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ABSTRACT: We study the colored resonance production at the LHC in a most general ap-
proach. We classify the possible colored resonances based on group theory decomposition,
and construct their effective interactions with light partons. The production cross section
from annihilation of valence quarks or gluons may be on the order of 400 — 1000 pb at LHC
energies for a mass of 1 TeV with nominal couplings, leading to the largest production rates
for new physics at the TeV scale, and simplest event topology with dijet final states. We
apply the new dijet data from the LHC experiments to put bounds on various possible
colored resonant states. The current bounds range from 0.9 to 2.7 TeV. The formulation is
readily applicable for future searches including other decay modes.
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1 Introduction

With the first crop of data being released, the CERN Large Hadron Collider (LHC) is
already pushing the energy frontier and taking the field of high energy physics to a new era.
While much of the attention for new physics discovery has centered on theories associated
with electroweak symmetry breaking, most initial states at hadron colliders are composed of
colored particles. Hence, any new colored resonances will be produced with favorable rates
at the LHC since their couplings may be typically of the strength of the strong-interaction.

Beyond the Standard Model (SM), there are many possible exotic colored states that
can be produced at the LHC. Besides being phenomenologically interesting and experimen-
tally important to search for, many of the exotic states are also theoretically motivated.
For example, color-antitriplet scalars may be produced via quark-quark annihilation as
squarks in R-parity violating supersymmetric (SUSY) theories [1], or as “diquarks” in Fjg
grand unified theories [2]. Color-sextet scalars can arise in partially unified Pati-Salam the-
ories [3-5] and be produced also via quark-quark annihilation. Color-triplet fermions can



be produced via quark-gluon annihilation as “excited quarks” in composite models [6-10].
Sextet fermions, the so-called “quixes”, associated with chiral color [11] and top quark con-
densate models [12] may also be produced via quark-gluon annihilation. Color-octet scalars
that are SU(2), singlets can arise in technicolor models [13], and in universal extra dimen-
sions [14, 15]. Color-octet vectors have been extensively explored as axigluons [11, 16] and
colorons [17-19]. There has also been much recent interest in studying the similar states
in the context of Kaluza-Klein gluons [20-22], and low-scale string resonances [23-27] via
gluon-gluon, or quark-antiquark annihilation.

Any new resonant states produced at the LHC through interactions with light partons
will contribute to the dijet production, leading to one of the simplest signal topologies.
Both the ATLAS and CMS collaborations have recently searched for this class of signal
and obtained 95% confidence level limits on the production cross section of such resonant
states. From these limits they were able to already put the most stringent bound on the
mass of an excited quark of 1.53 TeV from ATLAS [28] and 1.58 from CMS [29], and on a
string resonance [29] of 2.5 TeV.

Motivated by the above considerations, we study the colored resonances in a most
general way. We classify them according to their couplings to light partons, solely based
on group theory decomposition as shown in section 2. Among those possible colored reso-
nances, we focus on those produced by the leading parton luminosities directly from valence
quarks or gluons. We then construct their couplings to light partons and describe their
general features in section 3. In section 4 we calculate the cross sections for their resonant
production at the LHC with c.m. energies of 7 and 14 TeV. We apply the new ATLAS and
CMS data to put bounds on various possible colored resonant states in section 5. Finally,
we conclude in section 6. A few appendices contain the QCD color treatment, and a list
of Feynman rules for the resonance couplings to the initial state light partons.

2 Classification of resonant particles in hadronic collisions

The resonance structures can be classified according to the spin (J) and the quantum
numbers under the SM gauge group SU(3)c x SU(2);, x U(1)y. We adopt a notation of
group structure

(SUs, SUs)Y,., (2.1)

where @), indicates the electric charge (75 +Y).

In pp collisions at the LHC, we consider the dominant partons participating in the
heavy resonance production to be the valence quarks and gluons. We express them with
our notation as

Q@  (3,2)))5_,;3  Left — handed doublet

U (3, 1);;?,’ Right — handed singlet (2.2)
D (3, 1)17/ 12 /3 Right — handed singlet

A (8,1)} vector.

We can thus classify the single particle production via the annihilation of any two partons
above. Table 1 lists the quantum numbers of possible resonances in our notation from two



initial state J SUB3)e SU2)r, Ul)y |Qe B
QQ 0 3¢6 143 3 30505
QU 1 306 2 ; O
QD 1 306 2 -5 35 3
Uu 0 306 1 3 3 3
DD 0 3¢6 1 -2 3 3
UD 0 3¢6 1 3 3 3
QA 1 306515 2 : 35 s
UA 5 306®15 1 3 F
DA 5 306®15 1 3 5 s
AA 0,1,2 108083103 10® 27 1 0 0 0
QQ 1 138 193 0 1,0 0
QU 0 138 2 - 1,0 0
QD 0 108 2 ) 1,0 0

UU, DD 1 198 1 0 0 0
UD 1 168 1 1 1 0

Table 1. The SU(3)¢ x SU(2)r x U(1)y quantum numbers and spins (J) of possible resonant
states created by initial state quarks and gluons. The electric charge (Q. = T5 +Y) and baryon
number (B) carried by the two initial state partons are also provided.

initial partons. Since the LHC is a “QCD machine”, it is natural to start primarily based
on the SU(3)¢ quantum numbers of the two initial states. We thus have partonic collisions
of quark-quark: 3 ® 3; quark-gluon: 3 ® 8; gluon-gluon: 8 ® 8; and quark-antiquark: 3 ® 3.
Possible spins and the electric charges are also given in table 1. In principle, neutral
particles may be further classified by the discrete symmetries according to their parity (P),
charge conjugation (C), and CP properties if these quantum numbers are conserved in their
interactions. We will discuss them in the next section. In the last column, we add baryon
numbers (B) carried by the initial state partons. Depending on the underlying theory for
the new resonances, baryon number may or may not be conserved in their interactions.

3 Parton-resonance interactions

We now construct the interaction Lagrangians for the resonances and partons guided by
the SM gauge symmetry. We limit our consideration only to those colored states listed in
table 1. We will not postulate their interactions with other particles (leptons, electroweak
bosons, or even new particles beyond the SM). Although an incomplete description for a
resonant particle as a full interacting theory, this minimal approach is sufficient for eval-
uating the production rate at the LHC. Assuming these interactions dominate, then their
decay to dijets would also be the leading channel. Furthermore, we will not consider higher
dimensional color representations beyond 8 again due to the minimality considerations.



Should there exist a color “15-tet” fermion, a simple calculation of the QCD beta-function
would indicate the loss of the asymptotic freedom of QCD [30].

A similar approach to ours has been carried out to construct the potentially large
signals at the early run of the LHC with minimal model input [31-34]. There has also been
previous work on classifying exotic particles at the LHC [35, 36].

31 3®3

At the LHC the valence-valence initial states consist of two quarks, uu, dd, or ud. Hence,
the production cross section of a heavy particle that couples to two quarks will receive an
enhancement from the parton luminosity of the initial state. As listed on the top section of
table 1, such states can be color-antitriplets or sextets. They also carry an exotic baryon
number of 2/3 (if B is conserved) and thus are often referred to “diquarks”.! According to
their electroweak (EW) quantum numbers under SU(2)z, ® U(1)y, there are 6 such states.
We denote them by the notation in eq. (2.1) as

o~ (30 673)94/3,2/3,—1/& ©q~ (3D 86, 1)2 (¢ =—1/3, 2/3, —4/3),
VI}L ~(3& 6, 2)1—1/3,—4/3 V[’)‘ ~(3® 6, 2)5/3,—1/3- (3.1)

We construct the gauge invariant Lagrangian as follows

quD ~ Kib Yap aniO-Q(I)jQﬁb + Rap (I)J_l/gQaCaio-QQﬁb

1/3 . 2/3 ; 4/3 j
+AY @ DS Uss + N 3305 Do + Ao L, UsaUsb

+)‘gﬁ aniJQVMVg“UBb + )‘(lx)ﬁ aniJQWHVZgHDﬁb] + h.c., (3.2)

where ®/ = ;akfbi with o the SU(2);, Pauli matrices and Kgb are SU(3)¢ Clebsch-
Gordan coefficients with the quark color indices a,b = 1 — 3, and the diquark color index
j = 1— Np. Np is the dimension of the (Np = 3) triplet or (Np = 6) antisextet
representation. C' denotes charge conjugation, and «, § are the fermion generation indices.
The color factor K fb , is symmetric (antisymmetric) under ab for the 6 (3) representation.
Their normalization convention is given in appendix A.

After electroweak symmetry breaking, the states in eq. (3.1) mix and reclassify them-
selves according to color (3, 6) and electric charges (—4/3, 2/3, —1/3), denoted by
En,,Un,,Dn,. The relevant interactions among the physical states are then

Logp = Ky (NESEL uG, Prugy + MUY dS, Prdgy + A3 DYy, A5, Prttaa
A EN uG,vuPrugs + AU dS, v, Prdge
2D D%‘Duga%PTdﬁb] +he. (3.3)

where P, = 5(1 + 75) with 7 = R, L for the right- and left-chirality projection operators.
Here and henceforth, we include a superscript p to indicate a vector state.

IThis should not be confused with a possible two-light-quark bound state as “diquark”. We are talking
about a new state at a TeV mass scale with a quantum number similar to two quarks.



Naively, the strength of these Yukawa interactions can be naturally of the order of
unity, since the interactions among colored states are likely to be similar to QCD strong
interaction with a coupling constant ¢g? = 4ma, ~ O(1). However, many of them are
tightly constrained by flavor physics. A commonly adopted solution is the “minimal fla-
vor violation” (MFV) [37, 38]. This assumption makes the couplings align with the SM
Yukawa matrices, and they only become significant when involving heavier quarks such as
the top [39]. In some specific model realizations, the MEFV is not necessary and certain indi-
vidual operators involving light flavors can be sizable [40]. We do not introduce additional
couplings for those new colored states and thus the baryon number is conserved. In fact,
the baryon number can be made a conserved quantum number for the above interactions
by the SM gauge symmetry along with a simple extension to the lepton sector [39].

We note that the color-triplet scalars (Us, Ds) resemble scalar quarks (@, d) in SUSY
and the interactions (with the chirality 7 = L) are directly analogous to R-parity violating
operators of the \” terms [1], or the “diquarks” [2]. Color-triplet scalars at the TeV scale
have also been considered in SUSY models to present a unified explanation of dark matter
and baryogenesis [41]. The color-sextet scalars posses similar nature of “diquark Higgs”
in some unified theories [3-5] or some exotic diquarks [42]. The vector states, on the
other hand, are more exotic in terms of connections with an underlying model. There has

been previous interest in the resonant production of diquark scalars and vectors at the

LHC [43-46].

3.2 3®8

A gluon and a quark can yield large partonic luminosity, and may couple to exotic fermion
states. For simplicity, we only consider spin-1/2 states, with quantum numbers as

(306, 102)7, ..
We have not included the 15 since, as mentioned previously in this section, a 15 fermion
would spoil the asymptotic freedom of the strong coupling.

Instead of writing down the complete SM gauge invariant operators, we consider the
interactions after electroweak symmetry breaking with physical mass eigenstates. These
two states are fermionic and of electric charges —1/3 and 2/3. We denote them generi-
cally by gy, , or specifically by dj, = and uy, , where Np = 3 or 6 for the dimension of
their color representation. The SU(3)¢c gauge invariance requires the interactions to start
with dimension-five, and are of the color-magnetic dipole form. The Lagrangian for these

physical states is then
Logr = iSFAvW[m‘(ND, AN P+ N Pr) o uy,
+dK N, a(\] PL + AR Pr)ouwdy, | +hec. (3.4)

where FA" is the gluon field strength tensor with the adjoint color index A =1, ..., 8, and
K 4 are 3 x Np matrices of Clebsch-Gordan coefficients connecting the color indices of the
different representations. If the new fermion field is a 3, then KL = KA = /274, where
T4 are the fundamental SU(3) representation matrices. Due to the presence of a gluon



field, we naturally include a QCD coupling gs. The new physics scale A is at least Mq;
or higher. In a strongly interacting theory, we expect that the strength of the couplings
)\g r and )\ﬁ r should be typically of the order of unity. However, if the operators are
from one-loop contributions in a weakly coupled theory, then one would expect to have a
suppression factor of the order 1/1672 [31, 32].

The color-triplet states resemble the excited quarks. They could also be string excita-
tions in a low scale string scenarios [23-27]. The color-sextet fermions arise in theories of
chiral color [11] and top quark condensate models [12], the so-called “quixes”. There has
been previous interest in the color-sextet fermion production at hadron colliders [47].

3.3 8®8

LHC is often referred to as a “gluon machine” since it has a large parton luminosity for
gluon-gluon initial states. Among the bosonic states from the 8 ® 8 decompositions, many
higher dimensional color representations can be embedded into larger theories, unlike the
15-tet fermion states that spoil the asymptotic freedom. We only focus on the color-octet
resonances that can result from gluon-gluon fusion. They may carry the quantum numbers

(85 ® 84, 1)) (3.5)

The symmetric and antisymmetric representations can be utilized with the algebraic rela-
tions of the fundamental representation matrices

1
C

and N¢ = 3 is the dimension of the SU(3)¢ fundamental representation.
The leading operators start from dimension-five. Two possible interactions between
gluons and a spin zero octet and spin two octet are

Lyys = gsdABC ( ZZ SEFBFOM 4 E (T;‘WF;’;FE Y T FB’WFMCV)> . (3.7)

where Sg (Tg) is a scalar (tensor) octet. We again assume that the couplings kg, k7 of the
order of unity. The relative coupling factor f is more likely to be 1. If the operators are
from one-loop contributions in a weakly coupled theory, then one would expect to have a
suppression factor of the order 1/1672.

It is also possible to couple two gluons and a CP-odd octet scalar or tensor. The cou-
plings of the CP odd states are identical in form to those in eq. (3.7) with the replacement
of one field strength tensor with its dual:

4 (3.8)

A 1 prpo A
F, = o€ r
where e#P? is the four dimensional antisymmetric tensor.

fABC’

Finally, the antisymmetric structure constants can also be used to construct

interactions with CP-odd color octets. However, since the color structure is antisymmetric,



the Lorentz structure must also be antisymmetric. Hence, terms proportional to F, w/ﬁ MY are
zero and the only surviving term is Tvgﬂ °F k", where Tvg is the CP-odd color-octet tensor.

Color-octet (pseudo)scalars can arise in technicolor models [13, 48], and in universal
extra dimensions [14, 15]. There has been much recent interest in the gluon fusion pro-
duction of color-octet scalars at the LHC [49-53]. These interactions were induced via
loops which are parameterized by the octet-scalar coupling in eq. (3.7) with an additional
suppression from the loop factor. Color-octet vector states have also been studied in the
context of low-scale string resonances [24-27] via gluon-gluon annihilation, but it typically

leads to a suppressed rate.

34 3®3

Although the quark-antiquark annihilation would not result in the largest partonic lumi-
nosity at high energies in pp collisions, we include some discussions for resonant production
from 3 ® 3 for completeness. The resonances may carry the quantum numbers

(1o8, 1@3),,,, (18, 2),. (3.9)

Once again, we focus on the color-octet states and ignore the well-known color-singlet states
such as Z”’s, W"s, and Kaluza-Klein gravitons.

We first consider the color-octet vector states. We denote them according to their
color and electric charges V80, Vgi. We write their interactions with quarks as

Logv = gs [VSWW aT 5, (9% Pr + g% Pr)u + VgO4H dT4~,(¢P P + gB Pr)d

+ (v;’/“‘ uT , (CLVE M Py + CrVERY Pr)d + h.c.) } : (3.10)

where VLCJ{?( M are the left- and right-handed CKM matrices. Due to the stringent con-
straints from flavor physics, we have assumed that there is no FCNC, and the charged
current aligns with the SM CKM. The couplings Cr, r and gy r are thus diagonal and
naturally order of unity. Well-known examples of color-octet vectors coupled to ¢q include
the axigluon [11, 16], a coloron or Techni-p [17-19], a Kaluza-Klein gluon [20-22], and
low-scale string resonances [23-27] via ¢g annihilation.

As for the color-octet scalar states, we note that the renormalizable interactions be-
tween a color-octet scalar and two quarks are Yukawa type interactions, and the SM gauge
invariant interactions require the scalar to be a doublet [54] under SU(2);. Once again,
due to the assumption of MFV, their couplings to light quarks would be small, and the
only significant coupling would be to the top or bottom quarks. The single production
of charged and neutral scalars through initial state bottom quarks has been studied pre-
viously [55]. However, similar to Higgs production, the dominant resonant production of
the scalar states would be via gluon fusion through top quark loops due to the increased
parton luminosity and enhanced couplings. The effective couplings should be of the same
form as in eq. (3.7) for Sg, but with a suppressed coupling.

We summarize the resonant states of our phenomenological interests in table 2. We
propose notations for their names, give their conserved quantum numbers, leading couplings
to initial state partons, and related theoretical models.



Particle Names J SUB)e |Qe] B Related models
(leading coupling)

Eg‘ ¢ (uu) 0,1 3,6 é —g scalar/vector diquarks
Df ¢ (ud) 0,1 3,6 3 - scalar /vector diquarks; d
Ul's (dd) 0,1 3,6 5 —32  scalar/vector diquarks; @
uzg (ug) %, 3 3, 6 g é excited u; quixes; stringy
d3 ¢ (dg) %, 3 3, 6 é é excited d; quixes; stringy
Ss (99) 0 83 0 0 Tre, Nre
Tz (99) 2 8s 0 0 stringy

VY (ui, dd) 1 8 0 0  axigluon; g, x, prc; coloron
V8i (ud) 1 8 1 0 pjT[C; coloron

Table 2. Summary for resonant particle names, their quantum numbers, and possible underlying
models.

4 Resonance production at the LHC

We will now give analytical formulas and present the expected numerical values of the pro-
duction cross sections of the colored resonances at the LHC with 7 and 14 TeV hadronic
center of momentum (c.m.) energies. The hadronic cross sections are computed by cal-
culating the partonic cross section (0;;) and convolving it with the parton distribution
functions (pdfs). We write the formula as

o(8) =3 / dr ddLT” 7ij(s), (4.1)

dLl'j

1 1
o= e )= [ do [ dspef e ). (42)

where S (s) is hadronic (partonic) c.m. energy squared, f; the parton i’s distribution func-
tion with a momentum fraction z;, and 7 = s/S. For all numerical results here and hence-
forth, we have used the CTEQGL1 pdfs [56] and set the factorization and renormalization
scales the same at the resonance mass (Q* = M?).

For a resonant production, the on-shell condition forces the partonic cross section
to go like o;; ~ §(s — M?). Thus the hadronic cross section will be evaluated with the
parton luminosity at 7 = M?/S. We first show the partonic luminosities versus the scale
at the resonance mass in figure 1 for the parton combinations of wjus, dids, uids +
dius, gi192, giuz + w192, gido + di1g2, uits + ujug, and d1J2 + Cildg at (a) 7 and (b)
14 TeV LHC. As expected, initial states involving valence quarks and gluons will have
the largest parton luminosities. In particular, gluons dominate at lower masses, while
valence quarks take over at higher masses. The cross-over between gg and uu occurs near
M = 0.75 (1.2) TeV at the 7 (14) TeV LHC. Not only the u quark pdf is about twice as
much as that of d at low masses, but also it falls much more slowly at high masses than d.

For completeness, we also include ¢ initial state when relevant. In fact, the cross-over of
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Figure 1. The parton luminosities dL;;/dr versus resonance mass at the (a) 7TeV and (b) 14 TeV
LHC.
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Figure 2. Center of momentum system rapidity distributions for resonance mass of 1.5 TeV and
initial states gg, uu, v and ug at the (a) 7 and (b) 14 TeV LHC.

the partonic luminosities between gg and uwu occurs near M = 1.2 (2.2) TeV at the 7 (14)
TeV LHC. The rapidity of the partonic c.m. system is also of significant interest, which is



defined as

z1

You = ,In (4.3)

xTo ’
We show the y,, distributions at the 7 and 14 TeV LHC for M = 1.5 TeV in figures 2(a)
and 2(b) respectively. These distributions measure the longitudinal boost due to the asym-
metry between the two parton energies. The gg and uwu initial states are symmetric and
hence peaked at zero rapidity. Due to the up-quark being valence with a broader distri-
bution in z, the uu initial state develops a larger discrepancy between parton momentum
fractions than the gg initial state and is therefore broader. Also, the uu and ug initial
states have a large imbalance in the momentum fractions and are broader than the uu and
gg initial states. In fact, at the 14 TeV LHC the imbalance is so pronounced for ug that
the rapidity distribution peaks at |ycas| =~ 0.9. Since the 14 TeV LHC probes lower 7 than
the 7TeV LHC, a larger discrepancy between the parton momentum fractions can develop
and the rapidity distributions are considerably broader than at the 7 TeV LHC. This fact
will have an impact on the experimental acceptance for the final state jets.

We consider the leading production with the resonances as listed in table 2. We do not
attempt to calculate the decay of the resonances. Instead, we parameterize the production
rate to dijets simply by a branching fraction (BR). Thus the total signal cross section will
be governed by a coupling constant to the initial state partons, a branching fraction, and
the resonance mass.

In the following calculations we employ the narrow width approximation, which is
valid for I' < M, where I' and M are the total width and mass of the resonant particle,
respectively. Using the interactions listed in section 3, for a resonance mass on the order
of a TeV and order one couplings between the new resonance and SM partons we find
I' < 0.15M. However, if the couplings of the resonance are large or there are many
additional decay channels, the width may be sizeable and its effects will have to be included.

4.1 Quark-quark annihilation

The uu, dd, and ud initial states can annihilate into color-antitriplet and sextet spin 0 and
spin 1 particles, often referred as diquarks. Based on the interactions of section 3.1 and
using the Feynman rules in the appendix, for a resonant diquark mass of M the hadronic
cross section from wu and dd initial states is found to be

w2 5@ 0) (1.4)

Ogq = A

for both scalar and vector diquarks and for the ud initial state

7Np 1+ 015

2N2 S ((u @ d)(70) + (d @ u)(70)), (4.5)

Oud = 22

where the coupling constant A specifies the resonance as in eq. (3.3) and J is the spin
of the resonance. Np is the dimension of the antitriplet (Np = 3) or sextet (Np = 6)
representation. Here and henceforth, 7o = M?/S.

,10,
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Figure 3. Dijet cross sections for color-sextet vector production via uu,ud and dd initial states
versus its mass at the LHC for (a) 7 TeV and (b) 14 TeV. Subleading contributions from antiquarks
for the conjugate particle production are also included. The coupling constant to initial state
partons and the branching fraction to dijet have been factorized out.

The production cross sections of the color-sextet vector diquarks to dijet at a 7 TeV and
14 TeV LHC are shown in figures 3(a) and 3(b), respectively. The production cross sections
of the scalars Eg, Ug are the same as those for the vectors E¥, Ué‘ while the production rate
for the scalar Dg is half that of Df.

Due to the antisymmetric factor on the quark color indices, the only non-zero valence
quark configuration to give a antitriplet scalar diquark is the flavor-off diagonal contribution
ud — Ds3. However, the antitriplet vector diquarks can be produced from both the flavor
diagonal uu — EY, dd — U} and flavor-off diagonal ud — DY contributions from valence
quarks. Also, since the cross section is proportional to the dimension of the diquark
representation, the production cross sections for the antitriplet diquarks are half that of
the respective sextet diquarks.

Besides the leading contribution from the valence quarks, we have also included the
antiquark contributions for the conjugate particle production in the numerical results pre-
sented here. We summarize a few representative cross sections for the color-sextet vector
diquarks, along with the percentage contribution from the antiquarks.

7 TeV LHC : Eg Dg Ué‘
o(pb) M = 0.5 TeV 3400 2100 1300
qq 2.8% 5.6% 11%
o(pb) M =3 TeV 0.96 0.27 0.064
qq 0.011% 0.028%  0.068%

— 11 —
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Figure 4. Dijet cross sections for color-sextet fermion production via ug and dg initial states versus
its mass at the LHC for (a) 7TeV and (b) 14 TeV. Subleading contributions from antiquarks for
the conjugate particle production are also included. The coupling constant to initial state partons
and the branching fraction to dijet have been factorized out. The new physics scale, A, has been
set equal to 2M.

14 TeV LHC : El D¥ Ul
o(pb) M =1 TeV 800 510 320
qq 2.8% 55%  11%
o(pb) M =5 TeV .92 0.30 0.090
qq 0.026% 0.075% 0.21%

Once again, we have pulled out the coupling constant A\? and the branching fraction (or
equivalent to setting A2 =BR=1).

The next-to-leading order (NLO) QCD corrections to scalar diquark production have
been previously calculated [57] and sizable corrections were found. For instance, the cross
section with masses between 0.5 and 1.5 TeV can be increased by about 20% for Ug and
30—35% for D3. It is expected that the corrections to the other color-sextets and antitriplets

should be similar to the above.

4.2 Quark-gluon annihilation

The ug and dg initial states can produce color-triplet and sextet excited quarks. Using the
Feynman rules in the appendix, the hadronic cross section for excited quarks of mass M is

2y2 s M?%1
No A2 S
where A2 = )\% + )‘%% and Az g specify the interactions as in eq. (3.4). Since the Clebsch-

(9 @ q)(70), (4.6)

Oqg = 8T

Gordan coefficients for the color-triplet and sextet states are normalized the same it follows
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that the production cross sections are the same. Comparing with the convention in ref. [9,
10], the new physics scale A here corresponds to twice the excited quark mass.

Figure 4 presents the production cross section of excited sextet quarks ug and dg
produced from ug and dg initial states, respectively, at the (a) 7 and (b) 14 TeV LHC. The
ug production rate is larger than the dg production rate by about a factor of two at low
mass, due to the larger u quark pdf. We have taken the cutoff A = 2M in the numerical
evaluation. With our CG coefficient normalization, our results should be a factor of two
larger than that using the convention of [9, 10].

For the numerical results we have once again included the conjugates, produced from
ug,dg — u*,d*. Representative results for the total cross section and the percentage
contribution from antiquarks, after factorizing out the overall constants, are

7 TeV LHC : ug dg
o(pb) M = 0.5 TeV 6200 3400
q9 8.5% 20%
o(pb) M =3 TeV 0.035 0.0080
q9 0.82% 2.6%
14 TeV LHC : ug dg
o(pb) M =1 TeV 1300 720
qq 8.4% 20%
o(pb) M =5 TeV 0.052 0.014
qg 1.2% 4.2%

4.3 Gluon-gluon annihilation

Gluon-gluon annihilation can result in color-octet scalars and tensors. Using the parame-
terization of eq. (3.7) and Feynman rules in the appendix, the hadronic production cross
section of a color-octet scalar and tensor of mass M from gluon-gluon fusion is

2 N —4 M?1+6y
No(NZ —1) A2 S

049 = dmas (9 ® 9)(70), (4.7)
where k and A are specified by the interaction. Since on-shell tensor polarizations are
traceless, the 73", term in eq. (3.7) does not contribute to the resonant production of the
color-octet tensor.

The production cross sections for the color-octet scalar to dijets are presented in figure 5
for the LHC at 7TeV (dashed curve) and 14 TeV (solid curve). For the numerical results
presented the new physics scale A has been set equal to the resonant mass. The color-octet
tensor cross section is one half that of the the color-octet scalar. Since the gluon luminosity
falls fast at a higher mass, the cross section at 7 TeV LHC drops by more than five orders of
magnitude from 6000 pb at M = 0.5 TeV to 0.02 pb at M = 2.5TeV, and at 14 TeV LHC
by about five orders of magnitude from 1200 pb at M = 1TeV to 0.01 pb at M = 4.6 TeV.

The next-to-leading logarithm (NLL) soft-gluon resummation correction to scalar octet

production via gluon fusion has been previously calculated and sizable corrections were
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Figure 5. Dijet cross sections for color-octet scalar production via gg initial states versus its mass
at the LHC for 7TeV (dashed curve) and 14 TeV (solid curve). The coupling constant to initial
state partons and the branching fraction to dijet have been factorized out. The new physics scale,
A, has been set equal to M.

found [53]. The cross section can be increased by a factor of 2.4 at mass 0.5 TeV and 3.5
at a mass of 2.5 TeV.

4.4 Quark-antiquark annihilation

Although the parton luminosity is lower than the previously discussed initial states, we
also include resonant production from u@, dd, ud, and du initial states. These states can
couple to color-octet vectors. Using the interactions in eq. (3.10), the production cross

section for a color-octet vector of mass M from ¢ initial states is

Cr 1

N 5@ 7)) (1)

422
0qq = 4T g 0

where

2 §(|CLVLCK]V[|2 + |CRVP?KM|2) for charged states,
7 é(\gg’DP + !gg’DP) for neutral states.

The color factor Cp = (N2 — 1)/2N¢ = 4/3.

The cross sections for color-octet vectors are presented in figure 6 for the (a) 7TeV
and (b) 14 TeV LHC. Since the u quark pdf is greater than the d quark pdf, the neutral
vectors are produced more favorably by the w@ initial state than by dd. Due to the d quark
pdf being larger than the u quark pdf, the production of VgL is larger than the production
rate of Véo from wu initial state and Véo production rate from dd initial state is larger than
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Figure 6. Dijet cross sections for color-octet vector production via ud, ui, dd, and di initial states

versus its mass at the LHC for (a) 7TeV and (b) 14TeV. The coupling constant to initial state
partons and the branching fraction to dijet have been factorized out.

the production rate of V5 . Some representative cross sections values are listed below.

7 TeV LHC : ud — Vg du — Vg~ utt — VP dd — V
o(pb) M = 0.5 TeV 1500 640 1300 760
o(pb) M =3 TeV 0.015 0.0037 0.016 0.0030
14 TeV LHC : ud — V;' du — Vg~ Ul — V80 dd — V80
o(pb) M =1 TeV 330 140 290 170
o(pb) M =5 TeV 0.026 0.0063 0.023 0.0066

Once again, we have pulled out the coupling constant A\? and the branching fraction (or
equivalent to setting A2 =BR=1).

All the cross sections presented in this section are at leading order in QCD. The
production cross section of colored resonance can receive sizable QCD corrections as shown
for the color-triplet and sextet scalar diquarks [57] and color octet scalars [53]. We will
take this into account when setting the bounds.

Throughout this paper, we neglect the color-singlet states, such as Z’, W’ or KK
gravitons. Our formalism for is equally applicable to those by adjusting the couplings
gs — €/ sin By and setting the color factor C'r to 1. Before folding in the decay branching
fraction to the final state, the production rates for a color-singlet state would be smaller

than the colored resonance by roughly about a factor of 30.
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5 Bounds from the LHC Dijet spectrum

Searching for new physics signals in the dijet spectrum at hadron colliders has been long
carried out. The Tevatron [58] and LHC [59, 60] experiments have both utilized mea-
surement of the dijet angular distribution to bound the strength of four-fermion contact
interactions. The standard form of the four-fermion contact interaction in the literature
is [61]:
Lo 2 g =

19 = o 07" aLaLyuaL (5.1)
For a sufficiently high mass, the new resonant states can be integrated out and the 3 ® 3
and 3 ® 3 vector interactions can produce similar interactions to eq. (5.1). The bounds
on the four fermion interactions can be roughly translated into bounds on our interactions

with the identification
2T A2

A2 T 2nm2
where M is the mass of the resonant state of our current interest. Assuming a coupling
constant of unity, the current LHC bound of A > 4TeV translates into

(5.2)

M > 1.1 TeV.

Note this bound is only a rough estimate since one would have to be careful in computing
the color factor and counting the contributing light partons.

Using measurements of dijet production rates at 7TeV LHC, the ATLAS and CMS
collaborations have recently released bounds on the dijet production cross sections as a
function of resonance mass based on the first data of 3.1 pb~! [28] and 2.9 pb~! [29],
respectively. Even with such small amount of initial data, the LHC experiments have
gone beyond the existing Tevatron results, pushing the LHC to the phase of discovery for
new physics.

We model the experimental efficiencies by a simple parameterization. The detector
acceptance for dijet events at ATLAS was about 31% for an excited quark mass around
300 GeV, and about 48% around 1700 GeV. For our study we model this acceptance as

0.17
(m —300 GeV) +0.31  m <1700 GeV
Aurias = { 1400 GeV (5.3)
0.48 m > 1700 GeV

To model the CMS detector acceptances we compared our results for dijet production cross
section without detector acceptance to the the CMS results including detector acceptance.
Using their axigluon and excited quark results, we model the CMS detector acceptance as

(m — 500 GeV) + 0.47, (5.4)

A
ACMS = 9100 Gev

where A = 0.08 for the quark-quark final state and A = 0.17 for the quark-gluon final
state. There was no analogous data to find the acceptance for gluon-gluon final states. We
therefore also use the quark-gluon acceptance for the gluon-gluon final state.
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Figure 7. 95% confidence level upper limits on dijet production cross sections versus resonant
mass for (a) ATLAS results (solid circles) and (b) CMS results from the contributions of gluon-
gluon (open circles), quark-gluon (solid circles), and quark-quark (open boxes). Our fits (dashed
curve) almost overlap with the theoretical predictions (solid curves) provided by ATLAS for ¢5 and
CMS for g3 and axigluon.

The predicted dijet cross sections for triplet excited quarks at ATLAS and triplet
excited quarks and axigluons at CMS are presented by the solid curves in figures 7(a)
and 7(b), respectively. To reproduce their results for the triplet excited quark production,
we set A =1 in eq. (4.6) and summed over all possible initial state quarks. As can be seen,
using the acceptances in egs. (5.3) and (5.4), our simulations (dashed curves) fit well the
results provided by the ATLAS and CMS collaborations (solid curves). The current 95%
confidence level upper limits for dijet production cross sections at both ATLAS and CMS
are also presented in figure 7.

All of the colored resonances presented in the previous sections can contribute to the
dijet signal; hence, the ATLAS and CMS dijet cross section bounds can be used to place
limits on the mass and couplings of these new particles. We consider the current bounds
on those colored resonances as summarized in table 2. In presenting our results for the
current bound, we once again parameterize the signal rates by an overall coupling to the
initial state partons and a branching fraction to decay to the final state dijets. The limits
on the product of the two constants of new colored resonances as a function of the resonant
mass are shown in figure 8. The color-sextet vector diquark and color-octet scalar bounds
are based on the leading order QCD calculations presented here with K-factors from QCD
corrections, while all other bounds are based solely on the leading order calculations. The
regions above the corresponding curves are excluded, thus providing meaningful upper
bounds for the couplings and lower bounds for the resonant masses. The zigzag shapes
of the curves are due to the non-smooth experimental bounds for different masses as in

figure 7(b).
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Figure 8. Bounds on the products of SM parton couplings to the resonances and dijet branching
ratios (vertical axis) versus the resonant mass for (a) color-sextet vector diquarks, (b) color-sextet

(or color-triplet) excited quarks, (c¢) color-octet scalar, and (d) color-octet vectors from (a,b,c,d)
CMS and (b) ATLAS.

Figure 8(a)? shows the CMS bounds on the sextet vector diquarks with a NLO K-factor
of 1.2 included [57]. The bounds on the scalar Us, Eg couplings are the same as those on
vector Uf', E{ and the bounds on the Dg couplings are twice weaker than the bound on
DY Furthermore, taking into account the different K-factors of 1.3 for the triplets and 1.2
for the sextets, the bound on the antisextet vectors are 1.8 times stronger than the bounds
on the triplet vectors and the bounds on Df are 3.7 times stronger than Ds.

Figure 8(b) shows the bounds on the excited quarks. Results based on the ATLAS data

%We have extended the EY bound beyond the CMS data point at 2.6 TeV, assuming there has been no
event observed.
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(solid curves) and CMS data (dashed curves) are comparable. Following the convention in
ref. [9, 10], we have set A = 2M. As noted earlier, the results for a color-triplet and sextet
are the same. The bounds obtained here are stronger than those for the diquarks above.

Figure 8(c) shows the bounds on octet scalar couplings including NLL K-factors run-
ning from 2.4 at resonance mass 0.5 TeV and 3.5 at 2.5 TeV [53]. Even with the K-factor,
the weakest bound of all studied are the gg initial processes. This is due to the sharp fall
of gg luminosity at higher masses. The bounds on the coupling constants of the Ty are a
factor of two weaker than those of the Sg.

Although not as large as uu, dd initial states, the ¢q annihilation provides reasonable
sensitivity to the colored resonances. In comparison with the Tevatron as a pp collider,
the LHC is somewhat in a disadvantageous situation with respect to the valence quark
dominance. Nevertheless, the LHC results currently have slightly extended the Tevatron
bounds on axigluons and universal colorons [29]. We also obtain significant bounds for the
color-octet resonances based on the CMS data as seen in figure 8(d). However, due to the
much larger data sample, the Tevatron dijet bounds for color-singlet vectors (Z/, W’ etc.)
are much more stringent than those from the LHC.

Assuming a coupling constant and branching ratio of unity as indicated by the hori-
zontal dotted lines in figure 8, the current mass lower bounds on the colored resonant states
are summarized as

El 2.7 TeV (CMS) Eg 2.7 TeV
DY 2.3 TeV (CMS) D¢ 1.9 TeV
Ul 1.8 TeV (CMS) Us 1.8 TeV
EY 2.5 TeV (CMS) UL 0.8,1.0-12,1.4—1.6 TeV
DY 1.9 TeV (CMS) D;  0.8,09—12,1.3 — 1.7 TeV

ug 1.7 TeV (CMS), 1.6 TeV (ATLAS)  d5 1.1 TeV, 1.2 TeV
Vit 1.6 TeV (CMS) VY 1.6 TeV

Sy 1.2 TeV (CMS) Ty 0.9 TeV ,

where the mass bounds have been rounded to the nearest tenth of a TeV. All of the bounds
obtained here are beyond the existing Tevatron analyses.

It should be noted that there are small uncertainties associated with the results above.
For instance, the bounds presented above have been obtained by utilizing the narrow
width approximation. Also, the detector acceptances are somewhat dependent on the spin
of the resonance.

6 Conclusion

Experiments at the LHC have opened up the energy frontier for TeV scale new physics
searches. Motivated by the recent ATLAS and CMS dijet analyses, we study the possible
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colored resonances in a most general approach. We classify the colored resonances based on
group theory decomposition of QCD SU(3)¢ interaction as well as other quantum numbers,
as listed in table 1. These resonances may carry exotic SM quantum numbers, but all of
them find their interesting roles in certain theories beyond the SM.

We then construct their effective couplings to light partons. Based on those features,
we name them and list them in table 2. We calculate their resonant production cross section
at the LHC. The production rates may be as large as 400 pb (1000 pb) at the c.m. energy
of 7 (14) TeV for a mass of 1 TeV, leading to the largest production rates for new physics
at the TeV scale, and simplest event topology with dijet final states. Our approach is quite
general and applicable to other possible signals of resonant particles other than dijets at
the LHC.

We applied the new ATLAS/CMS dijet data to put bounds on various possible colored
resonant states. We obtained the lower bounds on their masses ranging from 0.9 to 2.7 TeV,
if their couplings are of the order of unity. The results obtained here are beyond the
existing Tevatron analyses. In an optimal situation, if a signal above the SM backgrounds
is established in the near future, it is then the exciting time to determine the nature of the
resonance particle and to untangle the new underlying theory as commented in the text
and in table 2. With the anticipated increase of integrated luminosity and c.m. energy,
experiments at the LHC will undoubtedly take our understanding of particle physics to an

unprecedented level.

Acknowledgments

We would like to thank Georgios Choudalakis, Fabio Maltoni, Tim Tait, and Brian Yencho
for discussions. L.L. is supported by a DOE Graduate Fellowship in High Energy Theory.
This work was supported in part by the US DOE under contract No. DE-FG02-95ER40896.

A Clebsch-Gordan coefficients

Here we exhibit the Clebsch-Gordan Coeflicients relations that are needed in color reso-
nance calculation for general SU(V) groups. Typical initial state group structure includes
N®N, N®N, N®Aand A® A, whereas A denotes the adjoint representation of SU(XV).

We assume that the Clebsch-Gordan coefficients obey the following orthogonal-
ity relationship:

Tr[K°K,) = of, (A1)

where K¢ = K. The Clebsch-Gordan coefficients couple the different irreducible repre-
sentations together in a gauge invariant way. Hence, depending on the interaction, the
indices a take on different values. For example, according to our conventions in eqgs. (3.3)
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N(N-1)
2

1,.., couplings to the antisymmetric combination of N ® N boson

s ee couplings to the symmetric combination of N ® N boson

N(N+1)
2

1,...,N? —1 couplings to the new fermion from N ® A
(A.2)
Using this orthogonality condition, the following identities are used for the appropri-
ate couplings:

NN-1) couplings to the antisymmetric combination of N ® N boson

2
Tr[K°K,] = N(]\2/+1) couplings to the symmetric combination of N ® N boson
N? —1 couplings to the new fermion from N ® A
(A.3)
Specifically for SU(3) couplings, the color antisymmetric (symmetric) coupling of two
quarks is the triplet-(sextet) scalar or vector diquark. Then we have for the diquark
interactions in eq. (3.3) and excited quark interactions in eq. (3.4)

3 couplings to the triplet diquark
Tr[K*K,] = { 6 couplings to the sextet diquark (A.4)
8 couplings to the triplet and sextet excited quarks

The complete symmetric invariant symbol of SU(3) algebra satisfy
d*BCAPY = 2Cp(N? — 4) (A.5)

where as Cp = (N? — 1)/2N is the eigenvalue of the quadratic SU(N) Casimir operator
acting on the fundamental representation. For SU(3), Cp = 4/3.

B Feynman rules

Here we give the explicit Feynman rules for the interacting vertices constructed in the text,
as in section 3.

The diquark Feynman rules are in eq. (B.1) and (B.2): Qn, may be Ey,,Dn,, or
Un,, depending on the initial state. The labels ¢, ¢" = u, d indicate whether the initial state
quarks are up-type or down-type and «, 3 are generation indices. For the triplet diquark
the Clebsch-Gordan coefficients are antisymmetric Kib = —Kga, and for the antisextet
diquark they are symmetric K Zb =K g .- O is the charge conjugation matrix.

The excited quark Feynman rules in eq. (B.3): equally applicable for both Uy,
and djy .

The spin summation for a spin-2 tensor state (73') of mass M obeys the relation [62]:
« kuk kyk
Eeuu(k)ﬁpa(k) = Buu,pa(k) = (gup - ;&—;) <gua - M;)

ik Kok, 2 Kok koko
+ | Guo — M2 Gup — M2 _3 Guv — M2 9po — M2 )
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Figure 9. Feynman rules for the vertices of resonant particle couplings to quarks and gluons. All
the momenta are incoming and 7 = L, R.
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