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The Randall-Sundrum model 
and high pT tops

Ben Lillie
Argonne / University of Chicago
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Outline

• Description of the RS model

• Importance of top quarks

• Model variations

• Probes of model properties

• Outlook

B. Lillie, L. Randall, L. Wang hep-ph/0701166
B. Lillie, J. Shu, T. Tait 0706.3960

See also: Agashe, Belyaev, Krupovnickas, 
Perez, Virzi hep-ph/0612015
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The Randall-Sundrum model

• Five dimensions

• Extra dimention is “warped”

• Warping scales masses, 
solving the hierarchy problem

• Parameters are natural

L. Randall, R. Sundrum hep-ph/9905221

UV IR
Planck TeV

M → e−πkrc
W. Goldberger and M. Wise hep-ph/9907447
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Standard Model fields
H. Davoudiasl, J. Hewett, T. Rizzo hep-ph/9911262

A. Pomarol hep-ph/9911294

• SM fields in bulk to suppress 
dangerous operators

• Gauge fields must be in bulk

• Provides explanation of flavor 
hierarchy

• Structure constrained by SM 
precision observables

•         dominant constraint

tR

Z → bb̄

ψlight

Q3
L
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Kaluza-Klein states

• KK states are IR localized

• Universal couplings to light 
fermions

• Large coupling to top

gff̄g(1) ∼ 0.2gs

gQ3Q̄3g(1) ∼ gs

gtR t̄Rg(1) ∼ 4gs
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Kaluza-Klein states

• KK states are IR localized

• Universal couplings to light 
fermions

• Large coupling to top

All gauge KK states decay 
predominantly to top pairs!

gff̄g(1) ∼ 0.2gs

gQ3Q̄3g(1) ∼ gs

gtR t̄Rg(1) ∼ 4gs
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Top pairs from KK gluons
• Nice signal above SM top 

production

• PDF and stat. errors shown, 
assuming 100  

• Width/Mass ~17%
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Figure 3: Invariant mass distribution of tt̄ pairs coming from the KK gluon resonance, and SM
tt̄ production. The errors shown on the background curve are the statistical errors assuming
100 fb−1 of luminosity.
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Figure 4: Invariant mass distribution of the decay products for several masses of the KK gluon.
This assumes all tt̄ events are fully collimated. “BG” is QCD dijet production. All jets are
required to have pseudo-rapidities |η| < 0.5, and at least one to have pT > 500 GeV. The errors
shown on the background curve are the statistical errors assuming 100 fb−1 of luminosity.
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Figure 2: Total cross-section for production of the first KK gluon, as a function of KK mass.

3 Discovery

3.1 Cross Section

The KK excitations of the gluons will appear as resonances in the process pp → qq̄, primarily
decaying in the tt̄ channel. The branching ratio for g(1) → tt̄ is 92.5% (and another 5.5% is
to bb̄, with the rest to light quark jets). To study the signal we have simulated the process
qq̄ → g(1) → qq̄ using MADGRAPH and MADEVENT [12]. A plot of the inclusive cross section
as a function of the resonance mass is shown in Fig. 2. The width of this resonance with the
fermion configuration in Eq. 3 is

Γ/M ≈ 0.17. (6)

Figure 3 shows the tt̄ invariant mass distribution from KK resonances, demonstrating that
with efficient top quark identification it should be visible above the SM tt̄ background up to
relatively high masses. This will require reconstructing the tt̄ pair to identify the relatively
narrow resonance in the mtt̄ distribution. Clearly, identifying the top pairs will be crucial to
the discovery and study of the KK-gluon and experiments will have to be as efficient as possible
in identifying tops.

To emphasize the importance of top ID, consider the worst case scenario in which a top
jet is not distinguished from a QCD jet. We compare the signal with QCD dijet production.
We show the rates for dijets, with both pseudo-rapidities < 0.5 and the leading jet pT > 500
GeV in Fig. 4. We see that even selecting the events to be very central and containing high
pT jets, signal identification is difficult. The raw dijet rate is overwhelming even with these
cuts. Although more refined cuts could reduce the background, they are probably not enough
without some top-quark ID.

4

Cross-section at LHC reasonable, 
limited by small coupling to light 
fermions, and lack of glue-glue 

coupling

mKK

mtt̄

dσ
/d

m
(p

b/
G

eV
)

σ
pb
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FIG. 4: Cross section for pp → g1 at the LHC, for standard RS with the SM in the bulk

(κrIR = 0), three models with large brane kinetic terms (κrIR = 5, 10, 20) and the model with a

larger custodial symmetry, in the cases when N = 0 or 1, of the additional KK custodial partner

quarks are light enough that g1 can decay into them.

magnitude. In addition, the model with IR boundary kinetic terms shows a rate which

is suppressed by a factor of about five, because while the boundary kinetic term slightly

enhances the coupling of the UV-localized bR, it more dramatically suppresses the coupling

to the IR-localized bL (c.f. Figure 2). Ultimately, one must include the SM background

and detector efficiencies for a specific decay channel of g1. As a step in this direction, in

Figure 6 we plot the differential cross-section for both the pp → tt and pp → btt signals

and SM backgrounds with respect to the tt invariant mass, in the standard RS model

13

Other model variants

Davoudiasl, Hewett, Rizzo hep-ph/0212279
Carena, Ponton, Tait, Wagner, hep-ph/0212307

IR brane terms

2δ(y − πrc)rIRFµνFµν
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FIG. 4: Cross section for pp → g1 at the LHC, for standard RS with the SM in the bulk

(κrIR = 0), three models with large brane kinetic terms (κrIR = 5, 10, 20) and the model with a

larger custodial symmetry, in the cases when N = 0 or 1, of the additional KK custodial partner

quarks are light enough that g1 can decay into them.

magnitude. In addition, the model with IR boundary kinetic terms shows a rate which

is suppressed by a factor of about five, because while the boundary kinetic term slightly

enhances the coupling of the UV-localized bR, it more dramatically suppresses the coupling

to the IR-localized bL (c.f. Figure 2). Ultimately, one must include the SM background

and detector efficiencies for a specific decay channel of g1. As a step in this direction, in

Figure 6 we plot the differential cross-section for both the pp → tt and pp → btt signals

and SM backgrounds with respect to the tt invariant mass, in the standard RS model
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Other model variants

Custodial symmetry
for 

• Produces new light 
fermions

• KK gluon can decay 
into N new states

Agashe, Contino, Da Rold, Pomarol, hep-ph/0605341

Z → bb̄
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Bottom quark coupling

• Measure b associated 
production

• Probe of b localization
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Tevatron constraints

~ 950 GeV

M. Kagan, D. Amidei, C. Cully, T. Schwarz, M. Soderberg (Michigan)
http://www-cdf.fnal.gov/physics/new/top/2006/mass/mttb/pub_page.html

Used narrow-width 
approximation, so 
constraint is 
qualitative, but 
probably improves 
with proper treatment

10
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FIG. 7: Cross section for pp → g1 → tt at the Tevatron as a function of the mass of g1,

compared with the CDF exclusion curve. The mass of custodial partners is 360GeV.

Based on the size of the signal and background, we estimate that one could potentially

discover g1 even if its mass is larger than 4 TeV in such models.

The highly chiral nature of the couplings of g1 to top, bottom, or the custodial partners

may be visible as an observable [11]. The top final state is particularly promising, because

the left-handed nature of the W -t-b interaction implies that the top decay automatically

analyzes its production polarization. For example, the standard RS scenario has about

95% decays into right-polarized tops, whereas the model with κrIR = 10 has roughly

equal decays into left- and right-polarized tops, and the model with expanded custodial

symmetry with Q3 localized at the IR brane has about 99% decays into left-polarized

17

http://www-cdf.fnal.gov/physics/new/top/2006/mass/mttb/pub_page.html
http://www-cdf.fnal.gov/physics/new/top/2006/mass/mttb/pub_page.html
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Top collimation

Threshold production High mass production

11
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Top collimation

• Tops can be highly boosted

• Can they be resolved into separate objects 
for top ID and reconstruction?

Threshold production High mass production

11
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Top collimation (cont.)
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Figure 5: Left: Fraction of events with certain numbers of distinct objects for events from
decay of a KK gluon, with mass (top to bottom) 2, 3, and 4 TeV as a function of invariant
mass of the tt̄ pair, after imposing a cut on the top pT : 500 GeV, 1 TeV, and 1.5 TeV. Right:
SM tt̄ production using the same cuts as the corresponding plot on the right. The line labeled
“1 coll.” is the fraction of events where at least one of the tops has all three decay products
within the same cone. A cone size of 0.4 has been used.
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Figure 6: Left: Fraction of events for certain numbers of distinct objects for events from decay
of a KK gluon, with mass (top to bottom) 2, 3, and 4 TeV as a function of pT for events in the
window mKK − 500 GeV < mtt < mKK + 500 GeV. Right: SM tt̄ production using the same
cuts as the corresponding plot on the right. The line labeled “1 coll.” is the fraction of events
where at least one of the tops has all three decay products within the same cone. A cone size
of 0.4 has been used.
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Top collimation (cont.)
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Figure 5: Left: Fraction of events with certain numbers of distinct objects for events from
decay of a KK gluon, with mass (top to bottom) 2, 3, and 4 TeV as a function of invariant
mass of the tt̄ pair, after imposing a cut on the top pT : 500 GeV, 1 TeV, and 1.5 TeV. Right:
SM tt̄ production using the same cuts as the corresponding plot on the right. The line labeled
“1 coll.” is the fraction of events where at least one of the tops has all three decay products
within the same cone. A cone size of 0.4 has been used.
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Figure 6: Left: Fraction of events for certain numbers of distinct objects for events from decay
of a KK gluon, with mass (top to bottom) 2, 3, and 4 TeV as a function of pT for events in the
window mKK − 500 GeV < mtt < mKK + 500 GeV. Right: SM tt̄ production using the same
cuts as the corresponding plot on the right. The line labeled “1 coll.” is the fraction of events
where at least one of the tops has all three decay products within the same cone. A cone size
of 0.4 has been used.
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Compare to dijets?

• Possibly significant at 
lower masses

• Very challenging!

• Would like a way to 
identify tops, even if 
collimated

• In some models may 
be the discovery 
mode

mjj

14
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FIG. 8: Invariant mass distribution of QCD dijets coming from the KK gluon resonance in

models with large brane kinetic term (κrIR = 20), and the SM prediction. The cuts pT > 20GeV,

|η| < 1.0, and invariant mass > 1TeV are applied.

tops.

Finally, given the large cross-sections, it is natural to ask what the current bounds

from the Tevataron on anomalous top production imply for the KK gluon mass. A recent

analysis from CDF [26] has set bounds on narrow resonances in the tt invariant mass

spectrum. While the analysis does not strictly apply in this case, since the KK gluon is

wider than the machine resolution, the actual bound will be close to that quoted in the

analysis. We have plotted this in Fig. 7, along with representative cross-sections from

the models under investigation here. Note that this excludes Higgsless models with KK

masses below about 850 GeV, and that includes the region favored by unitarity in WW

18
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Finding collimated 

Agashe, Belyaev, Krupovnickas, Perez, Virzi hep-ph/0612015

First demonstration

See also: U. Baur, L. Orr 0707.2006

•Used isolated leptons
•jet mass cut

•note long tail for k_T algorithm

found leptons inside jets

• The invariant mass of a jet with a given pT strongly depends on the jet

algorithm used

• Long tail with kT algorithm

• very difficult to have a jet with the cone algorithm which has

m(j) > 0.3 × pT (j)

Ulrich Baur Pheno07 May 2007

15

tt̄
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Finding collimated 

Agashe, Belyaev, Krupovnickas, Perez, Virzi hep-ph/0612015

First demonstration

See also: U. Baur, L. Orr 0707.2006

•Used isolated leptons
•jet mass cut

•note long tail for k_T algorithm

found leptons inside jets

• The invariant mass of a jet with a given pT strongly depends on the jet

algorithm used

• Long tail with kT algorithm

• very difficult to have a jet with the cone algorithm which has

m(j) > 0.3 × pT (j)

Ulrich Baur Pheno07 May 2007

15

tt̄

More work ongoing!
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Top helicity

• Tops from KK decays 
are right-polarized

• Other models where 
they are left-polarized

• e.g. Carena et. al. hep-ph/0607106
Agashe, Contino, Da Rold, Pomarol, hep-
ph/0605341
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Figure 12: Normalized distribution cos(φ), defined in the text, for a 3 TeV resonance (blue,
dotted), and for QCD top production (green, dashed).
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to light fermions, along with the SM prediction.

the resonance will result in a much larger overall cross-section, one should not normalize

to the total number of events. We choose to normalize to the lowest-mass bin used in

calculating the asymmetry, which allows extraction of the normalization from data, while

retaining all available information in the region near the resonance.

We present values of Ai for several masses in the basic RS model in Table II. We

also show the value obtained by switching the sign of the light quark coupling. We have

included a crude estimate of the smearing by shifting the value of the top and anti-top 4-

momentum by a gaussian random number with width given by the ATLAS jet resolution.

Since the uncertainty in top reconstruction will be dominated by the jet uncertainty this

gives the correct order-of-magnitude for the smearing; we leave more refined estimates for
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FIG. 10: Invariant mass distribution of pp→ tt in models with positive and negative coupling

to light fermions, along with the SM prediction.

the resonance will result in a much larger overall cross-section, one should not normalize

to the total number of events. We choose to normalize to the lowest-mass bin used in

calculating the asymmetry, which allows extraction of the normalization from data, while

retaining all available information in the region near the resonance.

We present values of Ai for several masses in the basic RS model in Table II. We

also show the value obtained by switching the sign of the light quark coupling. We have

included a crude estimate of the smearing by shifting the value of the top and anti-top 4-

momentum by a gaussian random number with width given by the ATLAS jet resolution.

Since the uncertainty in top reconstruction will be dominated by the jet uncertainty this

gives the correct order-of-magnitude for the smearing; we leave more refined estimates for
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Ai = −
R

dm( dσ
dm− dσ

dm SM)∗ε(m−M
g(1) )

R
dm| dσ

dm− dσ
dm SM|

g(1) Mass plus minus

2 TeV 0.57 -0.44

3 TeV 0.54 -0.28

4 TeV 0.52 -0.16

TABLE II: Asymmetry parameter Ai for tt resonances with negative (corresponding to basic

RS) and positive light quark couplings.

future work. We find that the smearing makes little difference, as the resonance width is

larger than the detector resolution. The results in Table II indicate that if a resonance

is observed in tt production, Ai is a promising variable to extract information about the

underlying theory.

V. CONCLUSIONS

We have investigated the structure of the KK gluon resonance in several variants of the

RS model. We find that this structure contains information that will help to distinguish

between models even in the absence of data from the electroweak sector. The width

and branching ratios will constrain the location of the fermion zero-modes as well as the

number of light KK modes into which the KK gluon can decay. In addition, the ratio

of cross-sections for producing the g1 directly and in association with a b-jet will give

specific information about the localization of the third generation quarks. Specifically,

a large coupling to bb will prefer a model where the Z → bb vertex is protected by an

extended custodial symmetry. In some models, with large boundary kinetic terms, the

g1 can primarily decay into dijets, and it seems promising that in such models one can

discern g1 against the large QCD background up to masses somewhat larger than 4 TeV.

Finally, we find that the relative sign of the coupling to light quarks and to tops can be

measured in the interference with s-channel gluon exchange. This provides an important

consistancy check on the overall picture of the fermion geography and the mechanism by

which flavor hierarchies are realized in the fermion Yukawa couplings.

The discovery of g1 is an important first step in the discovery of RS, and further
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(parton level without 
efficiencies, just an illustration)
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Possibilities at the ILC

• No s-channel gluon production. Gives direct 
access to EW KK states

• Disentangle KK gluons from EW bosons

• Unlikely to have on-shell production, but not 
necessarily problematic

• See, e.g. TESLA TDR

• Better top helicity measurement?
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Outlook
• Another reminder that large resonances can 

occur in models that solve the hierarchy 
problem

• Example of a model where almost all new 
physics appears in hadronic channels

• Possible to extract interesting, qualitative 
features that probe the model structure.

• Couplings to top and bottom

• Light fermion coupling sign
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