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Spectrum  -  KK level 1
2

preserve the 5th dimensional momentum (KK number).
The corresponding coupling constants among KK modes
are simply equal to the SM couplings (up to normaliza-
tion factors such as

√
2). The Feynman rules for the KK

modes can easily be derived (e.g., see Ref. [8, 9]).
In contrast, the coefficients of the boundary terms are

not fixed by Standard Model couplings and correspond
to new free parameters. In fact, they are renormalized
by the bulk interactions and hence are scale dependent
[10, 11]. One might worry that this implies that all pre-
dictive power is lost. However, since the wave functions
of Standard Model fields and KK modes are spread out
over the extra dimension and the new couplings only
exist on the boundaries, their effects are volume sup-
pressed. We can get an estimate for the size of these
volume suppressed corrections with naive dimensional
analysis by assuming strong coupling at the cut-off. The
result is that the mass shifts to KK modes from bound-
ary terms are numerically equal to corrections from loops
δm2

n/m2
n ∼ g2/16π2.

We will assume that the boundary terms are symmetric
under the exchange of the two orbifold fixed points, which
preserves the KK parity discussed below. Most relevant
to the phenomenology are localized kinetic terms for the
SM fields, such as

δ(x5) + δ(x5 − πR)

Λ

[

G4(Fµν)2 + F4Ψi/DΨ + F5Ψγ5∂5Ψ
]

,

(2)

where the dimensionless coefficients G4 and Fi are arbi-
trary and not universal for the different Standard Model
fields. These terms are important phenomenologically for
several reasons: (i) they split the near-degeneracy of KK
modes at each level, (ii) they break KK number conserva-
tion down to a KK parity under which modes with odd
KK numbers are charged, (iii) they introduce possible
new flavor violation.

Since collider signatures depend strongly on the values
of the boundary couplings it is necessary to be definite
and specify them. A reasonable ansatz is to take flavor-
universal boundary terms. Non-universalities would give
rise to FCNCs as in supersymmetry with flavor violating
scalar masses. This still leaves a large number of free pa-
rameters. For definiteness, and also because we find the
resulting phenomenology especially interesting, we make
the assumption that all boundary terms are negligible at
some scale Λ > R−1. This defines our model.

Note that this is completely analogous to the case of
the Minimal Supersymmetric Standard Model (MSSM)
where one has to choose a set of soft supersymmetry
breaking couplings at some high scale, before studying
the phenomenology. Different ansaetze for the parame-
ters can be justified by different theoretical prejudices but
ultimately one should use experimental data to constrain
them. In a sense, our choice of boundary couplings may
be viewed as analogous to the simplest minimal super-
gravity boundary condition – universal scalar and gaug-
ino masses. Thus the model of MUEDs is extremely pre-

FIG. 1: One-loop corrected mass spectrum of the first KK
level in MUEDs for R

−1 = 500 GeV, ΛR = 20 and mh = 120
GeV.

FIG. 2: Radiative corrections (in %) to the spectrum of the
first KK level for R

−1 = 500 GeV, versus ΛR.

dictive and has only three free parameters:

{R, Λ, mh} , (3)

where mh is the mass of the Standard Model Higgs boson.
The low energy KK spectrum of MUEDs depends on

the boundary terms at low scales which are determined
from the high energy parameters through the renormal-
ization group. Since the corrections are small we use the
one-loop leading log approximations. In addition to the
boundary terms we also take into account the non-local
radiative corrections to KK masses. All these were com-
puted at one-loop in [10].

A typical spectrum for the first level KK modes is
shown in Fig. 1. Fig. 2 shows the dependence of the split-
tings between first level KK modes on the cutoff scale Λ.
Typically, the corrections for KK modes with strong in-
teractions are > 10% while those for states with only

Lightest state is 
stable

1-loop 
corrections are 
calculable

Spectrum 
certainly possible 
in the MSSM

Cheng, Matchev, Schmaltz hep-ph/0204342  0205314



Is there a difference?

As was emphasised by Barr [1], the observability of interesting correlations depends

crucially on the fact that the LHC is a proton-proton collider, so that squarks/KK-quarks

are produced somewhat more copiously than their antiparticles. To quantify this effect,

we need to know the direct and indirect production cross sections of KK-quarks and KK-

antiquarks. We have therefore computed the lowest-order two-parton to two-KK-parton

matrix elements, which are expected to dominate the production of these particles. Our

results, which differ somewhat from those presented in ref. [9],3 are discussed in section 5

and listed in appendix B.

Using our results on the UED production matrix elements and decay correlations,

together with the decay branching ratios suggested in ref. [5], we have included a full

simulation of the relevant UED processes in the HERWIG Monte Carlo event generator [10,

11]. Since the corresponding SUSY processes, with full spin correlations, are already a well-

established feature of HERWIG [12, 13], we are able in section 6 to present first detector-level

results on distinguishing UED and SUSY spin correlations at the LHC. Our results and

conclusions are summarized in section 7.

2. Decay chains in SUSY and UED
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Figure 1: (a) SUSY and (b) UED decay chains considered here.

The SUSY decay chain that we shall consider, which is the same as that studied in

ref. [1], is shown in figure 1, together with the corresponding UED process. In both cases

the visible decay products are a quark jet and a pair of opposite-sign same-flavour (OSSF)

leptons with the same chirality. We suppose that the new particle masses have been

measured, either by an edge analysis along the lines of refs. [2, 3] or some other means, and

it remains to decide whether the decay angular distributions agree better with the SUSY

or UED spin assignments.

3An erratum to ref. [9] is in preparation (C. Macesanu, private communication).

– 3 –

Smillie, Webber, hep-ph/0507170
(Barr, hep-ph/0405052)

m̂ = mnear
ql /(mnear

ql )max = sin(θ∗/2)
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(a) (b)

Figure 9: UED and SUSY charge asymmetries with respect to the jet + lepton rescaled invariant
mass, for (a) the UED and (b) the SUSY mass spectrum given above. Dotted: phase space. Dashed:
SUSY. Solid/red: UED.

branching ratios suggested in ref. [5], to estimate the UED production cross sections and

the quantities fq and fq̄ appearing in eqs. (4.18) and (4.19).

Our expressions for the subprocess matrix elements are listed in appendix B. These

results were obtained by including the Feynman rules for the effective four-dimensional

theory in CompHEP [15]. They differ in several respects from those presented in ref. [9].

Details of the discrepancies are given in the appendix. Most importantly, we find a larger

overall normalization.

Our numerical results for the produc-
Masses Model σall σq∗ σq̄∗ fq

UED UED 249 158 83 0.66

UED SUSY 28 18 9 0.65

SPS 1a UED 480 230 102 0.69

SPS 1a SUSY 55 26 11 0.70

Table 3: Production cross sections (pb) in UED
and SUSY models, with UED or SUSY masses.

tion cross sections at the LHC are pre-

sented in table 3. These results were ob-

tained from parton-level Monte Carlo sim-

ulations of the production processes and

decay chains, using the HERWIG event

generator in SUSY mode with parton show-

ering, hadronization and underlying event

switched off. The HERWIG default (MRST

leading-order [16]) parton distributions were

used. For the UED simulations, the SUSY

matrix element subroutine was replaced

by a UED one and the SUSY particle data

input file consisted of UED data based on

ref. [5].

As a result of the more singular structure of the matrix elements and the extra helicity

states, the UED production cross sections tend to be larger than those of the analogous

SUSY processes for identical mass spectra, leading to an overall enhancement of the cross

section, by a factor of about 8 for both the mass scenarios that we studied. Thus a SUSY-

like signature (e.g. many jets and leptons plus large missing energy) with a cross section

– 12 –

UED-like mSUGRA-like

Charge asymmetry
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Figure 6: Bottom–lepton invariant mass distributions for
SUSY (first panel) and UED (second panel) and asymme-
try (third panel), in arbitrary units, for gluino pair produc-
tion and after the background rejection cuts Eq. (10), for the
UED mass spectrum described in Sec. B.

In the MSSM we are free to assign the two left and right
soft–breaking masses. For partners of essentially mass-
less Standard Model particles the mass eigenstates and
the interaction eigenstates are identical. As mentioned
above, the light–flavor sleptons in the SPS1a parame-
ter point are of the kind !̃1,2 ∼ !̃R,L, the staus couple
like τ̃1,2 ∼ τ̃L,R, and the sbottoms like b̃1,2 ∼ b̃L,R. If
we assume we know the nature of the two lightest neu-
tralinos we can roughly determine the nature of a de-
caying squark from its branching fractions q̃ → qχ̃0

1 and
q̃ → qχ̃0

2 → q!+!−χ̃0
1, because the bino and the wino

fraction in the neutralino couple differently to left and
right sfermions.

For the sleptons we usually cannot access branching
fractions at the LHC because we cannot rely on a di-
rect production channel. For example if the mass hi-
erarchy is SPS1a-like (m!̃2

> mχ̃0
2

> m!̃1
) squark and

gluino cascade decays are the only source of information
on sleptons. They are dominated by the lighter of the
sleptons which is produced on–shell in the cascade de-
cay. In that situation we can determine the chiral struc-
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Figure 7: Asymmetry for an SPS1a mass spectrum and a
supersymmetric gluino cascade, but varying the coupling of
the cascade spectrum between purely left handed and purely
right handed.

ture of the slepton couplings from the same distributions
we use to distinguish a gluino cascade from a KK gluon
cascade. For the squark cascade this feature has been
discussed independent of the spin measurement [24]. We
illustrate the link between slepton couplings and spins in
the top panel of Fig. 7 where we display the asymmetry
as a function of mb!± for left and right handed sleptons.
The asymmetry shows the opposite behavior for !R and
!L and consequently can be used as an indication of the
!̃1,2 ∼ !̃R,L assignment. For scalar taus, Fig. 3 shows that
the same measurement is possible, provided we identify
the tau leptons from the cascade reliably [25]. On the
other hand the b̃R and b̃L contributions to the asymme-
try are very similar, as we can see in the bottom panel of
Fig. 7, so from these distributions we cannot distinguish
the two bottom states.

G. Outlook

Proving the presence of a Majorana gluino is the prime
task for the LHC to show that new TeV–scale physics
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ture of the slepton couplings from the same distributions
we use to distinguish a gluino cascade from a KK gluon
cascade. For the squark cascade this feature has been
discussed independent of the spin measurement [24]. We
illustrate the link between slepton couplings and spins in
the top panel of Fig. 7 where we display the asymmetry
as a function of mb!± for left and right handed sleptons.
The asymmetry shows the opposite behavior for !R and
!L and consequently can be used as an indication of the
!̃1,2 ∼ !̃R,L assignment. For scalar taus, Fig. 3 shows that
the same measurement is possible, provided we identify
the tau leptons from the cascade reliably [25]. On the
other hand the b̃R and b̃L contributions to the asymme-
try are very similar, as we can see in the bottom panel of
Fig. 7, so from these distributions we cannot distinguish
the two bottom states.

G. Outlook

Proving the presence of a Majorana gluino is the prime
task for the LHC to show that new TeV–scale physics

Can also use decays 
through a sbottom (b’).



Is it a gluino?
Alves, Éboli, Plehn hep-ph/0605067

8

0

0.5

1

0 10 20 30 40 50 60 70 80 90 100

SUSY

bl
-

bl
+

m
bl
± [GeV]

d
!

/d
m

b
l±

0

0.5

1

0 10 20 30 40 50 60 70 80 90 100

UED

bl
-

bl
+

m
bl
± [GeV]

d
!

/d
m

b
l±

-0.4

-0.2

0

0.2

0.4

0 10 20 30 40 50 60 70 80 90 100

SUSY(e
~
+µ

~
+"

~
)

UED(e
(1)

+µ
(1)

+"
(1)

)

UED
Mass Spectrum

m
bl
± [GeV]

A
±
 =

 (
!

(b
l+

)-
!

(b
l- ))

/s
u
m

Figure 6: Bottom–lepton invariant mass distributions for
SUSY (first panel) and UED (second panel) and asymme-
try (third panel), in arbitrary units, for gluino pair produc-
tion and after the background rejection cuts Eq. (10), for the
UED mass spectrum described in Sec. B.

In the MSSM we are free to assign the two left and right
soft–breaking masses. For partners of essentially mass-
less Standard Model particles the mass eigenstates and
the interaction eigenstates are identical. As mentioned
above, the light–flavor sleptons in the SPS1a parame-
ter point are of the kind !̃1,2 ∼ !̃R,L, the staus couple
like τ̃1,2 ∼ τ̃L,R, and the sbottoms like b̃1,2 ∼ b̃L,R. If
we assume we know the nature of the two lightest neu-
tralinos we can roughly determine the nature of a de-
caying squark from its branching fractions q̃ → qχ̃0

1 and
q̃ → qχ̃0

2 → q!+!−χ̃0
1, because the bino and the wino

fraction in the neutralino couple differently to left and
right sfermions.

For the sleptons we usually cannot access branching
fractions at the LHC because we cannot rely on a di-
rect production channel. For example if the mass hi-
erarchy is SPS1a-like (m!̃2

> mχ̃0
2

> m!̃1
) squark and

gluino cascade decays are the only source of information
on sleptons. They are dominated by the lighter of the
sleptons which is produced on–shell in the cascade de-
cay. In that situation we can determine the chiral struc-

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0 50 100 150 200 250 300 350

sleptons R + staus

sleptons L + staus

UED

SPS1a

Mass Spectrum basic cuts

m
bl
± [GeV]

A
±
 =

 (
!

(b
l+

)-
!

(b
l- ))

/s
u
m

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0 50 100 150 200 250 300 350

sbottoms L

sbottoms R

UED

SPS1a

Mass Spectrum basic cuts

m
bl
± [GeV]

A
±
 =

 (
!

(b
l+

)-
!

(b
l- ))

/s
u
m

Figure 7: Asymmetry for an SPS1a mass spectrum and a
supersymmetric gluino cascade, but varying the coupling of
the cascade spectrum between purely left handed and purely
right handed.

ture of the slepton couplings from the same distributions
we use to distinguish a gluino cascade from a KK gluon
cascade. For the squark cascade this feature has been
discussed independent of the spin measurement [24]. We
illustrate the link between slepton couplings and spins in
the top panel of Fig. 7 where we display the asymmetry
as a function of mb!± for left and right handed sleptons.
The asymmetry shows the opposite behavior for !R and
!L and consequently can be used as an indication of the
!̃1,2 ∼ !̃R,L assignment. For scalar taus, Fig. 3 shows that
the same measurement is possible, provided we identify
the tau leptons from the cascade reliably [25]. On the
other hand the b̃R and b̃L contributions to the asymme-
try are very similar, as we can see in the bottom panel of
Fig. 7, so from these distributions we cannot distinguish
the two bottom states.

G. Outlook

Proving the presence of a Majorana gluino is the prime
task for the LHC to show that new TeV–scale physics

Can also use decays 
through a sbottom (b’).

Purely hadronic 
observables available

e.g. azimuthal angle 
between b-jets
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Figure 4: Softer bottom–lepton invariant mass distributions
for SUSY (first panel) and UED (second panel) and asymme-
try for the SPS1a mass spectrum (last panel), including the
τ contribution. The mass distributions are shown adding the
g̃g̃ and q̃g̃ contributions after all cuts.

ing ratio of 6.3% as compared to 0.4% for the first– and
second generation sleptons combined. Taking into ac-
count the leptonic tau decays the branching fraction from
τ̃1,2 drops to 0.2%.

For the parameter point SPS1a the (dominant) lighter
selectron or smuon is mostly right handed "̃1 ∼ "̃R,
whereas the lighter stau is mostly left handed τ̃1 ∼ τ̃L

due to the renormalization group running and the fairly
large tanβ = 10. This means the contribution of the stau
to the mass asymmetry is opposite to the selectron and
smuon contributions. In Fig. 3 we see how the τ̃1 can
in principle wash out the asymmetry from selectrons and
smuons. Luckily, the impact of the τ̃ on our asymmetry
given in Eq. (11) is small because leptons from tau decays
are softer and hence less likely pass the cuts. After cuts
the contribution from staus is about five times smaller
than the combined selectron and smuon signal. We will
further discuss the different pattern for intermediate left
and right handed sleptons as a general feature for the
gluino cascade in Sec. F.

As mentioned above, the SUSY spectrum might be
such that it is possible to identify the (near) bottom jet
from the gluino decay since it is softer. In those cases
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Figure 5: From the top: (i) azimuthal angle between the
two bottom jets for UED and SUSY decay chains including
b̃1 and b̃2; (ii) including only the effect of b̃2 exchange; (iii)
averaged bottom jet rapidities. In all cases we assume the
SPS1a spectrum and add the rates for g̃g̃ and q̃g̃ production.

where we can identify the softer b jet with the near b jet
for each event a similar asymmetry can be defined as

A±(mbs!) =
dσ/dmbs!+ − dσ/dmbs!−

dσ/dmbs!+ + dσ/dmbs!−
(12)

Note that here the symbol b means either b or b̄, without
distinction. Fig. 4 shows that A±(mbs!) can be an effi-
cient tool to discriminate between SUSY and UED decay
cascades for a hierarchical mass spectrum.

D. Purely Hadronic Correlations

The correlation between a lepton and a bottom jet is
only one of the distributions we can use to distinguish the
two interpretations of the decay cascade. Unfortunately,
it has been shown for squark decays that purely leptonic



For every spin, turn, turn, turn
Wang, Yavin, hep-ph/0605296

Kilic, Wang, Yavin, hep-ph/0703085

scalars the slope is unambiguously negative. In contrast, when the gluon partner g′ is a vector-

boson and γ′ is a scalar the slope is unambiguously positive. These are simple consequences

of spin conservation. However, when γ′ is a vector-boson, the sign of the slope depends on

whether γ′ is longitudinally dominated (M2
Q > 2M2

γ′) or transversally dominated (M2
Q <

2M2
γ′).

Knowledge of the slope together with a measurement of the ratio MQ/Mγ′ (possibly from

kinematical edges) can determine the spin of the external particle up to a two fold ambiguity.

For example, if we measure a positive slope and M2
Q/M2

γ′ > 2 we can conclude that the gluon

partner is a vector-boson, but we do not know whether γ′ is a scalar or a vector-boson. On

the other hand, if the slope is positive and M2
Q/M2

γ′ > 2 we would have concluded that γ′ is

a scalar, but we would have an ambiguity left regarding the spin of the gluon partner.

Scenario Slope β Intercept α

(

2M2
g′ − M2

Q

) (

M2
Q − 2M2

γ′

)

(M4
Q + 4M2

γ′M2
g′) t(edge)

ff̄

−
(

M2
Q − 2M2

γ′

)

M2
Q t(edge)

ff̄

(

2M2
g′ − M2

Q

)

M2
Q t(edge)

ff̄

−1 t(edge)
ff̄

Table 1: If angular correlations exist between the outgoing f − f̄ or dilepton pair, then the sign of
the slope of the distribution (whether β > 0 or β < 0) may reveal the spin of the external particles as
well as the intermediate one. In the first row we consider a scenario where the external particles are
both vector-bosons. In the second row the incoming partner is a scalar whereas the outgoing partner
is a vector-boson and so forth.

Long cascade decays such as the one presented in Fig. 3 may contain enough information

to determine the spin of all the partners unambiguously. For example, suppose we measure

the slope of the f − f̄ pair to be negative with M2
F ′/M2

Z′ < 2 and that of the dilepton pair,

$− − $+, to be negative with M2
L′/M2

γ′ < 2 as well. Then, either all three partners, g′, Z ′ and

γ′, are vector-bosons, or all three are scalars. Hence, with a single spin measurement of the

Z ′, such as described in [10, 11, 12, 13, 18], we can lift this two-fold ambiguity and determine

the spin of all the particles in the event.

There are of course other discrepancies between the different scenarios which can, in prin-

ciple, help remove the degeneracies. For example, in the limit where MF ′

1
" Mγ′ , the diagram

with a vector-boson γ′ is longitudinally enhanced over the other possibilities. However, these

are numerical differences that do not affect the overall shape and may be hard to measure in

9

dΓ
dtff̄

∝ α + βtff̄
Observation of non-zero 
slope: 

Matter partner is 
fermionic

Possible to extract spin 
information about other 
particles in the chain 
(requires luck)
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If 5D, why       
not 6D?

A vector needs to eat 
another degree of freedom 
to be massive

The KK modes eat their 
own  

In 6D there is an extra 
degree of freedom

A5 ↓
(Aµ, A5, A6)

(Aµ, φ)

6D

2+2=3+1



6D spectrum

Scalars are 
lightest states!

⇒Scalar DM

Lightest colored 
state also scalar

Dobrescu, Kong, Mahbubani hep-ph/0703231
Dobrescu, Hooper, Kong, Mahbubani arxiv: 0706.3409

boson MR fermion MR

G(1)
µ 1.392 Q(1)3

+ 1.265 + 1
2 (mtR)2

W (1)
µ 1.063 + 1

2(MW R)2 T (1)
− 1.252 + 1

2 (mtR)2

G(1)
H 1.0 Q(1)

+ 1.247

B(1)
µ 0.974 U (1)

− 1.216

W (1)
H 0.921 + 1

2(mW R)2 D(1)
− 1.211

B(1)
H 0.855 L(1)

+ 1.041

E(1)
− 1.015

400.

450.

500.

550.

600.

650.

700.

M
[G

eV
]

G(1)
µ

W (1)
µ

B(1)
µ

G(1)
H

W (1)
H

B(1)
H

Q3(1)
+

Q(1)
+

D(1)
−

T (1)
−

U (1)
−

L(1)
+

E(1)
−

1/R = 500 GeV

Table 1: Masses of the (1,0) particles in 1/R units (left). The (1,0) Higgs particles are not included
here because their masses are quadratically sensitive to the cutoff scale. The right-hand panel shows
the spectrum for 1/R = 0.5 TeV.

while only the spinless adjoints in the electroweak sector have mass corrections:

δM
G

(1)
H

= 0

δM
W

(1)
H

= −
51

8
g2 l0

R
+

m2
W R

2
,

δM
B

(1)
H

= −
307

8
g′2

l0
R

. (2.10)

The above mass shifts include negative contributions from fermions in loops, allowing for

overall negative corrections to masses. This is especially important when there are no self-

interactions to compete with the fermion interactions, as is the case with for the hypercharge

bosons.

The masses of the (1,0) particles are given in Table 1 in units of 1/R. The mass shifts

are evaluated there for gauge couplings gs = 1.16, g = 0.65 and g′ = 0.36, which are the

values obtained using the standard model one-loop running up to the scale 1/R = 500 GeV,

We will use the masses from Table 1 throughout the paper, ignoring further running of the

gauge couplings above 500 GeV (note that the standard model running of the gauge couplings

between 500 GeV and 1 TeV results in only a 3% change in gs and negligible changes in g and

g′; however, above ∼ 1/R the running is accelerated by the presence of the level-1 modes).

The KK modes of the Higgs doublet have mass-squared shifts which are quadratically

sensitive to the cutoff scale Λ [12]. Hence, the masses of the (1,0) Higgs scalars may be treated

– 6 –



Lepton-Photon

Figure 12: Cross sections for (a) mγ +n" + /ET events with n ≥ nmin for m = 1, 2 and 1 ≤ nmin ≤ 4
and (b) Lepton + photon events with two or more same-sign leptons, at the LHC as a function of
1/R.

fraction into B(1)
µ . In Fig. 13 we show typical diagrams for "+"+"+"−"− and γ"+"− signatures.

The rate for events with unusual combinations of final states: two same-sign leptons and

a photon, γ"+"+ (γ"−"−) for instance, or three same-sign and one opposite sign lepton,

"+"+"+"− ("−"−"−"+), are plotted in Fig. 12(b). The latter process consists of around 10%

of the total rate for 4 lepton events, and the largest single contribution to it is the decay

of U (1)
+ (D(1)

+ ) pairs. It arises only rarely in the standard model from W+W+Z (W−W−Z)

production.

We expect that the small standard model backgrounds for these processes can be elim-

inated by using a hard /ET cut in conjunction with a jet pT cut since the jets originating

from the decay of (1,0) colored particles should have a transverse momentum of the order

of their mass differences (∼ 100 GeV). One might also naively worry about triggering issues

due to the softness of leptons, since the cascade decays giving rise to them occur between

particles that are relatively degenerate in mass. A preliminary analysis on a single leg of the

decay chain keeping exact spin correlations suggests that more than 90 % of lepton pairs have
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Figure 13: Representative processes that lead to 5" + /ET and γ"+"− + /ET events. Several other
production mechanisms as well as cascade decays contribute to these and related signals.
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Lepton-Photon

(compactification radius)

1/R (GeV )

n leptons

Figure 11: Sum over cross sections for (1,0) particle pair production at the LHC times the branching
fractions of the cascade decays that give rise to n ≥ 3, 4, 5 or 6 charged leptons (! = e± or µ±), as a
function of the compactification scale.

values at large 1/R, which slightly underestimates the total number of events as branching

fractions are larger at small 1/R. Since the contribution from the third generation is small,

our approximation gives rise to negligible error.

Cross sections for multi-lepton events at the LHC are shown in Fig. 11 as a function

of 1/R. Out of the total number of events with 5 leptons or more at 1/R = 500 GeV, the

majority arise from first- and second- generation weak doublet quarks, either in pairs or in

association with other particles; W (1)
µ pair production is responsible for around 10%, as is

production including SU(3)c bosons, G(1)
µ,H . As parton distribution functions vary with the

size of the extra dimensions, so will the individual contributions, although the sensitivity to

the mass scale 1/R is small. The results shown in Fig. 11 include tree-level processes only.

We estimate that next-to-leading order effects will increase the cross sections by ∼30-50%,

especially due to initial state radiation. A complete analysis of this effect is warranted, but

is beyond the scope of this paper.

Also interesting are combined photon and lepton events which result from 1-loop decays

of the (1) hypercharge gauge boson B(1)
µ produced in the decay chain of U (1)

− quarks (see

Fig. 12(a)). Down-type quarks have smaller hypercharge and so couple less strongly; while

quark doublets couple more strongly to weak bosons, resulting in a negligible branching

– 21 –



Lepton-Photon

(compactification radius)

1/R (GeV )

n leptons

Figure 11: Sum over cross sections for (1,0) particle pair production at the LHC times the branching
fractions of the cascade decays that give rise to n ≥ 3, 4, 5 or 6 charged leptons (! = e± or µ±), as a
function of the compactification scale.

values at large 1/R, which slightly underestimates the total number of events as branching

fractions are larger at small 1/R. Since the contribution from the third generation is small,

our approximation gives rise to negligible error.

Cross sections for multi-lepton events at the LHC are shown in Fig. 11 as a function

of 1/R. Out of the total number of events with 5 leptons or more at 1/R = 500 GeV, the

majority arise from first- and second- generation weak doublet quarks, either in pairs or in

association with other particles; W (1)
µ pair production is responsible for around 10%, as is

production including SU(3)c bosons, G(1)
µ,H . As parton distribution functions vary with the

size of the extra dimensions, so will the individual contributions, although the sensitivity to

the mass scale 1/R is small. The results shown in Fig. 11 include tree-level processes only.

We estimate that next-to-leading order effects will increase the cross sections by ∼30-50%,

especially due to initial state radiation. A complete analysis of this effect is warranted, but

is beyond the scope of this paper.

Also interesting are combined photon and lepton events which result from 1-loop decays

of the (1) hypercharge gauge boson B(1)
µ produced in the decay chain of U (1)

− quarks (see

Fig. 12(a)). Down-type quarks have smaller hypercharge and so couple less strongly; while

quark doublets couple more strongly to weak bosons, resulting in a negligible branching

– 21 –

Small mass splittings so 
leptons and photons are 
soft



Lepton-Photon

(compactification radius)

1/R (GeV )

n leptons

Figure 11: Sum over cross sections for (1,0) particle pair production at the LHC times the branching
fractions of the cascade decays that give rise to n ≥ 3, 4, 5 or 6 charged leptons (! = e± or µ±), as a
function of the compactification scale.

values at large 1/R, which slightly underestimates the total number of events as branching

fractions are larger at small 1/R. Since the contribution from the third generation is small,

our approximation gives rise to negligible error.

Cross sections for multi-lepton events at the LHC are shown in Fig. 11 as a function

of 1/R. Out of the total number of events with 5 leptons or more at 1/R = 500 GeV, the

majority arise from first- and second- generation weak doublet quarks, either in pairs or in

association with other particles; W (1)
µ pair production is responsible for around 10%, as is

production including SU(3)c bosons, G(1)
µ,H . As parton distribution functions vary with the

size of the extra dimensions, so will the individual contributions, although the sensitivity to

the mass scale 1/R is small. The results shown in Fig. 11 include tree-level processes only.

We estimate that next-to-leading order effects will increase the cross sections by ∼30-50%,

especially due to initial state radiation. A complete analysis of this effect is warranted, but

is beyond the scope of this paper.

Also interesting are combined photon and lepton events which result from 1-loop decays

of the (1) hypercharge gauge boson B(1)
µ produced in the decay chain of U (1)

− quarks (see

Fig. 12(a)). Down-type quarks have smaller hypercharge and so couple less strongly; while

quark doublets couple more strongly to weak bosons, resulting in a negligible branching

– 21 –

Small mass splittings so 
leptons and photons are 
soft

Scalar DM: measuring spin 
gives a important 
prediction/check



? ?
?

Lesson 2

Don’t forget lesson 1



Warped dimensions
or

why thinner isn’t better



The Randall-Sundrum model

ds2 = dx2 − dy2

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



The Randall-Sundrum model

UEDs →Flat metric

ds2 = dx2 − dy2

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



The Randall-Sundrum model

UEDs →Flat metric

RS uses the AdS, or 
“warped” metric

ds2 = e−2kydx2 − dy2

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

UV
(Planck)

IR
(TeV)



The Randall-Sundrum model

UEDs →Flat metric

RS uses the AdS, or 
“warped” metric

Geometrically solves the 
Hierarchy problem

ds2 = e−2kydx2 − dy2

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

M → e−πkLM (L ! 30/k)
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Generates fermion mass 
hierarchy
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...the bad...

Strong coupling to top (and 
maybe bottom)

Weak(er) coupling to light 
fermions

ALL gauge KKs decay 
primarily into 
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... the ugly

Resonance masses are 
generally > 2-3 TeV

Produce highly collimated 
“top-jets”

Traditional top searches 
will fail

pT



6 degrees of collimation
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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 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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Lillie, Randall, Wang, hep-ph/0701166
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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.

Finding energetic tops

Tag events with lepton + missing

modified lepton isolation criterion: 
lepton can be inside b-jet if 

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

m!b > 40 GeV

Gluon KK resonance



Finding energetic tops

Search for b’

Focus on jet mass 
as discriminant

How robust is 
the jet mass?

5

signal(B) tt+ jets W+ jets Wbb+ jets

generated 6,000 80,995 138,801 19,053
∑

pT > 1800 GeV 2,610 21,272 44,175 6,197

lepton pT > 100 GeV 864 2,791 12,634 1,548

pT/ > 100 GeV 745 2,035 8,857 1014

at least one b-tag 387 1,009 483 302

∆Rlj > 1.0 246 182 314 210

ST > 0.1 210 96 149 117

TABLE II: For the B portion of the signal and the dominant
background processes, the numbers of events that pass the
successive cuts, scaled to an integrated luminosity of 100 fb−1.
For the background processes the first row gives the number
of events after the generator-level cut described in the text.
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FIG. 1: Jet mass distributions for jets with pT > 350 GeV,
for events that pass the cuts described in the text. We take
100 fb−1 for the integrated luminosity.

(187) as a background value to compare with the total
number of jets in the 60–90 GeV bins (281), giving a 6.9σ
excess. More conservatively, taking the total number of
jets in the 30–60 GeV bin (218) as the background value
gives a 4.3σ excess. Finally, taking the total number of
jets in the 40–70 GeV bin (200) as the background value
for the total number of jets in the 70–100 GeV bins (280)
gives a 5.7σ excess. For each of these three measures, the
standard model contribution to the number of events in
the peak is smaller than the standard model contribution
to the estimated background value.

The PGS detector simulator does not include particle
deflection by the magnetic field, but to get a rough idea
of how sensitive our results are to this effect, we follow
[26] and impose a shift in azimuthal angle for charged
particles in the signal samples,

|δφ| = sin−1(0.45/pT ), (9)

where the sign of the shift depends on the charge of the
particle. We find that our results are not dramatically
affected by this shift. The significance estimates above
change to 6.8σ, 4.2σ, and 5.9σ, respectively.

The T quarks do contribute somewhat to the signal,
because their decays can produce Z bosons, which are
not resolved from W ’s using this method. However, this
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FIG. 2: Jet mass distributions for the signal plus total back-
ground and for total background alone, for events that pass
the cuts described in the text. As before, only jets having
pT > 350 GeV are included for each qualifying event, and we
take 100 fb−1 for the integrated luminosity.

contribution is relatively small. Recalculating the signifi-
cance in each of the three ways described previously, this
time including only the B contribution to the signal, we
find excesses of 6.3σ, 3.5σ, and 4.5σ, respectively.

We have seen that the jet mass distribution for the sig-
nal is peaked around the W mass and less so around the
top mass, due to the presence of highly boosted W ’s and
tops. Because the B quark decays as B → tW− (and
the T quark decays as T → tZ half of the time), one
might hope to observe a peak in the invariant mass dis-
tribution of pairs of jets whose masses are near mW and
mt, respectively. So, for each event passing our cuts, we
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FIG. 3: Invariant mass distribution for pairs of W and top
candidates, after 100 fb−1 of integrated luminosity.

identify as W candidates all jets with masses satisfying
|mjet − mW | < 20 GeV, and we identify as top candi-
dates all jets with masses satisfying |mjet − mt| < 30
GeV. Then, for each event we pair up the W candidates
with the top candidates in all possible ways, and calcu-
late the invariant mass for each pairing. A histogram of

Skiba, Tucker-Smith, hep-ph/0701247

algorithmkT D = 0.5



Found strong jet 
algorithm dependence

    algorithm slurps up a 
lot of the underlying event

Can be fixed by 
underlying event 
subtraction?

Finding energetic tops

• 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

Baur, Orr,  arxiv:0707.2066

R = D = 0.5
cone kT

kT



Found strong jet 
algorithm dependence

    algorithm slurps up a 
lot of the underlying event

Can be fixed by 
underlying event 
subtraction?

Finding energetic tops

• 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

Baur, Orr,  arxiv:0707.2066

R = D = 0.5
cone kT

kT

〈m(j)〉 ∝ √
αspT (j)

Fundamental QCD limit?



Finding energetic other-than-tops

Use jet-mass to 
identify gauge and 
higgs bosons in 
SUSY events

Would also be useful 
in, e.g., longitudinal 
W-scattering
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Figure 8: Left: Jet mass distribution for W candidates at the α benchmark point
following a cut on missing energy: !ET > 300 GeV. The SUSY signal (blue, solid),
SUSY background (red, dashed) and SM background (green, dotted) contributions
are also shown separately. Right: Invariant mass distribution of qW combinations
for the α benchmark point in the signal region (region I, points with error bars),
in the sideband regions (region II dashed, region III dotted) and for the sum of
sideband events (dashed dotted). Also shown is the fit to the sideband distribution
(solid line), rescaled to the signal distribution.

would like to subtract the SM and SUSY backgrounds, without model-dependent
assumptions on their shape. We do this by performing a sideband subtraction,
where we imitate the background that does not feature a correctly identified boson
by collecting a sample of events from the generated “data”, that features boson
candidates with masses away from the resonance peak of the boson mass in ques-
tion. Using events in two bands (region II and III) on either side of the signal
isolation interval (region I) for the jet mass distribution, each with half the width
of the signal band, we recalibrate the boson mass to the nominal peak value as
described above, and perform most other cuts as for the signal. The exception is
the sub-jet separation scale cut, which is highly correlated with the jet mass cut,
and is thus ignored for the sideband sample. We show the jet mass distribution
and the signal and sideband regions for W candidates at the α benchmark point
in Fig. 8 (left). Only the missing-energy cut given in Section 4.2 has been applied
to the events.

The two resulting distributions are added and fitted with a third-degree polynomial,
giving the shape of the background. This is shown, again using the α benchmark
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Butterworth, Ellis, Raklev, hep-ph/0702150



Lesson 3

High energy top channels 
are crucial

A robust algorithm for 
tagging “top-jets” is needed

Many unresolved issues

b-tagging efficiency?
Reliability of jet mass?
All-hadronic channels?

Full study needed



Conclusions
Extra dimensions point to important and 
difficult channels and analyses

It’s possible we can measure spins in long 
decay chains at the LHC

It’s certain that we should try

Still unique challenges in high mass 
resonance production

They also might just turn out to exist....


