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* Multi-jet productions 

* Charged massive stable particles (CHAMPs)

* Dark matter
* Multi-W, -Z, -photon productions

Summary of Framework

* Colored massive stable particles (➞ R-hadrons)
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* (Displaced) leptoquarks, di-quarks, di-leptons
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A CHAMP = a massive “muon”

 Spectacular collider signal!

FIG. 8: Particle signatures left in the detector components.

B. What Do Particles Look Like in a Detector

As theorists, we mostly deal with the fundamental degrees of freedom in our SM Lagrangian,

namely the quarks, leptons, gauge bosons etc. in our calculations. The truth is that most of

them are not the particles directly “seen” in the detectors. Heavy particles like Z, W, t will

promptly decay to leptons and quarks, with a lifetime 1/Γ ∼ 1/(2 GeV) ≈ 3.3×10−25 s. Other

quarks will fragment into color-singlet hadrons due to QCD confinement at a time scale of

th ∼ 1/ΛQCD ≈ 1/(200 MeV) ≈ 3.3 × 10−24 s. The individual hadrons from fragmentation

may even behave rather differently in the detector, depending on their interactions with matter

and their life times. Stable paricles such as p, p̄, e±, γ will show up in the detector as energy

deposit in hadronic and electromagnetic calorimeters or charge tracks in the tracking system.

In Fig. 8, we indicate what particles may leave what signatures in certain components of the

detector.
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Figure 3: The pair-production cross-sections
for all π̃s at the LHC (ECM = 14 TeV). Hy-
perquark masses are taken to be zero for this
plot. Note that a single value for mπ̃ corre-
sponds to different values of mρ̃ for π̃D and
π̃T.

Figure 4: The differential CHAMP pair-
production cross-sections at the LHC (ECM =
14 TeV) for the three mass points used in our
analysis.

Once produced, W ′±, W ′3, and B′ decay to π̃D or π̃T pairs. The π̃D pair leads to the di-

CHAMP signal, while the π̃T pair leads to the multiple gauge boson signal. We will next

discuss these two signals in detail. In our study, we focus on three mass points, given in the

table below. In Figure 3 we display the production cross-section for the π̃s as a function of

mπ̃. To be conservative, for each mπ̃, mρ̃ is taken at its maximal value, corresponding zero

hyperquark masses. Finite hyperquark masses are expected to lower the value of mρ̃ for a

given mπ̃ and thus increase the production cross-sections.

mass point mρ̃ (TeV) mD (GeV) mT (GeV)

1 1.5 300 300

2 2.5 300 355

3 2.5 600 355

(3.7)

3.1.1 The Di-CHAMP Signal

This section focuses on the kinematic features of the π̃D-pair final states as well as issues

of triggering. Since the π̃±
D is collider-stable and charged (but color-neutral), it will appear

in the LHC detector like a massive “muon”. Recall that π̃±±
D pair production will be indis-

tinguishable from π̃±
D pair production because the decay π̃±±

D → π̃±
D + W±∗ is prompt and

unobservable due to the small mass splitting. Therefore both cross-sectionss can be added

up to give the “CHAMP pair production” cross-sections, which is plotted in Figure 3.

The production of π̃D through SM Drell-Yan can be described by
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discuss these two signals in detail. In our study, we focus on three mass points, given in the

table below. In Figure 3 we display the production cross-section for the π̃s as a function of
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Once produced, W ′±, W ′3, and B′ decay to π̃D or π̃T pairs. The π̃D pair leads to the di-

CHAMP signal, while the π̃T pair leads to the multiple gauge boson signal. We will next

discuss these two signals in detail. In our study, we focus on three mass points, given in the

table below. In Figure 3 we display the production cross-section for the π̃s as a function of

mπ̃. To be conservative, for each mπ̃, mρ̃ is taken at its maximal value, corresponding zero

hyperquark masses. Finite hyperquark masses are expected to lower the value of mρ̃ for a

given mπ̃ and thus increase the production cross-sections.
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of triggering. Since the π̃±
D is collider-stable and charged (but color-neutral), it will appear

in the LHC detector like a massive “muon”. Recall that π̃±±
D pair production will be indis-

tinguishable from π̃±
D pair production because the decay π̃±±

D → π̃±
D + W±∗ is prompt and

unobservable due to the small mass splitting. Therefore both cross-sectionss can be added

up to give the “CHAMP pair production” cross-sections, which is plotted in Figure 3.

The production of π̃D through SM Drell-Yan can be described by
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Once produced, W ′±, W ′3, and B′ decay to π̃D or π̃T pairs. The π̃D pair leads to the di-

CHAMP signal, while the π̃T pair leads to the multiple gauge boson signal. We will next

discuss these two signals in detail. In our study, we focus on three mass points, given in the

table below. In Figure 3 we display the production cross-section for the π̃s as a function of

mπ̃. To be conservative, for each mπ̃, mρ̃ is taken at its maximal value, corresponding zero

hyperquark masses. Finite hyperquark masses are expected to lower the value of mρ̃ for a

given mπ̃ and thus increase the production cross-sections.
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in the LHC detector like a massive “muon”. Recall that π̃±±
D pair production will be indis-

tinguishable from π̃±
D pair production because the decay π̃±±
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D + W±∗ is prompt and

unobservable due to the small mass splitting. Therefore both cross-sectionss can be added
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Once produced, W ′±, W ′3, and B′ decay to π̃D or π̃T pairs. The π̃D pair leads to the di-

CHAMP signal, while the π̃T pair leads to the multiple gauge boson signal. We will next

discuss these two signals in detail. In our study, we focus on three mass points, given in the

table below. In Figure 3 we display the production cross-section for the π̃s as a function of

mπ̃. To be conservative, for each mπ̃, mρ̃ is taken at its maximal value, corresponding zero

hyperquark masses. Finite hyperquark masses are expected to lower the value of mρ̃ for a

given mπ̃ and thus increase the production cross-sections.
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D is collider-stable and charged (but color-neutral), it will appear

in the LHC detector like a massive “muon”. Recall that π̃±±
D pair production will be indis-

tinguishable from π̃±
D pair production because the decay π̃±±

D → π̃±
D + W±∗ is prompt and

unobservable due to the small mass splitting. Therefore both cross-sectionss can be added

up to give the “CHAMP pair production” cross-sections, which is plotted in Figure 3.

The production of π̃D through SM Drell-Yan can be described by
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Figure 6: The rapidity distribution of
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where e is the U(1)EM gauge coupling, and

g++
Z =

g2

cos θ

(

1

2
− 2 sin2θ

)

, g+
Z =

g2

cos θ

(

−
1

2
− sin2θ

)

, (3.9)

θ being the weak mixing angle. There exist also four-point vertices with two gauge bosons

and two π̃Ds, but we omit them because π̃D pair-production through electroweak gauge boson

fusion is negligible compared to the processes of Figures 1 and 2.

The production of π̃Ds from the decays of ρ̃s is described by:

Lint = −
igρ̃√

2
W ′+µ

[

π̃−−
D (∂µπ̃+

D) − (∂µπ̃−−
D )π̃+

D

]

−
igρ̃√

2
W ′−µ

[

π̃−
D(∂µπ̃++

D ) − (∂µπ̃−
D)π̃++

D

]

−
igρ̃

2
W ′3µ

[

π̃−−
D (∂µπ̃++

D ) − (∂µπ̃−−
D )π̃++

D

]

+
igρ̃

2
W ′3µ

[

π̃−
D(∂µπ̃+

D) − (∂µπ̃−
D)π̃+

D

]

−
igρ̃

√
3

2
B′µ

[

π̃−−
D (∂µπ̃++

D ) − (∂µπ̃−−
D )π̃++

D + π̃−
D(∂µπ̃+

D) − (∂µπ̃−
D)π̃+

D

]

, (3.10)

combined with (3.5) which describes the resonant production of the ρ̃s. The coupling constant

gρ̃ can be extracted using the QED-QCD analogy to be

gρ̃ = 6.0 . (3.11)

We have implemented the above effective vertices into CALCHEP 2.5.4 [11]. For the

three values of (mD, mρ̃) in (3.7), the invariant mass distribution of the CHAMP pairs is

shown in Figure 4 at the LHC with 14 TeV CM energy. The point of this plot is to highlight

a large deviation from the pure Drell-Yan distribution due to the ρ̃ resonance. The mass

point 2 assumes vanishing hyperquark masses, and is therefore the most conservative choice,

corresponding to the maximum possible mass gap between the CHAMP and the ρ̃. But

even in this case there is a significant deviation in the invariant mass distribution from pure

Drell-Yan. The mD-mρ̃ gap is narrower for mass points 1 and 3 due to nonzero hyper-quark

masses, in which case the existence of the resonance becomes quite pronounced.
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Figure 9: The time-lag of the first CHAMP
to arrive at the muon system (further details
in the text).

Figure 10: The time-lag of the second
CHAMP to arrive at the muon system (fur-
ther details in the text).

0.8 while “fast CHAMPs” as those with β > 0.95. Slow CHAMPs can be identified by

conventional dE/dx and time-of-flight (TOF) measurements. On the other hand, they showed

that fast CHAMPs can be distinguished from muons by using the fact that muons with such

high energy (E > 317 GeV in copper and E > 581 GeV in silicon) will actually lose energy

by bremsstrahlung while CHAMPs behave as minimum ionizing particles.7 In fact, according

to their analysis, it is even possible that fast CHAMPs are the ones the LHC can recognize

first in the early data. Since the ratio of slow to fast CHAMPs reflects the mρ̃/mD ratio, it

can be used as a consistency check for mρ̃/mD extracted by fitting, e.g., the invariant mass

distribution.

3.1.2 The 3γ + W± Signal

This section focuses on the study of multi-photon final states from the production and decay

of π̃Ts. The π̃T pair production through Drell-Yan processes are described by

Lint = +ig2W
+µ

[

π̃−
T (∂µπ̃0

T) − (∂µπ̃−
T )π̃0

T

]

+ ig2W
−µ

[

π̃0
T(∂µπ̃+

T ) − (∂µπ̃0
T)π̃+

T

]

−ig2 cos θ Zµ
[

π̃−
T (∂µπ̃+

T ) − (∂µπ̃−
T )π̃+

T

]

−ieAµ
[

π̃−
T (∂µπ̃+

T ) − (∂µπ̃−
T )π̃+

T

]

. (3.12)

Again, we omitted four-point vertices with two gauge bosons and two π̃Ts as those are irrel-

evant at the LHC. The π̃T pair production from ρ̃ are described by (3.5) for the production

of the ρ̃ and

Lint = +igρ̃W
′+µ

[

π̃−
T (∂µπ̃0

T) − (∂µπ̃−
T )π̃0

T

]

+ igρ̃W
′−µ

[

π̃0
T(∂µπ̃+

T ) − (∂µπ̃0
T)π̃+

T

]

−igρ̃W
′3µ

[

π̃−
T (∂µπ̃+

T ) − (∂µπ̃−
T )π̃+

T

]

, (3.13)

7Note, however, that the extraction of the CHAMP mass is much harder for fast CHAMPs. CHAMP

masses are neglected in the fast CHAMP analysis in Ref. [9].
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Figure 11: Branching fractions of π̃±

T
. Figure 12: Branching fractions of π̃0

T
.

for the decays (where gρ̃ is given in (3.11)). Note that there is no way to pair-produce π̃0
Ts,

neither via Drell-Yan nor from ρ̃ decay. This can be also understood in terms of angular

momentum conservation and the π̃0
T’s Bose statistics. We refer the reader back to Figure 3

for the production cross-sectionss of various π̃T pairs.

Next, we turn our attention to the decay branching fractions of the π̃T. Unlike π̃Ds,

which are collider stable, π̃Ts decay promptly to SM electroweak gauge boson pairs, which

are analogous to π0 → γγ in QED-QCD. Like π0 → γγ, the vertices for these decays are

strictly determined by anomalies, and are given by

Lint = +
3g1g2 sin θ

8π2fπ̃
εµνρσ π̃+

T (∂µW−
ν )(∂ρZσ) −

3g1g2 cos θ

8π2fπ̃
εµνρσ π̃+

T (∂µW−
ν )(∂ρAσ)

+
3g1g2 sin θ

8π2fπ̃
εµνρσ π̃−

T (∂µW+
ν )(∂ρZσ) −

3g1g2 cos θ

8π2fπ̃
εµνρσ π̃−

T (∂µW+
ν )(∂ρAσ)

+
3g1g2 sin 2θ

16π2fπ̃
εµνρσ π̃0

T(∂µZν)(∂ρZσ) −
3g1g2 cos 2θ

8π2fπ̃
εµνρσ π̃0

T(∂µZν)(∂ρAσ)

−
3g1g2 sin 2θ

16π2fπ̃
εµνρσ π̃0

T(∂µAν)(∂ρAσ) , (3.14)

where εµνρσ is a totally anti-symmetric tensor with ε0123 ≡ +1.8 The branching fractions

following from these vertices are shown in Figure 11 and Figure 12. Using the QED-QCD

analogy, the hyperpion decay constant fπ̃ can be obtained just by scaling up the pion decay

constant fπ, i.e., fπ̃ = fπmρ̃/mρ, and is O(100) GeV. Note that the widths of π̃Ts are

extremely narrow, so their reconstructed widths will be dominated by the detector resolution.

The smallness of these couplings and the absence of tree level couplings of hyperpions to SM

fermions means that the π̃T are practically never resonantly produced, thus they are not

constrained by di-boson resonance searches or fermiophobic Higgs searches at LEP (this is

discussed in more detail in Ref. [5]).

8Because of the non-Abelian nature of SU(2)L, there are also decays to 3 and 4 gauge bosons as well.

However, their rates are suppressed by multi-body phase space factors, and we will only dwell on the dominant

decay modes in this paper.
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Figure 13: For mass points 1-3 we plot the
signal efficiency as a function of the pT cut on
all three photons. Only photons with |η| < 2.5
are considered.

Figure 14: For mass point 1 we plot the in-
variant mass of all possible photon pairs for
signal and background. The π̃0

T
resonance is

clearly visible on top of the smooth SM back-
ground as well as combinatoric background
from the signal.

Let us now study the signals of π̃T pair production at the LHC. Among possible final

states, the one with the maximum number of photons is the 3γ + W± final state from the

production and decay of π̃0
T-π̃±

T . Note that this particular decay channel is in fact the one

with the largest branching fraction (albeit not by a large margin), so in our study we will

focus on this channel exclusively. Final states with two photons WZ+γγ and Wγ+Zγ, while

still interesting, present additional difficulties compared to the 3γ-W final state due to non-

resonant photons (in the latter case), small leptonic branching fractions and combinatoric

issues. Certain decay channels can look like a heavy SM Higgs decaying to W s and Zs,

but note that the number of events with two or three photons will be comparable, clearly

distinguishing a π̃T from the SM Higgs.

The backgrounds for multiple photons can be divided into “real” and “fake” ones, the

former being processes in which all photons are produced from an actual SM process, while in

the latter one or more of the photon signatures is faked by an electron or a jet. While publicly

available matrix element Monte Carlo generators are capable of generating background SM

processes with “real” photons, the study of “fake” backgrounds necessitates the usage of a

sophisticated detector simulation such as GEANT, to which we do not have access. However,

we can take some guidance from collider studies of diphoton final states, in particular searches

of a light SM Higgs boson [13, 14], where after applying analysis cuts the fake backgrounds

can be brought down to the level of irreducible backgrounds, up to factors of order one.

Therefore, in our preliminary study, we will scale up the irreducible background by a factor

of 10 in order to mimic backgrounds with fakes and leave it to experimentalists to perform a

study with more sophisticated backgrounds using a full detector simulation.

We generate signal events using CALCHEP 2.5.4 [11] as in our study of the CHAMP final

state, but we also pass the parton level events through Pythia [15] for initial and final state
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Figure 15: For mass point 2 we plot the in-
variant mass of all possible photon pairs for
signal and background. The π̃0

T resonance is
clearly visible on top of the smooth SM back-
ground as well as combinatoric background
from the signal.

Figure 16: For mass point 3 we plot the in-
variant mass of all possible photon pairs for
signal and background. The π̃0

T resonance is
clearly visible on top of the smooth SM back-
ground as well as combinatoric background
from the signal.

showering and hadronization and then through PGS4 [16] for energy smearing and detector

effects, where we use the CMS parameter set. For backgrounds we use the matching utility in

MadEvent [17] to combine 3γ(+jet(s)) processes, and also pass these events through Pythia

and PGS. We scale up the cross-sections for the background by a factor of 10 as mentioned

above.

Since in SM processes photons are usually emitted in radiative processes, backgrounds

can be very efficiently reduced by demanding high-pT central photons. In Figure 13 we plot

the fraction of signal events that have three photons within |η| < 2.5 as a function of a pT

cut (applied on all three photons). In the remainder of this analysis, for both signal and

background we will select events with three photons, all having pT > 120 GeV as well as

|η| < 2.5.

For all such events, we then proceed to reconstruct the π̃0
T, from the decay of which two

of the three photons originate. We calculate the invariant mass of all three possible photon

pairings for signal and background, and plot the obtained values. The results are displayed in

Figure 14 through Figure 16 for mass points 1 through 3. The presence of the π̃0
T resonance

is unmistakable on top of the SM background as well as the combinatoric background from

signal, both of which are smooth over the region of the resonance peak. We then take over

the central value for the resonance as the hyperpion mass and use that value to reconstruct

the π̃±
T . Since we can now use the π̃0

T resonance to further reduce the background (which was

already very small), the rest of our analysis will be signal-only.

For the reconstruction of π̃±
T , we take the unpaired photon and combine it with the best

W± candidate which we define as follows. In leptonic W decays (e or µ only) we assume that

the missing ET is entirely due to a neutrino, and solve for its rapidity by demanding that

it reconstruct an on-shell W . If there are no solutions, the event is discarded. If there are
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T resonance is
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ground as well as combinatoric background
from the signal.
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effects, where we use the CMS parameter set. For backgrounds we use the matching utility in

MadEvent [17] to combine 3γ(+jet(s)) processes, and also pass these events through Pythia

and PGS. We scale up the cross-sections for the background by a factor of 10 as mentioned

above.

Since in SM processes photons are usually emitted in radiative processes, backgrounds

can be very efficiently reduced by demanding high-pT central photons. In Figure 13 we plot

the fraction of signal events that have three photons within |η| < 2.5 as a function of a pT

cut (applied on all three photons). In the remainder of this analysis, for both signal and

background we will select events with three photons, all having pT > 120 GeV as well as

|η| < 2.5.

For all such events, we then proceed to reconstruct the π̃0
T, from the decay of which two

of the three photons originate. We calculate the invariant mass of all three possible photon

pairings for signal and background, and plot the obtained values. The results are displayed in

Figure 14 through Figure 16 for mass points 1 through 3. The presence of the π̃0
T resonance

is unmistakable on top of the SM background as well as the combinatoric background from

signal, both of which are smooth over the region of the resonance peak. We then take over

the central value for the resonance as the hyperpion mass and use that value to reconstruct

the π̃±
T . Since we can now use the π̃0

T resonance to further reduce the background (which was

already very small), the rest of our analysis will be signal-only.

For the reconstruction of π̃±
T , we take the unpaired photon and combine it with the best

W± candidate which we define as follows. In leptonic W decays (e or µ only) we assume that

the missing ET is entirely due to a neutrino, and solve for its rapidity by demanding that

it reconstruct an on-shell W . If there are no solutions, the event is discarded. If there are
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Figure 17: For mass point 1 we plot the mass
of the reconstructed π̃±

T
as explained in detail

in the text. This plot is signal-only.

Figure 18: For mass point 2 we plot the mass
of the reconstructed π̃±

T
as explained in detail

in the text. This plot is signal-only.

multiple solutions, we take the one for which the W candidate together with the unpaired

photon gives the closest invariant mass to that obtained from the π̃0
T resonance. For hadronic

W decays, we use the fact that the W from the π̃±
T decay is moderately boosted. We take

all pairs of jets (pT > 20 GeV) in the event and look for a pairing with ∆Rjj < 2.0 which

reconstructs an invariant mass of 70 GeV < mjj < 90 GeV. If there is exactly one such pairing,

we take the total 4-momentum of the pair to be the W , in all other cases we discard the event.

We then combine the leptonic and hadronic W -decay events that satisfy these requirements

and calculate the invariant mass of the reconstructed W together with the unpaired photon.

The results for mass points 1 through 3 are displayed in Figure 17 through Figure 19, and

agree very well with the true mass of the π̃±
T .

For the final step in the analysis, we combine the 4-momenta of the reconstructed π̃0

and the reconstructed π̃± (only in events that satisfy the requirements of the reconstruction

procedure outlined above) to look for the contribution from the resonant ρ̃ production and

its subsequent decay. The results for the three mass points are shown in Figure 20, exhibiting

a bump or shoulder at high energy similar to Figure 4, reflecting the ρ̃ resonance. Combined

with the results of the CHAMP analysis, this provides a strong consistency check of the

underlying theory of vectorlike confinement. From the masses of π̃T, π̃D and mρ̃, one can test

the relations (3.2) or similar relations in other variations of vectorlike confinement to probe

the underlying hyperflavor symmetry structure.

3.2 The Di-R-hadron Benchmark

This benchmark model contains long lived π̃ that carry color as well as π̃ that decay promptly

to gluon pairs. The phenomenology of the latter has been extensively studied in Refs. [6]

and [7], so we will devote ourselves in this paper to studying the signals of the former.

Such hyperpions will promptly hadronize with quarks and gluons, forming massive (∼ a few

hundred GeV–1 TeV) stable QCD bound states — R-hadrons. Like CHAMPs in our earlier

benchmark model, the R-hadrons can be pair-produced from the decay of a resonant (color
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in the text. This plot is signal-only.
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in the text. This plot is signal-only.
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We then combine the leptonic and hadronic W -decay events that satisfy these requirements

and calculate the invariant mass of the reconstructed W together with the unpaired photon.

The results for mass points 1 through 3 are displayed in Figure 17 through Figure 19, and

agree very well with the true mass of the π̃±
T .

For the final step in the analysis, we combine the 4-momenta of the reconstructed π̃0

and the reconstructed π̃± (only in events that satisfy the requirements of the reconstruction

procedure outlined above) to look for the contribution from the resonant ρ̃ production and

its subsequent decay. The results for the three mass points are shown in Figure 20, exhibiting

a bump or shoulder at high energy similar to Figure 4, reflecting the ρ̃ resonance. Combined

with the results of the CHAMP analysis, this provides a strong consistency check of the

underlying theory of vectorlike confinement. From the masses of π̃T, π̃D and mρ̃, one can test

the relations (3.2) or similar relations in other variations of vectorlike confinement to probe

the underlying hyperflavor symmetry structure.
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to gluon pairs. The phenomenology of the latter has been extensively studied in Refs. [6]

and [7], so we will devote ourselves in this paper to studying the signals of the former.
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Figure 17: For mass point 1 we plot the mass
of the reconstructed π̃±

T
as explained in detail

in the text. This plot is signal-only.

Figure 18: For mass point 2 we plot the mass
of the reconstructed π̃±

T
as explained in detail

in the text. This plot is signal-only.

multiple solutions, we take the one for which the W candidate together with the unpaired

photon gives the closest invariant mass to that obtained from the π̃0
T resonance. For hadronic

W decays, we use the fact that the W from the π̃±
T decay is moderately boosted. We take

all pairs of jets (pT > 20 GeV) in the event and look for a pairing with ∆Rjj < 2.0 which

reconstructs an invariant mass of 70 GeV < mjj < 90 GeV. If there is exactly one such pairing,

we take the total 4-momentum of the pair to be the W , in all other cases we discard the event.

We then combine the leptonic and hadronic W -decay events that satisfy these requirements

and calculate the invariant mass of the reconstructed W together with the unpaired photon.

The results for mass points 1 through 3 are displayed in Figure 17 through Figure 19, and

agree very well with the true mass of the π̃±
T .

For the final step in the analysis, we combine the 4-momenta of the reconstructed π̃0

and the reconstructed π̃± (only in events that satisfy the requirements of the reconstruction

procedure outlined above) to look for the contribution from the resonant ρ̃ production and

its subsequent decay. The results for the three mass points are shown in Figure 20, exhibiting

a bump or shoulder at high energy similar to Figure 4, reflecting the ρ̃ resonance. Combined

with the results of the CHAMP analysis, this provides a strong consistency check of the

underlying theory of vectorlike confinement. From the masses of π̃T, π̃D and mρ̃, one can test

the relations (3.2) or similar relations in other variations of vectorlike confinement to probe

the underlying hyperflavor symmetry structure.

3.2 The Di-R-hadron Benchmark

This benchmark model contains long lived π̃ that carry color as well as π̃ that decay promptly

to gluon pairs. The phenomenology of the latter has been extensively studied in Refs. [6]

and [7], so we will devote ourselves in this paper to studying the signals of the former.

Such hyperpions will promptly hadronize with quarks and gluons, forming massive (∼ a few

hundred GeV–1 TeV) stable QCD bound states — R-hadrons. Like CHAMPs in our earlier

benchmark model, the R-hadrons can be pair-produced from the decay of a resonant (color
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Figure 13: For mass points 1-3 we plot the
signal efficiency as a function of the pT cut on
all three photons. Only photons with |η| < 2.5
are considered.

Figure 14: For mass point 1 we plot the in-
variant mass of all possible photon pairs for
signal and background. The π̃0

T
resonance is

clearly visible on top of the smooth SM back-
ground as well as combinatoric background
from the signal.

Let us now study the signals of π̃T pair production at the LHC. Among possible final

states, the one with the maximum number of photons is the 3γ + W± final state from the

production and decay of π̃0
T-π̃±

T . Note that this particular decay channel is in fact the one

with the largest branching fraction (albeit not by a large margin), so in our study we will

focus on this channel exclusively. Final states with two photons WZ+γγ and Wγ+Zγ, while

still interesting, present additional difficulties compared to the 3γ-W final state due to non-

resonant photons (in the latter case), small leptonic branching fractions and combinatoric

issues. Certain decay channels can look like a heavy SM Higgs decaying to W s and Zs,

but note that the number of events with two or three photons will be comparable, clearly

distinguishing a π̃T from the SM Higgs.

The backgrounds for multiple photons can be divided into “real” and “fake” ones, the

former being processes in which all photons are produced from an actual SM process, while in

the latter one or more of the photon signatures is faked by an electron or a jet. While publicly

available matrix element Monte Carlo generators are capable of generating background SM

processes with “real” photons, the study of “fake” backgrounds necessitates the usage of a

sophisticated detector simulation such as GEANT, to which we do not have access. However,

we can take some guidance from collider studies of diphoton final states, in particular searches

of a light SM Higgs boson [13, 14], where after applying analysis cuts the fake backgrounds

can be brought down to the level of irreducible backgrounds, up to factors of order one.

Therefore, in our preliminary study, we will scale up the irreducible background by a factor

of 10 in order to mimic backgrounds with fakes and leave it to experimentalists to perform a

study with more sophisticated backgrounds using a full detector simulation.

We generate signal events using CALCHEP 2.5.4 [11] as in our study of the CHAMP final

state, but we also pass the parton level events through Pythia [15] for initial and final state
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Figure 15: For mass point 2 we plot the in-
variant mass of all possible photon pairs for
signal and background. The π̃0

T resonance is
clearly visible on top of the smooth SM back-
ground as well as combinatoric background
from the signal.

Figure 16: For mass point 3 we plot the in-
variant mass of all possible photon pairs for
signal and background. The π̃0

T resonance is
clearly visible on top of the smooth SM back-
ground as well as combinatoric background
from the signal.

showering and hadronization and then through PGS4 [16] for energy smearing and detector

effects, where we use the CMS parameter set. For backgrounds we use the matching utility in

MadEvent [17] to combine 3γ(+jet(s)) processes, and also pass these events through Pythia

and PGS. We scale up the cross-sections for the background by a factor of 10 as mentioned

above.

Since in SM processes photons are usually emitted in radiative processes, backgrounds

can be very efficiently reduced by demanding high-pT central photons. In Figure 13 we plot

the fraction of signal events that have three photons within |η| < 2.5 as a function of a pT

cut (applied on all three photons). In the remainder of this analysis, for both signal and

background we will select events with three photons, all having pT > 120 GeV as well as

|η| < 2.5.

For all such events, we then proceed to reconstruct the π̃0
T, from the decay of which two

of the three photons originate. We calculate the invariant mass of all three possible photon

pairings for signal and background, and plot the obtained values. The results are displayed in

Figure 14 through Figure 16 for mass points 1 through 3. The presence of the π̃0
T resonance

is unmistakable on top of the SM background as well as the combinatoric background from

signal, both of which are smooth over the region of the resonance peak. We then take over

the central value for the resonance as the hyperpion mass and use that value to reconstruct

the π̃±
T . Since we can now use the π̃0

T resonance to further reduce the background (which was

already very small), the rest of our analysis will be signal-only.

For the reconstruction of π̃±
T , we take the unpaired photon and combine it with the best

W± candidate which we define as follows. In leptonic W decays (e or µ only) we assume that

the missing ET is entirely due to a neutrino, and solve for its rapidity by demanding that

it reconstruct an on-shell W . If there are no solutions, the event is discarded. If there are
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Figure 15: For mass point 2 we plot the in-
variant mass of all possible photon pairs for
signal and background. The π̃0

T resonance is
clearly visible on top of the smooth SM back-
ground as well as combinatoric background
from the signal.

Figure 16: For mass point 3 we plot the in-
variant mass of all possible photon pairs for
signal and background. The π̃0

T resonance is
clearly visible on top of the smooth SM back-
ground as well as combinatoric background
from the signal.

showering and hadronization and then through PGS4 [16] for energy smearing and detector

effects, where we use the CMS parameter set. For backgrounds we use the matching utility in

MadEvent [17] to combine 3γ(+jet(s)) processes, and also pass these events through Pythia

and PGS. We scale up the cross-sections for the background by a factor of 10 as mentioned

above.

Since in SM processes photons are usually emitted in radiative processes, backgrounds

can be very efficiently reduced by demanding high-pT central photons. In Figure 13 we plot

the fraction of signal events that have three photons within |η| < 2.5 as a function of a pT

cut (applied on all three photons). In the remainder of this analysis, for both signal and

background we will select events with three photons, all having pT > 120 GeV as well as

|η| < 2.5.

For all such events, we then proceed to reconstruct the π̃0
T, from the decay of which two

of the three photons originate. We calculate the invariant mass of all three possible photon

pairings for signal and background, and plot the obtained values. The results are displayed in

Figure 14 through Figure 16 for mass points 1 through 3. The presence of the π̃0
T resonance

is unmistakable on top of the SM background as well as the combinatoric background from

signal, both of which are smooth over the region of the resonance peak. We then take over

the central value for the resonance as the hyperpion mass and use that value to reconstruct

the π̃±
T . Since we can now use the π̃0

T resonance to further reduce the background (which was

already very small), the rest of our analysis will be signal-only.

For the reconstruction of π̃±
T , we take the unpaired photon and combine it with the best

W± candidate which we define as follows. In leptonic W decays (e or µ only) we assume that

the missing ET is entirely due to a neutrino, and solve for its rapidity by demanding that

it reconstruct an on-shell W . If there are no solutions, the event is discarded. If there are
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Figure 13: For mass points 1-3 we plot the
signal efficiency as a function of the pT cut on
all three photons. Only photons with |η| < 2.5
are considered.

Figure 14: For mass point 1 we plot the in-
variant mass of all possible photon pairs for
signal and background. The π̃0

T
resonance is

clearly visible on top of the smooth SM back-
ground as well as combinatoric background
from the signal.

Let us now study the signals of π̃T pair production at the LHC. Among possible final

states, the one with the maximum number of photons is the 3γ + W± final state from the

production and decay of π̃0
T-π̃±

T . Note that this particular decay channel is in fact the one

with the largest branching fraction (albeit not by a large margin), so in our study we will

focus on this channel exclusively. Final states with two photons WZ+γγ and Wγ+Zγ, while

still interesting, present additional difficulties compared to the 3γ-W final state due to non-

resonant photons (in the latter case), small leptonic branching fractions and combinatoric

issues. Certain decay channels can look like a heavy SM Higgs decaying to W s and Zs,

but note that the number of events with two or three photons will be comparable, clearly

distinguishing a π̃T from the SM Higgs.

The backgrounds for multiple photons can be divided into “real” and “fake” ones, the

former being processes in which all photons are produced from an actual SM process, while in

the latter one or more of the photon signatures is faked by an electron or a jet. While publicly

available matrix element Monte Carlo generators are capable of generating background SM

processes with “real” photons, the study of “fake” backgrounds necessitates the usage of a

sophisticated detector simulation such as GEANT, to which we do not have access. However,

we can take some guidance from collider studies of diphoton final states, in particular searches

of a light SM Higgs boson [13, 14], where after applying analysis cuts the fake backgrounds

can be brought down to the level of irreducible backgrounds, up to factors of order one.

Therefore, in our preliminary study, we will scale up the irreducible background by a factor

of 10 in order to mimic backgrounds with fakes and leave it to experimentalists to perform a

study with more sophisticated backgrounds using a full detector simulation.

We generate signal events using CALCHEP 2.5.4 [11] as in our study of the CHAMP final

state, but we also pass the parton level events through Pythia [15] for initial and final state
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Figure 15: For mass point 2 we plot the in-
variant mass of all possible photon pairs for
signal and background. The π̃0

T resonance is
clearly visible on top of the smooth SM back-
ground as well as combinatoric background
from the signal.

Figure 16: For mass point 3 we plot the in-
variant mass of all possible photon pairs for
signal and background. The π̃0

T resonance is
clearly visible on top of the smooth SM back-
ground as well as combinatoric background
from the signal.

showering and hadronization and then through PGS4 [16] for energy smearing and detector

effects, where we use the CMS parameter set. For backgrounds we use the matching utility in

MadEvent [17] to combine 3γ(+jet(s)) processes, and also pass these events through Pythia

and PGS. We scale up the cross-sections for the background by a factor of 10 as mentioned

above.

Since in SM processes photons are usually emitted in radiative processes, backgrounds

can be very efficiently reduced by demanding high-pT central photons. In Figure 13 we plot

the fraction of signal events that have three photons within |η| < 2.5 as a function of a pT

cut (applied on all three photons). In the remainder of this analysis, for both signal and

background we will select events with three photons, all having pT > 120 GeV as well as

|η| < 2.5.

For all such events, we then proceed to reconstruct the π̃0
T, from the decay of which two

of the three photons originate. We calculate the invariant mass of all three possible photon

pairings for signal and background, and plot the obtained values. The results are displayed in

Figure 14 through Figure 16 for mass points 1 through 3. The presence of the π̃0
T resonance

is unmistakable on top of the SM background as well as the combinatoric background from

signal, both of which are smooth over the region of the resonance peak. We then take over

the central value for the resonance as the hyperpion mass and use that value to reconstruct

the π̃±
T . Since we can now use the π̃0

T resonance to further reduce the background (which was

already very small), the rest of our analysis will be signal-only.

For the reconstruction of π̃±
T , we take the unpaired photon and combine it with the best

W± candidate which we define as follows. In leptonic W decays (e or µ only) we assume that

the missing ET is entirely due to a neutrino, and solve for its rapidity by demanding that

it reconstruct an on-shell W . If there are no solutions, the event is discarded. If there are
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Figure 15: For mass point 2 we plot the in-
variant mass of all possible photon pairs for
signal and background. The π̃0

T resonance is
clearly visible on top of the smooth SM back-
ground as well as combinatoric background
from the signal.

Figure 16: For mass point 3 we plot the in-
variant mass of all possible photon pairs for
signal and background. The π̃0

T resonance is
clearly visible on top of the smooth SM back-
ground as well as combinatoric background
from the signal.

showering and hadronization and then through PGS4 [16] for energy smearing and detector

effects, where we use the CMS parameter set. For backgrounds we use the matching utility in

MadEvent [17] to combine 3γ(+jet(s)) processes, and also pass these events through Pythia

and PGS. We scale up the cross-sections for the background by a factor of 10 as mentioned

above.

Since in SM processes photons are usually emitted in radiative processes, backgrounds

can be very efficiently reduced by demanding high-pT central photons. In Figure 13 we plot

the fraction of signal events that have three photons within |η| < 2.5 as a function of a pT

cut (applied on all three photons). In the remainder of this analysis, for both signal and

background we will select events with three photons, all having pT > 120 GeV as well as

|η| < 2.5.

For all such events, we then proceed to reconstruct the π̃0
T, from the decay of which two

of the three photons originate. We calculate the invariant mass of all three possible photon

pairings for signal and background, and plot the obtained values. The results are displayed in

Figure 14 through Figure 16 for mass points 1 through 3. The presence of the π̃0
T resonance

is unmistakable on top of the SM background as well as the combinatoric background from

signal, both of which are smooth over the region of the resonance peak. We then take over

the central value for the resonance as the hyperpion mass and use that value to reconstruct

the π̃±
T . Since we can now use the π̃0

T resonance to further reduce the background (which was

already very small), the rest of our analysis will be signal-only.

For the reconstruction of π̃±
T , we take the unpaired photon and combine it with the best

W± candidate which we define as follows. In leptonic W decays (e or µ only) we assume that

the missing ET is entirely due to a neutrino, and solve for its rapidity by demanding that

it reconstruct an on-shell W . If there are no solutions, the event is discarded. If there are
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Figure 17: For mass point 1 we plot the mass
of the reconstructed π̃±

T
as explained in detail

in the text. This plot is signal-only.

Figure 18: For mass point 2 we plot the mass
of the reconstructed π̃±

T
as explained in detail

in the text. This plot is signal-only.

multiple solutions, we take the one for which the W candidate together with the unpaired

photon gives the closest invariant mass to that obtained from the π̃0
T resonance. For hadronic

W decays, we use the fact that the W from the π̃±
T decay is moderately boosted. We take

all pairs of jets (pT > 20 GeV) in the event and look for a pairing with ∆Rjj < 2.0 which

reconstructs an invariant mass of 70 GeV < mjj < 90 GeV. If there is exactly one such pairing,

we take the total 4-momentum of the pair to be the W , in all other cases we discard the event.

We then combine the leptonic and hadronic W -decay events that satisfy these requirements

and calculate the invariant mass of the reconstructed W together with the unpaired photon.

The results for mass points 1 through 3 are displayed in Figure 17 through Figure 19, and

agree very well with the true mass of the π̃±
T .

For the final step in the analysis, we combine the 4-momenta of the reconstructed π̃0

and the reconstructed π̃± (only in events that satisfy the requirements of the reconstruction

procedure outlined above) to look for the contribution from the resonant ρ̃ production and

its subsequent decay. The results for the three mass points are shown in Figure 20, exhibiting

a bump or shoulder at high energy similar to Figure 4, reflecting the ρ̃ resonance. Combined

with the results of the CHAMP analysis, this provides a strong consistency check of the

underlying theory of vectorlike confinement. From the masses of π̃T, π̃D and mρ̃, one can test

the relations (3.2) or similar relations in other variations of vectorlike confinement to probe
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This benchmark model contains long lived π̃ that carry color as well as π̃ that decay promptly

to gluon pairs. The phenomenology of the latter has been extensively studied in Refs. [6]

and [7], so we will devote ourselves in this paper to studying the signals of the former.

Such hyperpions will promptly hadronize with quarks and gluons, forming massive (∼ a few

hundred GeV–1 TeV) stable QCD bound states — R-hadrons. Like CHAMPs in our earlier

benchmark model, the R-hadrons can be pair-produced from the decay of a resonant (color
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Figure 19: For mass point 3 we plot the mass
of the reconstructed π̃±

T
as explained in detail

in the text. This plot is signal-only.

Figure 20: For mass points 1 through 3 we
plot the mass of the reconstructed π̃0

T
-π̃±

T
sys-

tem as explained in detail in the text. This
plot is signal-only.

octet) ρ̃ (as in Figure 1) as well as through an s-channel gluon (as in Figure 2) for q-q̄ initial

states. For a g-g initial state, there exist additional diagrams as illustrated in Figure 21.

As described in the full detail in Appendix A.2, this benchmark model is analogous to

QCD with 3 colors and 4 light flavors. Therefore, unlike in the di-CHAMP benchmark model,

which is exactly analogous to the 3-color-3-flavor QCD of the real world, the parameters in this

benchmark model cannot be determined as precisely by using the analogy with QED/QCD.

However, since the difference is only 3 vs. 4 flavors, we expect that the QED/QCD analogy

should still provide good estimates. Therefore, we employ the 3-color-3-flavor values for incal-

culable parameters in our computations below, and we will only focus on robust conclusions

that are insensitive to O(1) uncertainties. Such a rough strategy is possible because the pro-

duction rates are large, as we will see below. The large signal rates also allow us to ignore

the details of how the colored long-lived π̃s hadronize into R-hadrons and interact with the

detector material. Even if such effects render an O(1) fraction of the signal events unobserv-

able, the rates are large enough such that reconstruction is still straightforward. We direct

the interested reader to Ref. [12] for a detailed analysis of R-hadrons in collider detectors.

Let us start by describing the low energy spectrum of the model relevant to the LHC

phenomenology. (For the full detailed description of the model, see Appendix A.2.) The

hyperpions come in a color octet and triplet, π̃8 and π̃3, with the SU(3)C ⊗ SU(2)L ⊗ U(1)Y
quantum numbers (8,1, 0) and (3,1,−4/3), respectively. Note that they are both weak

singlets. There is also a completely SM singlet hyperpion, π̃1, which can be resonantly

produced from a g-g initial state at the LHC, and has a rare decay mode (with branching

fraction of O(1%)) to a pair of photons. Since the π̃1 is very light, constraints on its existence

from diphoton resonance searches at the Tevatron were discussed in Ref. [5], and its mass

was found to be unconstrained. Since the π̃1 is produced near threshold, the photons from

its decay rarely pass the cuts of the search. While very difficult, it may be possible to search

for it at the LHC. We will however limit ourselves here to the study of the R-hadrons in this
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Figure 22: The pair-production cross-section
for the π̃3 at the LHC (ECM = 14 TeV). Van-
ishing hyperquark masses are assumed for the
ratio of mπ̃/mρ̃.

Figure 23: The invariant mass distribution
of the π̃3 pairs for mass points 1 through 4.

where g3 and g1 are the SM SU(3)C and U(1)Y couplings, respectively, and λa (a = 1, · · · , 8)

are the Gell-Mann matrices. There are similar couplings for the 2nd and 3rd generations with

exactly the same coupling strength. The parameter δ cannot be precisely determined and

we use (3.6) as an estimate in our computations below, bearing in mind that the results will

have O(1) uncertainties. Once a ρ̃ is produced, its decay is described by

Lint = −
igρ̃

2
G′a

µ

[

π̃†
3λ

a(∂µπ̃3) − (∂µπ̃†
3)λ

aπ̃3

]

+ gρ̃f
abc G′a

µ π̃b
8(∂µπ̃c

8)

+i

√

2

3
gρ̃ B′

µ

[

π̃†
3(∂µπ̃3) − (∂µπ̃†

3)π̃3

]

, (3.18)

where gρ̃ here cannot be precisely determined and we use (3.11) as an estimate, which we

expect to hold up to an O(1) uncertainty.

The π̃3 and π̃8 can also be pair-produced from a q-q̄ initial state via an s-channel g (or

via Z or γ, which are negligible). This is described by

Lint = −
ig3

2
Ga

µ

[

π̃†
3λ

a(∂µπ̃3) − (∂µπ̃†
3)λ

aπ̃3

]

− g3f
abc Ga

µ π̃b
8(∂µπ̃c

8)

+
4ig1

3
(Aµ cos θ − Zµ sin θ)

[

π̃†
3(∂µπ̃3) − (∂µπ̃†

3)π̃3

]

, (3.19)

where λa (a = 1, · · · , 8) are the Gell-Mann matrices and fabc is the SU(3) structure constant

normalized as [λa,λb] = 2ifabcλc. Moreover, since the π̃3 and π̃8 are colored, they can also

be produced from a g-g initial state as in Figure 21. To accurately describe this process one

needs to augment the above terms by the following quartic vertices

Lint =
g2
3

4
Ga

µGbµ π̃†
3λ

aλbπ̃3 +
ga
3

2
fabcfade Gb

µGdµ π̃c
8π̃

e
8 . (3.20)

Similar 4-point vertices with the U(1)Y gauge boson Bµ are irrelevant for LHC phenomenology

and we omit them here.
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Figure 28: The production cross-section of four R-hadrons through the decay of two intermediate
g′s, as a function of the g′ mass at the LHC (ECM = 14 TeV). We use three values for the parameter
α, which is expected to be close to 1. Vanishing hyperquark masses are assumed.

than 25 ns which should yield a high trigger efficiency.

While there are various other models of physics beyond the SM that have collider stable

colored particles, we wish to point out a feature of the R-hadrons in vectorlike confinement

that is (to the best of our knowledge) unique: the production of four π̃3s from the decays of

a pair of g′s!

Parameterizing the g′ pair-production is a tricky issue. For the resonant g′ production,

since it is a combination of resonant production and two-body decay, it is sufficient to parame-

terize the 2-to-1 production rate, the Breit-Wigner propagator for the intermediate resonance,

and the two-body decay rate; in the narrow-width approximation, this is indeed a complete

parameterization. On the other hand, for the pair production of g′s, the angular distribution

of the pair must be parameterized in addition to the production rate. However, the momen-

tum transfer involved in qq̄, gg → g′g′ is ∼ O(mρ̃), which is the inverse of the size of the

bound state itself. Thus, there is no good field theoretic way to parameterize the angular

distribution, nor can we analytically determine the full form factor for the g′ pair production

due to strong coupling. Therefore, instead of an analysis of detailed kinematic features of

this final state, we will give an estimate of the overall rate of 4 R-hadron production, and

show that it is large enough for these events to be observable even when one allows for O(1)

uncertainties and efficiencies due to acceptance.

With this cautionary remark in mind, we include the following terms in the phenomeno-
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Even FOUR R-hadron production can be sizable!
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Only one species: ψ w/ no electroweak int. Only QCD int.
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Only one species: ψ w/ no electroweak int. Only QCD int.
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Kinematical features:
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Observables and Cuts for the Tevatron Multijet Model

(pT1 > pT2 > pT3 > pT4)
(pT ≡ |!p⊥ beam|)

m4j ≡ E1 + E2 + E3 + E4 (in c.m. frame)

◦p ◦p̄

E1, !p1

E2, !p2 E3, !p3

E4, !p4

(1) To pick out the ρ̃

mij ≡ Ei + Ej (in i-j c.m. frame)

(ii) calculate
(i) choose 2 pairs     and klij

and similarly mkl

(iii) minimize ∆m ≡ |mij −mkl|
(iv) keep event only if

∆m < 25 GeV
(v) take average

〈m2j〉 ≡ (mij + mkl) /2

(2) To pick out the two π̃’s

Backgrounds: pT1 ! pT2 ! pT3 ! pT4

pT1 ∼ pT2 ∼ pT3 ∼ pT4(3) Signal:

so keep event only if for all 4 jetspTi > pcutoff
T. OKUI (FSU) 



(mπ̃ = 100 GeV)

σpp̄→ρ̃ = 110 pb

pT1 > 120 GeV

Min
ij, kl

|mij −mkl| < 25 GeV

Signal (1 fb−1)

Background (2 fb−1)

Background:          passing criteria21 pb
Signal:            passing selection criteria2.7 pb

pTi > pcutoff = 40 GeV

mρ̃ = 350 GeVDiscovery potential for :

(pb = 10−36 cm2)

(CDF single-jet trigger:
                  )pT1 > 100 GeV
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(mπ̃ = 100 GeV)

σpp̄→ρ̃ = 110 pb

√√√√∑

bins

(
S√
B

)2

= 32 !

pT1 > 120 GeV

Min
ij, kl

|mij −mkl| < 25 GeV

Signal (1 fb−1)

Background (2 fb−1)

Background:          passing criteria21 pb
Signal:            passing selection criteria2.7 pb

pTi > pcutoff = 40 GeV

Discoverable in existing Tevatron data!

(pb = 10−36 cm2)

(CDF single-jet trigger:
                  )pT1 > 100 GeV

@Tevatron

mρ̃ = 350 GeVDiscovery potential for :
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Figure 3: The pair-production cross-sections
for all π̃s at the LHC (ECM = 14 TeV). Hy-
perquark masses are taken to be zero for this
plot. Note that a single value for mπ̃ corre-
sponds to different values of mρ̃ for π̃D and
π̃T.

Figure 4: The differential CHAMP pair-
production cross-sections at the LHC (ECM =
14 TeV) for the three mass points used in our
analysis.

Once produced, W ′±, W ′3, and B′ decay to π̃D or π̃T pairs. The π̃D pair leads to the di-

CHAMP signal, while the π̃T pair leads to the multiple gauge boson signal. We will next

discuss these two signals in detail. In our study, we focus on three mass points, given in the

table below. In Figure 3 we display the production cross-section for the π̃s as a function of

mπ̃. To be conservative, for each mπ̃, mρ̃ is taken at its maximal value, corresponding zero

hyperquark masses. Finite hyperquark masses are expected to lower the value of mρ̃ for a

given mπ̃ and thus increase the production cross-sections.

mass point mρ̃ (TeV) mD (GeV) mT (GeV)

1 1.5 300 300

2 2.5 300 355

3 2.5 600 355

(3.7)

3.1.1 The Di-CHAMP Signal

This section focuses on the kinematic features of the π̃D-pair final states as well as issues

of triggering. Since the π̃±
D is collider-stable and charged (but color-neutral), it will appear

in the LHC detector like a massive “muon”. Recall that π̃±±
D pair production will be indis-

tinguishable from π̃±
D pair production because the decay π̃±±

D → π̃±
D + W±∗ is prompt and

unobservable due to the small mass splitting. Therefore both cross-sectionss can be added

up to give the “CHAMP pair production” cross-sections, which is plotted in Figure 3.

The production of π̃D through SM Drell-Yan can be described by

Lint = −
ig2√

2
W+µ

[

π̃−−
D (∂µπ̃+

D) − (∂µπ̃−−
D )π̃+

D

]

−
ig2√

2
W−µ

[

π̃−
D(∂µπ̃++

D ) − (∂µπ̃−
D)π̃++

D

]

−ig++
Z Zµ

[

π̃−−
D (∂µπ̃++

D ) − (∂µπ̃−−
D )π̃++

D

]

− ig+
Z Zµ

[

π̃−
D(∂µπ̃+

D) − (∂µπ̃−
D)π̃+

D

]

−2ieAµ
[

π̃−−
D (∂µπ̃++

D ) − (∂µπ̃−−
D )π̃++

D

]

− ieAµ
[

π̃−
D(∂µπ̃+

D) − (∂µπ̃−
D)π̃+

D

]

, (3.8)
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Figure 4: The differential CHAMP pair-
production cross-sections at the LHC (ECM =
14 TeV) for the three mass points used in our
analysis.

Once produced, W ′±, W ′3, and B′ decay to π̃D or π̃T pairs. The π̃D pair leads to the di-

CHAMP signal, while the π̃T pair leads to the multiple gauge boson signal. We will next

discuss these two signals in detail. In our study, we focus on three mass points, given in the

table below. In Figure 3 we display the production cross-section for the π̃s as a function of

mπ̃. To be conservative, for each mπ̃, mρ̃ is taken at its maximal value, corresponding zero

hyperquark masses. Finite hyperquark masses are expected to lower the value of mρ̃ for a

given mπ̃ and thus increase the production cross-sections.

mass point mρ̃ (TeV) mD (GeV) mT (GeV)

1 1.5 300 300

2 2.5 300 355

3 2.5 600 355

(3.7)

3.1.1 The Di-CHAMP Signal

This section focuses on the kinematic features of the π̃D-pair final states as well as issues

of triggering. Since the π̃±
D is collider-stable and charged (but color-neutral), it will appear

in the LHC detector like a massive “muon”. Recall that π̃±±
D pair production will be indis-

tinguishable from π̃±
D pair production because the decay π̃±±

D → π̃±
D + W±∗ is prompt and

unobservable due to the small mass splitting. Therefore both cross-sectionss can be added

up to give the “CHAMP pair production” cross-sections, which is plotted in Figure 3.

The production of π̃D through SM Drell-Yan can be described by

Lint = −
ig2√

2
W+µ

[

π̃−−
D (∂µπ̃+

D) − (∂µπ̃−−
D )π̃+

D

]

−
ig2√

2
W−µ

[
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D(∂µπ̃++

D ) − (∂µπ̃−
D)π̃++

D

]

−ig++
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D )π̃++

D

]

− ig+
Z Zµ

[
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D(∂µπ̃+

D) − (∂µπ̃−
D)π̃+
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]

−2ieAµ
[

π̃−−
D (∂µπ̃++
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]

, (3.8)
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Di-CHAMP resonances

FIG. 8: Particle signatures left in the detector components.

B. What Do Particles Look Like in a Detector

As theorists, we mostly deal with the fundamental degrees of freedom in our SM Lagrangian,

namely the quarks, leptons, gauge bosons etc. in our calculations. The truth is that most of

them are not the particles directly “seen” in the detectors. Heavy particles like Z, W, t will

promptly decay to leptons and quarks, with a lifetime 1/Γ ∼ 1/(2 GeV) ≈ 3.3×10−25 s. Other

quarks will fragment into color-singlet hadrons due to QCD confinement at a time scale of

th ∼ 1/ΛQCD ≈ 1/(200 MeV) ≈ 3.3 × 10−24 s. The individual hadrons from fragmentation

may even behave rather differently in the detector, depending on their interactions with matter

and their life times. Stable paricles such as p, p̄, e±, γ will show up in the detector as energy

deposit in hadronic and electromagnetic calorimeters or charge tracks in the tracking system.

In Fig. 8, we indicate what particles may leave what signatures in certain components of the

detector.

20

@LHC!!

Multi-jets resonances

In existing Tevatron data!!

e.g.

Conclusions
A broad class of simple extensions of the SM:

* can robustly evade all existing precision constraints
* can lead to extremely rich collider phenomenology

⇐⇒SM forces
SM fermions

new confining force

new fermions
(vector-like)

4-fermion op.

EM force

color force

quarks
(vector-like)leptons 

4-fermion op.
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Figure 7: For CHAMP pair production, the
production angle in the CM frame is plotted.
This can be used as conclusive evidence of a
spin-1 intermediate state in the s-channel.

Figure 8: The velocity distribution of
CHAMP pairs for the three mass points. Due
to the spin-1 intermediate state, the distribu-
tion is peaked away from threshold.

Next, we show the pT distribution of the CHAMPs in Figure 5 and their rapidity dis-

tribution in Figure 6. The most important information in these plots is the fact that both

CHAMPs are produced with high pT and within the detector acceptance most of the time. In

particular, using the ATLAS muon coverage parameters (|η| < 2.5), both CHAMPs will be

within acceptance with an efficiency of 0.94 for mass point 1, 0.91 for mass point 2 and 0.98

for mass point 3. Note that in both Drell-Yan and ρ̃ resonance production, the CHAMP pair

originates from an intermediate state with spin-1, so the angular distribution corresponds to

cos θ in the center-of-momentum frame of the CHAMP pair. This is shown in Figure 7.

As we mentioned before, the s-channel spin-1 intermediate state forces the CHAMPs to

be produced away from threshold, as can be seen in the velocity distribution of the CHAMPs

in Figure 8. This also addresses a significant worry in detecting the CHAMPs, namely the

issue of triggering. The CHAMPs will be triggered on when they reach the muon chamber,

but since they are massive and have low speeds, they might be labelled as out-of-sync events

and thus thrown away. However, since we have demonstrated that the CHAMPs are typically

produced with β ∼ 1, this worry is alleviated. To check this quantitatively, let us look at

the time-lag which is defined as the additional time required for a particle to reach the muon

chamber relative to a massless particle that was produced in the same bunch crossing. We

use the parameters for the ATLAS muon system (which is more conservative in terms of

triggering as the distances are larger) and we differentiate the barrel region (|η| < 1.4) from

the endcap region (1.4 < |η| < 2.5). For the barrel region we calculate the time to get to a

radius of 7.5 meters from the crossing region, and for the endcap we calculate the time to

get to |z| = 14.5 meters. In Figures 9 and 10 we plot the time-lag for the earlier and later

CHAMP in the event, respectively. As pointed out in Ref. [12], for a time-lag below 25 ns,

triggering should be efficient, so Figure 9 and Figure 10 look very encouraging.

An experimental technique to separate slow vs. fast CHAMPs (and vs. muons, of course)

was recently proposed in Ref. [9]. They define “slow CHAMPs” as those with 0.6 < β <
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Figure 5: The pT distribution of CHAMP
pairs for the three mass points.

Figure 6: The rapidity distribution of
CHAMP pairs for the three mass points.

where e is the U(1)EM gauge coupling, and

g++
Z =

g2

cos θ

(

1

2
− 2 sin2θ

)

, g+
Z =

g2

cos θ

(

−
1

2
− sin2θ

)

, (3.9)

θ being the weak mixing angle. There exist also four-point vertices with two gauge bosons

and two π̃Ds, but we omit them because π̃D pair-production through electroweak gauge boson

fusion is negligible compared to the processes of Figures 1 and 2.

The production of π̃Ds from the decays of ρ̃s is described by:

Lint = −
igρ̃√

2
W ′+µ

[

π̃−−
D (∂µπ̃+

D) − (∂µπ̃−−
D )π̃+

D

]

−
igρ̃√

2
W ′−µ

[

π̃−
D(∂µπ̃++

D ) − (∂µπ̃−
D)π̃++

D

]

−
igρ̃

2
W ′3µ

[

π̃−−
D (∂µπ̃++

D ) − (∂µπ̃−−
D )π̃++

D

]

+
igρ̃

2
W ′3µ

[

π̃−
D(∂µπ̃+

D) − (∂µπ̃−
D)π̃+

D

]

−
igρ̃

√
3

2
B′µ

[

π̃−−
D (∂µπ̃++

D ) − (∂µπ̃−−
D )π̃++

D + π̃−
D(∂µπ̃+

D) − (∂µπ̃−
D)π̃+

D

]

, (3.10)

combined with (3.5) which describes the resonant production of the ρ̃s. The coupling constant

gρ̃ can be extracted using the QED-QCD analogy to be

gρ̃ = 6.0 . (3.11)

We have implemented the above effective vertices into CALCHEP 2.5.4 [11]. For the

three values of (mD, mρ̃) in (3.7), the invariant mass distribution of the CHAMP pairs is

shown in Figure 4 at the LHC with 14 TeV CM energy. The point of this plot is to highlight

a large deviation from the pure Drell-Yan distribution due to the ρ̃ resonance. The mass

point 2 assumes vanishing hyperquark masses, and is therefore the most conservative choice,

corresponding to the maximum possible mass gap between the CHAMP and the ρ̃. But

even in this case there is a significant deviation in the invariant mass distribution from pure

Drell-Yan. The mD-mρ̃ gap is narrower for mass points 1 and 3 due to nonzero hyper-quark

masses, in which case the existence of the resonance becomes quite pronounced.
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Figure 4: The differential CHAMP pair-
production cross-sections at the LHC (ECM =
14 TeV) for the three mass points used in our
analysis.

Once produced, W ′±, W ′3, and B′ decay to π̃D or π̃T pairs. The π̃D pair leads to the di-

CHAMP signal, while the π̃T pair leads to the multiple gauge boson signal. We will next

discuss these two signals in detail. In our study, we focus on three mass points, given in the

table below. In Figure 3 we display the production cross-section for the π̃s as a function of

mπ̃. To be conservative, for each mπ̃, mρ̃ is taken at its maximal value, corresponding zero

hyperquark masses. Finite hyperquark masses are expected to lower the value of mρ̃ for a

given mπ̃ and thus increase the production cross-sections.

mass point mρ̃ (TeV) mD (GeV) mT (GeV)

1 1.5 300 300

2 2.5 300 355

3 2.5 600 355

(3.7)

3.1.1 The Di-CHAMP Signal

This section focuses on the kinematic features of the π̃D-pair final states as well as issues

of triggering. Since the π̃±
D is collider-stable and charged (but color-neutral), it will appear

in the LHC detector like a massive “muon”. Recall that π̃±±
D pair production will be indis-

tinguishable from π̃±
D pair production because the decay π̃±±

D → π̃±
D + W±∗ is prompt and

unobservable due to the small mass splitting. Therefore both cross-sections can be added up

to give the “CHAMP pair production” cross-sections, which is plotted in Figure 3.

The production of π̃D through SM Drell-Yan can be described by

Lint = −
ig2√

2
W+µ

[

π̃−−
D (∂µπ̃+

D) − (∂µπ̃−−
D )π̃+

D

]

−
ig2√

2
W−µ

[

π̃−
D(∂µπ̃++

D ) − (∂µπ̃−
D)π̃++

D

]

−ig++
Z Zµ

[

π̃−−
D (∂µπ̃++

D ) − (∂µπ̃−−
D )π̃++

D

]

− ig+
Z Zµ

[

π̃−
D(∂µπ̃+

D) − (∂µπ̃−
D)π̃+

D

]

−2ieAµ
[

π̃−−
D (∂µπ̃++

D ) − (∂µπ̃−−
D )π̃++

D

]

− ieAµ
[

π̃−
D(∂µπ̃+

D) − (∂µπ̃−
D)π̃+

D

]

, (3.8)
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A. The Fundamental Lagrangians of the Benchmark Models

A.1 The Di-CHAMP/Multiphoton Benchmark

The fundamental Lagrangian defined at a scale far above the hypercolor confinement scale

(∼ O(1) TeV) reads

L = LSM −
1

4
Ha

µνH
aµν + ψ1i/Dψ1 − m1ψ1ψ1 + ψ2i/Dψ2 − m2ψ2ψ2 +

θH

4
εµνρσHa

µνHa
ρσ . (A.1)

Here, Ha
µν (a = 1, · · · , 8) is the field strength of the hyper-color gauge field Ha

µ with the

hypercolor group chosen to be SU(3). ψ1 and ψ2 are Dirac fermions transforming as follows:

SU(3)HC SU(3)C SU(2)L U(1)Y
ψ1 3 1 1 −1

ψ2 3 1 2 1/2

(A.2)

The above Lagrangian is the most general renormalizable Lagrangian for this field content.

Note that if we turn off SM gauge interactions, this is a theory with three hypercolors and

three “hyperflavors”, exactly analogous to the low energy QCD, which is a theory with three

colors and three flavors. Therefore, this benchmark model has the theoretical advantage of

being calculable by using QCD as an “analog computer”.

The axial currents that can create π̃s are as follows. The π̃T can be created by

Jµa
5T = ψ2γ

µγ5σ
aψ2 , (A.3)

where a = 1, 2, 3, and σa are the Pauli matrices acting on the SU(2)L doublet ψ2. On the

other hand, the π̃D can be created by

Jµ
5D = ψ1γ

µγ5ψ2 . (A.4)

From this, one sees that a π̃D carries a nonzero ψ1 number (and ψ2 number), leading to its

long lifetime. Finally, the π̃S can be created by

Jµ
5S = ψ2γ

µγ5ψ2 − 2ψ1γ
µγ5ψ1 . (A.5)

In addition to the above renormalizable interactions, the Lagrangian should also contain

nonrenormalizable interactions responsible for the decays of the long-lived hyper-pions (i.e.

π̃±
D) and hyper-baryons on the cosmological time scale. The π̃D can decay via a nonrenormal-

izable operator

Lπ̃D decay =
cij

M2
Jµ

5D eT
RiCγµ'Lj , (A.6)

where i, j = 1, 2, 3 are generation indices, and C is a charge conjugation matrix satisfying

CγµC−1 = −γT
µ . As discussed in Ref. [5], the absence of excessive flavor/CP violations beyond
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Let us start by describing the low energy spectrum of the model relevant to the LHC

phenomenology. (For the full detailed description of the model, see Appendix A.1.) Before

electroweak symmetry breaking, there are three kinds of hyperpions, a weak doublet π̃D, a

weak triplet π̃T, and a singlet π̃S. The SU(3)C ⊗ SU(2)L ⊗ U(1)Y quantum numbers of the

π̃D and π̃T are (1,2, 3/2) and (1,3, 0), respectively.4 After electroweak symmetry breaking,

it is more appropriate to distinguish their SU(2)L components, π̃D ≡ (π̃++
D , π̃+

D) and π̃T ≡
(−π̃+

T , π̃0
T, π̃−

T ) (as well as their antiparticles π̃−−
D ≡ (π̃++

D )†, π̃−
D ≡ (π̃+

D)†, and π̃−
T ≡ (π̃+

T )†).

The π̃S is completely neutral under all SM gauge interactions, so it is irrelevant for LHC

physics as we previously mentioned. The properties of the hyperpions in this benchmark are

summarized in the following table:

Color Charge Mass Decays to

π̃0
T – 0 mT W+W−, ZZ, Zγ, γγ

π̃±
T – ±1 mT + δmT W±Z, W±γ

π̃±
D – ±1 mD –

π̃±±
D – ±2 mD + δmD π̃±

DW±∗

π̃S – 0 mS γγ, (γZ, ZZ)

(3.1)

where the W±∗ stands for a SM fermion pair from an off-shell W±, and the πS decay modes

in the parentheses may not be kinematically allowed depending on the πS mass. The masses

mD, mT and mS are parameterized by

m2
T =

3am2
ρ̃

16π2
· 2g2

2 + 6bmρ̃m2 ,

m2
D =

3am2
ρ̃

16π2

(

3

4
g2
2 +

9

4
g2
1

)

+ 3bmρ̃(m2 + m1) ,

m2
S = 2bmρ̃(m2 + 2m1) , (3.2)

where m1 and m2 are the masses of the hyperquarks ψ1 and ψ2 in the fundamental lagrangian

(see Appendix A.1), while g2 and g1 are the SM SU(2)L and U(1)Y gauge couplings, respec-

tively. The coefficients a and b are positive O(1) numbers, and can be determined by exploiting

the QED-QCD analogy of this model; specifically, a can be extracted from m2
π± − m2

π0 [5]

while b from mπ0, and we find

a = 1.2 , b = 0.78 to 1.6 , (3.3)

where the factor-of-two uncertainty in b is due to the uncertainty in (mu+md)/2. Fortunately,

this uncertainty will not enter our analysis below, because we will parameterize the analysis

directly in terms of mT and mD. The fact that a and b are O(1) is sufficient for checking

that mS is above the lower bound ∼ 100 MeV discussed in Ref. [5]. The mass parameters

4We normalize the U(1)Y charge such that the SM left-handed quark doublets have charge 1/6.
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In addition to the above renormalizable interactions, the Lagrangian should also contain

nonrenormalizable interactions responsible for the decays of the long-lived hyper-pions (i.e.

π̃±
D) and hyper-baryons on the cosmological time scale. The π̃D can decay via a nonrenormal-

izable operator
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the SM implies M ! 104 TeV for generic O(1) cij , rendering the π̃D stable on collider time

scales.

For hyperbaryon decays, let us focus on how spin-1/2 hyperbaryons decay, as higher

spin hyperbaryons are heavier and will quickly decay to a spin-1/2 hyperbaryon. Spin-1/2

hyperbaryons can be created by the operators

B1L = (ψT
2LCψ2L)ψ2L ∼ (1,2, 3/2) ,

B2L,1 = (ψT
2LCψ2L)ψ1L ∼ (1,1, 0) ,

B2L,2 = (ψT
2LCψ1L)ψ2L ∼ (1,1, 0) ,

B3L = (ψT
2LCψ1L)ψ2L ∼ (1,3, 0) ,

B4L = (ψT
2LCψ1L)ψ1L ∼ (1,2,−3/2) , (A.7)

and their right-handed counterparts. If stable, they would lead to cosmological problems.

However, just like the proton in the SM, their stability is susceptible to nonrenormalizable

operators that violate hyperbaryon number. In fact, they can all decay to SM particles via

BT
1RCeRiH

∗ , B2R,i#LjH , B3R#LiH , B4LeRiH
∗ , (A.8)

where H is the SM Higgs field. Note that the mass scale suppressing these operators has

no reason to be the same as the scale suppressing the π̃D decay operator, since the latter

operator preserves hyperbaryon number while the former operators do not.

A.2 The Di-R-Hadron Benchmark

The fundamental Lagrangian defined at a scale far above the hypercolor confinement scale

(∼ O(1) TeV) reads

L = LSM −
1

4
Ha

µνH
aµν + ψ1i/Dψ1 − m1ψ1ψ1 + ψ3i/Dψ3 − m3ψ3ψ3 +

θH

4
εµνρσHa

µνHa
ρσ . (A.9)

Here, Ha
µν (a = 1, · · · , 8) is the field strength of the hyper-color gauge field Ha

µ with the

hypercolor group chosen to be SU(3). ψ1 and ψ3 are Dirac fermions transforming as follows:

SU(3)HC SU(3)C SU(2)L U(1)Y
ψ1 3 1 1 1

ψ3 3 3 1 −1/3

(A.10)

The above Lagrangian is the most general renormalizable Lagrangian for this field content.

Note that if we turn off SM gauge interactions, this is a theory with three hypercolors and four

“hyperflavors”. So, unlike the Di-CHAMP benchmark model, this is not exactly analogous

to the low-energy QCD. But we still expect that many numbers can be extracted from the

low-energy QCD analogy with only O(1) uncertainties.

The axial currents that can create π̃s are as follows. The π̃8 can be created by

Jµa
5,8 = ψ3γ

µγ5λ
aψ3 , (A.11)
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Figure 21: The diagrams leading to the pair production of colored π̃ from a g-g initial state.

benchmark model which can be looked for much more easily.

The properties of the hyperpions are summarized in the following table:

Color Charge Mass Decays to

π̃8 8 0 mπ̃8 gg ! gZ, gγ

π̃3 3 −4/3 mπ̃3 collider stable

π̃1 1 0 mπ̃1 gg ! γγ ! γZ, ZZ

(3.15)

The mass parameters mπ̃8, mπ̃3 and mπ̃1 are given by

m2
π̃8

=
3am2

ρ̃

16π2
· 3g2

3 + 6bmρ̃m3 ,

m2
π̃3

=
3am2

ρ̃

16π2

(

4

3
g2
3 +

16

9
g2
1

)

+ 3bmρ̃(m3 + m1) ,

m2
π̃1

=
3b

2
mρ̃(m3 + 3m1) , (3.16)

where m1 and m3 are the masses of the hyperquarks ψ1 and ψ3 in the fundamental theory

(see Appendix A.2 for details). As explained above, we cannot determined a and b and we

employ the values (3.3) as estimates. Fortunately, this uncertainty will not affect our analysis

below, as we will only concern ourselves with π̃8 and π̃3, so we can parameterize physics in

terms of mπ̃8 and mπ̃3 rather than m3 and m1.

We will denote the ρ̃s that can mix with the SM gauge bosons as g′ and B′, which behave

as heavy versions of the gluon g and the U(1)Y gauge boson B, respectively. As already

mentioned, corrections to the hyper-rho masses due to the hyperquark masses and SM gauge

interactions are small, so both hyper-rho masses can simply be denoted by a single number,

mρ̃. No other hypermesons or hyperbaryons can be resonantly produced, and since they are

heavy (∼ mρ) their pair-production cross-sections are much smaller than those of the π̃s,

which are much lighter.

The effective vertices parameterizing the resonant qq̄ → g′, B′ processes (as in Figure 1)

are given by9

Lint = +
g2
3δ

2
G′a

µ

[

ūγµλau + d̄γµλad
]

+

√

8

3

g2
1δ

12
B′

µ

[

ūγµ(5 + 3γ5)u − d̄γµ(1 + 3γ5)d
]

,(3.17)

9Our sign convention is such that the SM couplings of the gluon Gµ to quarks are given by

Lint = −
g3

2
Ga

µ q̄γµλaq.
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mentioned, corrections to the hyper-rho masses due to the hyperquark masses and SM gauge

interactions are small, so both hyper-rho masses can simply be denoted by a single number,

mρ̃. No other hypermesons or hyperbaryons can be resonantly produced, and since they are

heavy (∼ mρ) their pair-production cross-sections are much smaller than those of the π̃s,

which are much lighter.

The effective vertices parameterizing the resonant qq̄ → g′, B′ processes (as in Figure 1)

are given by9
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ūγµλau + d̄γµλad
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+
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where a = 1, · · · , 8, and λa are the Gell-Mann matrices acting on the color-triplet ψ3. On

the other hand, the π̃3 can be created by

Jµ
5,3 = ψ1γ

µγ5ψ3 . (A.12)

From this, one sees that a π̃3 carries a nonzero ψ1 number (and ψ3 number), leading to its

long lifetime. Finally, the π̃1 can be created by

Jµ
5,1 = ψ3γ

µγ5ψ3 − 3ψ1γ
µγ5ψ1 . (A.13)

In addition to the above renormalizable interactions, the Lagrangian should also contain

nonrenormalizable interactions responsible for the decays of the long-lived hyper-pions (i.e.

π̃3) and hyper-baryons on the cosmological time scale. For the π̃3 decay, note that the

pseudoscalar operator,

P3 = ψ1γ5ψ3 , (A.14)

can also create a π̃3. Using this, we can write down a nonrenormalizable operator that leads

to π̃3-decay:

Lπ̃3 decay =
cij

M2
P3 dT

RiCeRj , (A.15)

where i, j = 1, 2, 3 are generation indices, and C is the charge conjugation matrix satisfying

CγµC−1 = −γT
µ . As discussed in Ref. [5], the absence of excessive flavor/CP violations beyond

the SM implies M ! 104 TeV for generic O(1) cij , rendering the π̃3 stable on the collider

time scale.

For hyperbaryon decays, let us focus on how spin-1/2 hyperbaryons decay, as higher

spin hyperbaryons are heavier and will quickly decay to a spin-1/2 hyperbaryon. Spin-1/2

hyperbaryons can be created by the operators

B1L = (ψT
3LCψ3L)ψ3L ∼ (8,1,−1) ,

B2L = (ψT
3LCψ3L)ψ3L ∼ (1,1,−1) ,

B3L,1 = (ψT
3LCψ3L)ψ1L ∼ (3,1, 1/3) ,

B3L,2 = (ψT
3LCψ1L)ψ3L ∼ (3,1, 1/3) ,

B4L = (ψT
3LCψ1L)ψ3L ∼ (6,1, 1/3) ,

B5L = (ψT
3LCψ1L)ψ1L ∼ (3,1, 5/3) , (A.16)

and their right-handed counterparts. If stable, they would lead to cosmological problems.

However, just like the proton in the SM, their stability is susceptible to nonrenormalizable

operators that violate hyperbaryon number. In fact, they can all decay to SM particles via

eRi[γ
µ, γν ]Ba

1L Ga
µν , eRiB2L , BT

3R,iCqLjH
∗ ,

(B4LuRi) (uT
RjCeRk) , (uRiB5L)(%T

LjC%Lk) , (A.17)

where Ga
µν (a = 1, · · · , 8) is the gluon field strength. Note that the mass scale suppressing

these operators has no reason to be the same as the scale suppressing the π̃3 decay operator,

since the latter operator preserves hyperbaryon number while the former operators do not.
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the SM implies M ! 104 TeV for generic O(1) cij , rendering the π̃D stable on collider time

scales.

For hyperbaryon decays, let us focus on how spin-1/2 hyperbaryons decay, as higher

spin hyperbaryons are heavier and will quickly decay to a spin-1/2 hyperbaryon. Spin-1/2

hyperbaryons can be created by the operators

B1L = (ψT
2LCψ2L)ψ2L ∼ (1,2, 3/2) ,

B2L,1 = (ψT
2LCψ2L)ψ1L ∼ (1,1, 0) ,

B2L,2 = (ψT
2LCψ1L)ψ2L ∼ (1,1, 0) ,

B3L = (ψT
2LCψ1L)ψ2L ∼ (1,3, 0) ,

B4L = (ψT
2LCψ1L)ψ1L ∼ (1,2,−3/2) , (A.7)

and their right-handed counterparts. If stable, they would lead to cosmological problems.

However, just like the proton in the SM, their stability is susceptible to nonrenormalizable

operators that violate hyperbaryon number. In fact, they can all decay to SM particles via

BT
1RCeRiH

∗ , B2R,i#LjH , B3R#LiH , B4LeRiH
∗ , (A.8)

where H is the SM Higgs field. Note that the mass scale suppressing these operators has

no reason to be the same as the scale suppressing the π̃D decay operator, since the latter

operator preserves hyperbaryon number while the former operators do not.

A.2 The Di-R-Hadron Benchmark

The fundamental Lagrangian defined at a scale far above the hypercolor confinement scale

(∼ O(1) TeV) reads

L = LSM −
1

4
Ha

µνH
aµν + ψ1i/Dψ1 − m1ψ1ψ1 + ψ3i/Dψ3 − m3ψ3ψ3 +

θH

4
εµνρσHa

µνHa
ρσ . (A.9)

Here, Ha
µν (a = 1, · · · , 8) is the field strength of the hyper-color gauge field Ha

µ with the

hypercolor group chosen to be SU(3). ψ1 and ψ3 are Dirac fermions transforming as follows:

SU(3)HC SU(3)C SU(2)L U(1)Y
ψ1 3 1 1 1

ψ3 3 3 1 −1/3

(A.10)

The above Lagrangian is the most general renormalizable Lagrangian for this field content.

Note that if we turn off SM gauge interactions, this is a theory with three hypercolors and four

“hyperflavors”. So, unlike the Di-CHAMP benchmark model, this is not exactly analogous

to the low-energy QCD. But we still expect that many numbers can be extracted from the

low-energy QCD analogy with only O(1) uncertainties.

The axial currents that can create π̃s are as follows. The π̃8 can be created by

Jµa
5,8 = ψ3γ

µγ5λ
aψ3 , (A.11)
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Figure 24: The rapidity distribution for
R-hadron pair production at mass points 1
through 4.

Figure 25: The velocity distribution for
R-hadron pair production at mass points 1
through 4.

The π̃3 is stable at collider time scales, forming an R-hadron after QCD hadronization.

(For the interested reader, we discuss the eventual decay of π̃3 in Appendix A.2.) On the

other hand, the π̃8 promptly decays to gg, gZ and gγ, which is described by

Lint = −
3g2

3

64π2fπ̃
εµνρσ tr[λa{λb,λc}] π̃a

8(∂µGb
ν)(∂ρG

c
σ)

−
g1g3 sin θ

4π2fπ̃
εµνρσ π̃a

8(∂µGa
ν)(∂ρZσ) +

g1g3 cos θ

4π2fπ̃
εµνρσ π̃a

8(∂µGa
ν)(∂ρAσ) , (3.21)

where θ is the weak mixing angle. The hyperpion decay constant fπ̃ can be estimated using

the analogy with QED-QCD as fπ̃ ∼ fπmρ̃/mρ, which is O(100) GeV. One sees that the π̃8

decay is dominated by the gg final state, the gZ and gγ branching fractions being less than a

percent. Therefore the π̃8 is practically identical to the color-octet hyperpion studied in Refs.

[6, 7], which always decays to gg. As shown in Ref. [7], one can make a very strong case for

reconstructing the π̃8 from a multi-jet final state, although reconstructing the g′ is harder,

as the pair production of π̃8 is dominated by the g-g initial state, rather than q-q̄ where the

g′ appears as a resonance. In this benchmark model, the existence of the R-hadrons will

significantly facilitate discovery, so we will not repeat the analysis in the multi-jet final state.

In Figure 22, we show the total cross-section for the π̃3 pair production as a function of mπ̃3,

assuming vanishing hyperquark masses (i.e. the largest mass gap between π̃3 and g′) to be

conservative.

As in our study of the other benchmark model, we begin by choosing a few mass points.

These are

mass point mρ̃ (TeV) mπ̃3 (GeV) mπ̃8 (GeV)

1 1.5 300 435

2 1.5 600 800

3 1.0 300 435

4 2.5 500 725

(3.22)
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Figure 22: The pair-production cross-section
for the π̃3 at the LHC (ECM = 14 TeV). Van-
ishing hyperquark masses are assumed for the
ratio of mπ̃/mρ̃.

Figure 23: The invariant mass distribution
of the π̃3 pairs for mass points 1 through 4.

where g3 and g1 are the SM SU(3)C and U(1)Y couplings, respectively, and λa (a = 1, · · · , 8)

are the Gell-Mann matrices. There are similar couplings for the 2nd and 3rd generations with

exactly the same coupling strength. The parameter δ cannot be precisely determined and

we use (3.6) as an estimate in our computations below, bearing in mind that the results will

have O(1) uncertainties. Once a ρ̃ is produced, its decay is described by

Lint = −
igρ̃

2
G′a

µ

[

π̃†
3λ

a(∂µπ̃3) − (∂µπ̃†
3)λ

aπ̃3

]

+ gρ̃f
abc G′a

µ π̃b
8(∂µπ̃c

8)

+i

√

2

3
gρ̃ B′

µ

[

π̃†
3(∂µπ̃3) − (∂µπ̃†

3)π̃3

]

, (3.18)

where gρ̃ here cannot be precisely determined and we use (3.11) as an estimate, which we

expect to hold up to an O(1) uncertainty.

The π̃3 and π̃8 can also be pair-produced from a q-q̄ initial state via an s-channel g (or

via Z or γ, which are negligible). This is described by

Lint = −
ig3

2
Ga

µ

[

π̃†
3λ

a(∂µπ̃3) − (∂µπ̃†
3)λ

aπ̃3

]

− g3f
abc Ga

µ π̃b
8(∂µπ̃c

8)

+
4ig1

3
(Aµ cos θ − Zµ sin θ)

[

π̃†
3(∂µπ̃3) − (∂µπ̃†

3)π̃3

]

, (3.19)

where λa (a = 1, · · · , 8) are the Gell-Mann matrices and fabc is the SU(3) structure constant

normalized as [λa,λb] = 2ifabcλc. Moreover, since the π̃3 and π̃8 are colored, they can also

be produced from a g-g initial state as in Figure 21. To accurately describe this process one

needs to augment the above terms by the following quartic vertices

Lint =
g2
3

4
Ga

µGbµ π̃†
3λ

aλbπ̃3 +
ga
3

2
fabcfade Gb

µGdµ π̃c
8π̃

e
8 . (3.20)

Similar 4-point vertices with the U(1)Y gauge boson Bµ are irrelevant for LHC phenomenology

and we omit them here.
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Figure 26: The time lag for the first R-
hadron to arrive at the muon system at mass
points 1 through 4.

Figure 27: The time lag for the second R-
hadron to arrive at the muon system at mass
points 1 through 4.

Mass points 1 and 4 are the most conservative as they maximize the π̃-ρ̃ mass gap (corre-

sponding to zero hyperquark masses), while mass points 3 and 2 are chosen to represent cases

with light and heavy π̃, respectively, where the mass gap between the π̃s and ρ̃s is reduced

due to nonzero hyperquark masses. In Figure 23 we show the invariant mass distribution of

the π̃3 pair for these mass points.

Note that we have substantial production rates because we are producing colored states.

Furthermore, the mass gap between the π̃3 and ρ̃ in this benchmark is smaller than the gap

between the π̃D (CHAMP) and ρ̃ in the di-CHAMP benchmark, i.e., for the same π̃ mass,

the ρ̃ in this benchmark is lighter which enhances the resonant component to the production.

Both these factors help make the reconstruction of the parent ρ̃ resonance from R-hadron

feasible at the LHC. The plots in the section are made at parton-level, and that there may be

O(1) inefficiencies due to hadronization and detector effects. As in our study of the CHAMP

final state, such effects should be studied with a full detector simulation, and we leave that

task to a study by experimentalists. But, thanks to the large rates, our crude analyses should

be sufficient for demonstrating the discovery potential in this channel.

We proceed as in our study of CHAMPs to study general kinematic features and prospects

of triggering. In Figure 24 we plot the rapidity distribution of the R-hadrons for mass points

1 through 4. The main message to take away from this plot is that the production is central.

We find that both R-hadrons will be within acceptance of the muon system (|η| < 2.5) with

80% efficiency at mass point 1, 95% at mass point 2, 87% at mass point 3 and 86% at mass

point 4. In Figure 25 we plot the velocity distribution of the R-hadrons. Similar to the case of

CHAMPs one sees that the velocities are not peaked at threshold; note however that for mass

points 2 and 3 where the resonance channel is not too far from kinematic threshold, there is

a fraction of smaller velocity events. The production being away from threshold is once again

good news for triggering. Using the same definitions as in our study of the CHAMP final

state, we plot in Figure 26 and Figure 27 the time lag for the first and second R-hadron to

reach the muon system, where triggering occurs. The majority of events have time lags less
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mass point mρ̃ (TeV) mπ̃ (GeV)
1 1.5 300
2 2.5 300
3 2.5 600

(1)

mass point mρ̃ (TeV) mπ̃ (GeV)
1 1.5 300
2 1.5 600
3 1.0 300
4 2.5 500

(2)

1



The Tevatron Multijet Model
Literally copy the QED-QCD system:

Γρ0→e+e− ρ̃-q-q̄
Γρ0→π+π− ρ̃-π̃-π̃
Γπ0→γγ π̃-g-g
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Only one parameter          !meρ



7

FIG. 4: Dedicated coloron search in the benchmark model
with mρ̃ = 350 GeV and mπ̃ = 100 GeV at Tevatron Run-II.
We select events with at least one jet with pT > 120 GeV
and four jets with pT > 40 GeV and we demand further that
the four jets can be paired such that the invariant mass of the
pairs is within 25GeV of each other. We then plot the average
pair invariant mass versus the 4j invariant mass. Each red dot
represents a signal event which passed the cuts for 1 fb−1 of
integrated luminosity while each blue dot represents a back-
ground event which passed the cuts for 2 fb−1 of integrated
luminosity. The red dots along the diagonal are mispaired
signal events, while most signal events are correctly paired
and cluster near the true value of (mπ̃, mρ̃).

for jet reconstruction. We use the standard CDF param-
eter card supplied with the distribution, but use cone jets
with ∆R = 0.7 in the reconstruction. For background,
we generate parton level events with MadEvent using the
process pp̄→ jjjj, and again use the Pythia-PGS inter-
face with the same parameters as for the signal.

A. Lighter Coloron Case, mρ̃ = 350 GeV

For this choice of mass, we find the production cross
section of the coloron to be 1.14×102 pb, however only a
fraction of signal passes the leading jet pT cut of 120GeV
we are using to emulate the trigger, therefore we cannot
afford to make too many other harsh cuts. We choose to
veto events which have less than 4 jets with pT greater
than 40 GeV. After these cuts, we find σs = 3.60 pb
while σb = 65.8 pb.

To exploit the full kinematic information present in the
signal we further pair the four leading jets into two pairs
and veto all events where no possible pairing yields two
pairs with minv within 25 GeV of each other (If there
is more than one such possible pairing, we take the one
that yields the closest minv for the pairs). This further
reduces the signal cross section to 2.66 pb and the back-
ground to 20.8 pb. We then plot the average invariant
mass of the two pairs against the invariant mass of the
four leading jets. The results are plotted in figure 4 where
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FIG. 5: More general coloron resonance search in the 4j chan-
nel at Tevatron Run-II. In events with at least one jet with
pT > 120 GeV and four jets with pT > 40 GeV we plot the
invariant mass of the four leading jets. Blue corresponds to
2 fb−1 of background while red corresponds to 1 fb−1 of signal
for mρ̃ = 350 GeV.

the shape difference between the signal and background
is very clearly visible. Most signal points are correctly
paired and accumulate in a small region close to the ac-
tual masses of the ρ̃ and π̃ while some signal events are
mispaired and appear scattered in a larger region along
the diagonal where the background is most densely pop-
ulated. We find the statistical significance of the excess
to be 32.3 σ. Even though we are aware that there are
sources of systematic error that are not accounted for
in our analysis, this result is strong enough to indicate
that such a search strategy will yield definitive results
even when done with more sophisticated tools such as
a fully realistic detector simulation and taking into ac-
count shape dependent corrections or further subtleties
involved in a real experimental analysis.

In fact, with such high signal significance it is interest-
ing to attempt a less model dependent search that would
have reduced sensitivity, which however may be sensi-
tive to models other than our benchmark, e.g. when the
coloron decays to two particles of unequal mass. There-
fore we try to be as inclusive as possible and determine
whether a search that was not optimized to look for sec-
ondary resonances would still discover the coloron. Using
the same pT cuts as above but without pairing up the
jets we simply construct the invariant mass of the lead-
ing four jets. The results are displayed in figure 5. The
significance of the excess in this distribution is 13.4 σ . In
order to reduce any bias in the first few bins introduced
by analysis cuts we repeat the analysis where we disre-
gard any discrepancy in the bins up to minv = 400 GeV
and still find a significance of 8.3 σ.

Even though these results seem to suggest that an al-
most blind search could provide initial evidence for the
existence of a colored resonance decaying to a four jet
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