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How many is many?

• Prehistoric mathematics:
Our prehistoric ancestors would have had a general sensibility about amounts, and 
would have instinctively known the difference between, say, one and two antelopes. 
But the intellectual leap from the concrete idea of two things to the invention of a 
symbol or word for the abstract idea of "two" took many ages to come about.

Even today, there are isolated hunter-gatherer tribes in Amazonia which only have 
words for "one", "two" and "many", and others which only have words for numbers up 
to five. In the absence of settled agriculture and trade, there is little need for a formal 
system of numbers.

• In this talk,  “3” is many.  

• Consider three or more leptons.

• 2 leptons are also interesting. SSDL.



Sources

• Particles with non-standard charges

• Multi-gauge bosons (multi-tops)

• Cascade decays

• Mixed cases



I. Particles with 
Non-standard  Charges

[15, 16], and in models of strong elctro-weak symmetry breaking [17]. Doubly charged

fermions also appear in the context of extended supersymmetric models as doubly charged

higgsinos [18–21] and in flavor models in warped extra dimensions and in more general

models [22, 23].

Very recently, the production at LHC of doubly charged leptons, belonging to a vector-

like triplet with Y = 1 which mixes with the ordinary leptons of the standard model via a

Yukawa coupling to the Higgs has been studied in detail [24].

In our model [13] taking up a composite scenario for quarks and leptons, doubly charged

excited leptons, labeled with L−−, exist which can couple with the SM lepton only through

the W gauge boson. The main consequences are the following: (i) we have only one decay

channel for L−− → W− !− with the branching ratio BR = 1; (ii) we can produce L−−

resonantly via 2 → 2 processes such as qq̄′ → L−−!+. We note that, in principle, the previous

limits on excited lepton (quarks) masses derived assuming the usual singlet and/or doublet

assignment are not valid for our exotic charged leptons (quarks) which belong to the extended

multiplets. Respecting the lepton number conservation, only s-channel [annihilation channel]

should be considered. The process of production and decay for L−− and its antiparticle L++

at the parton level is:

ud̄ → L++ !− → W+ !+ !−

ūd → L−− !+ → W− !− !+ (1)

As the LHC is a proton proton collider the process describing the production of the L++ is

expected to have a larger cross section than the process describing the production of L−−

because the proton contains two valence u quarks and only one valence d quark, whereas

the number of antiquarks is assumed to be the same. However the cross sections of both

processes are expected to be relatively small because at the parton level they both involve

a sea quarks distribution function.

We will consider only the leptonic decay channels of the W gauge boson, leading to a

final state signature which contains a tri-lepton and missing energy:

p p → !− !+ !+ νe (2)

In particular, our signature contains a like-sign-dilepton (LSD). The above process stands

equivalently for the three generations. In this work, both doubly charged exotic leptons

belonging to IW = 1 and IW = 3/2 are investigated.
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the K factors are taken to be equal. We note that pp, pp → H++H−− also receives a con-

tribution from real photon annihilation [23], which causes an increase in the cross section

of around 10% at the LHC, but much less at the Tevatron. In our simulation analysis

however we do not include this correction.

4. Simulations of signal and backgrounds at the LHC

Several studies have been performed to study the doubly charged Higgs in the decay channel

H±± → !±i !
±
j (i, j = e, µ, τ) at the LHC. The production mechanism qq → γ∗, Z∗ →

H++H−− followed by decay H++H−− → !+!+!−!− is studied in [14, 23, 33, 32, 31, 15].

Only two among these studies also take into account the production mechanism pp →
W±∗ → H±±H∓ [14, 15], followed by the decays H±± → !±i !

±
j (i, j = e, µ, τ) and H± →

!±i ν. The LHC sensitivity to H±± → !±i !
±
j considerably extends that at the Tevatron, due

to the increased cross sections and larger luminosities. The analysis of Ref. [32] shows that

H±± can be discovered for mH±± < 800 GeV and L = 50 fb−1, assuming BR(H±± →
µ±µ±) = 100%. Importantly, all the above simulations suggest that as little as L = 1 fb−1

is needed for the discovery of mH±± < 400 GeV if one of BR(H±± → e±e±, e±µ±, µ±µ±)

is large, and hence such a light H±± would be found very quickly at the LHC. The signal

from qq → γ∗, Z∗ → H++H−− and decay H++H−− → !+!+!−!− is usually taken to be

four leptons, which are isolated and have sufficiently large transverse energy. In Ref. [32]

the signal is taken to be 4µ. In Ref. [31], where little Higgs models are considered, the

signal is defined as 4! where ! = µ, τ (and e is not included), and five different four-lepton

signatures are studied (one of which being 4µ). In Ref. [23] e and µ are treated as the same

particle, and a parton-level study of the four-lepton signature is performed. In Ref. [33]

two signatures are defined: i) four leptons and ii) at least three leptons. It is shown that

superior sensitivity to MH±± is obtained for the signature of at least three leptons.

As discussed earlier, the production mechanism pp → W±∗ → H±±H∓ will contribute

to the signal for H±± if three (or more) leptons are required. The simulation in Ref. [15] is

the first study of the mechanism pp → H±±H∓ together with pp → H++H−−, with the aim

of improving the sensitivity toMH±± at the LHC. In Ref. [15] e and µ are not distinguished,

and such an inclusive channel has the advantage of maximizing the sensitivity to MH±± for

a given integrated luminosity, and for the general case of BR < 100% for a given flavour

of lepton. Both a four-lepton signature and a three-lepton signature are studied, and the

sensitivity to MH±± for the two signatures is compared, assuming MH±± = MH± . The

three-lepton signature is defined as being exactly three leptons (3!), i.e., a fourth lepton is

vetoed. Note that this three-lepton signature differs from that defined in the latest search

for H±± at the Tevatron [29] in which a fourth lepton is not vetoed (≥ 3!).

In Ref. [15] it is concluded that the three-lepton signature offers considerably greater

discovery potential for H±± in the HTM than the signature of four leptons (note that

the same conclusion is obtained in [33], even without including pp → H±±H∓). The

main reason for the superior sensitivity of the three-lepton signature in [15] is the extra

contribution from pp → H±±H∓ (which does not contribute to the four-lepton signature).

Although the SM background for the three-lepton signature is larger than that for the four-
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for H±± at the Tevatron [29] in which a fourth lepton is not vetoed (≥ 3!).

In Ref. [15] it is concluded that the three-lepton signature offers considerably greater
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lepton signature, in the region of high invariant mass of !±!± (relevant for MH±± > 200

GeV) the backgrounds are still sufficiently small, which gives rise to superior sensitivity to

MH±± for the three-lepton signature. Moreover, Ref. [15] used different sets of cuts for the

three-lepton and four-lepton signatures.

In Ref. [14], a parton-level study at the LHC was performed for the detection prospects

of the production channel pp → H±±H∓ alone, followed by the decays H±± → !±!± and

H± → !±ν, where both e and µ contributions are summed together in an inclusive approach

like that in Ref. [15]. The strategy in [14] is to isolate the contribution from pp → H±±H∓

and remove that from pp → H++H−−, with the aim of probing the vertex H±±H∓W±,

which is present in the HTM but not in models with SU(2) singlet scalars. A cut is imposed

on missing energy (which originates from H± → !±ν) in order to remove the contribution

from pp → H++H−−. Therefore the approach of Ref. [14] contrasts with that of [15] (and

our approach), where in the latter the cuts are designed to keep signal events from both

pp → H++H−− and pp → H±±H∓ in order to optimize sensitivity to MH±± for a given

integrated luminosity.

The main features of our analysis are :

• In order to analyze the signature of ≥ 3! as mentioned above we have to consider

the H±±H∓W± vertex. This vertex was not available in pythia [40] for the HTM

model. For our analysis we have used CalcHEP [39] and incorporated this vertex in

the model file.

• We have included K-factors for both signal and background events.

• We have performed a detailed realistic detector simulation using the fast detector

simulator atlfast for both signal and background processes.

• We have considered the ≥ 3! signature and compared its discovery potential with

that for the 4! signature at the LHC.

Hereafter, we will refer to electrons and/or muons collectively as “leptons” (! = e, µ).

We will further assume the idealized case of BR(H±± → !±!±) = 100% and BR(H± →
!±ν!) = 100%, i.e., the decays of the charged Higgs bosons are saturated by the electronic

and muonic modes. We do this in order to provide a simple comparison of the discovery

potential of the two signatures under investigation. Moreover, such extreme branching

ratios are generally used when deriving limits on MH±± from direct searches. In contrast,

we note that representative branching ratios in the HTM were used in [15], for which decay

modes ofH±± involving τ were sizeable. Careful attention was given to secondary electrons

and muons which originate from decays like H±± → µ±τ± followed by τ → !νν, and their

effect on the dilepton invariant mass distribution was studied. In our analysis the decay

modes of H±± involving τ are absent, and so there are no such secondary leptons. For the

cases of BR(H±± → !±!±) < 100% and BR(H± → !±ν!) < 100% (as discussed in Section 2

for the HTM) our results will need to be scaled by multiplicative factors of branching ratios.

Moreover, for non-zero BRs of H±± and H± into final states which contain τ leptons, the

influence of the secondary leptons (which originate from the decay of the τ leptons) on
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Doubly Charged Higgs Boson
the signal will need to be included. For definiteness, we take MH±± = MH± as the mass

difference is fairly small for most of the parameter space in the HTM.
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Figure 1: Cross section of inclusive doubly charged Higgs bosons production (Eq. 3.1) as a function
of MH±± . The K-factor of the processes is taken to be 1.25 for LHC and 1.3 for Tevatron.

The cross section for the inclusive production of doubly charged Higgs bosons at

hadronic colliders is plotted in Figure 1 as a function of the doubly charged Higgs mass.

In this plot we show the production cross sections as given in Eq. (3.1) for the LHC at the

center-of-mass (CM) energy of
√
s = 7, 10, 14 TeV and for the Tevatron

√
s = 1.96 TeV.

The LHC is expected to take around 1 fb−1 of integrated luminosity at
√
s = 7 TeV in

its first two years of operation. Subsequently, the machine is planned to run at the design

energy of
√
s = 14 TeV. For completeness, we also show the cross section at an interme-

diate energy of
√
s = 10 TeV because operation at this energy has been discussed. In our

later simulations, we have assumed the CM energy of
√
s = 14 TeV at the LHC. We have

used the leading-order (LO) CTEQ6L parton distribution functions (PDF) with two-loop

αs running, and identified both the factorization scale µf and the renormalization scale µr

with the partonic CM energy ŝ.

4.1 Framework for event generation

The SM background processes we have considered for both the ≥ 3" and 4" channels are:

• ZZ with each of the Z’s decaying leptonically.

• W±Z with each of the weak gauge bosons decaying leptonically.

• tt̄ with t → Wb, and W ’s and b decaying (semi)leptonically.

– 8 –

 (GeV)±±Hm
200 300 400 500 600 700 800

)
-1

Lu
m

in
os

ity
 (f

b

-110

1

10

210

Discovery potential

 3 lepton!

4 lepton

Figure 5: Luminosity required for a 5σ discovery of the doubly charged Higgs boson as a function
of its mass at the LHC. The two curves correspond to the exactly 4-lepton signature and the ≥ 3"
signature, respectively.

5. Discussions and Summary

In this paper we have analyzed the leptonic signatures of the production of a doubly charged

Higgs boson at LHC. For this purpose we have used CalcHEP to generate the signal events,

and then interfaced it with pythia . For more realistic estimates of signal and background

events, we have used fast ATLAS detector simulator atlfast . We have also included

relevant K-factors for both signal and backgrounds in our analysis.

Using the significance estimator, we have estimated the LHC discovery potential for the

doubly charged Higgs boson in the 4-lepton mode from the pair production only and the ≥ 3

lepton mode from the inclusive production, i.e., both pp → H++H−− and pp → H±±H∓.

We have performed the first simulation of the ≥ 3 lepton channel. Our result is shown

in Figure 5, where the luminosity required to make a 5σ discovery of the doubly charged

Higgs boson is plotted as a function of its mass. It is clear that the discovery potential for

H±± at the LHC through the ≥ 3" mode is significantly better than the 4-lepton mode.

For an integrated luminosity of 10 fb−1, for example, one detector at LHC alone can reach

∼ 600 GeV for the former and ∼ 550 GeV for the latter.

In our analysis of multi-lepton signatures we have not considered the QCD background

where a jet is misidentified as a lepton. Although the probability of misidentification is quite

small [33], the QCD production cross-sections are many orders of magnitude larger than

the multi-lepton (3" and 4") cross-sections and hence can contribute to the backgrounds.

Importantly, the QCD background for the four-lepton signal will be smaller than that for

the three-lepton signal. Hence the inclusion of the QCD background would introduce a
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II. Multi-gauge bosons

• Multi-Lepton Signals of the Higgs Boson

0701158, Dennis, Unel, Servant, Tseng

• KK quarks carrying electric charge 5/3
1112.2298, Contreras-Campana, Craig, Gray, Kilic, Park, Somalwar, Thomas
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Figure 12: Number of 4W events (coming from b̃R only) in the case mH = 300 GeV, with the
assumption of 10 fb−1 integrated luminosity. Leptons are either e or µ.

q̃ events is to select events with two high-pT leptons with the same sign (presumably from
the two W ’s from a single q̃), and then fully reconstruct the other q̃ in the event through
its tW → bWW → bjjjj decay. This method is driven by the typical situation that the
charge of an observed lepton can be measured reliably, while that for a jet cannot. The
fully reconstructed q̃ would yield a narrow peak in the b + 4 jet combined invariant mass
distribution, while the corresponding distribution arising from b̃R pair production and decay
would be much broader. The main disadvantage of this method is the typically low efficiency
of a full reconstruction, which requires all decay products to be observed and well measured.
We therefore expect that confirming the existence of the q̃ custodian would require rather
more data than the 10 fb−1 studied here (note, however, that the LHC’s design luminosity
would yield 100 fb−1 per year).

Finally, let us note that one could also consider the single production of b̃R together with
the standard b quark via s-channel Z or W -gluon fusion, or together with the top quark
via s-channel W . This would be especially relevant for large b̃R masses and would deserve a
separate study.

5 Conclusion and future prospects

We have studied new signals in pair production of heavy Q = −1/3 and Q = 5/3 quarks at the
LHC. They are produced through standard QCD interactions with a cross section ∼ O(10)
pb for masses of several hundreds of GeV. Heavy quarks such as b̃R are well-motivated in
Randall–Sundrum models with custodial symmetry. They are generally Kaluza-Klein part-
ners of the Standard Model Right-Handed top quark. Their decay channels were described in
detail in this paper. In the present work, we focussed on the 4-W events which we believe are
quite specific to this class of models, and also experimentally promising. We have considered

the process gg, qq → b̃Rb̃R → W−t W+t → W−W+b W+W−b where at least one W boson
decays leptonically and the other ones hadronically. A simulation of this signal and its main
background was performed, and an analysis strategy outlined which distinguishes the signal
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Figure 4: Decay widths of b̃R as a function of its mass and corresponding branching ratios.

where
gZbl = f(ctR)

mt

mb̃R

×
g

6 cos θW
[3 − 2 sin2 θW ], (8)

and finally

ΓbLH =
f 2(ctR)

(

mb̃R

2 − mH
2
)2

32πm3

b̃R

. (9)

As we said, in our analysis, we use f(ctR) = 1, gR = g, MKK = 3 TeV, and kπrc = ln(1015),
so that the only free parameter is mb̃R

.

In our formulae, we have assumed that (tR, b̃R) form an SU(2)R doublet even though we
know that this is not the realistic situation. The solution to the Zbb problem indeed requires
that tR is either a singlet under SU(2)R or belongs to a (1, 3)+(3, 1) under SU(2)L×SU(2)R

[5]. In the first case, there is obviously no b̃R. However, this does not mean that there is no
associated light KK quark. Indeed, in gauge-Higgs unification models (see Ref. [21]) which are
presumably the best motivated models for EW symmetry breaking in RS, the SM tR belongs to
a larger multiplet which necessarily leads to light custodian partners. In minimal composite
Higgs models, tR belongs to a 5=((2,2),(1,1)) or a 10=((2,2),(1,3)+(3,1)) of SO(5). Its
(2, 2) partners contain the SM QL as well as an extra doublet of custodians of electric charge
(2/3,5/3). The Q=2/3 quark will not lead to the 4W signature, but the Q=5/3 quark (that
we name q̃) will, and with a branching ratio essentially equal to 1. If tR belongs to a 10, there
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• Tprime

• See talks by Lian-Tao and Matt for multi-top signals.



MH=125 GeV and Tprime

• MH125 GeV, SM4 is excluded at 99.6% C.L.

• MH > 123 GeV, exclusion limit is > 95% C.L.
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FIG. 1: Constraints on the SM4. The solid-blue (dashed-purple) curve shows the exclusion for Spectrum A (B). The grey

region shows the exclusion for the scan described in the text. Left: the exclusion limit as a function of the neutrino mass, for

fixed mh = 125 GeV, is shown. The values of µ̂ and the corresponding standard deviations provided by the colllaborations at

mh = 125 GeV were used. Right: the exclusion limit as a function of mh, with the neutrino mass varied to give the best fit

is shown. Since the collaborations do not provide µ̂ for all Higgs masses and all channels, the values calculated [22] were used.

See text for more detail.

The sum runs over the five measured channels: inclusive
diphoton, diphoton in association with two jets, ZZ∗,
WW ∗, and bb̄ in association with a vector-boson.

On the right box of Fig. 1, we show the exclusion
limit as a function of the Higgs mass, keeping the mass
of the fourth generation neutrino a free parameter and
marginalizing over it. This corresponds to minimizing
the χ2 for the five Higgs measurements over the neutrino
mass. Shown is the the CL exclusion for χ2

min for 5 − 1
degrees of freedom. For mH ≥ 120 GeV, the SM4 sce-
nario is excluded at above 89% CL, while for mH ≥ 123
GeV, the SM4 scenario is excluded at above 95% CL.

On the left box of Fig. 1, we show the exclusion limit as
a function of the neutrino mass, for fixedmH = 125 GeV.
This corresponds to minimizing the χ2 for the five Higgs
measurements as a function of the neutrino mass. Shown
is the the CL exclusion for χ2 for 5 degrees of freedom.
For mH ≥ 125 GeV, the SM4 scenario is excluded at
above 99.6% CL for all neutrino masses.

The numerical scan shows robust exclusions over all of
parameter space. As mentioned above, care should be
taken with these numerical codes as they only approxi-
mately calculate Γ(h → γγ) at NLO, and NNLO correc-
tions may be large for the heavier masses scan. Nonethe-
less, given these results the constraints are expected to
remain strong even if exact calculations could be per-
formed. Indeed, we note that the weakest constraints are
obtained when the fourth generation masses are lightest.
This is intuitive, since smaller Yukawa couplings imply
smaller corrections, and consequently a smaller cancela-
tion in h → γγ width. However, it is also in this range
that we expect both the uncertainties in using the numer-
ical code to calculate the width and the unknown NNLO

corrections to be small. Thus, we do not expect these
corrections to significantly alter the results obtained from
the scan.

DISCUSSION

The Higgs boson is yet to be discovered. Nonetheless,
evidence from three independent experiments, ATLAS,
CMS and CDF, hint to its existence and pointing to a
mass of 125 GeV. Under the assumption that these mea-
surements are not the results of a statistical fluctuation,
stringent constraints on the low energy effective couplings
of the Higgs boson to heavy quarks and vector bosons can
be placed [22, 24–27].
The existence of a fourth generation affects strongly

the Higgs effective couplings to gluons and photons
and consequently the corresponding Higgs partial decay
widths. More precisely, the gluon fusion rate is enhanced
by a factor of ∼ 9 while the diphoton decay rate is sup-
pressed by a factor of ∼ 100. As a consequence sev-
eral decay channels such as ZZ∗ and WW ∗, which are
dominantly produced via gluon fusion, are predicted to
be enhanced, contradicting current measurements. It is
possible to ameliorate the tension in these channels by al-
lowing the fourth generation neutrino to be light, thereby
uniformly suppressing all branching fractions. However,
the already suppressed diphoton channel, is then far be-
low its measured value.
The reasoning above allows one to strongly exclude the

four generation Standard Model. For a Higgs mass of 125
GeV, we find it to be excluded at the 99.6% CL.
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LO this amounts to decreasing the diphoton width by an
additional factor of about 5 relative to the SM; it is also
mostly independent of fermion masses. Finally, the other
leading partial widths, which are all allowed at tree-level,
remain unchanged at LO.

At next-to-leading-order (NLO), the large Yukawa-
couplings for heavy fermions can contribute significantly
to all widths. Complete NLO widths have been calcu-
lated by Denner et al [17], and partially implemented
in HDECAY [20] and Prophecy4f [21]. For very heavy
fermion masses, up to the perturbative limit, the cor-
rections to the decay rates to fermions and heavy gauge
bosons can be as large as a factor of 2, and tend to in-
crease the width to fermions, while decreasing the widths
to WW � and ZZ�. The NLO corrections to h → gg are
found to be less significant.

The LO value of the h → γγ width is already acciden-
tally small due to the destructive interference between
the W -boson and fermion loops. As a consequence, the
NLO corrections are relatively large, and the two-loop
matrix-elements can lead to another significant cancela-
tion in the amplitude. For instance, for mh = 130 GeV
and for fermion masses given in the “extreme scenario”
of Ref. [17], the cancelation between the LO and NLO
correction is 90.8%.

HDECAY approximates the relative NLO corrections
of h → γγ to about 1% accuracy. However due to the
very large cancelation, this may result in an O(1) inac-
curacy in the actual width at NLO. Additional sources of
theoretical error/uncertainty arise in the NNLO correc-
tions which may be as large as 100%. For these reasons,
we show below the explicit results for two different fourth
generation mass scenarios that were fully calculated in
Ref. [17] at NLO, while adding a scan over different vari-
ations of the fourth generation spectrum. For all cases,
we calculate the widths at mh = 120 GeV and mh = 130
GeV and extrapolate the widths for intermediate Higgs
masses.

HIGGS SEARCHES AT COLLIDERS

Recently, the CMS, ATLAS, CDF and D0 experiments
have reported results of Higgs searches in numerous chan-
nels [9–15]. Three of the experiments report an excess
of events which hint of the existence of a Higgs bo-
son around 125 GeV. The excess is mostly apparent in
four channels: inclusive diphoton, diphoton in associa-
tion with two jets, fully leptonic ZZ∗, and associated
production of Higgs decaying to bb̄. Conversely, there is
no apparent signal in Higgs decay to WW ∗.

Both the gluon fusion production mode, which is ex-
pected to be the dominant source of Higgs bosons at the
LHC, and the diphoton decay mode are particularly sen-
sitive to the presence of additional sequential quarks and
leptons. Hence these channels provide an excellent op-

portunity to revisit the limits on the SM4 scenario. The
excess observed indicates a somewhat larger cross-section
compared to that predicted by the SM. While this cannot
(and at present should not) be taken as a hint for NP, it
puts strong constraints on the SM4.
As explained in the introduction, in order to efficiently

constrain the SM4, it is crucial to study each Higgs search
channel separately. In Ref. [22], a combination of the AT-
LAS and CMS results was presented for the five channels
mentioned above. For each channel, the best fit value for
the signal strength, µ̂, was derived (or, when possible,
directly taken from the reported results) as a function of
the Higgs mass, by maximizing the corresponding likeli-
hood functions. µ̂ can then be compared with the cor-
responding predicted SM4 value. While the combination
has not been presented by the collaborations and should
be used with caution, the results are expected to be con-
servative. For the Higgs mass of 125 GeV all µ̂’s and
the corresponding standard deviations are given by the
collaboration, and as can be seen by comparing the two
figures in Fig. 1 below, the exclusion limit for that mass
(for which we use the reported results) is stronger. Still,
the combinations provided in [22] are sufficient to allow
for an exclusion of the SM4 scenario for most relevant
masses.

RESULTS

In Fig. 1, we show the exclusion limits on the SM4, us-
ing the LHC and Tevatron Higgs measurements discussed
above. The results refer to two specific fourth generation
spectra,

Spectrum A : mt� = 500GeV, mb� = 450GeV
ml� = 450GeV, mν� = 375GeV

Spectrum B : mt� = 650GeV, mb� = 600GeV
ml� = 600GeV, mν� = 600GeV

using the NLO theoretical predictions (the full NLO h →
γγ width for these two spectra was calculated in [17]), as
well as to a numerical scan of the following range:

100 ≥ mt�/GeV ≤ 650, mb� = mt� + {−50, 0, 50} GeV

50 ≥ mν�/GeV ≤ 600, ml� = mν� + {50, 75, 100} GeV

All masses are required to be below those of Spectrum
A, where perturbitivity reaches its limit. The mass dif-
ferences were chosen to be consistent with electroweak
precision tests [5, 6, 17, 23].

The constraints are made by minimizing the χ2,

χ2 =
�
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σ2
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. (1)
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Multi-bosons in 
Tprime + Gprime model

• A vectorlike quark: (3, 1, 2/3) under SM group

2 Vectorlike origin of the top-prime quark

Let us start with the standard model plus a single vectorlike quark, labelled by χ, which

transforms as (3, 1, 2/3) under the SU(3)c × SU(2)W × U(1)Y gauge group. This up-

type vectorlike quark, having electric charge +2/3, may mix with the top quark. The

mixings of χ with the first two generations of quarks are expected to be small, and we

will neglect them. The Lagrangian includes two gauge invariant quark mass terms and

two Yukawa interactions of χ and u3 to the Higgs doublet, where u3 is the standard model

up-type quark of the third generation in the gauge eigenstate basis. Given that SU(2)

transformations that mix χR and u3
R are not physically observable, we can choose one of

the Yukawa couplings to vanish. Thus, after electroweak symmetry breaking, the quark

mass matrix and interactions with the Higgs boson are given by

L = −
(

u3
L , χL

)

(

λt

(

vH + h0/
√

2
)

0
M0 Mχ

) (

u3
R

χR

)

+ H.c. , (2.1)

where h0 is the Higgs boson and vH $ 174 GeV is the VEV of the Higgs doublet. The

two mass parameters, M0 and Mχ, and the λt Yukawa coupling are taken to be real

parameters, as their complex phases can be absorbed by U(1) transformations of the

quark fields.

To relate these three real parameters of the Lagrangian to physical observables, we

transform the gauge eigenstates u3
L,R and χL,R to the mass eigenstates tL,R, t′L,R, where t

is the top quark observed at the Tevatron, of mass mt ≈ 173 GeV, and t′ is a new quark

of mass mt′ , which remains to be discovered. The relation between the two bases depends

on two angles, θL and θR,
(

tL,R

t′L,R

)

=

(

cL,R −sL,R

sL,R cL,R

) (

u3
L,R

χL,R

)

, (2.2)

where sL,R and cL,R are short-hand notations for sin θL,R, and cos θL,R, respectively. As

explained above, no physical observable depends on θR (the situation changes in the model

presented in the next section). The mixing angle θL affects the electroweak interactions of

the top quark as well as the Yukawa couplings of the Higgs boson. The relations between

the physical parameters mt, m′

t, θL and the initial parameters λt, Mχ, M0 are given by

m2
t,t′ =

1

2

(

M2
χ + M2

0 + λ2
t v

2
H

)

[

1 ∓

√

1 −
(

2λtvHMχ

M2
χ + M2

0 + λ2
t v

2
H

)2
]

(2.3)

for the masses, and by

tan 2θL =
2M0λtvH

M2
χ + M2

0 − λ2
tv

2
H

, (2.4)
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• Two mixing angles are related for a given Tprime 
mass



Tprime decays

Figure 1: Branching fractions of t′ for a Higgs mass Mh = 150 GeV, as a function of either
sL ≡ sin θL or mt′ . The shaded region on the first plot is excluded by Eq. (2.9).

where β is the relative velocity of the decay products:

β(x1, x2) =
[

(1 − x1 − x2)
2 − 4x1x2

]1/2
. (2.15)

Eqs. (2.13) and (2.14) agree with the results given in [19].

In the limit of mt′ # mt + Mh the branching fractions for the t′ decays are

B(t′ → W+b) =
1

1 + c2
L

≥ 50% ,

B(t′ → Z0t) = B(t′ → h0t) =
c2
L

2 (1 + c2
L)

≤ 25% . (2.16)

Given that the t′ quark compensates for a heavier Higgs boson in the electroweak fits (see

Eq. (2.12) and Refs. [14, 20]), allowing even Mh ∼ 500 GeV, the t′ → h0t decay could be

strongly phase-space suppressed for mt′ as large as ∼ 700 GeV. If mt′ < mt + Mh, then

the t′ → W+b branching fraction becomes even larger: B(t′ → W+b) > 2/(2+ c2
L) > 2/3,

where the first inequality is due to the phase-space suppression of the t′ → Z0t decay. As

an example, the branching fractions of t′ for Mh = 150 GeV are shown in Figure 1 as a

function of sL for fixed mt′ , and as a function of mt′ for fixed sL.

It is interesting that the top-prime lifetime can be long in the sL → 0 limit [2]. The

decay length for a top-prime moving at the speed βt′ is given by:

L = 3 cm

(

10−8

sL

)2 (

450 GeV

mt′

)3

βt′ . (2.17)
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Figure 1: Branching fractions of t′ for a Higgs mass Mh = 150 GeV, as a function of either
sL ≡ sin θL or mt′ . The shaded region on the first plot is excluded by Eq. (2.9).
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Therefore the top-prime decay is prompt for sL ! 10−7. Nevertheless the limit of very

small sL is natural in a theory where a symmetry imposes M0 = 0, motivating searches

for displaced top-prime vertices.

3 A model with gluon-prime and top-prime

We now extend the model of Section 2 by including a SU(3)1 × SU(3)2 gauge symmetry

which is spontaneously broken down to the diagonal group SU(3)c, identified with the

gauge symmetry of QCD. This symmetry breaking pattern is due to the vacuum expec-

tation value of a field Σ transforming as a bilinear under the two SU(3) groups. Σ may

be an elementary scalar so that the theory presented here is renormalizable and simple,

but the radial degrees of freedom within Σ do not play a role in what follows. The quarks

transform under the extended gauge group as shown in Table 1.

When Σ gets a VEV proportional to the 3 × 3 unit matrix, the two SU(3) gauge

bosons G1
µ and G2

µ mix [11]. One linear combination of the two SU(3) gauge bosons is the

massless gluon of QCD, Gµ, while the orthogonal combination G′

µ is a color-octet boson

of spin 1 and mass MG:
(

G1
µ

G2
µ

)

=
1

√

h2
1 + h2

2

(

h2 −h1

h1 h2

)(

Gµ

G′

µ

)

,

where h1 and h2 are the SU(3)1 × SU(3)2 gauge couplings.

In the mass eigenstate basis for the fermions and gauge bosons, the gluon interactions

with all quarks are vectorlike and have a strength set by the QCD gauge coupling

gs =
h1h2

√

h2
1 + h2

2

. (3.1)

SU(3)1 SU(3)2 SU(2)W U(1)Y

SM quarks: qi
L, ui

R, di
R 3 1 2, 1, 1 +1/6, +2/3, −1/3

vectorlike quark: χL, χR 1 3 1 +2/3

scalar with VEV: Σ 3 3 1 0

Table 1: Fields charged under the SU(3)1 × SU(3)2 gauge group, and their electroweak
charges. The i upper index of the standard model quarks labels the three generations.
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with all quarks are vectorlike and have a strength set by the QCD gauge coupling

gs =
h1h2

√

h2
1 + h2

2

. (3.1)

SU(3)1 SU(3)2 SU(2)W U(1)Y

SM quarks: qi
L, ui

R, di
R 3 1 2, 1, 1 +1/6, +2/3, −1/3

vectorlike quark: χL, χR 1 3 1 +2/3

scalar with VEV: Σ 3 3 1 0

Table 1: Fields charged under the SU(3)1 × SU(3)2 gauge group, and their electroweak
charges. The i upper index of the standard model quarks labels the three generations.
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• Interactions with EW bosons and Tprime

• Interaction b/w quarks and Gprime

• Interaction b/w Tprime and Gprime

The gluon-prime interaction with light quarks is also vectorlike, but of different strength:

gsr G′a
µ qγµT aq , (3.2)

where T a are the SU(3)c generators and

r ≡
h1

h2

. (3.3)

If r " 1 (r # 1), then the gauge coupling h2 (h1) is large and the theory becomes

nonperturbative. Imposing some loose perturbative condition, h2 (h1) < 4π/
√

Nc with

Nc = 3, and using Eq. (3.1) with αs ≡ g2
s/(4π) ≈ 0.1, we derive the range of values for r

where our tree-level results can be trusted:

0.15 ! r ! 6.7 . (3.4)

The gluon-prime interactions with the t and t′ quarks are chiral, and include flavor-

diagonal terms,

gsG
′a
µ

[

tγµ (gLPL + gRPR) T at + t′γµ (g′′

LPL + g′′

RPR) T at′
]

, (3.5)

as well as flavor-changing terms,

gsG
′a
µ tγµ (g′

LPL + g′

RPR) T at′ + H.c. (3.6)

The left- and right-handed projection operators are given as usual by PL,R = (1 ∓ γ5)/2,

the couplings of the left-handed quarks are

gL = rc2
L −

s2
L

r
, g′′

L = rs2
L −

c2
L

r
, g′

L =

(

r +
1

r

)

sLcL , (3.7)

while the right-handed couplings, gR, g′′

R and g′

R, are analogous to the left-handed ones

except for the replacements sL → sR and cL → cR.

Altogether, the model discussed here has 5 free parameters: the masses mt′ and MG

of the top-prime and gluon-prime, the mixing parameter sL from the top sector, the ratio

r of the SU(3)1 and SU(3)2 gauge couplings, and the standard model Higgs mass Mh.

Given the couplings shown in Eqs. (3.2), (3.5) and (3.6), we can compute the decay

widths of G′

µ. Summing over the standard model quarks other than top, we find

Γ
(

G′

µ →
∑

qq̄
)

=
5

6
αsr

2MG . (3.8)
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for the θL mixing angle, which is taken to be between 0 and π/2. The θR mixing angle is

given in terms of mt, mt′ and θL by

s2
R =

s2
Lm2

t′

s2
Lm2

t′ + c2
Lm2

t

. (2.5)

Although sL and mt′ are independent parameters, sL cannot vary over the entire range

0 to 1 when mt′ is large enough. To see this, it is useful to express sL in terms of λtvH ,

mt, and mt′ :

sL =

√

λ2
t v

2
H − m2

t

m2
t′ − m2

t

. (2.6)

When λt " 1 the above relation implies

sL =
λtvH

mt′

[

1 + O

(

m2
t

m2
t′

)

+ O

(

m2
t

λ2
tv

2
H

)]

. (2.7)

The Yukawa coupling λt is limited by perturbativity, so that Eq. (2.7) gives an upper limit

on sL. For mt′ → ∞, we see that the mixing vanishes (sL → 0) so that the new physics

decouples from the standard model. For top-prime masses accessible at the Tevatron,

however, the upper limit from (2.7) can be ignored because it is above 1.

The interactions of t and t′ with the electroweak bosons depend on θL [8]. The charged-

current interactions are

g√
2

W+
µ bLγµ (cLtL + sLt′L) + H.c. (2.8)

where g ≡ e/ sin θW is the SU(2)W gauge coupling. Given that the measurement of

single-top production at the Tevatron sets a limit on the coefficient of the t-W -b coupling1

cL ' Vtb ∼< 0.82, we find a nontrivial constraint:

sL < 0.57 . (2.9)

The Z boson has modified interactions with the left-handed quarks, including a flavor-

changing t-t′ current:

g

cos θW
Zµ

[(

c2
L

2
−

2

3
sin2θW

)

tLγµtL +

(

s2
L

2
−

2

3
sin2θW

)

t′Lγµt
′

L

+
sLcL

2

(

t′LγµtL + H.c.
)

]

. (2.10)

1The D0 measurement [17] is |Vtb| = 1.07 ± 0.12, and the CDF one [18] is |Vtb| = 0.91 ± 0.11 ± 0.07.
Combining these two measurements in quadrature gives |Vtb| > 0.82 at the 95% CL. We use this result
only as a rough estimate for the combined limit; a proper combination of measurements, which takes into
account correlations, would need to be performed by the CDF and D0 Collaborations. Note that the D0
measurement by itself gives almost the same limit: |Vtb| > 0.83 at the 95% CL.
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The interactions of tR and t′R with the Z boson are identical with those of the right-handed

top quark in the standard model. The Higgs interactions with t and t′ can be expressed

in terms of θL, mt/vH and m′

t/vH :

−1

vH

√
2
h0

(

c2
Lmt tLtR + s2

Lmt′ t′Lt′R + cLsLmt′ tLt′R + cLsLmt t′LtR
)

+ H.c. (2.11)

The modified electroweak couplings of the t quark as well as the new couplings of

the W and Z bosons to the t′ quark have an impact on electroweak observables. Most

notably, the W and Z masses get one-loop corrections such that the T parameter, which

measures weak-isospin violation, is given by [13]

T =
3

16π sin2θW

m2
t s

2
L

M2
W

(

s2
L

m2
t′

m2
t

+
4c2

Lm2
t′

m2
t′ − m2

t

ln
mt′

mt
− 1 − c2

L

)

− ∆(Mh) . (2.12)

Here ∆(Mh) ≥ 0 is the contribution due to Higgs loops, and depends only on the Higgs

mass. Using the standard model with Mh = 115 GeV as the reference point, the 95%

confidence limit (assuming an optimal contribution to the S parameter) is T ! 0.36 [3],

and ∆ varies from 0 to 0.15 as Mh varies from 115 to 500 GeV. Fixing mt′ = 450 GeV,

we find that the limit on the t − t′ mixing ranges from sL ! 0.32 for Mh = 115 GeV to

sL ! 0.38 for Mh = 500 GeV. Although this limit is more stringent than Eq. (2.9), it is

less robust: new physics may relax the electroweak fit without being discovered at the

Tevatron or LHC. For example, leptophobic Z ′ bosons or complex Higgs triplets can give

negative contributions to T , allowing larger values for sL. For this reason we will not use

the electroweak constraints in what follows.

The charged-current interactions induce the t′ → W+b decay, while the flavor-changing

neutral-current interactions induce the t′ → Z0t decay, assuming mt′ " 264 GeV. The

tree-level decay widths are given by

Γ(t′ → W+b) =
s2

Lm3
t′

32πv2
H

(

1 −
M2

W

m2
t′

)2 (

1 +
2M2

W

m2
t′

)

,

Γ(t′ → Z0t) =
c2
Ls2

Lm3
t′

64πv2
H

[

(

1 −
m2

t

m2
t′

)3

+ O

(

M4
Z

m4
t′

)

]

. (2.13)

The Higgs interactions allow the t′ → h0t decay, provided mt′ > Mh + mt:

Γ(t′ → h0t) =
c2
Ls2

Lm3
t′

64πv2
H

(

1+
6m2

t −M2
h

m2
t′

+
m4

t − m2
tM

2
h

m4
t′

)

β

(

m2
t

m2
t′
,
M2

h

m2
t′

)

, (2.14)
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Figure 1: Current status for mt′ = 450 GeV and MG = 1 TeV.

Figure 2: Electroweak constraints.

Fig. 1(a), where the di-jet limit is the horizontal line
along the sL direction. The CDF limit is important
in the low mass region (MG < 1 TeV) while the high
mass region (MG > 1 TeV) is constrained by results
from CMS [12] and ATLAS [13], which are compa-
rable. Fig. 1(b) shows current di-jet constraints in
the r-MG plane with projected limits from both the
Tevatron (in red) and the LHC (in blue), which are
represented in dotted curves for 10 fb−1. A choice of
r <∼ 0.3 and MG > 1 TeV would easily evade the
dijet limit at the LHC.

tt̄h search: The associated production of t and t′

followed by t′ → th boosts the Higgs search in the tt̄h
final state. We include results from the CDF study
with 7.5 fb−1 [14], assuming a higgs mass mh = 120
GeV, which reduces the allowed values of both r and
sL from the upper-right corner as shown in Fig. 1(a).

The larger r is better for larger production cross sec-
tion of the s-channel resonance while the larger sL
leads to the larger associated production.

tt̄ resonance search: The constraint on the tt̄
resonance search is updated with the most recent
results [15]. Since both t and t′ lead to the same
W+bW−b̄ final state, both contributions are added
(CDF does not require the equal mass constraint,
mW+b = mW−b̄.). We considered a Higgs mass of
mh = 120 GeV. For a larger Higgs mass, the con-
straint becomes more stringent due to the increased
branching fraction of the top-prime to W+b. The
current search gives a stronger limit on r compared
to the dijet limit due to lack of analysis with a larger
data set in the latter case.

t′ search in W+bW−b̄ final state: The experi-
mental collaborations have looked for t′ pair-production
with t′ decay to W+b. The most recent results are
from the CDF [16] and CMS collaborations [17]. In
the current study, CMS used data taken up to 573
pb−1 for the electron final state and 821 pb−1 for
the muon final state. This limit is stronger than the
CDF limit with 5.6 fb−1. This search is complemen-
tary to the previous searches and reduces the small
sL region.

t′ search in tt̄ZZ final state: CMS has looked for
the t′ in the t Z final state as well [18]. They select
two leptons from the Z boson as well as an addi-
tional isolated charged lepton. Their observed 95%
C.L. cross-section limit assuming a 100% branching
fraction to t Z is 0.44 pb to 1.09 pb for the top-prime
mass in the 250 GeV to 550 GeV range. Their cur-
rent limit is weak in our model due to a small branch-
ing fraction of the top-prime into the top and Z fi-
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nal state, which is about 20% or less for the chosen
point.

Our updated analysis with more recent experi-
mental data in Fig. 1 shows that all the constraints
that we have considered are complementary to each
other, and a benchmark point that was studied in
Ref. [9] is now disfavored.

4 Counting Multi-Lepton Events

As discussed in the previous section, searches in dif-
ferent final states tend to cover different parts of al-
lowed parameter space. Therefore it is desirable to
look at other possible decay modes and study their
implications. Searches for new physics in high multi-
plicity events are an especially important component
of the LHC program and complementary to analyses
that have been performed. So far we have focused
on either pair production or associated production
separately, depending on the final states of interest.
We propose to look for multi-lepton events that arise
from both top-prime pair production and top associ-
ated production. The decay modes of the top-prime
that we consider are t′ → tZ and t′ → W+b. We
do not consider the decay of top-prime to Higgs-top
not only because it is small but also it would depend
on the Higgs mass, although in principle it is possi-
ble to have more dramatic signal events, allowing the
Higgs decay to two photons or two W ’s (see Ref. [19]
for discussion on multi-lepton signals from the Higgs
boson). As an illustration, we take a benchmark sce-
nario, sL = 0.3 and r = 0.3 and present the number
of multi-lepton events in the mt′-MG plane.

We parameterize the relevant branching fractions
as follows.

bZt = Br(t′ → Zt) , (9)

bWb = Br(t′ → W+b) , (10)

bZ,2l = BR(Z → !+!−) = 0.067 , (11)

bW,1l = BR(W+ → !+ν!) = 0.22 . (12)

For the benchmark point, bZt ≈ 0.2 and bWb ≈ 0.5
throughout most of the mass space (mt′ , MG and
mh). If we choose the branching fractions to be
equal to the values above, we will get a conserva-
tive estimate of the number of multi-lepton events
for two reasons: First, if we were to include the
t′ → t h decay we could get more multi-lepton events
from Higgs decays to di-boson pairs. Second, if the
t′ → t h decay channel were closed then bZt and bWb

would naturally be larger. Based on these individ-
ual branching fractions, one can easily obtain the

N! tt̄
′ + t

′
t̄ t

′
t̄
′

0 0.57 bZt + 0.61 bWb (0.72 bZt + 0.78 bWb)
2

1 0.32 bZt + 0.34 bWb 2× (0.21 bZt + 0.22 bWb)

×(0.73 bZt + 0.78 bWb)

(0.21 bZt + 0.22 bWb)
2

2 0.086 bZt + 0.048 bWb + 2× (0.052 bZt)

×(0.73 bZt + 0.78 bWb )

2× (0.0147 bZt)

3 0.023 bZt ×(0.73 bZt + 0.78 bWb)

+2× (0.052 bZt)

×(0.21 bZt + 0.22 bWb)

2× (0.015 bZt)

4 0.0032 bZt ×(0.21 bZt + 0.22 bWb)

+(0.052 bZt)
2

5 0 2× (0.052 bZt)

×(0.015 bZt)

6 0 (0.015 bZt)
2

Table 1: Branching fractions of t′t̄′ and t′t̄+tt̄′ events
toN! leptons that are calculated using the individual
branching fractions given in Eqs. (9-12).

branching fractions of t′t̄′ and t′t̄+tt̄′ events to N!

leptons, as shown in Table 1.

In our study, we consider N! ≥ 3, and follow
the same procedure as in a recent CMS analysis on
multi-lepton final states [18]. First, we reproduce
their estimate of the background cross sections which
are presented in Table 2. We use MadGraph/MadEvent
5 [20] for the cross section estimation and cross checked
them using CalcHEP [10]. After all of the cuts,
the number of expected background events is 4.6 ±
1.0 with 3.0 ± 0.8 from dilepton with a non-prompt
lepton from a fake (which is potentially further re-
ducible), and 1.6±0.5 from genuine tri-lepton events.
The actual number of observed tri-lepton candidate
events is 7 [18]. The number of background events
is small so we do not pursue further background
analysis and use the results in [18]. In the future
further background reduction from for example b-
tagging should be very useful with higher statistics
datasets.

For the multi-lepton signals we generate events
with MadGraph 5 [20] at the LHC with a 7 TeV cen-
ter of mass. To estimate the kinematic acceptance of
the signal events we employ the same kinematic cuts
as in Ref. [18]. Electrons and muons are required to
have pT > 20 GeV within |η| < 2.4, while we use

4

Process Cross section (pb)

W±Z 10.6

ZZ 4.1

t t̄W± 0.13

t t̄ Z 0.1

Table 2: SM backgrounds for the multi-lepton signal
events. The cross sections have been estimated by
MadGraph and cross checked with CalcHEP.

pT > 25 GeV and |η| < 2.4 for jets (ignoring the
detector gap, 1.44 < |η| < 1.57 between the barrel
and endcap regions.)

For particle isolation, we require that jets are
separated by a ∆R > 0.4 with respect to both jets
and leptons. Leptons must have a separation of
∆R > 0.1 with respect to other leptons. We se-
lect events with at least three leptons and at least
two jets after the isolation cuts. Having three lep-
tons in the final state requires a leptonic decay of a
Z-boson. Therefore, at least one lepton pair should
have an invariant mass within 60 GeV < M!! < 120
GeV. Additional reduction of the SM backgrounds
is obtained by requiring

RT ≡
∑

i !=1,2

pT (jeti) +
∑

j !=1,2

pT (leptonj) > 80 GeV ,

where the i, j "= 1, 2 indicates that the scalar sums
extend over all leptons and jets, except the two highest-
pT ones. With these cuts we can calculate the ac-
ceptance efficiencies for each allowed channel in the
G′-t′ mass parameter space.

The overall kinematic acceptance is 50%-60% in
most of the parameter space. Above certain masses
(in both mt′ and MG), the kinematic acceptance be-
comes almost constant, ∼ 50%. The CMS collabo-
ration has observed a total of 7 tri-lepton candidate
events for an expected background of 4.6±1.0 events
at an integrated luminosity of L = 1.14 fb−1 [18].
We calculate overall efficiencies (ε) for associated
production and pair production including an addi-
tional estimated experimental detection factor of ∼
0.6 to roughly match the efficiencies for pair pro-
duction without gluon-prime quoted by CMS. This
results in a total efficiency of ∼30%-35%. Finally in
Fig. 3 we show the number of multi-lepton events
N! = σ! × BR × ε × L for our study point, r = 0.3
and sL = 0.3. The dotted (dashed) contours repre-
sent the number of 3-lepton (4-lepton) events in red

Figure 3: Number of signal events (N!) for a bench-
mark point, r = 0.3 and sL = 0.3, N! = σ! ×
BR × ε × L. Four-lepton events in blue and tri-
lepton events in red contours. The solid contour
(in red) shows the current exclusion limit, including
both pair and associated production.

(in blue). The solid contour shows our estimate of
the number of tri-lepton events (labelled as ‘10’) ex-
cluded by the CMS data at 95% C.L. including both
pair (t′t̄′) and associated production (tt̄′ + t′t̄ ). The
exclusion estimate of 10 events is a conservative es-
timate based on the approach of Ref. [21]. The mass
space below these contours predict more leptons and
hence it is ruled out by current searches.

5 Discussion

The first discovery of physics beyond the SM could
consist of signals from an effective theory that in-
cludes one or two new particles. The number of
interesting theories of this type is limited because
particles are identified by a few quantum numbers
(especially spin and gauge charges) which take only a
small number of discrete values. Well-known exam-
ples include Z ′ bosons, vector-like quarks or singlet
scalars. In this article, we have considered a sim-
ple model with a vector-like top-prime quark and a
massive spin-1 color-octet gluon-prime boson. They
naturally arise from an SU(3)1×SU(3)2 gauge group
spontaneously broken down to its diagonal QCD group.
Such a pattern of gauge symmetry breaking arises
in many models beyond the Standard Model. In
spite of only two new particles, the model is limited
by various experimental constraints from Vtb mea-
surement, EW precision measurements, dijet search,
tt̄h search, tt̄ resonance search, t′ search, etc. We
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nal state, which is about 20% or less for the chosen
point.

Our updated analysis with more recent experi-
mental data in Fig. 1 shows that all the constraints
that we have considered are complementary to each
other, and a benchmark point that was studied in
Ref. [9] is now disfavored.

4 Counting Multi-Lepton Events

As discussed in the previous section, searches in dif-
ferent final states tend to cover different parts of al-
lowed parameter space. Therefore it is desirable to
look at other possible decay modes and study their
implications. Searches for new physics in high multi-
plicity events are an especially important component
of the LHC program and complementary to analyses
that have been performed. So far we have focused
on either pair production or associated production
separately, depending on the final states of interest.
We propose to look for multi-lepton events that arise
from both top-prime pair production and top associ-
ated production. The decay modes of the top-prime
that we consider are t′ → tZ and t′ → W+b. We
do not consider the decay of top-prime to Higgs-top
not only because it is small but also it would depend
on the Higgs mass, although in principle it is possi-
ble to have more dramatic signal events, allowing the
Higgs decay to two photons or two W ’s (see Ref. [19]
for discussion on multi-lepton signals from the Higgs
boson). As an illustration, we take a benchmark sce-
nario, sL = 0.3 and r = 0.3 and present the number
of multi-lepton events in the mt′-MG plane.

We parameterize the relevant branching fractions
as follows.

bZt = Br(t′ → Zt) , (9)

bWb = Br(t′ → W+b) , (10)

bZ,2l = BR(Z → !+!−) = 0.067 , (11)

bW,1l = BR(W+ → !+ν!) = 0.22 . (12)

For the benchmark point, bZt ≈ 0.2 and bWb ≈ 0.5
throughout most of the mass space (mt′ , MG and
mh). If we choose the branching fractions to be
equal to the values above, we will get a conserva-
tive estimate of the number of multi-lepton events
for two reasons: First, if we were to include the
t′ → t h decay we could get more multi-lepton events
from Higgs decays to di-boson pairs. Second, if the
t′ → t h decay channel were closed then bZt and bWb

would naturally be larger. Based on these individ-
ual branching fractions, one can easily obtain the

N! tt̄
′ + t

′
t̄ t

′
t̄
′

0 0.57 bZt + 0.61 bWb (0.72 bZt + 0.78 bWb)
2

1 0.32 bZt + 0.34 bWb 2× (0.21 bZt + 0.22 bWb)

×(0.73 bZt + 0.78 bWb)

(0.21 bZt + 0.22 bWb)
2

2 0.086 bZt + 0.048 bWb + 2× (0.052 bZt)

×(0.73 bZt + 0.78 bWb )

2× (0.0147 bZt)

3 0.023 bZt ×(0.73 bZt + 0.78 bWb)

+2× (0.052 bZt)

×(0.21 bZt + 0.22 bWb)

2× (0.015 bZt)

4 0.0032 bZt ×(0.21 bZt + 0.22 bWb)

+(0.052 bZt)
2

5 0 2× (0.052 bZt)

×(0.015 bZt)

6 0 (0.015 bZt)
2

Table 1: Branching fractions of t′t̄′ and t′t̄+tt̄′ events
toN! leptons that are calculated using the individual
branching fractions given in Eqs. (9-12).

branching fractions of t′t̄′ and t′t̄+tt̄′ events to N!

leptons, as shown in Table 1.

In our study, we consider N! ≥ 3, and follow
the same procedure as in a recent CMS analysis on
multi-lepton final states [18]. First, we reproduce
their estimate of the background cross sections which
are presented in Table 2. We use MadGraph/MadEvent
5 [20] for the cross section estimation and cross checked
them using CalcHEP [10]. After all of the cuts,
the number of expected background events is 4.6 ±
1.0 with 3.0 ± 0.8 from dilepton with a non-prompt
lepton from a fake (which is potentially further re-
ducible), and 1.6±0.5 from genuine tri-lepton events.
The actual number of observed tri-lepton candidate
events is 7 [18]. The number of background events
is small so we do not pursue further background
analysis and use the results in [18]. In the future
further background reduction from for example b-
tagging should be very useful with higher statistics
datasets.

For the multi-lepton signals we generate events
with MadGraph 5 [20] at the LHC with a 7 TeV cen-
ter of mass. To estimate the kinematic acceptance of
the signal events we employ the same kinematic cuts
as in Ref. [18]. Electrons and muons are required to
have pT > 20 GeV within |η| < 2.4, while we use

4
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have updated the earlier study with more recent
data from both Tevatron and LHC, and suggested
the multi-lepton channel in the search for t′ and G′

particles. We have illustrated this by taking a study
point, sL = 0.3 and r = 0.3. The multi-lepton chan-
nels suffer from small branching fractions but the
backgrounds are small and the signature is clean.
We have shown that the current multi-lepton search
analysis can constrain the relevant parameter space
quite effectively, and provide increased sensitivity
to models with a top-prime quark and gluon-prime.
Different search strategies would confirm a discovery
or corroborate the limit on non-existence of the new
particles. Such searches in high multiplicity events
are complementary to analyses that have been done
and are quite important to the overall program at
the LHC.

It is a relatively easy task to look for multi-
lepton events, if the rate is significant enough. How-
ever, proving those events are coming from a t′ and
G′ is non-trivial. The first step to understand this
would be to measure their masses. Fortunately, even
in the presence of missing transverse momentum,
it is well known that a complete mass reconstruc-
tion is possible via various kinematic methods (see
[22, 23] for recent reviews.). For example, consider
the 4-lepton events, pp → G′ → tt̄′ + t′t̄ → tt̄Z →
W+W−Zbb̄ → b b̄ !+ !− !

′+ ν!′ !
′′− ν̄!′′ with mt′=750

GeV and MG = 1400 GeV. First, a global and in-
clusive variable

√
ŝmin [24, 25] provides mass infor-

mation of the G′. It does not appear as a resonance
since there are two missing particles but the

√
ŝmin

shows a clear end-point, as shown in Fig. 4(a). The
width of G′ can be measured from the tail of the√
ŝmin distribution. When one looks at events ex-

clusively, one has to worry about all combinatorial
issues even among the signal due to high multiplicity
of leptons [26]. Employing the invariant mass, it is
not hard to choose the two leptons which came from
the Z. Ignoring these leptons, one can form a sub-
system MT2 [27] with two leptons and two jets. Tak-
ing the minimum of the MT2 values of two possible
combinations, one can confirm the mass of the top
(see Fig. 4(c)). Now including the dilepton from the
Z, one can form another MT2 (see Fig. 4(d)), which
shows the mass of t′ as an end point. Furthermore
one can form various invariant mass distributions of
(Z, b, !), (Z, b) and (b, !), which provide independent
constraints (see Fig. 4(b) for MZb.).

For the two MT2 distributions, we consider the
minimum of all possible combinations while both

contributions are shown together in Fig. 4(b) for
the invariant mass distribution of Z and b. If one
can take the minimum even in this case, there are
fewer events above the expected end point but the
distribution is not as sharp as it could be. The mass
of t′ also may be extracted from the two expected
end points in the invariant mass of (Z, b), which are
given by

(

mmax/min
Zb

)2
= m2

b +m2
Z + 2(E2

bE
2
Z ± |#pb|2|#pZ |2) ,

E2
b = m2

b + |#pb|2 , (13)

E2
Z = m2

Z + |#pZ |2 , (14)

|#pb|2 = λ
(

m2
b ,m

2
t ,m

2
W

)

, (15)

|#pZ |2 = λ
(

m2
Z ,m

2
t ,m

2
t′
)

, (16)

where λ(x, y, z) = x2+y2+z2−2(xy+yz+zx)
4y , and the cor-

responding values are 648 GeV and 94 GeV, respec-
tively. A more complicated structure is obtained for
the MZb! case [28].

Figure 4: Various kinematic distributions for mass
determination. (a)

√
ŝmin (b) MZb (c) M top

T2 (d)
M t′

T2. Vertical lines indicate the corresponding kine-
matic end points.
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III. Cascade decays

•SUSY: 4 leptons + Z ?

• gluino   to      bino  +   2 jets (3 body)

• bino     to right handed slepton + lepton

• right handed slepton to left handed slepton + 2 leptons

• left handed slepton to wino      + 1 lepton

• wino    to higgsino + Z (or Higgs)
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Leptons from cascade decays: 
Two Universal Extra Dimensions
x5

x4

Sides are 

identified
Sides are

       identified
L

L0

4x 
5x 

L

0

L

Figure 1: Chiral square compactification (left) and level-1 KK function f (1)
0 (x4, x5) for standard

model fields (right).

ral, and therefore may represent the observed quarks and leptons. Furthermore, this ‘chiral

square’ is invariant under rotations by π about its center. The ensuing Z2 symmetry, known

as KK parity, implies that the lightest KK-odd particle is stable.

Equality of the Lagrangian densities on adjacent sides of the square is achieved by enforc-

ing that bulk fields and their first derivatives vary smoothly across the boundary. Applying

these boundary conditions to solve the 6D equations of motion for these fields, by separation

of variables, we find that the dependence on x4 and x5 can be expressed in terms of one

of four complete and orthonormal sets of functions f (j,k)
n with n = 0, 1, 2, 3, where the KK

numbers (j, k) are integers and j ≥ 1, k ≥ 0 or j = k = 0. All (j, k) modes have tree-level

mass
√

j2 + k2/R before electroweak symmetry breaking.

2.1 Interactions of the (1,0) modes

We are primarily interested in the phenomenology of the (1, 0) modes here. We loosely refer

to these as ‘level-1’ modes because they are the lightest nonzero KK modes. For notational

brevity we will label them using the superscript (1).

The level-1 KK modes belonging to a tower that includes a zero mode has a KK function

f (1)
0 (x4, x5) = cos

(x4

R

)

+ cos
(x5

R

)

, (2.1)

which is plotted in Figure 1. This is the case for the KK modes of all spin-1 fields and

fermions of the same chirality as the observed quarks and leptons, as well as the Higgs doublet.

The spinless adjoint field, A(1)
H , which is the uneaten combination of the extra-dimensional

polarizations of the 6D gauge field, is associated with a KK function which is independent of

x4,

f (1)
H = −

1

2

[

f (1)
1 (x4, x5) − f (1)

3 (x4, x5)
]

= − sin
x5

R
, (2.2)

– 3 –

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 –
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3

electroweak interactions are a few percent. We find that
the corrections to the masses are such that mgn

> mQn
>

mqn
> mWn

∼ mZn
> mLn

> m!n
> mγn

. The light-
est KK particle γ1, is a mixture of the first KK mode
B1 of the U(1)Y gauge boson B and the first KK mode
W 0

1 of the SU(2)W W 3 gauge boson. (The possibility of
the first level KK graviton being the LKP is irrelevant
for collider phenomenology, since the decay lifetime of γ1

to G1 would be of cosmological scales.) We will usually
denote this state by γ1. However, note that the corre-
sponding “Weinberg” angle θ1 is much smaller than the
Weinberg angle θW of the Standard Model [10], so that
the γ1 LKP is mostly B1 and Z1 is mostly W 0

1 . The mass
splittings among the level 1 KK modes are large enough
for the prompt decay of a heavier level 1 KK mode to a
lighter level 1 KK mode. But since the spectrum is still
quite degenerate, the ordinary SM particles emitted from
these decays will be soft, posing a challenge for collider
searches.

The terms localized at the orbifold fixed points also
violate the KK number by even units. However, assum-
ing that no explicit KK-parity violating effects are put
in by hand, KK parity remains an exact symmetry. The
boundary terms allow higher (n > 1) KK modes to decay
to lower KK modes, and even level states can be singly
produced (with smaller cross sections because the bound-
ary couplings are volume suppressed). Thus KK number
violating boundary terms are important for higher KK
mode searches as we will discuss in Section IV.

III. FIRST KK LEVEL

Once the radiative corrections are included, the KK
mass degeneracy at each level is lifted and the KK modes
decay promptly. The collider phenomenology of the first
KK level is therefore very similar to a supersymmetric
scenario in which the superpartners are relatively close
in mass - all squeezed within a mass window of 100-200
GeV (depending on the exact value of R). Each level
1 KK particle has an exact analogue in supersymmetry:
B1 ↔ bino, g1 ↔ gluino, Q1(q1) ↔ left-handed (right-
handed) squark, etc. The decay cascades of the level 1
KK modes will terminate in the γ1 LKP (Fig. 3). Just
like the neutralino LSP is stable in R-parity conserving
supersymmetry, the γ1 LKP in MUEDs is stable due to
KK parity conservation and its production at colliders
results in generic missing energy signals.

It is known that supersymmetry with a stable neu-
tralino LSP is difficult to discover at hadron colliders
if the superpartner spectrum is degenerate. Hence the
discovery of level 1 KK modes in MUEDs at first sight
appears problematic as well – the decay products result-
ing from transitions between level 1 KK states may be
too soft for reliable experimental observation at hadron
colliders. This issue is the subject of this Section.

Before we address the possible level 1 discovery chan-
nels in some detail, we need to determine the allowed

FIG. 3: Qualitative sketch of the level 1 KK spectroscopy de-
picting the dominant (solid) and rare (dotted) transitions and
the resulting decay product.

decays at level 1 and estimate their branching fractions.
For any given set of input parameters (3) the mass spec-
trum and couplings of the KK modes in MUEDs are
exactly calculable [10]. Hence one obtains very robust
predictions for the main branching ratios of interest for
phenomenology.

KK gluon.— The heaviest KK particle at level 1 is the
KK gluon g1. Its two-body decays to KK quarks Q1 and
q1 are always open and have similar branching fractions:
B(g1 → Q1Q0) $ B(g1 → q1q0) $ 0.5.

KK quarks.— The case of SU(2)-singlet quarks (q1)
is very simple – they can only decay to the hyper-
charge gauge boson B1, hence their branchings to Z1

are suppressed by the level 1 Weinberg angle θ1 % θW :
B(q1 → Z1q0) $ sin2 θ1 ∼ 10−2 − 10−3 while B(q1 →
γ1q0) $ cos2 θ1 ∼ 1. Thus q1 production yields jets
plus missing energy, the exception being t1 → W+

1 b0 and
t1 → H+

1 b0 (the latter will be in fact the dominant source
of H+

1 production at hadron colliders).
SU(2)-doublet quarks (Q1) can decay to W±

1 , Z1 or
γ1. In the limit sin θ1 % 1 SU(2)W -symmetry implies

B(Q1 → W±
1 Q′

0) $ 2B(Q1 → Z1Q0) (4)

and furthermore for massless Q0 we have

B(Q1 → Z1Q0)

B(Q1 → γ1Q0)
$

g2
2 T 2

3Q (m2
Q1

− m2
Z1

)

g2
1 Y 2

Q (m2
Q1

− m2
γ1

)
, (5)

where g2 (g1) is the SU(2)W (U(1)Y ) gauge coupling, and
T3 and Y stand for weak isospin and hypercharge, corre-
spondingly. We see that the Q1 decays to SU(2) gauge
bosons, although suppressed by phase space, are numeri-
cally enhanced by the ratio of the couplings and quantum
numbers. With typical values for the mass corrections
from Fig. 2, eqs. (4) and (5) yield B(Q1 → W±

1 Q′
0) ∼

65%, B(Q1 → Z1Q0) ∼ 33% and B(Q1 → γ1Q0) ∼ 2%.

4

KK W - and Z-bosons.— With their hadronic decays
closed, W±

1 and Z1 decay democratically to all lepton
flavors: B(W±

1 → ν1L
±
0 ) = B(W±

1 → L±
1 ν0) = 1

6
and

B(Z1 → ν1ν̄0) = B(Z1 → L±
1 L∓

0 ) " 1
6

for each genera-
tion. Z1 → "±1 "∓0 decays are suppressed by sin2 θ1.

KK leptons.— The level 1 KK modes of the charged
leptons as well as the neutrinos decay directly to γ1.
As a result W±

1 and Z1 always effectively decay as
W±

1 → γ1L
±
0 ν0 and Z1 → γ1L

±
0 L∓

0 or Z1 → γ1ν0ν̄0,
with relatively large e and µ yields.

KK Higgs bosons.— Their decays depend on their
masses. They can decay into the KK W , Z bosons or
KK t, b quarks if they are heavier and the phase space
is open. On the other hand, if they are lighter than W1,
Z1, t1, b1 (as in the example of Fig. 1), their tree-level
two-body decays will be suppressed. Then they will de-
cay to γ1 and the corresponding virtual zero-level Higgs
boson, or to γ1γ0 through a loop.

We are now in shape to discuss the optimum strategy
for MUEDs KK searches at hadron colliders. Level 1
KK states necessarily have to be pair produced, due to
KK parity conservation. The approximate mass degen-
eracy at each level ensures that strong production dom-
inates, with all three subprocesses (quark-quark, quark-
gluon and gluon-gluon) having comparable rates [8, 12].

For an estimate of the reach at the Tevatron or the
LHC, we need to discuss the final state signatures and
the related backgrounds. The signature with the largest
overall rate is #ET +N ≥ 2 jets, which is similar to the tra-
ditional squark and gluino searches [13]. It arises from
inclusive (direct or indirect) q1q1 production. Roughly
one quarter of the total strong production cross-section
σhad

tot materializes in q1q1 events. However, in spite of the
large missing mass in these events, the measured missing
energy is rather small, since it is correlated with the en-
ergy of the relatively soft recoiling jets. As a conservative
rough guide for the discovery reach we can use existing
studies of the analogous supersymmetric case. One might
expect that Run II can probe R−1 ∼ 300 GeV [14] while
the LHC reach for R−1 is no larger than 1.2 TeV [15].
While the jetty signatures can be potentially used for dis-
covery, further studies in an MUEDs context are needed.
Here we prefer to discuss the much cleaner multilepton
final states arising from diboson (W±

1 or Z1) production.
Consider inclusive Q1Q1 production, whose cross-

section also roughly equals 1
4
σhad

tot . The subsequent de-
cays of Q1’s yield W±

1 W±
1 , W±

1 Z1 and Z1Z1 pairs in pro-
portion 4 : 4 : 1. The W±

1 and Z1 decays in turn provide
multilepton final states with up to 4 leptons plus missing
energy, all of which may offer the possibility of a discov-
ery. In the following we concentrate on the gold-plated
4" #ET signature.

We shall conservatively ignore additional signal con-
tributions from direct diboson production and Q1W

±
1

or Q1Z1 processes. For the Tevatron we use the sin-
gle lepton triggers pT (") > 20 GeV and |η(e)| < 2.0,
|η(µ)| < 1.5; or the missing energy trigger #ET > 40 GeV.
Because the channel is very clean, we use relatively soft

FIG. 4: Discovery reach for MUEDs at the Tevatron (blue)
and the LHC (red) in the 4! !ET channel. We require a 5σ

excess or the observation of 5 signal events, and show the
required total integrated luminosity per experiment (in fb−1)
as a function of R

−1, for ΛR = 20. (In either case we do not
combine the two experiments).

off-line cuts, pT (") > {15, 10, 10, 5} GeV, |η(")| < 2.5 and
#ET > 30 GeV. The remaining physics background comes
from ZZ → "±"∓τ+τ− → 4" #ET where Z stands for a
real or virtual Z or γ [16], and can be reduced by invari-
ant mass cuts for any pair of opposite sign, same flavor
leptons: |m!! − MZ | > 10 GeV and m!! > 10 GeV. As
a result, the expected background is less than 1 event in
all of Run II and we require 5 signal events for discovery.
The reach is shown in Fig. 4. We see that Run IIb of
the Tevatron will go slightly beyond the current indirect
bounds (R−1 > 300 GeV) from precision data [1].

For the LHC we use pT (") > {35, 20, 15, 10} GeV with
|η(")| < 2.5, which is enough for the single lepton trig-
ger. In addition, we require #ET > 50 GeV and the same
dilepton invariant mass cut. There are now several rele-
vant background sources, including multiple gauge boson
and/or top quark production [17], fakes, leptons from b-
jets etc. We conservatively assume a background level of
50 events after cuts per 100 fb−1 (1 year of running at
high luminosity). Our LHC reach estimate is presented
in Fig. 4. Without combining experiments, we plot the
total integrated luminosity L required for either an ob-
servation of 5 signal events or a 5σ excess over the back-
ground. The reach, shown as a solid line, is defined as
the larger of the two and extends to R−1 ∼ 1.5 TeV.

Other leptonic channels such as two or three leptons
with #ET may also be considered. They have more back-
grounds but take advantage of the larger branching frac-
tion for Q1 → W±

1 Q′
0 and offer higher statistics, which

may prove useful especially for the case of the Tevatron.
In conclusion, note that at a hadron collider all signals

from level 1 KK states look very much like supersym-
metry – all SM particles have “partners” with similar
couplings, and identifying the extra-dimensional nature

0205314, Cheng, Matchev, Schmaltz

• 4 leptons with large branching fractions



Figure 4: ISR-corrected production cross sections of (a) (1,0) KK vector bosons and (b) (1,0)
spinless adjoints, as a function of R−1.

Figure 5: Schematic diagram for the decays of (1,0) KK particles. The typical particle spectrum
and decay patterns of the 5DSM are shown in red, while the 6DSM encompasses the particles and
decay modes depicted both in red and blue.

pairs plus B(1)
H .

In figure 5 we summarize the decay patterns of (1,0) particles of the 6DSM in a pictorial

way in comparison with the 5DSM [27]. There are two separate groups of particles: one

(left in red) arising in both 5DSM and 6DSM, and the other (right in blue) that exists

only in the 6DSM. These additional states are all spinless adjoints that are lighter than

the B(1)
µ . One important consequence of this is that (1,0) fermions (circled) decay into

these spinless adjoints with non-negligible branching fractions, thus completely changing

the collider phenomenology.

– 7 –

• Extra “spinless” states: GH, ZH, WH, BH

• KK photon is NOT DM and decays to spinless photon 
via 1-loop or 3 body decay
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Decay of KK photon

is suppressed due to the smaller hypercharge and larger mass of the (1,0) fermion, which

is L(1)
+ in this case. For the same reasons, the B(1)

µ decay into a B(1)
H and qq pairs has a

small decay width. B(1)
µ decays to W (1)

H plus fermion pairs are highly suppressed due to the

dependence on the 7th power of the small difference between initial and final (1,0) masses

[see Eqs. (C.12) and (C.18) in Appendix C].

Besides these tree-level 3-body decays, B(1)
µ also has 2-body decays via the dimension-5

operator shown in Eq. (2.11), which is induced at one loop (see Appendix B). The decay

width is given by

Γ
(

B(1)
µ → B(1)

H γ
)

=
α3

96π2 cos4θw

1

M
B

(1)
µ



1 −
M2

B
(1)
H

M2
B

(1)
µ





(

∑

F

σF

(YF

2

)2
QF EF

)2

, (3.5)

where the sum over F includes all quarks and leptons, σF is +1 for SU(2)W doublets and −1

for SU(2)W singlets, QF is the electric charge, YF is the hypercharge normalized to be twice

the electric charge for SU(2)W singlets, and EF is given in Eq. (B.10) and depends only on the

masses of B(1)
H , B(1)

ν , and of the (1,0) and (1,1) fermions. Using the values for the standard

model gauge couplings given at the end of section 2.2, i.e., α = 1/127 and sin2θw = 0.235, we

find the following branching fractions for B(1)
µ :

Br
(

B(1)
µ → B(1)

H γ
)

≡ bBγ ≈ 34.0% ,

Br
(

B(1)
µ → B(1)

H e+e−
)

≡ bBe ≈ 21.3% . (3.6)

The branching fractions into e+e−B(1)
H , µ+µ−B(1)

H and τ+τ−B(1)
H are equal. The fact that the

tree-level 3-body decay and the one-loop 2-body decay have comparable branching fractions

in the case of B(1)
µ is an accidental consequence of the mass spectrum given in Table 1. The

B(1)
µ decays into B(1)

H plus neutrinos or quarks have small branching fractions (1.4% and 0.6%,

respectively) which may be safely ignored in what follows.

The (1,0) leptons can decay into (1,0) modes of the electroweak gauge bosons or spinless

adjoints, and a standard model lepton. The decay widths of the SU(2)W -doublet (1,0) leptons,

L(1)
+ ≡ (N (1)

+ , E(1)
+ ), to neutral (1,0) particles are given at tree level by:

Γ
(

L(1)
+ → W (1)3

H lL
)

=
α

32 sin2θw
ML(1)



1 −
M2

W
(1)
H

M2
L(1)





2

,

Γ
(

L(1)
+ → B(1)

µ lL
)

=
α

16 cos2θw
ML(1)



1 −
M2

B
(1)
µ

M2
L(1)





2 

1 +
M2

L(1)

2M2
B

(1)
µ



 ,

Γ
(

L(1)
+ → B(1)

H lL
)

=
α

32 cos2θw
ML(1)



1 −
M2

B
(1)
H

M2
L(1)





2

, (3.7)
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B(1)
ν

B(1)
H

Aµ

F (j′,k′)

F (j,k)

F (j,k)

!
p !

p − p′

!
p′

"l

Figure 15: Dimension-5 operator induced by fermion loops.

Here we have defined

dj,k;j′,k′

nn′ = (−1)nδk′,k

(

δj′,j−1 + (−1)n
′
δj′,j+1

)

+ (−1)nδj′,j

(

δk′,k+1 + (−1)n
′
δk′,k−1

)

+ in
′−nδj,1δk′,0δj′,k + in+2n′

δj′,1δk,0δk′,j , (B.2)

where rj,k are complex phases,

rj,k =
j + ik

√

j2 + k2
(B.3)

and YF is the hypercharge of the fermion, normalized to −1 for lepton doublets. In the case

of fermions with 6D chirality −, which contain right-handed zero modes, the same formulas

apply with the PL and PR chirality projection operators interchanged.

Dimension-5 operators coupling a (1,0) vector boson to a (1,0) spinless adjoint and a

standard-model gauge boson are induced at one loop by the diagram in Figure 15, with

fermion KK modes running in the loop. The contribution of a fermion F+ to the amplitude

for B(1)
ν → B(1)

H γµ is given by

M
(

B(1)
ν → B(1)

H γµ

)

F+

= −
1

4

(

g′
YF+

2

)2

eQF+ ε∗µ(p − p′) εν(p) Iµν(j,k;j′,k′)
F+

, (B.4)

where

Iµν(j,k;j′,k′)
F+

=

∫

d4l

(2π)4
Tr

mj,k;j′,k′

F [l/γµ + γµ(l/ + p/ − p′/)] (l/ + p/) − mj′,k′;j,k
F l/γµ(l/ + p/ − p′/)

(

l2 − M2
F (j,k)

) [

(l + p − p′)2 − M2
F (j,k)

] [

(l + p)2 − M2
F (j′,k′)

] γνγ5

(B.5)

and

mj,k;j′,k′

F = MF (j,k) Re
[

rjk

(

dj,k;j′,k′

00 dj′,k′;j,k
01 − dj′,k′;j,k

10 dj,k;j′,k′

01

)]

. (B.6)

After integrating over the loop momentum l, and summing over fermions, we find the ampli-

tude

M
(

B(1)
ν → B(1)

H γµ

)

= −
g′2e

8π2
εµναβ

ε∗µ(p − p′)εν(p)pαp′β
M2

B
(1)
ν

− M2
B

(1)
H

∑

F

σF

(

YF

2

)2

QF EF , (B.7)

– 27 –

•

•

A2 A1

F

f

f̄

+

•

•
A2

f

A1

F

f̄

Figure 16: The diagrams for 3-body decay of (1,0) particles. A2 and A1 are heavy bosons of spin 0
or 1, F is a heavier fermion, and f is a much lighter fermion.

where σF = ±1 when F has 6D chirality ±, and

EF =
∑

j,k;j′,k′

mj,k;j′,k′

F Jj,k;j′,k′

F , (B.8)

with JF given by an integral over a Feynman parameter:

Jj,k;j′,k′

F =

∫ 1

0

dx

x
ln









1 +

x(1 − x)

(

M2
B

(1)
ν

− M2
B

(1)
H

)

(1 − x)M2
F (j,k) + xM2

F (j′,k′) − x(1 − x)M2
B

(1)
ν









. (B.9)

The mj,k;j′,k′
quantities vanish unless the set of KK numbers (j, k; j′, k′) is given by

(1,0;1,1), (1,1;1,0) or (1,0; 0,0). This is a consequence of the vectorlike nature of the fermion

higher KK modes. Therefore,

EF = MF (1,0)

(

2J1,0;0,0
F + J1,0;1,1

F

)

+
√

2MF (1,1)J
1,1;1,0
F . (B.10)

Note that EF depends only on the (1,0) masses and on the masses of the (0,0) and (1,1)

fermions. The mass corrections for (1,1) fermions,
{

Q3
+, T−, Q1,2

+ , U1,2
− ,D1,2,3

− , L+ and E−

}

,

are given by
√

2/R multiplied by the coefficients {1.33, 1.31, 1.31, 1.27, 1.26, 1.05, 1.02} respec-

tively [5], ignoring electroweak symmetry breaking effects. Note also that in the limit that

all the fermions at each KK level are degenerate, EF becomes independent of F and so can

be taken out of the sum in Eq. (B.7), which then vanishes identically by anomaly cancella-

tion. This completes the computation of the amplitude for B(1)
ν → B(1)

H γ, which determines

the coefficient of the dimension-5 operator shown in Eq. (2.11), and the decay width of B(1)
ν

shown in Eq. (3.5).

Appendix C: Tree-level 3-body decays of (1,0) bosons

In this Appendix we compute the width for 3-body decays of (1,0) bosons. Let us consider a

generic 3-body decay of a boson A2 of mass M2 into a boson A1 of mass M1 and a fermion-

antifermion pair f f̄ , via an off-shell fermion F , of mass MF > M2 > M1. There are two
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• 3 body decay

• 1-loop 2-body decay

as free parameters (determined by the underlying theory above Λ, which is not specified in

our framework). Furthermore, additional structures such as the Twin Higgs mechanism [15]

may be used to cancel the quadratic divergences in models with universal extra dimensions

[16], potentially affecting the (1,0) Higgs sector. We assume here that the (1,0) Higgs particles

are heavier than 1/R. In that case, the hadron collider phenomenology is mostly independent

of the exact (1,0) Higgs masses.

2.3 Loop-induced bosonic operators

In addition to lifting the degeneracy of the (1, 0) masses, loop corrections also contribute to the

following dimension-5 operators that are of particular interest for computing the branching

fractions of the (1, 0) bosons:

−
R

4

(

CBεµναβFµνB(1)
αβ B(1)

H + CGεµναβGµνB(1)
αβ G(1)

H

)

, (2.11)

where Fµν and Gµν are the field strengths of the photon and gluon, respectively, B(1)
αβ is the

field strength of the (1, 0) hypercharge vector boson B(1)
α , and B(1)

H is the U(1)Y spinless

adjoint. These operators account for the only significant 2-body decay channels open to the

level-1 KK modes G(1)
H and B(1)

µ . The analogous operator with the photon replaced by the Z

boson is less relevant because the corresponding decay width is phase-space suppressed. The

coefficients of the above dimension-5 operators are computed in Appendix B, with the result:

CB =
g′2e

8π2R

1

M2
B

(1)
ν

− M2
B

(1)
H

∑

F

σF

(YF

2

)2
QFEF , (2.12)

where σF = ±1 for a 6D fermion F of chirality ±, QF is the electric charge, YF is the

hypercharge normalized to be twice the electric charge for SU(2)W singlets and EF is a

function of the masses of B(1)
H , B(1)

ν , and of the (1,0) and (1,1) fermions given in Eq. (B.10).

CG is given by an analogous expression, but it is suppressed by the small mass difference

between the initial- and final-state (1, 0) bosons.

One might also naively expect higher-dimension operators of the form

Gµν∂µB(1)
H ∂νG(1)

H + Zµν∂
µB(1)

H ∂νW (1)3
H +

(

W+
µν∂

µB(1)
H ∂νW (1)−

H + H.c.
)

, (2.13)

to be generated, where W (1)
H is the level-1 SU(2)W spinless adjoint and Wµν and Zµν are

the standard model field strengths for the W and Z bosons. However, the first of these

terms is identically zero as can be seen after integrating by parts and using the gluon field

equation. By the same method one can see that the coefficients of the last two terms are

small, being proportional to (mW R)2, and furthermore the resulting decay widths for W (1)
H

are also phase-space suppressed.

– 7 –
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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

g

g

g

Q
(1)
+

Q̄
(1)
+

q′

q̄

W (1)+
µ

W
(1)3
H

B
(1)
H

!̄
!

B
(1)
H

!̄

!
!̄

L
(1)
+ W

(1)3
H

ν

q

q

G
(1)
H

Q
(1)
+

Q
(1)
−

q

q

W (1)3
µ

B(1)
µ

B
(1)
H

!̄

ν

B
(1)
H

γ

!

N
(1)
+ W

(1)+
H

ν̄

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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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
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• The number of multi-lepton  
events at 14 TeV LHC

• No acceptance cuts

As mentioned earlier, W (1)
µ associated production, although small compared to that for

colored (1,0) particles, is not necessarily negligible because of its large branching fraction into

leptons. We have included the cross section for the channel with the largest production rate,

W (1)+
µ Q(1)

+ , in Fig. 10. The dominant contribution to this process is from production with

first generation (1,0) quarks. W (1)−
µ associated production is even smaller, by an extra factor

of ∼3, due to the partonic structure of the proton.

4.2 Events with leptons and photons at the LHC

Having determined the production rates of (1,0) particles, we now turn to a discussion of their

experimental signatures at the LHC. First we will consider the production of (1,0) particles

which give n!+ mγ + /ET with n ≥ nmin and 0 ≤ m ≤ 2, where we do not count leptons from

the decay of the standard model particles.

We calculate the inclusive cross sections for the channels n! + mγ + /ET with n ≥ nmin

and 0 ≤ m ≤ 2 in the following way. There are 11 (1,0) particles with different branching

fractions to multiple leptons as discussed in Section 3. We label these particles by A(1)
i , where

1 ≤ i ≤ 11 is the particle type:

A(1)
i =

(

W (1)
µ , G(1)

µ , G(1)
H , T (1)

+ , B(1)
+ , T (1)

− , U (1)
− ,D(1)

− , Q(1)
+

)

. (4.1)

Their branching fractions, Br(i, a, a′), where a is the number of leptons (0 ≤ a ≤ 4) and a′

is the number of photons (0 ≤ a′ ≤ 1), are given in Section 3. Q(1)
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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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• The number of lepton + photon events (14 TeV)

• Roughly 1 photon ~ 2 leptons



Tevatron

Figure 14: (a) Production cross sections at the Tevatron and (b) Cross sections for multilepton +
photon events, as a function of 1/R.

enough pT to evade a 15 GeV cut, and that the leptons are far enough away in ∆R to be

visible as individual tracks. Hence we do not anticipate any triggering problems, although a

detailed analysis of these issues using a detector simulator might be beneficial.

4.3 Cross sections at the Tevatron

At the Tevatron, the production from a qq̄ initial state, shown in Figs. 4, 7 and 9, dominates.

We summarize our results for (1,0) production cross sections, as well as multi-lepton and

lepton plus photon signatures in Fig. 14. The lower center-of-mass energy of this collider

slightly increases W (1)
µ production cross sections as compared with the LHC. This process

now contributes 16% of the total number of events with 4 or more leptons for 1/R = 300

GeV.

We can use data gathered from Tevatron Run II to place rough constraints on the radius

of the extra dimensions. One potential channel that has been searched for in the context of

the minimal supersymmetric standard model is the trilepton signal [24, 25]. We apply the

results of this analysis, which found no excess over standard model background, directly to

our model. If we assume an efficiency of ∼ 5% [24, 25], we see that 1/R must be larger than

∼ 270 GeV, otherwise we might have expected to observe at least 3 events. Low statistics

for this final state, both in expected and observed events, make the limit rather less reliable

than desired.

A more precise, though less stringent, constraint can be obtained by using Run II lepton

+ photon data [26], which contains larger numbers of expected and observed events. The

standard model prediction for the !γX channel for instance, is 150.6±13 with an observation

of 163 events. Assuming that universal extra dimensions are responsible for the small excesses

in this and the !+!−γX channels allows us to obtain a limit on 1/R of around 240 GeV at

95% C.L.
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Summary
• Multi-Lepton signals are interesting

• Good background suppression

• There are many non-SYSY models 

• (Relatively) small branching fractions

• (potential) combinatorial issues


