO QCD corrections in our calculations of the cross section in various new physics

3 The next-to-leading order (NLO) QCD corrections to this process have been computed in the heavy

top-quark mass limit in Ref. [37], which give an over all factor K $ 1.9 (K-factor) for µ
F
= Mhh. The

smaller value of K $ 1.65 for µF = mh was suggested by Ref. [21]. The correction mainly comes from the

initial state radiation of gluons. It is known that this kind of approximation works well in the single Higgs

production via the gluon fusion mechanism, where the NLO cross section is evaluated by the leading order

gg ! h cross section for a finite top-quark mass with the K-factor in the large mt limit. The running of

strong coupling constant can also change the cross section by 25–50% [21].

5

Measuring the “Higgs” self-couplings
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New theories for the Fermi scale Christophe GROJEAN

Figure 3: Luminosity (in fb!1) needed for discovery in the most promising channels with the CMS detec-
tor [111] as a function of the Higgs mass (horizontal axis, in GeV) and the parameter ! = v2/ f 2 (vertical
axis), measuring the amount of compositeness of the Higgs boson. These contour plots correspond to the
minimal composite Higgs model of Ref. [80] with fermion in fundamental representations. Strictly speak-
ing, these results are fuly consistent only below the plain red curve that delineates the 99% C.L. region of
the parameters space favored by EW precision constraints (with a cutoff scale fixed at 2.5 TeV). Above,
some amount of cancellation in the oblique parameters is needed (from the bottom to the top, the dashed red
lines indicate regions with 10%, 25% and 50% cancellation in S and T ), and the physics at the origin of this
cancellation might also affect the Higgs production cross sections and decay rates. From Ref. [112].

Higgs, 4" f , up to 5÷7 TeV.
Cleaner experimental information can be extracted from ratios between the rates of processes

with the same Higgs production mechanism, but different decay modes. In measurements of
these ratios of decay rates, many systematic uncertainties drop out. However, the Higgs cou-
pling determinations at the LHC will still be limited by statistics, and therefore they can benefit
from a luminosity upgrade, like the sLHC [117]. At a linear collider, like an ILC operating at
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Figure 1: Higgs branching ratios as a function of the Higgs boson mass in the SM (! = 0, upper left) and
MCHM5 with ! = 0.2 (upper right), 0.5 (bottom left) and 0.8 (bottom right).

into bb̄ gets less important, an e!ect that is more visible at higher Higgs masses. This behaviour

culminates at ! = 0.5, where only decays into gauge bosons are present due to the closure of the

decays into fermions6. In particular, the Higgs decay mode into photons can reach large values up

to ! 70 % at 80 GeV in this case. Note also that, for ! = 0.5, the decay into a pair of gluons is also

absent since the Higgs does not couple to the top quark. In practice, however, such a decay can

be mediated by the heavy vector resonances of the strong sector. Also the branching ratios into

massive gauge bosons are significant at low Higgs masses, while above the gauge boson thresholds

they approach their SM values. For large ! = 0.8, the low Higgs mass region is dominated by the

decays into heavy fermions. The branching ratios extend to somewhat higher Higgs mass values

6 Instead the Higgs boson could decay into fermions through an electroweak particle-loop (note that the interference

term with the tree-level decay is absent since the tree-level amplitude is vanishing) and the decay could in principle

compete with the !! decay, which is also loop mediated and plays an important role for small Higgs masses. However,

in addition to the loop suppression, the decay into light fermions has an additional suppression factor of orderm2
f/M

2

where mf is the light fermion mass and M is a mass of electroweak size that can be either the Higgs mass, the top

mass or the W mass depending on the diagram involved. We have checked numerically that this loop decay channel

into bb̄ is about 2 orders of magnitude subdominant compared to the !! decay. Similarly, a fermiophobic Higgs boson

can also decay radiatively into two gluons, but this 2-loop EW process will be totally negligible.

8

Is the “Higgs” composite?
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• Do you have enough data / good enough analyses?

• Is it a non-SM Higgs with invisible and/or cascade 
decays? Is it lighter than the LEP SM lower bound?

• Are you in a “Higgsless” scenario where Kaluza-Klein 
tree-level exchanges replace Higgs exchange in 
unitarizing WW and WZ scattering? [See talk by 
Csaba Csaki]

• Are you in a “technicolor” scenario where new strong 
dynamics takes over before you reach the ~1.6 TeV 
unitarity bound? Do you see techni-resonances?

• Is quantum field theory the wrong way to think about 
this problem?

No Higgs found

Some immediate questions:

the whole preferred range up to M±
1 = 1 TeV requires

60 fb!1. Note, however, that one should expect a cer-
tain amount of reducible background with fake and/or
non-isolated leptons.

Once the V ±
1 resonance is discovered, identifying it as

part of a Higgsless model requires testing the sum rules

(4) by measuring its mass M±
1 and coupling g(1)

WZV . The
coupling can be determined from the total V ±

1 produc-
tion cross section !tot. However, we are observing the V ±

1
resonance in an exclusive channel, which only yields the
product !tot BR(V ±

1 ! W±Z). A measurement of the
total resonance width !(V ±

1 ! anything) would remove
the dependence on the unknown branching fraction BR.
However, the accuracy of this measurement is severely
limited by the poor missing energy resolution. Never-
theless, a Higgsless origin of the resonance can be ruled

out if the value of g(1)
WZV , inferred with the assumption

of BR = 1, violates the bound (7).

FIG. 4. The number of events per 100 GeV bin in the
2j +3!+" channel at the LHC with an integrated luminosity
of 300 fb!1 and cuts as indicated in the figure. The model
assumptions and parameter choices are the same as in Fig. 2.

By transferring a Z or a W± from the initial state to
the final state in Figs. 1 (d) and (e), we obtain an alterna-
tive V ±

1 production process, the associated production,
which can be used for discovery as well as testing the
sum rules (4). The total cross section for this process
is shown in Fig. 3. The W±ZZ final state, with the re-
quirement that all three gauge bosons decay leptonically,
yields a very clean 5" + E/T signature. One can then re-
construct the two Z’s and the V ±

1 resonance. The main
advantage of this purely leptonic channel would be the
superior measurement of the total width; however, the
analysis is statistics limited and the discovery reach does
not extend beyond 500 GeV, even for the high-luminosity
LHC option.

Conclusions — It has long been known that the vector
boson fusion processes will provide an important tool for
testing the strongly coupled theories of EWSB at the

LHC. This is as true for the recently proposed Higgsless
models as it is for traditional technicolor theories. As
we discussed in this letter, the observation of a light and
narrow resonance in the WZ channel would be a smoking
gun for the Higgsless models. In addition, the Higgsless
models provide a robust, definite prediction concerning
the properties of the resonance, the sum rules (4), which
can also be tested in this channel.

While we have concentrated on the WZ channel which
provides the most striking signals, other vector boson fu-
sion processes may also be useful. The neutral MVBs V 0

i
would appear as resonances in the W+W! channel; how-
ever, reconstructing these resonances requires hadronic
W decays and su"ers from severe backgrounds [19]. The
ZZ channel exhibits no resonance, but could provide an
independent test of the model. These channels will be
explored in more detail in [14].
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• Is it really SUSY? (The look-alike problem)

• If it is SUSY, what kind of SUSY? What is the soft-breaking mechanism? 
(The look-alike problem again, distinguishing different “footprints”)

• Can you reconstruct all the decay chains and production mechanisms?  
[See talk by Ben Gripaios]

• Can you make an unambiguous mapping back to the parameters of the 
soft-breaking Lagrangian? (The inverse problem) [See talk by Brent Nelson]

Discovery of new heavy particles consistent with supersymmetry

Some immediate questions:
N. Arkani-Hamed, G. Kane, J. Thaler, L-T Wang, hep-ph/0512190
J. Hubisz, J.L., M. Pierini, M. Spiropulu, arXiv:0805.2398
etc.
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Figure 1: Marginalized likelihood distributions in 1D and 2D for the mSUGRA (orange) and SGHU
(red) models in the H0 hypothesis. In the mSUGRA case, A0 ! At and M0 ! MQ3 . The plots on
the diagonal show the 1D likelihoods of both models, normalized to have the same maximum. The off-
diagonal plots show iso-contours of 68% and 95% BC, computed within the 2D marginalized likelihood.
The upper triangle of 2D plots is the SGHU case, while the lower triangle is the mSUGRA case. The
color maps indicate the empirically averaged likelihoods. The axes of the 2D plots are shown on the
outer boundary of the figure. The green lines/stars indicate the nominal values of point D.

The 68% and 95% Bayesian credibility intervals (BCIs) for the model parameters are
given explicitly in Table 3 for mSUGRA and in Table 4 for SGHU. For comparison, the input
values at point D are: tan ! = 30, M1/2 = 500 GeV, MQ3 = 614 GeV, MU3 = 635 GeV,
MD3 = 414 GeV, At = "842 GeV, Ab = "966 GeV, ML3 = 408 GeV, ME3 = 433 GeV,
A! = "1070 GeV.

We next ask whether indirect observables can help discriminate the two models. To this
aim, Fig. 3 shows the 1D marginalized distributions for Br(b # s"), Br(Bs # µ+µ!), and
the neutralino relic density ! h2 as obtained from the mSUGRA and SGHU fits. The 68% and
95% BCIs are given explicitly in Table 5. We see that the B-physics observables have a good
discriminating power in case the heavy Higgs sector is known (H1 hypothesis), but not so in the
H0 hypothesis. Regarding the relic density, we note that the mSUGRA model predicts a much
too large ! h2 $ 0.6–0.9 at 68% BC if the heavy Higgs sector is unconstrained. In the H1 case,

52

S. Fichet and S. Kraml, Les Houches 2009

Can we please use all the information in the LHC data?

[See talk by Maria Spiropulu]
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• What can you say about super-high energy scales?

• Force unification? 

• Matter unification?

• Connection to neutrino see-saw and leptogenesis?

• What string compactification do we live in? [See talk by Brent Nelson]

Discovery of new heavy particles consistent with supersymmetry

After you answer the previous questions, try these:

Claire Adam et al.: Measuring Unification 9

of other scalar masses in addition to the Tr[Y m2], such
that some tachyonic masses may infect other scalar mass
RGE. All sets which have at least one tachyonic parameter
have to be removed. This necessity is also confirmed by
the analysis of the covariance matrix of the parameters as
function of the scale. If these tachyonic parameter sets are
not removed, the covariance matrix can become singular.

Figure 1 (right) shows the percentage of valid non-
tachyonic parameter sets. While at the LHC alone the per-
centage decreases immediately after the electroweak scale,
the addition of the ILC stabilizes impressively the validity
of the sets. For the LHC at 1012 GeV only 30% of the pa-
rameter sets are still valid, whereas with the addition of
the ILC 90% remain. At the unification scale for the LHC
only 7% of the parameter sets remain, whereas for the
LHC plus ILC measurements 38% remain valid, marking
a clear improvement over the LHC alone. Similar results
are obtained using SoftSUSY.

Once a real measurement is available, toy experiments
will be defined around the central value of the measured
data. In the following all confidence level definitions are
defined with respect to valid, non-tachyonic parameter
sets.

Given N parameters for which the grand unification
is to be tested, the following !2

avg is to be minimized for
every scale:

!2
avg(Q

2) =
N
!

i,j

(Mi !mU )(C
!1
p )ij(Mj !mU ) (14)

where Cp is the covariance matrix of the parameters and
Mj the j-th mass parameter.

The scale where the !2
avg is minimal is the best-fit

unification scale QU and the parameter mU is the value
of the unified parameter. As this procedure is applied to
each dataset, the resulting distribution of all mU and QU

allow to read o! the unification scale and unified param-
eter value as central values of their distributions and the
error as RMS or Gaussian sigma of the distributions.

A closed formula can be derived for the parameter
mU [63]:

mU (Q
2) =

"

#

!

i,j

(C!1
p )ij

$

%

!1 "

#

!

i,j

(C!1
p )ijMj

$

% (15)

However this is not su"cient to claim grand unifica-
tion as these calculations can also be performed for non-
unifying parameters. To quantify the unification, the ab-
solute value of !2

avg is used. The value is large when the
N parameters are not compatible with a unified one. It is
small if the parameters are compatible. If !2

avg is smaller
than a cut-o! value (!2

95), the dataset is unified. The cut-
o! is defined so that 95% of truly unifying datasets have a
!2
avg value smaller than !2

95. As an example the !2
avg for a

sample of datasets is shown in Figure 2 as function of the
scale (DS7). The minimum at a scale of about 1016 GeV
is clearly visible.
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Fig. 2. !2
avg of the unification calculation is shown as func-

tion of the scale for DS7. The minimum of the distribution is
observed for a scale of about 1016 GeV as expected.

5.2 Evolution of the parameters from LHC observables

In Table 5 the result of the determination of the MSSM pa-
rameters is shown in the first column for the LHC. Starting
from these values the parameter sets are evolved individ-
ually to the high scale.

As noted before, at the LHC an eight-fold ambiguity
will be observed. Therefore the first question is whether
the RGE evolution of the eight solutions will result in
similar or di!erent patterns.
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Fig. 3. Evolution of the gaugino mass parameters to the GUT
scale for DS7 (SPS1a).

The evolution of the gaugino mass parameters is shown
in Figure 4 for DS1, DS2, DS3 and DS10 and in Figure 3
for DS7 (SPS1a). The solutions DS8, DS9 and DS4 show
the same pattern as DS2, DS3 and DS10, as expected,
as only the sign of µ changes. In DS2 M1 and M2 are
exchanged with respect to the correct solution. This leads
to an intersection of M1 and M3 at 1012 GeV. In DS9 M3
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What can you say about flavor and the origin of matter?

• Minimal flavor violation or new sources?

• New sources of CP violation?

• Why are EDMs so small and FCNC so suppressed?

• Compositeness?

• Baryogenesis or Leptogenesis?

• Do fermion masses come from Yukawa couplings to a Higgs, or are 
the real couplings to the Higgs vev hierarchical? Are other vevs and/
or condensates involved?

• So far warped extra dimensions seems like our best candidate for a 
natural theory of flavor. How to prove this even if it is true?
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• What can you say about dark matter candidates and the dark sector? 
[See talks by Brent Nelson and Neal Weiner]

• Do you have evidence for a WIMP dark matter candidate?

• What is its mass?

• What kind of particles decay into it?

• Can you see direct production or associated production?

• Does it carry electroweak charge and/or some new charge?

• What is its spin?

• What are the LHC predictions for direct DM detection, indirect DM 
detection, and early universe cosmology (e.g. relic abundances)? 

Dark matter at the LHC?



   J. Lykken    “Prospects for the LHC Era”                                                                             Conference on LHC First Data, 12-14 Dec 2010,  Ann Arbor22

Example: LM5 mSUGRA benchmark model   

• LSP mass 144 GeV 

• gluino mass 850 GeV

• squark masses ~750 GeV

• LSP-LSP pair production cross section 130 fb (at 7 TeV)

- asking for a hard ISR monojet knocks this down to ~10 fb

• LSP-gluino associated production 10 fb 

• LSP-squark associated production 24 fb

Direct neutralino production

We should be able to see direct WIMP DM production as long as 
the couplings are not *too* weak and the mass is reasonably light
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Some new particles may be detected only rather late in the LHC program.  
Why?

• They are very heavy (factor of 10 integrated luminosity ~ factor of 2 in energy):

• Heavy resonances

• Heavy pair production (or pairs of resonances [See talk by Bogdan Dobrescu])

• Heavy associated production

• They are weakly coupled to partons inside the proton (need integrated luminosity)

• Their signatures have large SM backgrounds with few handles for discrimination (need to 
be smarter, but also need to have lots of data to do data-driven tests of new 
discriminators and/or to allow you to cut hard on the signal if necessary)

• Their signatures involve special features that are difficult to reconstruct and/or trigger 
on (e.g. quirks, displaced decays, top jets, lepton jets, dependence on color flow, etc.)
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9

Figure 6. Event rates for a Z! with Standard Model couplings, at the LHC and sLHC.

Figure 7. For four models of Z! bosons [32], we show: (a) the spectrum of the dilepton invariant mass (M(!!)) and
(b) the forward-backward asymmetry AFB as a function of M(!!).

of new physics. Additional Z !s occur in most GUT theories, providing, among other things,
non-trivial interactions to the otherwise sterile right-handed components of neutrinos. It is well
known that the gauge coupling unification predicted by GUT theories is best verified in presence
of supersymmetry. The co-existence of supersymmetric particles and of a Z ! is therefore a natural
conjecture. While the LHC is a powerful machine to produce and detect strongly-coupled super-
symmetric particles, the production rates of weakly-couple states (such as the sleptons, namely
the scalar partners of leptons) are rather small, and the backgrounds to their detection are very
large. Should these states lie below the threshold for the direct decay of a Z !, their production
through the Z ! resonance would greatly increase their observability. The study in [33], for ex-
ample, shows that the discovery reach for sleptons would increase from 170–300 GeV, without
a Z !, to over 1 TeV. The Z ! mass peak would provide a reference candle for the energy of its
decay products, making it possible to accurately determine their mass, even in presence in their
decay chain of undetected particles, such as a neutralino, the lightest supersymmetric particle,
and a dark matter candidate. In this case, one could directly measure the neutralino mass, and

M. Mangano, arXiv:0910.0030

Heavy resonances: Z-primes
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4 Background Rejection

Fig. 2 shows the scalar summation of the pT of all the objects plus missing transverse energy,

! |!pT|+ /ET, which demonstrates good background discrimination at high values. We require
! |!pT|+ /ET to be larger than a cut value to reject backgrounds. Fig. 3 shows the invariant mass
distributions after this requirement forMs = 1 TeV string balls and backgrounds. The top-quark
background is reduced to a negligible level (less than 10!2 events per 200 GeV per pb!1).

Table 2: Signal efficiency and remaining background events for different mass thresholds for a

luminosity of 100 pb!1.

Mthresh Efficiency QCD tt̄

(TeV) (%) Events Events

3.0 89 3.0"105 130

3.6 83 7,0"104 46

4.2 81 1.9"104 15

4.8 76 3.0"103 4

5.4 73 3.8"102 1
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Figure 2: Reconstructed ! |!pT|+ /ET distributions.

The QCD dijet background is already well suppressed, but we also investigate the effect of

a further cut, requiring a lepton (electron or muon) with pT > 100 GeV (Fig. 4). This results in

the QCD dijet background being rejected (less than 3"10!2 events per 200 GeV per pb!1).

5
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Figure 2: Total cross section for a string resonance production at the LHC versus it mass
scale Ms for (a) n = 1 and (b) n = 2 (mass 1.4Ms). Solid curves represent gg ! tt̄.
Dashed curves include the top quark decay branching fractions for the semi-leptonic mode
tt̄ ! b!", bjj!.

to two SRJ=0
1 . So the multiplicity is at most 3. Based on this argument and Table 1, the

decay width of SRJ=3
2 ! integer spin SR1 + gluon should be roughly 60 GeV(MS/1 TeV).

For the fermionic pair (i.e. a SR1 with half-integer spin (J = 3/2, 1/2) and a fermion),
there are at most 4 J = 3/2 resonances, and 2 J = 1/2 resonances. So the number of decay
channels is at most 6 times bigger than that of SR2 ! qq̄. Then the decay width of these
channels should be no more than 25 GeV(MS/1 TeV).

Collectively, the total decay width of SRJ=3
2 is roughly 100 GeV(MS/1 TeV). On account

of the same assumptions and method, the decay widths of SRJ=2
2 and SRJ=1

2 are roughly
250 GeV(MS/1 TeV) and 300 GeV(MS/1 TeV), respectively. Since J = 3 resonance has the
narrowest width, it will be the dominant SR2 signal.

3 tt̄ Final State And String Resonances at the LHC

As a top factory, the LHC will produce more than 80 million pairs of top quarks annually
at the designed high luminosity [33], largely due to the high gluon luminosity at the initial
state. It is therefore of great potential to observe string resonances in the tt̄ channel if
they couple to the gluons strongly. The Chan-Paton coe!ent is unsuppressed (compared
to say ZZ production), and the Standard Model background is several orders of magnitude
lower than that of the di-jet signal. Furthermore, the top quark is the only SM quark that
the fundamental properties such as the spin and charge may be carried through with the
final state construction, and thus may provide additional information on the intermediate
resonances. The total production cross sections for a tt̄ final state via a string resonance
are shown in Fig. 2 by the solid curves at the LHC for 7 and 14 TeV, respectively. The
dashed curves include the semi-leptonic branching fraction. The signal rates are calculated
near the resonance peak with ±10%Ms. We see that the rate can be quite high. With 100
fb"1 integrated luminosity at 14 TeV, there will be about 100 tt̄ ! b!", bjj! events for an

10

Z. Dong, T. Han, M. Huang, G. Shiu, arXiv:1004.5441

Heavy resonances: string excitations and black holes
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Weak-doublet, color-octet scalar

If the scalar octet is an SU(2)W doublet, then it has renormaliz-

able interactions with the SM quarks (Manohar & Wise, ....):

yijH
a
8 Qi

LT auj
R + yij

!Ha
8 Qi

LT adj
R H8 = (H0

8 , H+
8 )

If the Yukawa couplings of H8 are not aligned with the Higgs

Yukawa couplings, then there are tree-level flavor-changing neu-

tral currents ! large e!ects in B decays to be observed at LHCb.

t

b̄

b

t̄

g

q

q̄
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8
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8

M. Gerbush, T. Khoo, D. Phalen,

A. Pierce, D. Tucker-Smith, 0710.3133
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 of data-1Invariant Mass of Top Pairs for 100 fb

• Aaron:  This analysis is already obsolete, should be able to do better with 
new jet reclustering techniques
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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 !1 = !2;

the dotted are for !1/!2 = 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 !1 = !2 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 !1 = !2, while the dotted are for !1/!2 = 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

!(T ! tH) = !(T ! tZ) =
1

2
!(T ! bW ) =

"2

32#
MT , (51)

with the coupling " = !2
1/

!

!2
1 + !2

2. Other decay channels are e"ectively suppressed by v2/f 2.

1 We thank M. Perelstein [25] for drawing our attention to this point.
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T. Han, H. Logan, R. McElrath, L-T Wang, hep-ph/0301040

2.2 T ! Wb

This channel can be reconstructed via the final state !"b. The following event selection was applied.

• At least one charged lepton with pT >100 GeV.

• One b-jet with pT > 200 GeV.

• No more than 2 jets with pT > 30 GeV.

• Mass of the pair of jets with the highest pT is greater than 200 GeV.

• /ET >100 GeV.

The lepton provides a trigger. The e!ciency of this selection for a T of mass 1 TeV is 14%.
The backgrounds arise from tt, single top production and QCD production of Wbb. These are
estimated using PYTHIA for the first one, CompHep [16] for the second and AcerMC [18] for the
last. The requirement of only one tagged b"jet and the high pT lepton are e"ective against all of
these backgrounds. The requirement of only two energetic jets is powerful against the dangerous
tt source where the candidate b"jet arises from the t and the lepton from the t. These cuts reduce
the total tt and Wbb by factors of 2.5 # 10!5 and 7.5 # 10!5 respectively. Figure 3 shows the
reconstructed mass of the Wb system where the W momentum is inferred from the measured
lepton /ET using the W mass as a constraint. The plot shows the signal arising from T of mass 1
TeV as a peak over the remaining background. The signal to background ratio is somewhat worse
than in the previous case primarily due to the tt contribution.

From this analysis, the discovery potential in this channel can be estimated. For #1/#2 = 1(2)
and 300 fb!1 MT < 2000(2500) GeV has at least a 5$ significance.

2.3 T ! ht

In this final state, the event topology depends on the Higgs mass. For a Higgs mass of 120 GeV
the decay to bb dominates. The semileptonic top decay t ! Wb ! !"b produces a lepton that can
provide a trigger. The final state containing of an isolated lepton and several jets then needs to be
identified. The initial event selection is as follows.

• One isolated e or µ with pT > 100 GeV and |%| < 2.5.

• Three jets with pT > 130 GeV.

• At least one jet tagged as a b"jet.

The dijet mass distribution of all pairs of jets in events from T production that pass these cuts is
shown in Figure 4. A clear peak at the Higgs mass is visible. It should be noted that the jets in
this plot are not required to be tagged as b"jets. The requirement of more than one jet tagged as
a b"jet lowers the e!ciency and is not necessary to extract a signal. Events were further selected
by requiring that at least one di-jet combination have a mass in the range 110 to 130 GeV. If there
is a pair of jets with invariant mass in the range 70 to 90 GeV, the event is rejected; this will help
to reduce the tt background. The measured missing transverse energy and the lepton were then
combined using the assumption that they arise from a W ! !" decay. Events that are consistent
with this are retained and the W momentum inferred. The invariant mass of the reconstructed
W , h and one more jet is formed and the result shown in Figure 5. For a mass of 1000 GeV, the

5

G. Azuelos et al, hep-ph/0402037
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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 !1/!2 = 1 and a BR(T " Wb) of 50%.
More details can be found in Ref [17].

6

5 sigma reach for T mass < 2.0 - 2.5 TeV

Single production of new heavy quarks
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• Leon Lederman’s original supercollider proposal was 20 TeV   
(ten times Tevatron)

• SSC was 40 TeV

• LHC design is 14 TeV,  people talk about an upgrade to 28 TeV

• So far we have 7 TeV

• The technical upper limit for a proton collider with more-or-less 
proven technology is 100 - 200 TeV

Does the LHC have enough energy?
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• A possible output of string theory

• Complementary to SUSY:  generic Randall-Sundrum solves hierarchy problem but not 
the Higgs naturalness problem

• A viable theory of flavor: 

• Higgs localized at the IR brane

• Quarks and leptons localized different places in the 5th dimension

• Order one “anarchic” inputs can give observed SM flavor hierarchies

• Dual 4d description: gauge bosons and fermions come in both elementary and 
composite varieties; mass eigenstates are different mixtures of elementary and 
composite states

• Could we verify any of this at the LHC?

Case study: a warped extra dimension
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Figure 4: Total cross section for Z ! production versus its mass, (a) with the coupling constant
squared (!2) factored out as in Table 10 in Appendix B (for states in the KK eigenbasis, where
ZKK includes A1, Z1 and ZX1, and the qq̄ZX1 coupling is vanishingly small), and (b) with the
absolute normalization for the couplings (for states in the mass eigenbasis).
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Figure 2: The branching ratios of Z ! into the various modes as a function of its mass for A1 (left),
Z̃1 (center) and Z̃X1 (right).

two leading channels tt̄ and WW are comparable. For Z̃1, the leading channel is Zh and the next

is tt̄. The suppressed coupling to WW can be understood from the equivalence theorem – for the

mass range shown it happens that the eaten charged Goldstone boson almost decouples from this

state5. A similar argument, but for the eaten neutral Goldstone boson explains the suppression of

the Zh mode in the case of Z̃X1. In all cases, the charged lepton mode !! is very small, ranging in

10"3 ! 10"4. As a representative, in Table 1 we show the partial widths and the decay branching

ratios for MZ! = 2 TeV.

Table 1: Partial widths and decay branching ratios for MZ! = 2 TeV.

A1 Z̃1 Z̃X1

!(GeV) BR !(GeV) BR !(GeV) BR
t̄t 55.8 0.54 18.3 0.16 55.6 0.41
b̄b 0.9 8.7 " 10"3 0.12 10"3 28.5 0.21
ūu 0.28 2.7 " 10"3 0.2 1.7 " 10"3 0.05 4 " 10"4

d̄d 0.07 6.7 " 10"4 0.25 2.2 " 10"3 0.07 5.2 " 10"4

!+!" 0.21 2 " 10"3 0.06 5 " 10"4 0.02 1.2 " 10"4

W+
L W"

L 45.5 0.44 0.88 7.7 " 10"3 50.2 0.37
ZLh - - 94 0.82 2.7 0.02
Total 103.3 114.6 135.6

The Z̃1 and Z̃X1 BR’s into some modes show interesting behavior due to the following: For

5Here the SU(2)L,R couplings are set to be equal, as explained in appendix A.

10

K. Agashe, H. Davoudiasl, S. Gopalakrishna, T. Han, G-Y Huang, G. Perez, 
Z-G Si,  A. Soni arXiv:0709.0007
H. Davoudiasl, S. Gopalakrishna, E. Ponton, J. Santiago arXiv:0908.1968

Part II Collider Phenomenology of Warped Models 39

Table 1. Summary of the best channels (from Refs. [104, 105]) for the Z ! (top-table),
and, W ! (bottom-table), giving the luminosity and significance for the mass shown.
For the W ! ! t b channel the numbers without (and with) the reducible tt̄ background
are shown.
Z’ Channel MZ! (TeV) L (fb!1) S

B Significance (!)

W W ! "#j j 3 1000 0.2 4.6

mh = 120: Z h ! ""bb̄ 3 1000 2 5.7

mh = 150: Z h ! (jj) (jj) "# 3 300 1.2 4.7

W’ Channel MW ! (TeV) L (fb!1) S/B Significance (!)

t b ! "#bb̄ 2 1000 0.4 (0.2) 3.4 (2.5)

Z W ! """# 3 1000 10 6

mh = 120: W h ! "#bb̄ 3 300 2.4 6.2

mh = 150: W h ! (jj) "# (jj) 3 300 4 8

useless, and one had to work with more complicated final states. However, if warped

models are taken as a theory of flavor alone (and not generating the gauge-hierarchy),

the UV scale can be lowered to as low as O(103) TeV [17] (a more detailed study of
flavor constraints in Ref. [110] finds the minimum UV cuto! to be several 103 TeV)

instead of the usual Planck-scale. Such “truncated” models result in Z " leptonic BR’s

that are big enough to lead to a very good significance at the LHC, in the di-lepton

channel [17, 111]. A big leptonic cross section due to Z " exchange is also found in

Ref. [112] where a model is presented in which the left-handed light quarks and leptons

are peaked toward the IR brane giving much larger light fermion couplings to the Z ".
However, this comes at the price of requiring the bulk mass cL parameters for the three

generations to be highly degenerate in order to keep FCNC’s under control.

9. KK fermions

The presence of KK excitations of SM fermions is a generic prediction of warped models

with bulk fermions and their discovery would be one of the “smoking gun” signatures.
For example, see Ref. [113] for how the KK fermion spectrum correlates with the SM

fermion masses. However, Ref. [114] points out that discovering these modes would

likely be possible only in a future collider and not at the (even upgraded) LHC. This

is due to the small single-production cross section and their large mass, as they are

heavier than gauge KK modes which are constrained by precision EW measurements.

For a model independent analysis at the Tevatron of heavy vector-like fermions with
significant mixings with SM fermions, see Ref. [115].

As explained earlier, in order to obtain custodial protection of Zbb̄ coupling, the

third generation quarks can be extended to be bi-doublets under SU(2)L " SU(2)R,

which then necessitates the introduction of extra non-SM fermions to complete the

representation [16]. The presence of these non-SM fermions is model-dependent, but

Heavy KK gauge bosons from a 
warped extra dimension

• Masses and decay fractions 
are model dependent

• “Realistic” masses are > 3 TeV

• Even for most favorable decay 
channels, this is a challenge
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Figure 10: Branching ratio of the rare decay t ! cZ0 as a function of MKK in the
RS model. The red (dark gray) band is disfavored at 95% CL by the CDF search
for t ! u(c)Z0. The dashed and dotted red (dark gray) lines indicate the expected
sensitivities of ATLAS for 100 fb!1 integrated luminosity. All scatter points reproduce
the correct quark masses, mixing angles, and the CKM phase. In the left (right)
plot points that violate the constraints from the Z0 ! bb̄ “pseudo observables” are
included (excluded). The yellow (light gray) triangle and the orange (medium gray)
stars represent the results for our RS reference points. See text for details.

power in hierarchies the flavor-changing couplings inducing t! cZ0 decay take the form
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Here (Mu)ij again denotes the minor of the up-type Yukawa matrix Y u, and the definitions
of the phase factors ei!j can be found in (99).

The RS predictions for B(t! cZ0) as a function of MKK are shown in Figure 10. Each plot
contains 3000 randomly generated parameter points. The values of B(t ! cZ0) = 6.1 · 10!8

and B(t ! cZ0) = 3.8 · 10!9 corresponding to our RS reference point for MKK = 1.5TeV
and MKK = 3TeV are displayed by the triangle and stars. Notice that for MKK = 1.5TeV
our RS reference point barely fails to satisfy the constraints from the Z0 ! bb̄ “pseudo
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Figure 12: Branching ratio of t ! ch as a function of MKK in the RS model. The
dashed and dotted red (dark gray) lines indicate the expected sensitivities of the LHC.
In the left (right) plot points that violate the constraints from the Z0 ! bb̄ “pseudo
observables” are included (excluded). The yellow (light gray) triangle and the orange
(medium gray) stars represent the results for our RS reference points. See text for
details.

will be challenging to detect the predicted suppression e!ects of the htt̄ coupling. A detailed
study of the Higgs-boson production cross section in warped 5D scenarios, as performed in
[108, 109], is beyond the scope of this article.

When kinematically accessible, the couplings of (136) allow for the flavor-changing de-
cay t ! ch. Including terms up to first order in the charm-quark mass, the corresponding
branching ratio takes the form

B(t! ch) =
2 (1" r2
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2 r2
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where as before ri # mpole
i /mpole

t , and g is the SU(2)L gauge coupling. In our numerical
analysis of the t ! ch branching ratio we will use rh = 0.87, corresponding to a Higgs-boson
mass mh = 150 GeV.

The RS predictions for B(t ! ch) as a function of MKK are shown in Figure 12 for 3000
randomly generated parameter points. The values of B(t! ch) = 2.4 · 10!9 and B(t! ch) =
1.7 · 10!10 corresponding to our default RS point for MKK = 1.5TeV and MKK = 3 TeV are
displayed by the triangle and stars. The LHC is expected to give 3! evidence for B(t ! ch)
larger than 6.5 ·10!5 or set a limit of 4.5 ·10!5 with 95% CL if the decay is not observed [110].
These limits are indicated by the dashed and dotted lines in the panels. Since B(t ! ch)
barely reaches values of 10!7 once the Z0 ! bb̄ constraints are enforced, a detection of a
RS signal for the t ! ch decay will be taxing at the LHC. The branching ratio of t ! uh
is suppressed relative to the one of t ! ch by more than an order of magnitude, so that a
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Rare top decays from a warped extra dimension

• In “generic” warped models, top is heavy because its wave function is localized close to the IR brane, thus 
having a larger overlap with the Higgs

• For the same reason top is more mixed with the extra KK/composite fermions, inducing FCNC rare decays

• With 100 fb-1 at 14 TeV,  ATLAS projects sensitivities down to a few times 10^-5

• This is impressive but still not good enough!



   J. Lykken    “Prospects for the LHC Era”                                                                             Conference on LHC First Data, 12-14 Dec 2010,  Ann Arbor32

Conference on LHC Last Data
December 12-14, 2025

Sponsored  By: MCTP, UMATLAS, and our Cylon Overlords

Lots of opportunities for theorists and experimentalists!!!

• Relatively early discoveries (2011?) will raise many challenging follow-up 
questions --- attack them now!

• Discoveries/measurements that intrinsically require large data sets and/or new 
analysis techniques -- be ambitious!


