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Introduction 
• Large top mass        Strong coupling of the EWSB sector to tops         Many 

new physics scenarios produce top-rich signatures, e.g. new particles decaying 
preferentially to tops

• Energy scales probed at the LHC are already               in many cases        
tops from such decays likely move with relativistic velocities

• Top decay products are boosted         hadronic top will show up as a single 
jet, instead of three, but with properties different from a typical QCD jet (for 
example, jet invariant mass            )

• “Top-tagging” such jets was proposed in 2008, as a way to search for KK 
gluon in Randall-Sundrum models 

• Top-tagging is becoming a mature experimental technique, tested with data 

• Should be useful for much more than just the RS KK gluon search!

[Kaplan, Rehermann, Schwartz, Tweedie; 
Thaler, Wang; ...] 

[see Raz Alon’s talk yesterday] 
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Top-Jet Tagging: Jet Mass
M. Karagoz, G. P. Salam, M. Spannowsky, M. Vos (editors): Boosted objects: a probe of BSM physics 11

jet mass [GeV]

0 50 100 150 200 250

fr
a
c
ti
o
n
 o

f 
je

ts

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

 jets, R=1
T

anti-K

T
 p! = 0.03 

cut
 = 0.35, f

sub
trimming R

 = 3
sub

 = 0.35, N
filt

filtering, R

T
 = m/p

cut
 = 0.1, D

cut
pruning, z

(a) dijets, 500–600 GeV
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(b) tt̄, 500–600 GeV
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(c) dijets, 300–400 GeV
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(d) tt̄, 300–400 GeV

Fig. 1. Jet invariant mass mj for tt̄ (a,c) and dijet (b,d) events, for three grooming methods. Each groomed analysis begins with
anti-kT jets with R = 1.0. The solid curve (red in the online version) represents these jets without grooming. The distributions
correspond to tt̄ or di-jet quarks or dijet samples with parton-level pT of 500–600 GeV (a,b) and 300–400 GeV (c,d).

tunes described in section 5. In particular, we establish
the sensitivity of jet mass and related observables to the
parton shower model and to the UE. We also perform a
simulation that mimics a number of important detector
effects. Data collected at the LHC in 2010-2011 should
enable a more thorough understanding than we can hope
to achieve at this stage.

We reconstruct the jet invariant mass distribution for
anti-kT jets with R = 1. The grooming techniques de-
scribed in section 6 select relatively hard events and are
therefore expected to reduce the sensitivity to soft and
diffuse energy deposits. We apply the three grooming pro-
cedures and determine the invariant mass of the result-
ing groomed jet. We present the result of trimming, but
the conclusions hold for all three techniques. We moreover
recluster the jet constituents with the kT algorithm and
unwind the sequence to retrieve the i → j splitting scales
dij . We note that the splitting scales are determined on
the ungroomed cluster sequence.

To establish the impact of different parton shower mod-
els we compare the response to two of the most popu-
lar Monte Carlo tools for jet formation, HERWIG and
PYTHIA. We moreover vary the order of the emissions in
PYTHIA, using two schemes known as pT -ordering (used
in the Perugia0 tune) and Q2 ordering (used in DW and
DWT). In Fig. 2, we compare the jet mass distribution for
these three setups, along with the kT scales correspond-
ing to the 1 → 2 and 2 → 3 splits. For the sake of a clean
comparison we disabled UE activity for these samples.

We find the pT ordered shower in PYTHIA yields a
significantly softer spectrum than the Q2 ordered shower
model. This is true for the jet invariant mass and the
scales of the hardest splittings in the shower. The results
obtained for the HERWIG shower are in good agreement
with the Q2 ordered shower for both the jet mass and the
1 → 2 splitting scale.

We expect larger differences between Monte Carlos in
the region of larger masses and splitting scale, as these
probe less collinear regions of the jet structure, where

[plots: BOOST-2010 report, 1012.5412] 
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Top-Jet Tagging: Eff vs. Mistag
14 M. Karagoz, G. P. Salam, M. Spannowsky, M. Vos (editors): Boosted objects: a probe of BSM physics
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(c) 300–400 GeV
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(d) 500–600 GeV

Fig. 3. Mistag rate versus efficiency after optimisation for the studied top-taggers in linear scale (a) and logarithmic scale (b).
Tag rates were computed averaging over all pT subsamples (a,b) and for the subsample containing jet with pT range 300–400
GeV (c) and 500–600 GeV (d)

of the hadronic W boson decay. Running the optimisa-
tion procedure in this pT region would hardly result in a
top-tagger but possibly rather a “W -tagger”. Therefore,
we impose an additional cut on the anti-kT jet mass of
mjet > 120 GeV for all top-taggers. This implies a maxi-
mum overall tagging efficiency of 75%.

Curves with the optimal mistag rate versus signal effi-
ciency are shown in Fig. 3. The optimisation was repeated
on the pT subsamples and can be compared to the overall
optimisation applied on the subsample to evaluate the po-
tential benefit of using pT -dependent cut values. Curves
for the 300 < pT < 400 GeV (c) and 500 < pT < 600 GeV
(d) subsamples are also shown.

While these curves can be used to compare the overall
performance of the top-tagging algorithms, they do not
reflect the pT -dependence of the tag rate. We expect that,
at least initially, the experiments are likely to choose a
single set of parameters across the whole pT range in
order to keep their analyses of these new tools as simple
as possible. It is therefore instructive to look at the tag
rate as function of jet pT for specific working points. We

chose two working points defined by their overall signal
efficiency of 20% and 50%.

Firstly, we investigated the performance of two taggers
that do not incorporate any grooming procedures. The
first one is referred to as the ATLAS tagger [38,29,26],
the second one as the Thaler/Wang (T/W) tagger [36].
Both of them exploit the inherent hierarchical nature of
the kT jet algorithm by reclustering the initial jet’s con-
stituents. The final and penultimate stages of this process
correspond on average to the merging of the top quark
decay products and hence jet substructure can be probed
via the first few kT splitting scales.

The ATLAS tagger18 relies on mjet, mW
19 and a vari-

ant of the first three splitting scales that gives dimension-

18 The ATLAS studies of the variables used in this tagger
only became public after BOOST2010 [38].
19 The W boson mass is defined as the lowest pairwise mass
among the three subjets obtained by undoing the two last
stages of the kT clustering.

[plots: BOOST-2010 report, 1012.5412] 

tight tag:
Eff=20%, Mistag=0.3%

loose tag:
Eff=50%, Mistag=4%

[All results MC;
Eff from t tbar

Mistag from dijets]

Sample “Working Points”:
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Top-Jet Tagging: pT Dependence
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(a) ATLAS, Thaler/Wang, ε = 20 %
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(b) CMS, Hopkins, ε = 20 %
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(c) pruning, ε = 20 %
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(d) ATLAS, Thaler/Wang, ε = 50 %
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(e) CMS, Hopkins, ε = 50 %
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Fig. 4. Efficiency and mistag rate as function of jet pT for working points with overall efficiency of 20% (uppermost row) and
50% (lowermost row). Results correspond to the ATLAS and Thaler/Wang taggers (a,d), the Hopkins and CMS taggers (b,e)
and the pruning tagger (c,f). The mistag rate has been multiplied by a factor 5 to make it visible on the same scale.

Tagger Parameters at 20% working point Parameters at 50% working point

δp = 0.1, δr = 0.19 δp = 0.04, δr = 0.19
Hopkins 170 < mtop < 195 GeV, 160 < mtop < 265 GeV,

cos θh < 0.675 , 75 < mW < 95 GeV cos θh < 0.95, 60 < mW < 120 GeV
170 < mjet < 200 GeV 164 < mjet < 299 GeV

CMS mmin > 75 GeV mmin > 42.5 GeV
zcut = 0.1, Dcut/(2m/pT ) = 0.2 zcut = 0.05, Dcut/(2m/pT ) = 0.1

Pruninga 68 < mW < 88 GeV 28 < mW < 128 GeV
150 < mtop < 190 GeV 120 < mtop < 228 GeV

ATLASb N/A N/A
mW > 68 GeV mW > 59 GeV

Thaler/Wang 0.249 < zcell < 0.664 0.0498 < zcell < 0.509
183 < mjet < 234 GeV 162 < mjet < 265 GeV

a The optimal zcut found is near the “standard” value of 0.1, but much smaller values of
Dcut are found (the original value was 0.5). This is due to a trade-off between the pruning
and mass cut parameters. With wide mass windows and high efficiencies, it turns out to be
better to “over-prune”. The fact that Dcut decreases from the 20% efficiency point to the
50% point is likely an artifact of the low resolution of the parameter scan (cf. Fig. 3).

b The variant of the ATLAS tagger in these proceedings is based on a cut on the likelihood
value from TMVA and hence parameter values are not applicable.

Table 1. Optimised parameters at different working points for different top-taggers.

less observables20. In order to ease subsequent analysis, we
used a projective (one dimensional) likelihood estimator
to discriminate signal from background events. The like-
lihood classifier was built with the TMVA toolkit [85]. The

20 zcut ≡ dcut

dcut+m2
jet

, where dcut is the kT distance between the

merging subjets and mjet is the mass of the merged jet.

Thaler/Wang tagger makes use of mjet, mW and a dimen-
sionless energy sharing observable among the last two sub-
jets21. In this study, we optimised rectangular cuts on the
variables used by the Thaler/Wang algorithm with TMVA

21 zcell ≡ min(E1,E2)
E1+E2

, where Ei is the energy of the iith subjet
when undoing the last stage of the kT clustering process [36].

[plots: BOOST-2010 report, 1012.5412] 

Eff rises linearly for top pT between 250 and 400 GeV, roughly constant above 400 GeV 
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1. Boosted Tops from Gluino Decays in SUSY
[Berger, MP, Saelim, Spray, 1111.6594] 

2. Boosted Tops from Reggeons in Randall-Sundrum Models
[MP, Spray, 0907.3496; 1106.2171]

AGENDA:

Monday, February 27, 2012



I. Supersymmetry? 
Interpretation of Limits 

Update on Searches for New Physics in CMS             E. Halkiadakis 36 

!! Results interpreted in terms of 

simplified model spectra (SMS) 

!! Use limited set of new 
hypothetical particles and 

decays to produce a given 

topological signature 

!! Excluded mass scales for 

gluinos and squarks, where 

large mass splittings 

between them are assumed, 

as well as for varying 

neutralino masses  

!! Limits are quite dependent 

on model assumptions. 

!! But they are quantified 

1 fb-1 summary 

!"#$%&'()*()+,-&.$/,&01234()5(6 7"89+#3:*+9+#&;<== =>
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!""#$%&'()
*'+',-./+'0**'1%2'

=<ST

=<ST

0F434@43==3<<>

Bottom line: gluino/squark mass bounds are around 1 TeV

Is SUSY already being pushed from “natural” into “fine-tuned” 
territory?
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• This argument is a bit too fast. Recall Higgs mass parameter renormalization 
formula:

•       = Higgs-X coupling constant,         = # of d.o.f. in X  

• Most SM fields couple only very weakly, or not at all, to the Higgs!

TOP/STOP

HIGGS

1st/2nd Gen. (s)quarks, 
(s)bottom, 
(s)Leptons

SU(2)xU(1) 
Gauge Bosons/inos

SU(3) 
Gluons/gluinos
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• The real “one-loop naturalness upper bound” on the mass of SUSY partner 
of particle X is not 1 TeV, but 

• For 1st, 2nd gen. squarks, sbottom, sleptons, this bound is 10 TeV or more.

• For stop, it’s in fact lower:                                                                    is 
required for (complete) naturalness

• NB: since left-handed top and bottom are in the same SU(2) doublet, their 
superpartners must be close in mass            one light bottom is required.                                       

• There’s no one-loop upper bound on gluino mass: 

• However two-loop naturalness requires                        (Majorana gluinos) 

(Dirac gluinos)

Monday, February 27, 2012



• This suggests the minimal SUSY spectrum consistent with naturalness:

• Disclaimer: I’m treating each superparticle mass as a free parameter. SUSY 
breaking models relate them, and in models constructed pre-LHC the three 
generations of squarks typically have roughly equal masses. All the more 
reason to not take these models seriously. 

• Explicit light-stop models exist: e.g. Csaki, Randall, Terning, 1201.1293.
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• Flavor constraints are easy to satisfy (see e.g. Brust, Katz, Lawrence, 
Sundrum, 1110.6670)

• LHC currently has no published bounds on direct stop production (much 
work is in progress)

• Theorists’ estimate of the LHC bounds from published searches in 1 fb-1 
(Papucci, Ruderman, Weiler, 1110.6926): not yet constraining naturalness!

For comparison with the LHC limits, we have also shown in Fig. 3, the strongest limit

from the Tevatron, which comes from the D0 sbottom search with 5.2 fb−1. This search sets

limits on sbottom pair production, with the decay b̃ → bÑ1. For the left-handed spectrum,

this limit applies directly to the sbottom, which decays b̃L → bH̃0 for the mass range of

interest (the decay to top and chargino is squeezed out). For the right-handed stop, the

dominant decay is t̃R → bH̃±, which means that the stop acts like a sbottom, from the point

of view of the Tevatron search7. We note that the Tevatron limit only applies for higgsinos

just above the LEP-2 limit, mH̃ < 110 GeV, and we see that the Tevatron has been surpassed

by the LHC in this parameter space.
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FIG. 3: The LHC limits on the left-handed stop/sbottom (left) and right-handed stop (right), with

a higgsino LSP. The axes correspond to the stop pole mass and the higgsino mass. We find that the

strongest limits on this scenario come from searches for jets plus missing energy. For comparison,

we show the D0 limit with 5.2 fb−1 (green), which only applies for mÑ1
<∼ 110 GeV, and has been

surpassed by the LHC limits.

7 In order to apply the Tevatron sbottom limit to right-handed stops, we have assumed that the decay

products of the charged higgsino are soft enough not to effect the selection, which applies when the mass

splitting between the charged and neutral higgsino is small

20
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sections:

at 500 GeV mass

Direct Stops vs. Gluinos
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Gluinos Decaying to Stops

• Note: Not-quite-minimal spectrum assumed: light chargino gives more 
leptons 
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Figure 2: Expected and observed 95% C.L. exclusion limits in the g̃ → tt̄χ̃0
1 (via off mass-shell t̃,

mt̃ = 1.2 TeV) simplified model as a function of the gluino and neutralino masses, together with existing

limits [26]. The lower part of the ±1σ band lies outside the range of the figure. The upper production

cross section limits at 95% C.L. are also shown.
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Figure 3: Expected and observed 95% C.L. exclusion limits in the phenomenological MSSM as a func-

tion of the gluino and stop masses assuming that mχ̃±
1
= 2mχ̃0

1
. The lower part of the ±1σ band lies

outside the range of the figure.

regions, limits have been derived in the context of simplified models where top quarks are produced

in gluino decays and MSUGRA/CMSSM scenarios. In all these signal models, gluino masses below

550 GeV are excluded within the parameter space considered and gluino masses up to 700-750 GeV can

be excluded depending on the model parameters. The results of this analysis are comparable to other
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Figure 2: Expected and observed 95% C.L. exclusion limits in the g̃ → tt̄χ̃0
1 (via off mass-shell t̃,

mt̃ = 1.2 TeV) simplified model as a function of the gluino and neutralino masses, together with existing

limits [26]. The lower part of the ±1σ band lies outside the range of the figure. The upper production

cross section limits at 95% C.L. are also shown.
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• Consider a minimal “simplified model”: 

• All gluinos decay via

• If       is included, this chain generically has branching ratio of 2/3. 

• (First) top energy in the gluino rest frame:

• For example: 

• Gluino velocity in lab frame: on average, about 0.5-0.7 in the relevant mass 
range

• A sizable fraction of tops are relativistic in the lab frame!

2

model” approach [13, 14], we assume that a gluino g̃, one
stop t̃, and a single neutralino χ̃0 are the only superpart-
ners relevant for the LHC phenomenology. This is the
minimal set of particles required to produce our signa-
ture. In the Minimal Supersymmetric Standard Model
(MSSM), this setup can be realized if the second stop
and the left-handed sbottom are heavier than the gluino.
(Note that naturalness considerations in the MSSM pre-
fer spectra with a few hundred-GeV splitting among the
two stop mass eigenstates [15].) If this is not the case, the
branching ratios of the decays producing our signature
would be reduced (e.g. from 1 to 2/3 if all three squarks
are degenerate), resulting in a somewhat decreased rate,
but qualitatively the picture is unchanged. We assume
that the neutralino is the stable LSP, and set its mass to
60 GeV throughout the analysis. The LHC signal is dom-
inated by gluino pair-production, followed by the cascade
decay

g̃ → t̃ + t̄, t̃→ tχ̃0 , (1)

or its charge conjugate. We assume that m(g̃)−m(t̃) >
mt, m(t̃)−m(χ̃0) > mt, so that all four tops in the event
are on-shell. (It may be possible to relax one of these
conditions, as long as the other one is satisfied strongly
so that at least two tops in the event are boosted; we will
not study that possibility here.) We compute gluino pair-
production cross sections at next-to-leading order (NLO)
using PROSPINO [16]. To study cut efficiencies, we gen-
erate event samples for gluino pair-production followed
by the decays (1) using MadGraph/MadEvent v5 1.3.27
(MG/ME) [17] for a large set of parameters (m(g̃), m(t̃)).
We then simulate top decays, showering and hadroniza-
tion with PYTHIA 8 [18]. To identify jets, we use the anti-
kT algorithm implemented in the FastJet code [19, 20].
Top tagging of jets in our sample is simulated using the
implementation of the Hopkins algorithm [21] available
at [20]. In the top tagger, we use two sets of parameters,
“tight” and “loose” tags; they are defined precisely as in
Ref. [9].

We require at least 4 jets with pT > 100 GeV in each
event, and require that some of the jets be top-tagged.
(The optimal number of top-tagged jets required depends
on the LHC energy and luminosity, see below.) In the sig-
nal, tagged jets are typically due to hadronic decays of
boosted tops, which produce 3 collimated partons that
cannot be resolved. The backgrounds include SM pro-
cesses with boosted tops, as well as ordinary jets mis-
takenly tagged as top-jets. (The mistag probability is
typically of order 1% [9].) We also require the pres-
ence of substantial missing energy. The irreducible back-
grounds may contain MET from invisible Z decays, lep-
tonic W decays, or semileptonic top decays. We include
the following irreducible backgrounds: nt+(4−n)j with
n = 1 . . . 4; Z + nt + (4 − n)j, with n = 0, 2, 4; and
W + nt + (4 − n)j, with n = 0, 2, 4. Here each t may
be a top or an anti-top, j denotes a jet due to a non-
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FIG. 1: Signal at the benchmark point, (m(g̃), m(t̃)) =
(800, 400) GeV, and background rates as a function of MET,
at 7 TeV LHC. Four jets with pT > 100 GeV and two top-
tagged jets are required.

top quark or a gluon, and Z → νν̄ or W → #ν is re-
quired. We do not include reducible backgrounds, other
than the light jets mistagged as tops. We simulated the
backgrounds at parton level with MG/ME, and used these
samples to compute pT and MET cut efficiencies. We
use leading-order (LO) cross sections for all background
processes. The two dominant backgrounds, 2t + 2j and
Z + 4j, have been recently computed at NLO. In both
cases, the NLO correction to the cross section is negative:
K-factors of 0.73 for 2t + 2j [22] and 0.95 for Z + 4j [23]
have been reported, so that using LO cross sections for
these processes is conservative. No other backgrounds
are currently known beyond the LO.

Unfortunately, due to large QCD rates and small
mistag probabilities, we were not able to generate Monte
Carlo samples large enough to measure top-tag efficien-
cies directly in the background channels. Instead, we es-
timate these efficiencies by multiplying the pT -dependent
tag and mistag probabilities for individual top and non-
top jets reported in Ref. [9]. This estimate assumes that
the tag and mistag probabilities for each jet are indepen-
dent of the presence of other objects in the final state
(the probabilities in [9] were computed using tt̄ and 2j
samples). The probability to tag a true top jet as such
is clearly reduced by the presence of other jets in the
event: for example, the tag efficiency for our signal ap-
proximated in this way is typically about a factor of two
higher than that obtained by a full simulation. So, our
estimate of backgrounds involving tops, such as 2t + 2j,
is certainly conservative. It is less clear how the mis-
tag probability would be affected; we leave this issue for
future work.

LHC Sensitivity at
√

s = 7 TeV — To keep the anal-
ysis simple, we optimize the selection cuts for a single

Top-Tag Gluino Search
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Monte Carlo Study
• Signal Simulation: MadGraph        Pythia        FastJet (anti-kT jets)+Hopkins 

Top-Tagger

• Cross section rescaled to NLO [Prospino]

• Backgrounds: 

• Instrumental backgrounds (other than mis-top-tags) not included

• Due to small mis-tag rate and limited statistics, we do not simulate top-
tagger action on backgrounds directly; instead, apply pT-dependent mis-tag 
probabilities measured in dijet Monte Carlo (assumed to be independent of 
environment) 

• Use LO cross section for backgrounds

• Dominant backgrounds have K-factors < 1:                   

[invisible Z/leptonic W]

[MET from leptonic top]

[Bevilacqua, Czakon, Papadopoulos, Worek; Ita, Bern, Dixon, Cordero, Kosower, Maitre] 
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Cut Optimization
• Require 4 jets with pT>100 GeV

• Optimize at the benchmark SUSY point: 

• Top-tag options: can demand between 0 and 4 tags, each loose or tight

• More tags         better S/B, pay price in statistics

• Two (hopelessly outdated) scenarios: 7 TeV, 30 fb-1 and 14 TeV, 10 fb-1

• Find that 2 loose tags are optimal at 7 TeV, 3 loose tags optimal at 14 TeV

• Need MET cut to get rid of very large QCD background (even with 4 tags); 
require MET>100 GeV at 7 TeV and MET>175 GeV at 14 TeV.
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Benchmark Point Results: 7 TeV
3

Process σtot Eff(pT ) Eff(tag) σtag Eff(E/T ) σall cuts

signal 61.5 37 6 1.31 81 1.06

Z + 4j 2× 105 0.2 0.1 0.44 66 0.29

2t + 2j 5× 104 3 0.3 5.7 2 0.10

W + 4j 2× 105 0.2 0.03 0.12 29 0.04

Z + 2t + 2j 50 4 1 0.02 72 0.02

TABLE I: Signal and background cross sections (in fb) and
cut efficiencies (in %) at the 7 TeV LHC. Acceptance cuts of
pT > 20 GeV, |η| < 5 for all jets are included in the total cross
sections. The cuts are labelled as follows: “pT ”: requiring 4
jets with pT > 100 GeV; “tag”: requiring 2 jets to be tagged
as tops with “loose” parameters; “E/T ”: requiring E/T > 100
GeV. The signal is at the benchmark point, (m(g̃), m(t̃)) =
(800, 400) GeV. Backgrounds not listed here are negligible.

“benchmark” point in the model parameter space, and
do not vary them as we scan the masses. At 7 TeV, we
choose the benchmark point (m(g̃), m(t̃)) = (800, 400)
GeV. We studied all possible combinations of between 0
and 4 loose and tight top tags, and conclude that requir-
ing 2 loose tags is the best strategy at this point. Anal-
yses requiring more than 2 tags, or 2 or more tight tags,
suffer from low event rate, making a search in the 7 TeV
LHC run with 20−30 fb−1 integrated luminosity imprac-
tical. Requiring fewer tags leads to significantly higher
background rates, decreasing sensitivity [24]. The two
top tag requirements strongly suppress the backgrounds,
as illustrated in Table I, but are not by themselves suf-
ficient, so that an additional MET cut must be applied.
The signal and principal backgrounds as a function of
MET are shown in Fig. 1. We require E/T > 100 GeV;
with this cut, we expect 32 signal events, S/B = 2.4,
and statistical significance of 6.8 at the benchmark point
with 30 fb−1 integrated luminosity. The reach of the LHC
with this data set is shown in Fig. 2. (The 95% exclusion
contour is calculated using the expected CLs [25]. The
discovery significance is determined using the expected
log likelihood of consistency with the signal plus back-
ground hypothesis [26].) Gluino masses of up to about 1
TeV can be probed at the 95% confidence level, as long as
the gluino-stop mass difference exceeds 400 GeV. The 5-
sigma discovery reach extends to a gluino mass of about
900 GeV for stop masses below 350 GeV. We should also
note that S/B >∼ 1 throughout the probed region, so no
extraordinarily precise predictions of the background are
required.

LHC Sensitivity at
√

s = 14 TeV — Anticipating
higher reach of the search at 14 TeV, we optimize the
selection cuts for a benchmark point with higher masses,
(m(g̃), m(t̃)) = (1200, 600) GeV. After again considering
all possible combinations of loose and tight tag require-
ments, we conclude that the optimal strategy in this
case is to require three loose tags. We further require
E/T ≥ 175 GeV. At the benchmark point, we expect 8.5
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FIG. 2: The 95% c.l. expected exclusion and 5-sigma discov-
ery reach of the proposed search at the 7 TeV LHC run with
30 fb−1 integrated luminosity.
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ery reach of the proposed search at the 14 TeV LHC run with
10 fb−1 integrated luminosity.

signal events to pass these cuts in a data set of 10 fb−1,
and with S/B = 27.5 the expected statistical significance
of observation is 6.5. The reach of a search with these
parameters is shown in Fig. 3. Discovery is possible up to
1.3− 1.4 TeV gluino masses with stops in the 300− 700
GeV mass range. In this case, S/B >∼ 10 throughout
the discovery region.

Given how effective the top tagging technique is in sup-

2

model” approach [13, 14], we assume that a gluino g̃, one
stop t̃, and a single neutralino χ̃0 are the only superpart-
ners relevant for the LHC phenomenology. This is the
minimal set of particles required to produce our signa-
ture. In the Minimal Supersymmetric Standard Model
(MSSM), this setup can be realized if the second stop
and the left-handed sbottom are heavier than the gluino.
(Note that naturalness considerations in the MSSM pre-
fer spectra with a few hundred-GeV splitting among the
two stop mass eigenstates [15].) If this is not the case, the
branching ratios of the decays producing our signature
would be reduced (e.g. from 1 to 2/3 if all three squarks
are degenerate), resulting in a somewhat decreased rate,
but qualitatively the picture is unchanged. We assume
that the neutralino is the stable LSP, and set its mass to
60 GeV throughout the analysis. The LHC signal is dom-
inated by gluino pair-production, followed by the cascade
decay

g̃ → t̃ + t̄, t̃→ tχ̃0 , (1)

or its charge conjugate. We assume that m(g̃)−m(t̃) >
mt, m(t̃)−m(χ̃0) > mt, so that all four tops in the event
are on-shell. (It may be possible to relax one of these
conditions, as long as the other one is satisfied strongly
so that at least two tops in the event are boosted; we will
not study that possibility here.) We compute gluino pair-
production cross sections at next-to-leading order (NLO)
using PROSPINO [16]. To study cut efficiencies, we gen-
erate event samples for gluino pair-production followed
by the decays (1) using MadGraph/MadEvent v5 1.3.27
(MG/ME) [17] for a large set of parameters (m(g̃), m(t̃)).
We then simulate top decays, showering and hadroniza-
tion with PYTHIA 8 [18]. To identify jets, we use the anti-
kT algorithm implemented in the FastJet code [19, 20].
Top tagging of jets in our sample is simulated using the
implementation of the Hopkins algorithm [21] available
at [20]. In the top tagger, we use two sets of parameters,
“tight” and “loose” tags; they are defined precisely as in
Ref. [9].

We require at least 4 jets with pT > 100 GeV in each
event, and require that some of the jets be top-tagged.
(The optimal number of top-tagged jets required depends
on the LHC energy and luminosity, see below.) In the sig-
nal, tagged jets are typically due to hadronic decays of
boosted tops, which produce 3 collimated partons that
cannot be resolved. The backgrounds include SM pro-
cesses with boosted tops, as well as ordinary jets mis-
takenly tagged as top-jets. (The mistag probability is
typically of order 1% [9].) We also require the pres-
ence of substantial missing energy. The irreducible back-
grounds may contain MET from invisible Z decays, lep-
tonic W decays, or semileptonic top decays. We include
the following irreducible backgrounds: nt+(4−n)j with
n = 1 . . . 4; Z + nt + (4 − n)j, with n = 0, 2, 4; and
W + nt + (4 − n)j, with n = 0, 2, 4. Here each t may
be a top or an anti-top, j denotes a jet due to a non-
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FIG. 1: Signal at the benchmark point, (m(g̃), m(t̃)) =
(800, 400) GeV, and background rates as a function of MET,
at 7 TeV LHC. Four jets with pT > 100 GeV and two top-
tagged jets are required.

top quark or a gluon, and Z → νν̄ or W → #ν is re-
quired. We do not include reducible backgrounds, other
than the light jets mistagged as tops. We simulated the
backgrounds at parton level with MG/ME, and used these
samples to compute pT and MET cut efficiencies. We
use leading-order (LO) cross sections for all background
processes. The two dominant backgrounds, 2t + 2j and
Z + 4j, have been recently computed at NLO. In both
cases, the NLO correction to the cross section is negative:
K-factors of 0.73 for 2t + 2j [22] and 0.95 for Z + 4j [23]
have been reported, so that using LO cross sections for
these processes is conservative. No other backgrounds
are currently known beyond the LO.

Unfortunately, due to large QCD rates and small
mistag probabilities, we were not able to generate Monte
Carlo samples large enough to measure top-tag efficien-
cies directly in the background channels. Instead, we es-
timate these efficiencies by multiplying the pT -dependent
tag and mistag probabilities for individual top and non-
top jets reported in Ref. [9]. This estimate assumes that
the tag and mistag probabilities for each jet are indepen-
dent of the presence of other objects in the final state
(the probabilities in [9] were computed using tt̄ and 2j
samples). The probability to tag a true top jet as such
is clearly reduced by the presence of other jets in the
event: for example, the tag efficiency for our signal ap-
proximated in this way is typically about a factor of two
higher than that obtained by a full simulation. So, our
estimate of backgrounds involving tops, such as 2t + 2j,
is certainly conservative. It is less clear how the mis-
tag probability would be affected; we leave this issue for
future work.

LHC Sensitivity at
√

s = 7 TeV — To keep the anal-
ysis simple, we optimize the selection cuts for a single

30 fb-1 @ 7 TeV:
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Reach Estimates
3

Process σtot Eff(pT ) Eff(tag) σtag Eff(E/T ) σall cuts

signal 61.5 37 6 1.31 81 1.06

Z + 4j 2× 105 0.2 0.1 0.44 66 0.29

2t + 2j 5× 104 3 0.3 5.7 2 0.10

W + 4j 2× 105 0.2 0.03 0.12 29 0.04

Z + 2t + 2j 50 4 1 0.02 72 0.02

TABLE I: Signal and background cross sections (in fb) and
cut efficiencies (in %) at the 7 TeV LHC. Acceptance cuts of
pT > 20 GeV, |η| < 5 for all jets are included in the total cross
sections. The cuts are labelled as follows: “pT ”: requiring 4
jets with pT > 100 GeV; “tag”: requiring 2 jets to be tagged
as tops with “loose” parameters; “E/T ”: requiring E/T > 100
GeV. The signal is at the benchmark point, (m(g̃), m(t̃)) =
(800, 400) GeV. Backgrounds not listed here are negligible.

“benchmark” point in the model parameter space, and
do not vary them as we scan the masses. At 7 TeV, we
choose the benchmark point (m(g̃), m(t̃)) = (800, 400)
GeV. We studied all possible combinations of between 0
and 4 loose and tight top tags, and conclude that requir-
ing 2 loose tags is the best strategy at this point. Anal-
yses requiring more than 2 tags, or 2 or more tight tags,
suffer from low event rate, making a search in the 7 TeV
LHC run with 20−30 fb−1 integrated luminosity imprac-
tical. Requiring fewer tags leads to significantly higher
background rates, decreasing sensitivity [24]. The two
top tag requirements strongly suppress the backgrounds,
as illustrated in Table I, but are not by themselves suf-
ficient, so that an additional MET cut must be applied.
The signal and principal backgrounds as a function of
MET are shown in Fig. 1. We require E/T > 100 GeV;
with this cut, we expect 32 signal events, S/B = 2.4,
and statistical significance of 6.8 at the benchmark point
with 30 fb−1 integrated luminosity. The reach of the LHC
with this data set is shown in Fig. 2. (The 95% exclusion
contour is calculated using the expected CLs [25]. The
discovery significance is determined using the expected
log likelihood of consistency with the signal plus back-
ground hypothesis [26].) Gluino masses of up to about 1
TeV can be probed at the 95% confidence level, as long as
the gluino-stop mass difference exceeds 400 GeV. The 5-
sigma discovery reach extends to a gluino mass of about
900 GeV for stop masses below 350 GeV. We should also
note that S/B >∼ 1 throughout the probed region, so no
extraordinarily precise predictions of the background are
required.

LHC Sensitivity at
√

s = 14 TeV — Anticipating
higher reach of the search at 14 TeV, we optimize the
selection cuts for a benchmark point with higher masses,
(m(g̃), m(t̃)) = (1200, 600) GeV. After again considering
all possible combinations of loose and tight tag require-
ments, we conclude that the optimal strategy in this
case is to require three loose tags. We further require
E/T ≥ 175 GeV. At the benchmark point, we expect 8.5
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FIG. 2: The 95% c.l. expected exclusion and 5-sigma discov-
ery reach of the proposed search at the 7 TeV LHC run with
30 fb−1 integrated luminosity.
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ery reach of the proposed search at the 14 TeV LHC run with
10 fb−1 integrated luminosity.

signal events to pass these cuts in a data set of 10 fb−1,
and with S/B = 27.5 the expected statistical significance
of observation is 6.5. The reach of a search with these
parameters is shown in Fig. 3. Discovery is possible up to
1.3− 1.4 TeV gluino masses with stops in the 300− 700
GeV mass range. In this case, S/B >∼ 10 throughout
the discovery region.

Given how effective the top tagging technique is in sup-

3

Process σtot Eff(pT ) Eff(tag) σtag Eff(E/T ) σall cuts

signal 61.5 37 6 1.31 81 1.06

Z + 4j 2× 105 0.2 0.1 0.44 66 0.29

2t + 2j 5× 104 3 0.3 5.7 2 0.10

W + 4j 2× 105 0.2 0.03 0.12 29 0.04

Z + 2t + 2j 50 4 1 0.02 72 0.02

TABLE I: Signal and background cross sections (in fb) and
cut efficiencies (in %) at the 7 TeV LHC. Acceptance cuts of
pT > 20 GeV, |η| < 5 for all jets are included in the total cross
sections. The cuts are labelled as follows: “pT ”: requiring 4
jets with pT > 100 GeV; “tag”: requiring 2 jets to be tagged
as tops with “loose” parameters; “E/T ”: requiring E/T > 100
GeV. The signal is at the benchmark point, (m(g̃), m(t̃)) =
(800, 400) GeV. Backgrounds not listed here are negligible.

“benchmark” point in the model parameter space, and
do not vary them as we scan the masses. At 7 TeV, we
choose the benchmark point (m(g̃), m(t̃)) = (800, 400)
GeV. We studied all possible combinations of between 0
and 4 loose and tight top tags, and conclude that requir-
ing 2 loose tags is the best strategy at this point. Anal-
yses requiring more than 2 tags, or 2 or more tight tags,
suffer from low event rate, making a search in the 7 TeV
LHC run with 20−30 fb−1 integrated luminosity imprac-
tical. Requiring fewer tags leads to significantly higher
background rates, decreasing sensitivity [24]. The two
top tag requirements strongly suppress the backgrounds,
as illustrated in Table I, but are not by themselves suf-
ficient, so that an additional MET cut must be applied.
The signal and principal backgrounds as a function of
MET are shown in Fig. 1. We require E/T > 100 GeV;
with this cut, we expect 32 signal events, S/B = 2.4,
and statistical significance of 6.8 at the benchmark point
with 30 fb−1 integrated luminosity. The reach of the LHC
with this data set is shown in Fig. 2. (The 95% exclusion
contour is calculated using the expected CLs [25]. The
discovery significance is determined using the expected
log likelihood of consistency with the signal plus back-
ground hypothesis [26].) Gluino masses of up to about 1
TeV can be probed at the 95% confidence level, as long as
the gluino-stop mass difference exceeds 400 GeV. The 5-
sigma discovery reach extends to a gluino mass of about
900 GeV for stop masses below 350 GeV. We should also
note that S/B >∼ 1 throughout the probed region, so no
extraordinarily precise predictions of the background are
required.

LHC Sensitivity at
√

s = 14 TeV — Anticipating
higher reach of the search at 14 TeV, we optimize the
selection cuts for a benchmark point with higher masses,
(m(g̃), m(t̃)) = (1200, 600) GeV. After again considering
all possible combinations of loose and tight tag require-
ments, we conclude that the optimal strategy in this
case is to require three loose tags. We further require
E/T ≥ 175 GeV. At the benchmark point, we expect 8.5
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FIG. 2: The 95% c.l. expected exclusion and 5-sigma discov-
ery reach of the proposed search at the 7 TeV LHC run with
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10 fb−1 integrated luminosity.

signal events to pass these cuts in a data set of 10 fb−1,
and with S/B = 27.5 the expected statistical significance
of observation is 6.5. The reach of a search with these
parameters is shown in Fig. 3. Discovery is possible up to
1.3− 1.4 TeV gluino masses with stops in the 300− 700
GeV mass range. In this case, S/B >∼ 10 throughout
the discovery region.

Given how effective the top tagging technique is in sup-

Errors Stat.-only; S/B>1 @ 7 TeV,  S/B>10 @ 14 TeV

(2 t-tags) (3 t-tags)
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Comments

• Comparison with other channels? Could not find sufficient information for 
direct comparison.

• Other searches rely on leptons (e.g. same-sign dilepton)

• Probing gluinos above ~TeV requires dealing with mostly relativistic tops 

• Lepton from a decay of a relativistic top is not isolated from the (b-)jet from 
the same top decay - may complicate life

• A more detailed study is needed
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II. Regge Excitations
• String theory: SM particles are zero-modes of strings

• 4-pt Veneziano Scattering amplitude (in flat background space)

• Poles at                        - “Regge excitations”

• Reggeons have higher spins                         , with 

• May be accessible to the LHC in models with string scale               , eg. ADD

• For example, spin-2 Regge gluon shows up as a dijet resonance

Here we defined B̃µν = Ba
µνt

a, where Ba
µν (a = 1 . . . 8) is the Regge gluon

field, and ta are the fundamental representation generators of QCD SU(3),
normalized by tr(tatb) = δab/2. Note that the Regge gluon field transforms
linearly in the adjoint representation of SU(3):

B̃µν → U B̃µν U−1, U = exp (itaθa) . (5)

Since q → Uq, this ensures the gauge invariance of the coupling (4).
In the Randall-Sundrum model, the Regge gluon wavefunctions are local-

ized near the TeV brane (as will be shown below), while the wavefunctions
of light fermions may be localized at the opposite “Planck” boundary. In
this case, the coupling of the Regge gluon to light SM quarks is strongly sup-
pressed, and the most important production channel for g∗ is via gluon fusion.
(The zero-mode gluon wavefunction is constant across the extra dimension.)
To model this interaction, we need to obtain the gluon-gluon-Regge gluon
vertex in the CPP model. Since this was not done in Ref. [3], let us briefly
outline the derivation here. The CPP model identifies gluons with open
strings ending on a stack of 4 coincident D3 branes. The 4-gluon scattering
amplitude is given by

A(1, 2, 3, 4) = g2A(1, 2, 3, 4)S(s, t) tr[t1t2t3t4 + t4t3t2t1]

+ g2A(1, 3, 2, 4)S(u, t) tr[t1t3t2t4 + t4t2t3t1]

+ g2A(1, 2, 4, 3)S(s, u) tr[t1t2t4t3 + t3t4t2t1] , (6)

where ti ≡ tai are the generators of the fundamental representation of SU(3)
(”Chan-Paton factors”), while

S(s, t) =
Γ(1 − α′s)Γ(1 − α′t)

Γ(1 − α′s − α′t)
(7)

is the string formfactor (essentially the Veneziano amplitude), and the A’s
denote the color-ordered four-point gauge theory amplitudes. (Note that
α′ = 1/M2

S.) At tree level, all non-vanishing color-ordered helicity amplitudes
for four-gluon scattering can be obtained from the two basic ones by index
permutations. The basic amplitudes are

A(1+, 2−, 3−, 4+) = −4
t

s
, A(1+, 2−, 3+, 4−) = −4

u2

st
, (8)

6

[Cullen, MP, Peskin, ’00; Goldberg, Lust, Taylor, et.al. ’08-’11]  
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Reggeons in Randall-Sundrum
• In RS model (with all SM fields in 5D), the Reggeon masses should be set by 

the “warped-down” string scale

• From AdS/CFT point of view, Reggeons are just higher-spin bound states of 
the 4D strong dynamics - like the original Regge states in QCD

• May be accessible to the LHC. Phenomenology?     

•  Generalization of the Veneziano amplitude for AdS background is unknown

• A bottom-up, field-theory approach: 

• Start with flat space Veneziano amplitudes

• Construct a Lagrangian for low-lying Regge states that reproduces V.amp.

• Extend to AdS in a minimally generally-covariant way 

[MP, Spray, ’09; March-Russell et.al., ’09;
Reece, Wang, ’10]
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Example: RS Regge Gluon
• 4-gluon scattering in flat space:

• Factorize at the first Regge pole:

• Interpret as s-channel exchange of spin-2, 1, 0 particles         gluon-Reggeon 
interaction Lagrangian:   

Here we defined B̃µν = Ba
µνt
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µν (a = 1 . . . 8) is the Regge gluon
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where helicities are directed inward. Using these amplitudes in Eq. (6) and
factorizing the amplitudes on the Regge pole, s = M2

S, we obtain

A(g+g+ → g+g+) = −2 g2 s

s − M2
S

· C1234 , (9)

A(g+g− → g+g−) = −2 g2u2

s2

s

s − M2
S

· C1234 , (10)

All other non-vanishing amplitudes are related to these two by parity. Note
that the kinematic dependence of the factorized four-gluon amplitudes ex-
actly matches that of the four-photon amplitudes studied in Ref. [3], implying
that the Lorentz structure of the ggg∗ vertices is the same as for the γγγ∗

vertices. The color factor is given by

C1234 = 2
(

tr[t1t2t3t4] + tr[t4t3t2t1] + tr[t1t2t4t3] + tr[t3t4t2t1]
)

, (11)

where as before ti ≡ tai . To factorize this, we use the well-known SU(N)
identity

2
N2−1
∑

a=1

(ta)i
j(t

a)k
l = δi

lδ
k
j − 1

N
δi
jδ

k
l . (12)

We obtain

C1234 = 4
N2−1
∑

a=1

(

tr[t1t2ta] + tr[t2t1ta]
)

·
(

tr[t3t4ta] + tr[t4t3ta]
)

+
8

3
tr[t1t2] · tr[t3t4] . (13)

This suggests that there are in fact 9 Regge gluons propagating in the s
channel in four-gluon scattering: a color-octet, coupled with strength g, and
a color-singlet, coupled with strength g/

√
3. The appearance of the color

singlet Reggeon in the CPP model was already noted in Ref. [3]; in fact, there
is an additional massless color-singlet vector boson in this model as well, due
to an extra U(1) factor in the low-energy theory of strings on D3-branes.
In realistic string models, such U(1) factors are typically anomalous, and
the corresponding gauge bosons obtain masses at the string scale via Green-
Schwartz mechanism. This mechanism will probably also affect the mass of
the color-singlet Reggeon. In general, the fate of this state appears model-
dependent, and even if it is present at MS, its effect on phenomenology would

7

be subdominant to the color-octet state due a smaller number of degrees of
freedom and a suppressed coupling. Thus, we will focus on the color-octet
Reggeon. To obtain the Feynman rules for the interactions of this state with
SM gluons, one needs to simply multiply the photon-Regge photon vertices
in Fig. 7 of Ref. [3] by a color factor

Cabc = 2
(

tr[tatbtc] + tr[tatctb]
)

, (14)

and substitute e → g. The corresponding term in the Lagrangian is

Lggg∗ =
g√
2MS

Cabc

(

F aρµF bν
ρ − 1

4
F aρσF b

ρση
µν

)

Bc
µν + (vectors, scalars) ,

(15)
where F a

µν = ∂µAa
ν−∂νAa

µ+igfabcAb
µA

c
ν is the gluon field strength. As before,

it is important to keep in mind that this Lagrangian is only valid for on-shell
production of Regge gluons in SM gluon collisions. Using

F a
µνt

a → U (F a
µνt

a)U−1, (16)

together with Eq. (5), it is easy to show that the coupling (15) is SU(3)
invariant. Note that in order to preserve gauge invariance, the derivatives
in the kinetic lagrangian of the Reggeon, Eq. (2), need to be promoted to
covariant derivatives, leading to additional couplings between gluons and the
Reggeon. However, these vertices always involve two Reggeon fields, and
thus do not contribute to on-shell single-Reggeon production, making them
irrelevant for the analysis of this paper.

In the CPP model, the SM quarks were modeled, somewhat naively, as
open-string zero modes in adjoint representation of an enlarged gauge group
containing the SM SU(3) [3]. A more realistic construction was used in
Ref. [4], where the SM fermions are described by boundary operators in
the open string CFT. In practice, as far as the couplings of the first Regge
resonance to on-shell quarks are concerned, the two approaches produce iden-
tical results. For example, using the couplings (4) and (15), obtained from
the CPP model, we reproduce the s-channel pole at s = M2

S of the two-
fermion-two-gluon amplitude in Eq. (5.39) of Ref. [4]. We do not reproduce
the four-fermion amplitude, since, as remarked in Ref. [4], states other that
the Reggeon are being exchanged in this channel, leading to highly model-
dependent results.
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[MP, Spray, ’09]
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• Generalize to 5D, non-flat background (ensure 5D gen. covariance)

• KK-decompose all fields in RS background:

• Interactions among zero-mode and KK gluons with the Reggeon:

• SM+KK fermion couplings to the Reggeon derived in the same manner

the RS geometry as a smooth background for propagating strings requires
m ! 1; in our phenomenological study, we will consider m ∼ a few. N is
the normalisation and c is a constant of integration; each implicitly depends
upon the level n. Both c and the mass are set by the boundary conditions.
Since Bµν is even under the orbifold symmetry (see Eq. (29)) it (and hence
the {f (n)}) would normally satisfy Neumann boundary conditions. However,
the presence of localized terms in (41) changes this, making the derivative of
the KK functions discontinuous. The correct boundary conditions are

f (n)′(0+) − f (n)′(0−) = −4kf (n)(0); (46a)

f (n)′(−πR+) − f (n)′(πR−) = 4kf (n)(πR). (46b)

We plot the spectrum that is implied by these boundary conditions in Fig. 1,
and the numerical values of the lightest tensor Reggeon mass for a few choices
of m/k are listed in Table 1. The wavefunctions of the first five modes, for
a specific choice of m/k = 3, are plotted in Fig. 2. As expected, the mass of
the spin-2 Reggeon (and its first few KK excitations) is of the order

µ ∼ (a few) × me−πkR ∼ a few TeV , (47)

and the wavefunctions are strongly localized in the vicinity of the IR brane,
y = πR. It is also easy to roughly estimate the two constants appearing in
the wavefunctions:

N ∼ 1√
πkR

e+πkR , c ∼ e−2νπkR . (48)

These estimates are useful in discussing the Reggeon phenomenology.

4 SM Couplings to the Tensor Reggeon

To model the interactions of SM quarks and gluons with the Regge gluon,
we will use the minimal generally covariant extension of the interaction La-
grangian of the 4D, flat-space CPP model, discussed in Section 2.

4.1 Gluon-Reggeon Coupling

The gluon-Reggeon coupling is a simple generalization of Eq. (15):

Sggg∗ =

∫

d5x
√
−G

g5√
2M∗

S

Cabc

(

F aACF bB
C − 1

4
F aCDF b

CDGAB

)

Bc
AB .

(49)
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The 5D coupling g5 is related to the 4D QCD coupling gs by

g5 =
√

πR gs . (50)

The 5D gauge coupling has mass dimension of −1/2, so that the power-
counting of the operator (49) is correct for canonically normalized fields
(namely, the 5D gauge field and the Reggeon both have mass dimension
3/2). The interaction Lagrangian is invariant under the usual QCD gauge
transformations (see discussion in section 2.2), but not under the transfor-
mations (27). It is easy to formally restore this symmetry by replacing
BMN → BMN − ∇MπN − ∇NπM ; however, the terms involving pions do
not contribute to the couplings of the 4D tensor mode, which is the only
object of interest for us.

The Kaluza-Klein decomposition of the SM gauge field is straightfor-
ward [18]. Gauge freedom can be used to choose A5 = 0, and the 4D vector
zero-mode has a constant profile in the bulk:

Aµ(x, y) =
1√
πR

A(0)
µ (x) + . . . . (51)

This yields the following 4D Lagrangian for the interactions of the SM gluons
with the tensor Reggeons:

Lggg∗ =
∑

n

g(n)

√
2M̃S

Cabc

(

F aαγF b β
γ − 1

4
F aγδF b

γδ

)

Bc
αβ , (52)

where we defined the warped-down string scale

M̃S = e−πkRM∗
S ∼ a few TeV, (53)

and the dimensionless coupling

g(n) =
gs e−πkR

πR

∫ πR

0

dy e2ky f (n)(y) . (54)

Since the Reggeon wavefunction is localized near y = πR, and is of order
1/N ∼

√
πkRe−πkR in that region, we can estimate

g(n) ∼ gs√
πkR

. (55)

The operator in the 4D action, Eq. (52), is suppressed by a scale of order
M̃S, as expected; however, note the additional volume suppression. Sample
numerical values for the coupling of the lightest Reggeon g(0) are shown in
Table 1. The coupling is approximately independent of the Reggeon mass,
with a value of roughly 0.1gs.
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Additional gauge-fixing terms must be introduced to separate the vector and
scalar fields in the action. Since the procedure is rather complicated, and
since phenomenologically the tensor field provides the most interesting and
unambiguous signature for stringy physics, we will not pursue a complete
description of the vector and scalar sectors in this paper.

Once the tensor field is isolated in the action, KK decomposition is
straightforward. We make the standard KK ansatz

Bµν(x, y) =
1√
πR

∞
∑

n=1

B(n)
µν (x)f (n)(y). (40)

The defining equation for the {f (n)} are found easily from either the equations
of motion or the action:

−f (n)′′+
(

4k2 + m2
)

f (n)−4k (δ(y) − δ(y − πR)) f (n) = µ(n)2e2k|y|f (n). (41)

This equation is self-adjoint, so we can take the KK functions to be orthonor-
mal. In this case, the associated inner product is

1

πR

∫ πR

0

dy e2k|y|f (n)f (m) = δnm. (42)

After integrating over the extra dimension, the action (39) becomes

Sspin-2 =

∫

d4x
∞

∑

n=1

[

1

4
H(n)

λµνH
(m)λµν − 1

2

(

1 − 2

ξ

)

H(n)λµ
µH

(n)ν
λν

+
1

2
µ(n)2

{

(

B(n)µ
µ

)2 − B(n)µνB(n)
µν

}

]

, (43)

which is just a tower of free 4D spin-2 fields with masses µ(n) (in unitary
gauge, if ξ → ∞.) The general solution to (41) is a Bessel function:

f (n)(y) =
1

N

{

Jν

(

µ(n)

ΛIR
w

)

+ c J−ν

(

µ(n)

ΛIR
w

)}

, (44)

where
ΛIR = ke−πkR, w = ek(|y|−πR) ∈ [e−πkR, 1] . (45)

The order of the Bessel function is ν ≡
√

4 + m
2, where m = m/k is the

string scale in units of the RS curvature. Formally, consistent treatment of
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g(n)
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2M̃S

Cabc

(
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γ − 1

4
F aγδF b

γδ

)

Bc
αβ , (52)

where we defined the warped-down string scale

M̃S = e−πkRM∗
S ∼ a few TeV, (53)

and the dimensionless coupling

g(n) =
gs e−πkR

πR

∫ πR

0

dy e2ky f (n)(y) . (54)

Since the Reggeon wavefunction is localized near y = πR, and is of order
1/N ∼

√
πkRe−πkR in that region, we can estimate

g(n) ∼ gs√
πkR

. (55)

The operator in the 4D action, Eq. (52), is suppressed by a scale of order
M̃S, as expected; however, note the additional volume suppression. Sample
numerical values for the coupling of the lightest Reggeon g(0) are shown in
Table 1. The coupling is approximately independent of the Reggeon mass,
with a value of roughly 0.1gs.
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Figure 1: The spectrum of 4D tensor particles. We have assumed that the
RS curvature k = 1015 TeV; the results are essentially independent of this
choice.
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Figure 2: The KK functions for the five lightest KK modes. We have as-
sumed that the RS curvature k = 1015 TeV, ΛIR = 1 TeV and m = 3k.
The qualitative form of the wavefunctions are all robust to varying these
parameters.
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Regge Gluon in RS: Pheno
• Focus on spin-2 Regge gluon

• Describe as a spin-2 massive field propagating on RS background

• KK decompose and focus on the lowest-lying KK state

• Reggeon wavefunction localized near the TeV brane        dominantly couples to 
right-handed tops and KK quarks/gluons, subdominant coupling to SM gluon, 
very weak couplings to 1st and 2nd generation SM quarks
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♦ Anomalous couplings => SM heavy particles.

Field Localization

[MP, Spray, ’11]
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Figure 5. The Reggeon branching fractions in Model A: (left) The four leading decay
channels; (right) All channels with branching ratio above 1%. On the left panel, the blue
solid line corresponds to the g1g1(∗) final state; the red dashed line to the tRt̄R; the green
dotted line to g1g; and the orange dot-dashed line to two KK quarks (all flavors). The
additional thin lines on the right panel are: tLt̄1L + bLb̄1

L + t1Lt̄L + b1
Lb̄L (solid); quark + KK

quark summed over first two generations + bR (dashed); tLt̄L+bLb̄L (dotted); and tRt̄1R+t1Rt̄R
(dot-dashed).
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Figure 6. The Reggeon branching fractions in Model B: (left) The four leading decay chan-
nels; (right) All channels with branching ratio above 1%. The color scheme is the same as in
figure 5.

M/ΛIR. It is immediately clear that decays involving KK excitations of the SM play

a very important role. The largest of the direct decays to SM zero-modes, g∗ → tt̄,

dominates only for very light Reggeons, m/k ≈ 1. In most of the parameter space

– 13 –

Signature:

Regge Gluon Decays
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Figure 7. The Reggeon production cross section, as a function of its mass, in Model A:
(left)

√
s = 7 TeV; (right)

√
s = 14 TeV. We used the MSTW 2008 [23] PDF set at next

to leading order, with the factorization and renormalization scales set to the Reggeon mass.
In both panels, blue/solid line corresponds to the total production cross section; red/dashed
lines show the total rate of the four-top events; and green/dotted lines show the rate of events
for which all four top-jets are tagged.
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Figure 8. The Reggeon production cross section, as a function of its mass, in Model B: (left)√
s = 7 TeV; (right)

√
s = 14 TeV. The notation is the same as in figure 7.

Since the KK gluon mass is close to half of the Reggeon mass, the four tops pro-

duced in the process g∗ → g1tt̄, followed by g1 → tt̄, have roughly equal energies in

the Reggeon rest frame. The high mass of the Reggeon implies that it is produced

approximately at rest in the lab frame, so we can estimate the energy of each top in the

lab frame to be approximately M/4. In the interesting parameter range, this energy
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Regge Gluon Production

[Assume efficiencies from BOOST-2010 t tbar study] 
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process σtot Prob(4 top-tags) Eff(pT > 250 GeV) σtot · Prob · Eff

signal 147 3.66× 10−3 0.54

4j 5.16× 105 6.25× 10−6 7.0× 10−4 2.3× 10−3

3j + t 1.35× 105 6.25× 10−5 1.0× 10−4 8.4× 10−4

2j + 2t 1.63× 103 6.25× 10−4 4.2× 10−3 4.3× 10−3

1j + 3t 0.221 6.25× 10−3 6.8× 10−3 9.4× 10−6

4t 0.442 0.0625 7.7× 10−3 2.1× 10−4

Total Bg 7.6 ×10−3

Table 1. Signal and background cross sections (in fb), before and after cuts, at
√

s = 7 TeV.
The signal is for a 2 TeV Reggeon in Model B.

is above 400 GeV, meaning that the tops are boosted and their decay products will

be collimated, so that each top will likely be identified as a single jet in the detector.

Experimental discrimination between such “top-jets” and ordinary QCD jets initiated

by non-top quarks or gluons has been the subject of much recent work. A useful re-

cent summary of the status of the field is given in ref. [22], which describes several

algorithms designed for this purpose. These “top-taggers” can be characterized by an

efficiency and a fake rate, both of which are pT -dependent. We use the CMS tagger

described in ref. [22]. It has a maximal fake rate of 5%, no sensitivity for jets with

pT < 250 GeV and achieves maximal efficiency of 50% for pT > 600 GeV. For jets

between these limits, we model the pT -dependence of the efficiency as linear, which

understates the true efficiency. As the Reggeon and KK gluons are approximately at

rest and we have averaged over spins, the angular distribution of tops from each KK

gluon is approximately isotropic in the lab frame. Within this approximation, we can

determine the pT distribution of the tops and thus estimate the signal efficiency to tag

the jets as tops. The efficiency is a function of the Reggeon mass: for low Reggeon

masses, the tops have lower pT and so the efficiency drops. The green/dotted lines in

figures 7, 8 show the expected rate of events with four jets tagged as tops. Of course,

it may not be necessary to demand that all four jets be tagged: doing so yields the

best possible signal/background ratio, but may result in a loss of statistics. We will

not attempt to optimize the search in this paper; our goal is simply to demonstrate

that at least some of the interesting parameter space can be covered.

The irreducible backgrounds consist of SM processes producing n tops and 4 − n

QCD jets, with n = 0 . . . 4. We studied these backgrounds at the parton level, using
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• Signal: no MC, use a rough model of phase space, top-tag efficiencies from t tbar MC

• Backgrounds: MadGraph only, no top-tagging MC, top mis-tag rates from dijet MC

• Looks promising: S/B~100 - a more rigorous analysis seems worthwhile

Preliminary LHC Analysis
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• Top quark plays a special role in EWSB, New physics with preferential 
couplings to tops is well motivated

• Decays of heavy new particles produce relativistic tops        top jets

• Top-jet tagging technology is maturing and becoming part of the standard 
experimentalist’s toolbox

• Time to explore possible applications beyond just looking for ttbar 
resonance

• Two examples today: boosted tops + MET signature of SUSY, and 4-top 
resonance signature of Regge gluon in Randall-Sundrum models

• Pheno-level analyses look promising, searches should be pursued by ATLAS/
CMS     

Conclusions
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