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Abstract

Di-jet resonance searches are simple, yet powerful and model-independent, probes for discovering
new particles at hadron colliders. Once such a resonance has been discovered it is important
to determine the mass, spin, couplings, chiral behavior and color properties to determine the
underlying theoretical structure. We propose a new variable which, in the absence of decays of
the resonance into new non-standard states, distinguishes between color-octet and color-singlet
resonances. To keep our study widely applicable we study phenomenological models of color-octet
and color-singlet resonances in flavor universal as well as flavor non-universal scenarios. We present
our analysis for a wide range of mass (2.5—6 TeV), couplings and flavor scenarios for the LHC with
center of mass energy of 14 TeV and varying integrated luminosities of 30, 100, 300 and 1000 fb=!.
We find encouraging results to distinguish color-octet and color-singlet resonances for different

flavor scenarios at the LHC.
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I. INTRODUCTION

Hadron colliders are a rich source for the production of new resonances with strong
coupling due to colored particles in the initial state. A particularly simple and powerful
probe of new colored resonances is the di-jet channel where the resonance decays to two
partons. Each successive hadron collider with an increase in center of mass energy and
integrated luminosity has been able to probe di-jet resonances with higher masses. Many
well motivated theories of physics beyond the Standard Model (SM) predict new particles
that give rise to signatures in the di-jet channel. These new particles can have different spin
and color structure and a sample of such possibilities is listed below.

The color-octet vector boson arises as a result of extending the gauge group of the strong
sector. The chiral structure of the couplings between quarks and the color-octet varies
and the couplings can either be flavor universal or flavor non-universal. Examples of flavor
universal scenarios are the axigluon [1, 2] and coloron [3, 4] where all quarks are charged
under the same SU(3) group. Flavor non-universal scenarios appear in the case of the
topgluon where the third generation quarks are assigned to one SU(3) group and the light
quarks to the other [5, 6] and the axigluon where different chiralities of the same quark
can be charged under different groups [7-12] . Other examples include Kaluza-Klein (KK)
gluons which are excited gluons in extra-dimensional models [13], technirhos which are
composite colored vector mesons found in technicolor [14-16], models that include colored
technifermions and low-scale string resonances [17].

The electrically neutral color-singlet vector boson, collectively called a Z’, also appears in
many beyond SM physics scenarios and can originiate from extending the electroweak U(1)
or SU(2) gauge group. The Z’ can also have flavor universal [18-20] or flavor non-universal
couplings to fermions [21-23]. For reviews of Z’ models, see Refs. [24-26] and the references
therein. Other examples of color-singlet states probed in the di-jet channel include the spin-2
gravitons in Randall-Sundrum models [27, 28] which are KK excitations of the gravitational
field [29, 30] and the electrically charged color-singlet vector boson, namely the W' [31].

Searches for new resonances in the di-jet channel have been performed at the CERN
SppS [32, 33], Tevatron [34-38] and the Large Hadron Collider (LHC) [39-47]. Once a
resonance has been discovered the next step is to measure the properties of the resonance.
The di-jet invariant mass m;; and the angular distributions of energetic jets relative to
the beam axis are sensitive observables to determine the mass and spin of the resonance.
The coupling strength of the resonance to SM quarks can be constrained using the cross
section of the di-jet channel and the chiral structure can be determined by combining the
di-jet channel with the channel where the resonance is produced in association with a SM
electroweak gauge boson [48]. As a next step, we explore the question of determining the
color structure of the resonance produced in the di-jet channel; in particular we explore
whether the resonance is a color-octet or a color-singlet state.

To distinguish a color-octet and a color-singlet resonance produced in the di-jet channel
we introduce a new variable called the color discriminant variable. Assuming that the new
resonance decays only to quarks, this variable reflects the color structure of the resonance
and is constructed from measurements which can be made in the di-jet discovery channel,



namely the di-jet cross section, mass and width of the resonance. We demonstrate the
utility of this variable in distinguishing color-octet and color-singlet resonances using the
simple flavor universal example of a coloron and a leptophobic Z’. We also demonstrate
the robustness of this method using more general cases like flavor non-universal scenarios.
We study the sensitivity of the LHC with center of mass (c.m.) energy of 14 TeV and inte-
grated luminosities of 30,100, 300 and 1000 fb~! to distinguish color-octet and color-singlet
resonances. Motivated by current constraints on di-jet resonances and future prospects for
discovery, we probe masses ranging from 2.5 — 6 TeV with various couplings and widths.

The rest of the paper is organized as follows. In Sec. II we describe phenomenologi-
cal models for a coloron and a leptophobic Z’ used as illustrative examples in this article.
We introduce a color discriminant variable to distinguish color-octet and color-singlet reso-
nances in Sec. [TI. We discuss the current constraints from collider searches and the allowed
regions in parameter space in Sec. IV and the uncertainties involved in measuring the color
discriminant variable at the LHC in Sec. V. We present our results in Sec. VI and conclu-
sions in Sec. VII. A discussion about uncertainties relevant to our analysis is presented in
Appendix A.

II. GENERAL PARAMETERIZATION

Color-octet and color-singlet resonances of interest to our study may be motivated in
many beyond the SM physics scenarios as described in the introduction. Therefore we study
a phenomenological model of color-octet and color-singlet resonances independent of the
underlying theory to keep our study widely applicable. We will assume that there are no
additional colored states into which the resonance can decay. If new light states are present,
studying the properties of the decays of the coloron or Z’ into these new particles will be
instructive (see Refs. [49, 50] and references therein). The couplings of the color-octet and
color-singlet resonances to SM quarks can all be the same in the simple flavor universal
scenario and can all be independent in the most general flavor non-universal case. In this
section, we present details about the parameterization of the interactions of color-octet and
color-singlet resonances for two cases, the flavor universal scenario and an illustrative flavor
non-universal scenario.

The interaction of a color-octet resonance C), with the SM quarks ¢; has the form

Lo =igsa7" (96, Pr + 96, Pr) 4:C,, (1)

where C,, = Cgt® with t* an SU(3) generator, g¢, and gg,, denote left and right chiral
coupling strengths of the color-octet to the SM quarks relative to the QCD coupling g,
the projection operators have the form Ppr = (1 F75)/2 and the quark flavors run over
1 =u,d,c,s,t,b. We will denote the color-octet resonance by C' and its chiral couplings to
light quarks by ggLyR and to the third generation by gtcL,R and use the terms color-octet and
coloron interchangeably.

The color-octet resonance with the interactions as in Eq. (1) decays primarily to two jets



or a top pair and its decay width is given by

Mc
Lo = a4 (g7 +982) + (9 + 9b2)
+ [(thf + gtc,z)(l — i) + GQELgtcRMt} vi- 4%}7 (2)

where My and ' are the mass and intrinsic width of the color-octet respectively. Decays
to top quarks are modified by the kinematic factors involving j; = m?/ME with m, the top
quark mass. Strictly speaking, the bottom quark’s contribution to the width is modified
by factors involving p, = m?/MZ but we ignore these factors since m? << MZ. For a
color-octet that is heavy compared to the top quark, the expression for the total width of a
color-octet in Eq. (2) simplifies to

To = as% [4 (927 + 982) +2 (962 + gt2) } : (3)

We parameterize the interaction of a color-singlet similarly to that of the color-octet. If
the color-singlet has tree level couplings to SM leptons also, it can be easily distinguished
from a color-octet as the octet has no decays to leptons. Hence we consider only the lep-
tophobic variant of the color-singlet, as this can mimic a color-octet resonance in the di-jet
channel. We will call such a resonance a leptophobic Z’ henceforth. The interactions of a
leptophobic Z" with the SM quarks are given by

Lz = 1guq" (giZ/LPL + giz;%P R> 4, (4)

where giZ,L and ggk denote left and right chiral coupling strengths of the leptophobic Z’ to
the SM quarks relative to the weak coupling g,, = €/ sin 6y and the quark flavors run over
1= u,d, c, 8,t,b. Again the chiral couplings of the Z’ to light quarks are denoted by g%,L .

and to the third generation by th,L K
The leptophobic Z’ with the interactions as in Eq. (4) decays primarily to two jets or a
top pair and its decay width is given by
My

+ [(Qtz'f + 970 ) (1= ) + 69292;{%] V1- 4/4, (5)

where Mz and 'z are the mass and intrinsic width of the leptophobic Z’ respectively.
Similar to the case of the color-octet, we can neglect the kinematic factors involving the
mass of the top and bottom quarks when the Z’ is much heavier than the SM quarks. Hence
the expression for the decay width of a Z’ as given in Eq. (5) simplifies to

MZ’ 2 2 2 2
Pz = =~ [4 (g%lL - g%;{) +2 (th/L + 9%) } : (6)

In the rest of the article we will only consider color-octet and color-singlet resonances that
are much heavier than the top quark.



A. Flavor Universal Scenario

In the flavor universal scenario all SM quarks have the same coupling to the color-octet
resonance, i.e. ggL R = gtCL » = 9oy - The expression for the decay width of a color-octet
as given in Eq. (3) simplifies further to

a
o =5 Me (92, + 9¢,) - (7)

and the branching fraction for the color-octet resonance to decay to jets obeys the simple
relation

BR(C — jj) =5/6, where j = u,d,c, s, b. (8)

Similarly, the decay width of a Z’ with flavor universal couplings to SM quarks simplifies
to

Iy = 3o, My (92 + 9%;{) ; (9)
where a,, = g2 /47 and g% =495, =gz _. The branching fraction for a Z’ to decay to
L,R L,R L,R
jets obeys the simple relation

BR(Z' — jj) =5/6, where j = u,d, c,s,b (10)

Note that although the width of the coloron is proportional to the strong coupling
(as(myz) ~ 0.12) and that of the leptophobic Z’ is proportional to the weak coupling
(a = 0.04), the two resonances will have comparable widths when the couplings g% + g%
are the same. This is due to the difference in the color factors for the two resonances.

B. An Illustrative Flavor Non-universal Scenario

The couplings of a color-octet and color-singlet resonance to SM quarks can all be inde-
pendent in the most general flavor non-universal scenario. While it is desirable to study the
most general case, it is computationally cumbersome and beyond the scope of this study.
Instead we consider an intermediate scenario where the couplings of the color-octet and
the color-singlet to quarks in the third generation are different from the couplings of the
quarks in the first two generations. An interesting example of such a scenario is that of a
color-octet resonance (described in Refs. [7-10]) that can enhance top-pair forward-backward
asymmetry observed at the Tevatron [51-55]. For the Z’, models related to strong dynamics
typically feature a Z’ that couples with an enhanced strength to quarks in the third family
(see Ref. [24] for a review of such cases).

The couplings of a color-octet or color-singlet resonance to SM quarks in the flavor non-
universal scenario we consider can be parametrized by

9oz, , = £9¢yz, , (11)

where t = t,b and ¢ = u,d, c,s. The change in the total decay width of a color-octet and
color-singlet in the flavor non-universal scenario compared to the width in the flavor-universal



case (given by Eq. (7) and Eq. (9) respectively) is given by

, . 4+ 2£2
Fnon—unlversal — Funlversal <+T€> . (12)

The branching fraction of the color-octet and color-singlet to jets, where the jets are defined
to include 57 = u, d, ¢, s, b changes from

Br(C/Z' — jj) = 5/6 (13)

in the flavor universal case to

44 &2

(14)
in the flavor non-universal case. Hence the branching fraction to jets in the flavor non-
universal case decreases to 1/2 from 5/6 in the flavor universal case as & becomes large.
This tendency towards smaller branching fraction in the flavor non-universal case tends to
decrease the overall di-jet cross section for the resonance. The production rate stays the
same, as it is dominated by the contribution from the first (and to a small extent from the
second) generation quarks; the bottom quark with negligible parton luminosity contributes
very little. However, the branching fraction reduces compared to the flavor universal scenario
and hence the total di-jet cross section decreases.

Finally we note that in the narrow-width approximation the quantity ¢ can be determined
by a measurement of the ratio of the cross sections where the resonance decays to top quark
pairs or to jets:

olpp = C/Z' —»tt)  Br(C/Z' = tt) £2

olpp — C/Z" = jj) — Br(C/Z' —jj)  4+&
We introduce next a new variable to help distinguish color-octet and color-singlet states,
described in this section, in the di-jet channel.

(15)

III. COLOR DISCRIMINANT VARIABLE

In the previous section, we introduced generic color-octet and leptophobic color-singlet
states that couple to SM quarks with differing strengths and color structures. A resonance of
either type will be produced copiously at a hadron collider and will decay into two jets or top
quark pairs. Decays in the top quark channel have the advantage of possible leptons in the
final state and hence better reconstruction efficiencies compared to the SM QCD background.
However they suffer from a smaller cross section (due to smaller branching fraction to top
pairs), overall smaller efficiency due to the large number of final state particles and still a
relatively large background. On the other hand the simple topology of the decay into two
highly energetic central jets with a larger branching ratio and higher efficiency of jet selection
makes the di-jet channel a discovery mode despite very large QCD backgrounds. Such
resonances will be discovered in the di-jet channel as simple “bumps” (in the narrow width
approximation) over an exponentially falling QCD di-jet background. The channel with



decays to top quark pairs, while suffering from a smaller rate, is nonetheless an important
one as it helps determine flavor universal from flavor non-universal scenarios as described in
Sec. VIB.

Once such a resonance has been discovered in the di-jet channel, it is possible to obtain a
measurement of its cross section, mass and width. The question then arises about the nature
of the resonance - is it a color-octet or a color-singlet resonance? An estimate of the couplings
(g% + g%) for each resonance can be obtained from the cross section measurement [56]. This
can possibly be used to eliminate some scenarios where the deduced couplings are either
not motivated theoretically or excluded by other experiments. However, there will be large
regions in parameter space where both color-octet and leptophobic color-singlet scenarios
survive. To keep our study widely applicable we propose a model-independent approach to
distinguish color-octet and color-singlet resonances that depends mainly on the kinematics
of the process.

The cross section for the production and decay of a resonance in the narrow-width ap-
proximation can be written as

a(pp = jj) = o(pp — V)Br(V — jj), (16)

where V' is a generic resonance, o(pp — V') is the cross section for producing the resonance
and Br(V — jj) is the branching fraction for the resonance to decay to jets. Using this
approximation and factoring out the couplings, color factors and mass dependence explicitly
we can write the cross section for a color-octet as

. 4 1 .
olpp = C = jj) = 505 (98, + 98,) 3z Ewp = C)Br(C = jj)
c
8T'¢ .
= s alop = C)Br(C = jj), (17)
9 M,
where X(pp — C) is dependent only on the parton distribution functions (PDFs), kinemat-
ics, and phase space factors and the expression for the width of the flavor universal coloron
in Eq. (7) has been used to obtain the final form of Eq. (17). Similarly, we can express the
cross section for the leptophobic Z’ as
. 1 1 .
olpp = 2" = jj) = gow (g%fL + 9%) Tz 2o = Z')Br(Z' = jj)
Z/
1Ty .
= §M—3/Z(pp — Z")Br(Z' — jj), (18)
where the expression for the width of the flavor universal leptophobic Z’ in Eq. (9) has been
used to obtain the final form of Eq. (18).

Suppose a new di-jet resonance is discovered with a particular cross section and mass; it
is important to determine whether it is a coloron described by Eq. (17) or a Z’ described
by Eq. (18). Comparing Egs. (17) and (18) for equal o and equal M and noting that %
and di-jet branching ratios are also equal in the two cases, we find the following relationship
between the widths:

}/ - SF* 3 (19)

7



where the asterisk signifies that we are comparing bosons with equal production cross-
sections (o). This implies that if a resonance is discovered in the di-jet channel, a measure-
ment of the width can point to the color-structure of the resonance discovered.

We get a similar expression for the flavor non-universal case by replacing the expressions
for the width and the branching fraction in Eqs. (17) and (18) by those in Egs. (12) and
(14). For the flavor non-universal coloron we have

4

. 1 .
olpp = C = jj) = gas (92, +9¢,,) Mgﬁ(pp — C)Br(C — jj)

8T'e 6 44 &2
= —— | —— 2 C 20
where I'¢ is the width of the coloron in the flavor non-universal case. For the flavor non-
universal leptophobic Z" we have

- 1 1 .
olpp = 2" = jj) = gow (92 + 9%) Tz 2o = Z')Br(Z' = jj)
Z/
1T, 6 4+¢"
= = S(pp = 7 | ——— 21
913, (4+2§/2) wp = Z) <4+2g2> ’ (21)

where 'z is the width of the leptophobic Z’ in the flavor non-universal case. For a given &,
which is determined by a measurement of the ratio of the cross sections as given in Eq. (15),
we see that, for resonances with a mass M and yielding equal total di-jet cross sections, the
relation between the width of the coloron and the leptophobic Z’ in the flavor non-universal
case remains the same as before:

o =8¢ (22)

We use this relation to introduce a new variable to distinguish color-octet and color-singlet
resonances and parameterize it in a model-independent way.

As discussed earlier, a discovery in the di-jet channel will inspire three immediate mea-
surements - cross section, mass and width, which in turn depend on model dependent pa-
rameters such as couplings, color-structure and mass of the resonance. Note that the cross
section is proportional to the color structure, square of the couplings and M ~2 while the
width is proportional to square of the couplings and M. Denoting by o;; the cross section
for producing a resonance in the di-jet channel, we define

M3

Deol = 0355 (23)

as a color discriminant variable that is dimensionless by construction. This variable depends
only on the color structure of the resonance being considered for a given £. For example,
any two points in the parameter space of a coloron will lead to the same D,y for a given &
where as points in parameter space of a coloron and a leptophobic Z’ will lead to different
values of D, for the same £. Thus one can distinguish a color-octet and a color-singlet state
in a relatively model-independent fashion i.e. without analyzing each point in parameter
space separately. Next we discuss the constraints on the parameter space and the discovery
potential of color-octet and color-singlet states at the LHC.



IV. PARAMETER SPACE IN DI-JET CHANNEL

In this section we describe the region of parameter space in which using the color dis-
criminant variable is applicable. First we discuss the current constraints on the parameter
space of coloron and leptophobic Z’ models. Next we discuss the discovery prospect for
colorons and leptophobic Z’s at the LHC with c.m. energy of 14 TeV, since the question
of distinguishing the color structure of a resonance will arise only after the resonance has
been discovered. The discovery and exclusion regions for the coloron and leptophobic Z' are
presented in Fig. 1(a) and (b), respectively, for the flavor universal scenario and in Fig. 1(c)
and (d), respectively, for the flavor non-universal scneario.

Searches for di-jet resonances where the width of the resonance is small compared to the
mass have been carried out at the LHC by both CMS and ATLAS collaborations'. They
have found no evidence of such resonances and set exclusion limits on the product of cross
section, branching ratio and acceptance for the 8 TeV LHC run [44, 46, 47]. They also present
the theoretical estimate of the product of cross section times branching fraction for various
sample models, including colorons and sequential Z’s. The acceptance for each model can
then be estimated as a function of the mass without doing a full detector simulation. Using
this estimated acceptance we translate the exclusion limits from Ref. [47] to obtain excluded
regions in the plane of mass and coupling for the case of a coloron. The di-jet analysis [47]
presents results only for a sequential Z’ and hence we apply the acceptance for a sequential
Z' to the leptophobic Z’ as well. This is reasonable as the acceptance is dependent mainly
on kinematics and not on the couplings and their structure at leading order. Note that in
estimating the excluded regions we have used the most stringent results which come from
CMS [47]. The results of this exercise are presented as gray regions labeled “LHC exclusion”
in Fig. 1 for the coloron and leptophobic Z’. Note that a larger region of parameter space
is excluded for the coloron compared to the leptophobic Z’ due to the stronger coupling
strength of the coloron to the SM quarks. On the other hand the excluded region for the
flavor universal scenario is larger than that of the flavor non-universal scenario due to the
smaller total cross section in the latter case as discussed earlier.

A resonance in the di-jet channel will be observed as a fluctuation in the exponentially
falling QCD background. An estimation of the QCD di-jet background is notoriously dif-
ficult due to the reliance on leading order cross sections, uncertainties in the estimation of
jet energy scale and other systematic uncertainties. Hence data driven methods are often
employed to normalize the QCD background in a region away from the signal. In the ab-
sence of real data, a fit is performed to samples from full detector simulation to estimate the
experimental sensitivity. As a full estimation of the QCD background and the sensitivity in
the di-jet channel is beyond the scope (and focus) of this article, we use the results presented
in Ref. [60] to estimate the discovery potential of a coloron and a leptophobic Z’ in the di-jet
channel at the LHC with /s = 14 TeV.

I For a recent compilation of bounds on di-jet resonances, and their interpretation in terms of resonance
couplings, see Ref. [56]. The results we present here, obtained from the experimental bounds cited, are

consistent with the results of Ref. [56].
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FIG. 1: (a) Top left: 50 discovery reach for a flavor universal coloron in the plane of the mass of
the coloron (in TeV) and the square of the couplings at the LHC with /s = 14 TeV. The discovery
reach is shown in varying shades of blue for different luminosities ranging from 30 fb~! to 1000
fb~!. The area marked “no 50 sensitivity” corresponds to no discovery reach at 1000 fb~! but may
have some reach at higher luminosities. The area marked “LHC exclusion” in gray corresponds
to the exclusion from 8 TeV LHC [47]. The region above the dashed line marked I' > 0.15M
corresponds to the region where the narrow-width approximation used in di-jet resonance searches
is not valid [57-59]. The region below the horizontal dashed line marked I" < M5 corresponds to
the region where the experimental mass resolution is larger than the intrinsic width [47]. See text
for further details. (b) top right: same as (a) but for a leptophobic Z’ and the discovery reach is
shown in varying shades of green. (c) bottom left: same as (a) but for the flavor non-universal

coloron where ggL‘R = 39%L,R' (d) bottom right: same as (b) but for the flavor non-universal Z’

with th,L L 39%2 R

Similar to the case of current CMS studies, the authors of Ref. [60] present the minimum
cross section that can be observed at the LHC with /s = 14 TeV and for luminosities up
to 10 fb~!. They present their discovery potential results as a product of cross section,
branching ratio and acceptance for different masses of the resonance after taking into ac-
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count statistical uncertainties (from background fluctuation) and systematic uncertainties.
The systematic uncertainties include various sources such as jet energy scale, jet energy
resolution, radiation and low mass resonance tails and luminosity. In addition they also
present the theoretical estimate of the product of cross section times branching fraction for
various sample models, including colorons and sequential Z’s. As before, the acceptance for
each model can then be estimated as a function of mass and we translate the 5o discovery
reach to regions in the plane of mass and coupling. The discovery reach from 10 fb~! is then
scaled appropriately to obtain the discovery reach for other values of integrated luminosities,
L = 30,100,300 and 1000 fb~!. The regions that can be probed at the 5o level for the case
of the flavor universal and flavor non-universal coloron are presented as regions of varying
shades of blue in Fig. 1(a) and Fig. 1(c) respectively for the different luminosities listed
above. For the leptophobic Z’/, we use the acceptance for a sequential Z’ as explained earlier
and the discovery reach is presented in Fig. 1(b) and Fig. 1(d) as different shades of green for
the flavor universal and flavor non-universal case respectively. The region shown in red and
labeled “no 5o sensitivity” in Fig. 1 corresponds to the case where the resonance will not
be discovered at 50 with 1000 fb~!. Owing to the stronger coupling strength of the coloron
to SM quarks the discovery reach for a coloron extends to larger masses while the reach
for the leptophobic Z’ is limited to lower masses due to the weak coupling to SM quarks.
Moreover, the discovery region for the flavor non-universal scenario shrinks compared to the
flavor universal scenario due to the smaller total di-jet cross section in the former case as
discussed earlier.

Note that the experimental search for resonances in the di-jet channel applies in the region
where the narrow-width approximation is valid. The authors of Refs. [57-59] point out that
this approximation is valid only up to I'/M < 0.15. The area above the top dashed line in
Fig. 1 indicates the region where the narrow-width approximation is not valid. Similarly,
the measurement of the width of a resonance is limited by the experimental mass resolution
M, and intrinsic widths smaller than M, cannot be distinguished. The area below the
bottom dashed line in Fig. 1 indicates the region where the intrinsic width is smaller than
the experimental resolution and cannot be distinguished. The estimate of the experimental
mass resolution varies with mass and has been obtained from Ref. [47]. Hence the region
where our analysis is applicable is between the two dashed lines and where there is discovery
potential indicated by blue (green) colored regions for a coloron (leptophobic Z’).

Finally we present some details about our simulation of signal samples. The production
cross section was calculated using MadGraphb [61] and CTEQ6L1 PDF's [62] were used. The
factorization and renormalization scales were set to be equal to the mass of the resonance.
Next we discuss the sensitivity of the LHC to measure the color discriminant variable to
distinguish color-octet and color-singlet states.

V. SENSITIVITY AT THE LHC
The color discriminant variable (D) is a function of the mass (M) and intrinsic width

(I") of the resonance as well as the cross section for producing the resonance in the di-jet
channel (0};). Hence statistical and systematic uncertainties in the measurement of the di-jet

11



cross section, mass and intrinsic width of the resonance play a key role in the measurement of
the color discriminant variable and hence in distinguishing a color-octet from a color-singlet
resonance. In this section we discuss the uncertainties in the measurement of the mass,
intrinsic width and the cross section for producing the resonance in the di-jet channel and
their effect on the uncertainties in the measurement of D, at the LHC with /s = 14 TeV.
Motivated by current constraints and future prospects described in Sec. IV we consider
resonance masses in the range 2.5 — 6 TeV.
The uncertainty in the measurement of the di-jet cross section can be written as

Aojj 1

o VN o 24
where N is the number of signal events, €,y is the fractional systematic uncertainty and
@ indicates that the uncertainties are added in quadrature. The discovery of a resonance
in the di-jet channel is a pre-requisite for measuring D.,. Hence in the rest of the article

N indicates the number of signal events required (above background fluctuation) to obtain
a bo discovery and has been obtained from Ref. [60] as described in Sec. IV. The sources
of systematic uncertainties in measuring the di-jet cross section include jet energy scale, jet
energy resolution, radiation and low mass resonance tail and luminosity [63]. The effect of
all these systematic uncertainties was estimated in Ref. [60] and presented as a fractional
uncertainty (as a function of the mass) normalized to the di-jet cross section required to
obtain 50 discovery (above background fluctuation) at the LHC with /s = 14 TeV. The
fractional uncertainty (€,4ys) varies from 0.28 to 0.41 in the mass range of interest and is
listed in Table I.
The uncertainty in the measurement of the di-jet mass is given by

AM 1 [UF@MreS}@(AM> (25)
M N |M M M )’

where o is the standard deviation corresponding to the intrinsic width of the resonance (I" ~

2.350r assuming a Gaussian distribution), M,.s is the experimental di-jet mass resolution
and (AM/M);gq is the uncertainty in the mass measurement due to uncertainty in the
jet energy scale. The various components of systematic uncertainties contributing to the
uncertainty in the mass measurement depend on each experiment and detector and their
estimate for different experiments and c.m. energies are listed in Table I. The specific values
used in our analysis are indicated by an asterisk (*).

The uncertainty in the measurement of the intrinsic width is given by

v N\2 M. \* [ AM..\>
1 res res res 26
(Y] () (G e

where A M, is uncertainty in the di-jet mass resolution due to uncertainty in the jet energy

resolution. Again, the estimate of the various components contributing to the uncertainty
in the width measurement are listed in Table I for various experiments and the values used
in the analysis are indicated by an asterisk(*). See Appendix A for details on calculating
the expression for uncertainty in the intrinsic width given in Eq. (26).
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The estimation of systematic uncertainties depends on detector details and the energy
of the collider and an accurate estimate of any systematic uncertainty can be done only
after the machine is operational and has been calibrated. However as the LHC is yet to
run at /s = 14 TeV, the energy for which we present our results, we have the choice
of using the systematic uncertainties estimated using full detector simulation (but no real
data) at /s = 14 TeV or of using the systematic uncertainties from real LHC data but
for /s = 8 TeV. We will use the estimate for systematic uncertainties from actual LHC
data where available and assume that any future LHC run will be able to reach at least
the current level of uncertainties, if not better. This is a reasonable assumption as exper-
iments tend to make improvements in their estimation of errors and efficiencies with real
data, compared to original estimates from simulated data, due to improved experimental
techniques. For example, the uncertainty in mass due to the uncertainty in jet energy scale
at the LHC with /s = 14 TeV was expected to be about 5% [63] while the current analyses
at 8 TeV show that an uncertainty of 1.25% is achievable [47]. Note that we have modeled all
systematic uncertainties to be Gaussian and hence added them in quadrature. We have also
not included any correlation between the uncertainties. Most of the systematic uncertainties
were estimated for resonance masses up to 5 TeV for the different experiments and we have
extrapolated this estimate to resonance masses up to 6 TeV. To account for the possibility
that the systematic uncertainties are larger than the ones we use in the analysis we also
present our results for the case where all the systematic uncertainties used in evaluating
D., are increased by a factor of 1.5. We believe this rather conservative estimate will be
able to cover reasonable fluctuations in systematic uncertainties due to higher energy, larger
luminosity and other effects not included in our study.

Systematic Uncertainty | Notation Value Mass Range| /s |Experiment
Di-jet cross section

: : Eosvs | 0.28—041% |25 —6TeV |14TeV| LHC [60]
uncertainty (fractional) Y

0.045 — 0.035*| 2.5 — 6 TeV | 8 TeV | CMS [47]

Mass resolution % 0.045 — 0.031 | 2.5 — 6 TeV | 8 TeV |ATLAS [45]

0.071 — 0.062 |2.5 — 6 TeV |14 TeV| LHC [60]

Mass resolution AM, . 0.1% any 8TeV | CMS [46]

uncertainty M 0.1 any 14TeV| LHC [60]

Mass uncertainty 0.013* any 8TeV | CMS [46]

from jet energy (AWM) IES 0.028 any 8 TeV |[ATLAS [45]

scale (JES) 0.035 any 14TeV| LHC [60]

TABLE I: Sources of systematic uncertainty contributing to uncertainties in measurement of the
cross section, mass and width of a resonance in the di-jet channel at various experiments and c.m.

energies. The values used in this analysis are indicated by an asterisk.
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VI. RESULTS

In this section we describe the sensitivity of the LHC to distinguish a color-octet resonance
from a color-singlet resonance using the color discriminant variable introduced in Sec. III.
We estimate the sensitivity at the LHC by evaluating D, and include the uncertainties in
estimating D, as described in Sec. V. Motivated by current constraints on di-jet resonances
and future sensitivity of the LHC to discover di-jet resonances as described in Sec. IV, we
consider the mass range of 2.5 — 6 TeV. We will present our results for the flavor universal
and the flavor non-universal case at the LHC with /s = 14 TeV for varying integrated
luminosities, namely, £ = 30, 100, 300 and 1000 fb~!.

A. Flavor Universal Scenario

The sensitivity of the LHC with c.m. energy of 14 TeV to distinguish color-octet and
color-singlet resonances in the flavor universal scenario is shown in Fig. 2(a) - (d) for varying
luminosities, £ = 30,100,300 and 1000 fb~!. The sensitivity is presented in the plane of
the mass of the resonance (M) in TeV and the log of the color discriminant variable (D).
In each panel, there are two separate bands, corresponding to a coloron and a leptophobic
Z'. For each resonance, the uncertainty in the measurement of D, due to uncertainties
in the measurement of the cross section, mass and width of the resonance is indicated by
gray bands around the central value of D, represented as a black dashed line. The outer
(dark gray) band corresponds to the uncertainty in D., when the width is equal to the
mass resolution, 7.e. I' = M. A determination of the intrinsic width is not possible when
[' < M,es. The inner (light gray) band corresponds to the case where the width I' = 0.15M.
The narrow width approximation used in di-jet searches is not valid when I' > 0.15M.
Resonances with width M, < T' < 0.15M will have bands that extend between the outer
and inner gray bands. The blue (green) colored region indicates the region in parameter
space of the coloron (leptophobic Z’) that has not been excluded by current searches [47]
and has the potential to be discovered at the LHC at a 5o level as described in Sec. IV.

The results in Fig. 2 illustrate several features. First, note that the bands for coloron
and leptophobic Z" are well separated vertically. This implies that the color discriminant
variable is able to clearly distinguish between a color-octet and a color-singlet at the LHC
after all uncertainties have been taken into account. The mass range (from 2.5 — 6 TeV)
can be roughly divided into three regions: the low mass region where the Z’ band is green
but the coloron band is grayed out; the high mass region where at least one band is grayed
out, and an intermediate region where the coloron band is blue and the Z’ band is green.
The color discriminant variable can be used to distinguish colorons and leptophobic Z’s in
the intermediate region where both resonances are allowed, discoverable at the LHC, and
have widths in the appropriate range (M, < I' < 0.15M). Note that this overlap region
expands with increasing luminosity.

Our analysis is not useful in the low mass region because a coloron there is either already
excluded by LHC searches or is too narrow. For example, consider a future discovery of a
resonance in the di-jet channel at a mass of 3.0 TeV and 100 fb~! of integrated luminosity.

14
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FIG. 2: (a) Top left: Sensitivity at the LHC with /s = 14 TeV and integrated luminosity of
30fb~! for distinguishing a coloron from a leptophobic Z’ in the plane of the log of the color
discriminant variable (Dcol = MT?’ajj) and mass (in TeV) for the flavor universal scneario. The
central value of D, for each particle is shown as a black dashed line. The uncertainty in the
measurement of D., due to the uncertainties in the measurement of the cross section, mass and
width of the resonance is indicated by gray bands. The outer (darker gray) band corresponds to
the uncertainty in D¢, when the width is equal to the experimental mass resolution i.e. I' = Mes.
The inner (lighter gray) band corresponds to the case where the width I' = 0.15M. Resonances
with width Mes < T' < 0.15M will have bands that extend between the outer and inner gray bands.
The blue (green) colored region indicates the region in parameter space of the coloron (leptophobic
Z') that has not been excluded by current searches [47] and has the potential to be discovered at a
50 level at the LHC with /s = 14 TeV after statistical and systematic uncertainties are taken in
to account. (b) Top right: Same as (a) but for an integrated luminosity of 100 fb~!. (c) Bottom
left: Same as (a) but for an integrated luminosity of 300 fb~! (d) Bottom right: Same as (a) but
for an integrated luminosity of 1000 fb~!. Note that the colored regions in all panels correspond to

the same colored regions in the mass and coupling plane used in Fig. 1 for different luminosities.
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This could certainly correspond to a Z’ lying within the green band of Fig. 2(b). However,
from the lower left corner of Fig. 1(a) we also see that it could correspond to a very narrow
coloron, with a width less than the detector resolution. Being unable to measure the width
of such a coloron accurately, the uncertainty in the measurement of our discriminant variable
D, would be very large and hence we would not be able to distinguish between a coloron
and a leptophobic Z.

Now contrast this with the high mass region where the coloron has the potential to
be discovered while the leptophobic Z’ band is grayed out. In this case if a resonance is
discovered in the di-jet channel with a mass of 5.0 TeV with 100 fb~! integrated luminosity,
then we would have confidence that it is a coloron and not a leptophobic Z’. A discovery
in the di-jet channel (with the current analyses) requires the width to be relatively narrow
(I' < 0.15M), while the width of a corresponding Z’ would be very broad as seen in Fig. 1(b).
Note that there are no current experimental strategies to discover very broad resonances and
it is also beyond the scope of our analysis.

The color discriminant variable is a dimensionless quantity that depends only on the
color factors for a given &. All points in the parameter space of a coloron and leptophobic

7' give the same value of DS, and DZ, respectively and DY, # DZ, for a given &. However

col col col col
the results in Fig. 2 show a clear dependence of D, on the mass of the resonance (M).
This dependence on the mass is an artifact of the implicit dependence on mass coming from
PDFs. A resonance with a large (small) mass corresponds to parton luminosity at large
(small) x and hence small (large) cross section. Note that at a fixed collision energy (at
the parton level) the value of D, for a given resonance will be universal and have no mass
dependence.

The uncertainties in the estimation of D, are large for higher mass resonances compared
to the ones at low mass. This is easily understood as high mass resonances have smaller
cross sections and hence fewer signal events leading to large uncertainties. As the luminosity
increases from 30 fb~! to 1000 fb~! the uncertainty at higher masses decreases due to the
larger number of signal events and the width of the uncertainty bands becomes uniform. This
is because systematic uncertainty will become progressively dominant when the number of
events is sufficiently large that a 5o discovery is possible.

The uncertainty in the color discriminant variable is smaller for the case of larger width
(inner gray band) and is larger for the case of smaller width (outer gray band) resonances.
This is because smaller width corresponds to smaller couplings and hence smaller cross
section which leads to larger statistical uncertainty. In addition the uncertainty in the
intrinsic width is inversely proportional to I'/M,. and hence leads to larger systematic
uncertainty for smaller widths. This relation between the uncertainty in the width and
the mass resolution is described in Appendix A. In addition, the size of the colored band
(which corresponds to the discovery reach) is smaller for larger masses. This is because the
couplings corresponding to a width of I' = M, (outer region of the colored band) are small
leading to a smaller cross section and hence not enough signal events for a 5o-discovery at
a given mass. The larger couplings which correspond to larger widths (inner region of the
colored band) and larger cross sections have the potential for a 5o discovery.

In figure 3, we display the results for the scenario where systematic uncertainties in the

16



LHC 14TeV, 30 fb* LHC 14TeV, 100 fb !

FIG. 3: Same as Fig. 2, but with the systematic uncertainties in M, I and o;; increased by a
factor of 1.5.

measurement of mass, width and cross section of the resonance in the di-jet channel listed in
Sec. V were increased by a factor of 1.5. Note that our results remain robust even with this
very conservative estimate of systematic uncertainties and the color-octet and color-singlet
states can still be distinguished from each other.

B. Flavor Non-universal Scenario

In this section we discuss the sensitivity of the LHC with c.m. energy of 14 TeV to distin-
guish between color-octet and color-singlet resonances in the flavor non-universal scenario.
As illustrative examples we present the results for two different flavor non-universal scenarios
in Fig. 4 for the mass range 2.5 — 6 TeV and for various couplings and widths. In Fig. 4(a)
and Fig. 4(b) we present the results in the plane of mass of the resonance and the log of
the color discriminant variable for gtL’ R= 29%7 » for integrated luminosities of 300 fb~! and
1000 fb~! respectively. In Fig. 4(c) and Fig. 4(d) we present similar results for 9rLrR= 397 r
for integrated luminosities of 300 fb~! and 1000 fb~! respectively.

The results for the flavor non-universal case in Fig. 4 illustrate several features. As
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FIG. 4: (a) Top left: same as Fig. 2(c), but for the flavor non-universal case with g » = 24 p.
(b) Top right: same as (a) but for integrated luminosity of 1000 fb~!. (c) Bottom left: same as (a)
but for g} p = 397 p. (d) Bottom right: same as (c) but for integrated luminosity of 1000 b1

discussed in Sec. III, the ratio between the widths of a color-octet and color-singlet depends
only on the color factors and hence the color discriminant variable can be used to distinguish
color-octet and color-singlet resonances in the flavor non-universal scenario for a given &.
This is demonstrated by the separation between the bands for colorons and leptophobic Z’s
in Fig. 4, for the cases £ = 2 and £ = 3. Several features present in the flavor universal case
are preserved. The reach in mass increases with increasing luminosity; the uncertainty in
the estimation of D is large for larger masses and is dominated by systematic uncertainties
when the number of events is large and the uncertainties for resonances with small (large)
widths is large (small). There are also some new features specific to the flavor non-universal
case. The reach in mass decreases with increasing £. As discussed in Sec. IV, as & changes
the production cross section remains the same while the branching fraction to jets decreases
leading to a smaller di-jet cross section and hence fewer signal events. Note that the central
value of D, decreases with increasing ¢ due to the dependance of the di-jet cross section
on &% as shown in Eqgs. (20) and (21).

So far we have presented results for distinguishing a color-octet and a color-singlet state
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FIG. 5: (a) Top left: Sensitivity to distinguish color-octet and color-singlet scenarios at the LHC
with /s = 14 TeV and integrated luminosity of 300 fb~! for a resonance of mass 3 TeV for different
values of £. (b) Top right: same as (a) but for integrated luminosity of 1000 fb~!. (c) Bottom left:
same as (a) but for a resonance with mass 4 TeV. (d) Bottom right: same as (c) but for integrated
luminosity of 1000 fb~!. The different points marked a,b, ¢, d correspond to different parameter

points used as examples in the text.

in the flavor universal case and in the flavor non-universal case for a given £&. In Fig. 5
we present the sensitivity of the color discriminant variable for varying ¢ at the LHC with
Vs = 14 TeV. In Fig. 5(a) and (b) we present results for M = 3 TeV and integrated
luminosities of 300 fb~! and 1000 fb~! respectively while Fig. 5(c) and (d) are for M = 4 TeV
and integrated luminosities of 300 fb~! and 1000 fb~! respectively. As before the central
values are indicated by dashed (black) lines and the reach for colorons (leptophobic Z’s) are
denoted by blue (green) regions. The different points marked a, b, ¢, d correspond to different
parameter points used as examples below.

With the discovery of a resonance in the di-jet channel a measurement of the mass, width
and cross section and hence of the color discriminant variable is possible. Several scenarios
may be allowed for a given measured value of mass and D.,. For example, in Fig. 5(a), for
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log(Deo1) = —1.5 a few of the allowed possibilities include a leptophobic Z’ with £ = 1 and a
coloron with £ = 3.5 or 4.5 and are marked by the points labeled a, b, ¢ respectively. Similar
possibilities are shown for other masses and luminosities in Fig. 5(b) - (d) for different
measured values of D, and are labeled as a, b, c,d. With just the measurements from the
di-jet discovery channel it would not be possible to distinguish which of these scenarios is
being realized in nature. Additional information is required, for instance, by measuring &
from the ratio of the cross sections when the resonance decays to top pairs vs jets as given
in Eq. (15). With these two measurements, i.e. D, and £, one can distinguish between
color-octet and color-singlet resonances and their flavor structure.

Finally, we note that distinguishing between color-octet and color-singlet resonances of
various flavor structures depends on the reach of £ as well as the precision with which £ can
be measured at the LHC. This in turn depends on the measurements of the cross section in
the di-jet channel and the top pair channel and the associated uncertainties. For example,
a resonance may be discovered at a given mass in the di-jet channel and a measurement
of D, may be made. However a measurement of the cross section in the top pair channel
may not be possible or may have large uncertainties due to limited statistics (because of
small branching to top pairs). In such a case a measurement of £ is not possible or has very
large errors and the ability to distinguish various flavor scenarios is reduced. A detailed
exploration of the reach and precision with which £ can be measured is beyond the scope
and focus of this article. Instead we refer the interested reader to experimental studies of
resonance searches in the top pair [64-67] and di-jet channels [60] and the results of such
studies can provide an estimate of £ and the uncertainties in measuring &.

VII. SUMMARY

Di-jet resonance searches are simple but powerful model-independent probes for discov-
ering new particles motivated in many new physics scenarios. Once a resonance has been
discovered in the di-jet channel it will be very important to measure its properties. The
di-jet (discovery) channel can provide information about the mass and spin of the resonance
as well as constrain the coupling strength. It does not provide information about the chiral
structure; that can be obtained by including information from the channel where the reso-
nance is produced in association with a SM electroweak gauge boson. The next question that
remains to be resolved is the color structure of the new resonance; in particular, whether it
is a color-octet or color-singlet resonance.

In this article we proposed a new variable called the color discriminant variable (Do)
to distinguish color-octet from color-singlet resonances. This variable is relatively model-
independent and is sensitive to the color and flavor structure. In order to make our study as
widely applicable as possible, we studied phenomenological models of color-octet and color-
singlet resonances without being tied down to a specific theory. As illustrative examples we
studied colorons and leptophobic Z’s in the flavor universal case as well as an illustrative
flavor non-universal scenario. We analyzed the current constraints on the parameter space
and the discovery potential of coloron and leptophobic Z' models at the future LHC. We
sampled a wide range of masses, couplings and values of &, which parameterizes the rela-
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tive coupling strength of the third generation and first generation SM quarks to the new
resonance.

We studied the sensitivity to distinguish color-octet and color-singlet resonances in the
flavor universal as well as flavor non-universal scenarios and presented our results for the
LHC with c.m. energy of 14 TeV for varying luminosities, £ = 30, 100, 300 and 1000 fb~!,
after including all uncertainties. We found that our method has a wide reach in mass and
couplings as well as £&. A measurement of D, alone can distinguish between color-octet
and color-singlet states for a given flavor scenario. However to distinguish between different
flavor scenarios we will need additional information which comes from a measurement of &.
Together, D, and £ can help distinguish a color-octet from a color-singlet state as well as
establish the nature of the couplings in the flavor sector. We find that the LHC will be able
to provide information about the color and flavor structure of a new di-jet resonance for a
wide range of couplings and masses and hence point us in the direction of the underlying
theoretical structure.
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Appendix A: Uncertainty of Intrinsic Width Measurement

The uncertainty in the intrinsic width of the resonance plays a key role in the estimation
of the uncertainties in D, the variable we propose to distinguish a color-octet and a
color-singlet state. In this section we extract the uncertainty of the intrinsic width from a
measurement of the total width and a knowledge of the systematic uncertainties in measuring
that width. The systematic uncertainties relevant to width measurement are the di-jet mass
resolution and the uncertainty in the di-jet mass resolution; we model them to have a
Gaussian distribution and ignore correlations between them.

The standard deviation of the observed invariant mass distribution (o7) is related to the
standard deviation of the intrinsic width (op ~ I'/2.35 assuming a Gaussian distribution)
and that of the detector mass resolution (M,es) by

or = /oA — M2, . (A1)

2 2
A Mo AM,
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where Eq. (A1) was used to obtain Eq. (A3).
For N observed signal events, where N is sufficiently large, the uncertainty of the observed

width Aoy is given by or/4/2(N — 1) [68]. So Eq. (A3) leads to

2
AUP Mres ? 1 Mres ! AA]\4res ?
= 1 —_ A4
or +(Ur)] 2(N—1)+<0p> Mo ’ (Ad)
where Aor/or = AI'/T". Note that for large N, the above expression simplifies to
AT (Mo \* (AMyes\ (Mg \* [ AMies (A5)
r  \or M,s ) \I'/2.35 Mes )

This expression shows that the uncertainty in the intrinsic width is inversely proportional
to I'/M,es which implies that the uncertainty in the intrinsic width is small (large) when the
intrinsic width is large (small).
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