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Electrically neutral massive color-singlet and color-octet vector bosons, which are often predicted in
theories beyond the Standard Model, have the potential to be discovered as dijet resonances at the LHC. A
color-singlet resonance that has leptophobic couplings needs further investigation to be distinguished from
a color-octet one. In previous work, we introduced a method for discriminating between the two kinds of
resonances when their couplings are flavor universal, using measurements of the dijet resonance mass, total
decay width, and production cross section. Here, we describe an extension of that method to cover a more
general scenario, in which the vector resonances could have flavor-nonuniversal couplings; essentially, we
incorporate measurements of the heavy-flavor decays of the resonance into the method. We present our
analysis in a model-independent manner for a dijet resonance with mass 2.5-6.0 TeV at the LHC with
/s = 14 TeV and integrated luminosities of 30, 100, 300, and 1000 fb—! and show that the measurements
of the heavy-flavor decays should allow conclusive identification of the vector boson. Note that our method
is generally applicable even for a Z’' boson with non-Standard invisible decays. We include an Appendix of
results for various resonance couplings and masses to illustrate how well each observable must be measured

to distinguish colorons from Z's.
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I. INTRODUCTION

Electrically neutral massive vector resonances are
common predictions of models proposed to address issues
unsolved by the Standard Model (SM) of particle physics.
The resonances that couple to quarks of the SM have the
potential to be produced copiously at hadron colliders
including the LHC before decaying back into a pair of
quarks, yielding a final state of simple topology. The two
commonly predicted vector resonances of this kind are a
color-octet and a color-singlet vector boson.

A color-octet vector boson typically arises as a result of
extending the gauge group of the strong sector. This means
the couplings between quarks and the color-octet can be
either flavor universal or flavor nonuniversal, and chiral or
vectorlike. Examples of flavor- universal scenarios are the
classic axigluon [1,2] and coloron [3,4] where all quarks
are assigned to be charged under the same SU(3) group
in the extended gauge group sector. Flavor nonuniversal
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 newer
axigluon models, where different chiralities of the same
quark can be charged under different groups [7—12]. Other
examples of color-octet vector bosons 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
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that include colored technifermions, and low-scale string
resonances [17].

An electrically neutral color-singlet vector boson, com-
monly called a Z', also appears in many scenarios beyond
the SM and can originate from extending the electroweak
U(1) or SU(2) gauge group. For reviews of Z’' models, see
Refs. [18-20] and the references therein. The Z’ can have
flavor-universal [21-23] or flavor-nonuniversal couplings
to fermions [24-26], where the latter happens when the
gauge group for the Z’ does not commute with the SU(2),
of the Standard Model. A typical Z’ can couple to leptons as
well as quarks. Those that couple to leptons will decay to
charged leptons which have simple and clean experimental
signatures, or decay to electrically neutral states, such as
the SM’s neutrinos, which could register in a detector as
missing transverse energy. However, it is possible to have a
7' that does not decay to charged leptons (see, for example,
[27]) and has to be probed via its hadronic channels such as
a dijet final state. In this article, we are interested in Z’
bosons of this kind, because one of them could appear as a
dijet resonance in a manner similar to a coloron. We denote
such a state as a “leptophobic Z'.”

There have been numerous searches for beyond-the-
Standard-Model (BSM) resonances decaying to dijet final
states at colliders including the CERN SppS [28,29], the
Tevatron [30-34], and the Large Hadron Collider (LHC)
[35-43]. As no new dijet resonances have been discovered
so far, the current exclusion limits on the production
cross section for those of sufficiently narrow width have
been set by searches carried out by ATLAS and CMS
Collaborations at the LHC with center-of-mass energy of
8 TeV [40,42,43]. The upgraded, higher-energy LHC will
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be able to seek a resonance with a larger mass, and the
longer projected run time will allow for gathering a
sufficient number of signal events to reach the discovery
threshold (see, for example, [44,45] for recent studies of
dijets at the future LHC).

We therefore ask: once a vector resonance has been
discovered via the dijet channel, what can we learn about
the resonance using information readily available after the
discovery?

Many important properties of a resonance are determined
by its couplings to the fermions of the Standard Model.
In [46], we provided a method for determining the chiral
properties of a coloron with flavor-universal couplings to
quarks in future LHC runs with center of mass 14 TeV
using a combination of the dijet cross section and the rate
of coloron production in association with leptonically
decaying Standard Model weak bosons. That method is
also applicable to determining the chiral couplings of a
leptophobic Z'. Here, in contrast, we consider how to
identify the color structure of a new dijet resonance.

In previous work [47], we introduced a way to distin-
guish whether a vector resonance is either a leptophobic
color singlet or a color octet, using a construct that we
called a “color discriminant variable,” D . The variable is
constructed from the dijet cross section for the resonance
(0;), its mass (M), and its total decay width (I), observ-
ables that will be available from the dijet channel mea-
surements of the resonance,’

M3
DCOIE?Ujj- (1)

For a narrow-width resonance, the color discriminant
variable is independent of the resonance’s overall coupling
strength. We also illustrated applications of the color
discriminant variable technique for two simple cases
[47]. The first was a flavor-universal model with identical
couplings to all quarks. In the second, the overall strength
of couplings to quarks in the third generation was allowed
to be different from those in the first two (couplings to
top and bottom were kept equal). Combining D., with
information about the 77 cross section® for the resonance
(pp — V — 11) still enabled us to distinguish C from Z’ in
the second case. While these two scenarios clearly illustrate
the application of the method, they did not encompass the
features of a typical Z', whose up- and down-type cou-
plings are usually also different from one another.

In this paper we demonstrate the application of the D
method to more general scenarios where couplings to
quarks within the same generation (e.g., up vs down,
left-handed vs right-handed) are different, while still

'Note that D, is dimensionless in the units where 7 and ¢
equal 1.

*Studies of the sensitivity to a high-mass resonance decaying
to 17 at the /s = 14 Tev LHC include [48-52].
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allowing couplings to quarks in the third generation to
be different from those in the first two. This general
scenario corresponds to more realistic models, especially
those featuring a Z’, as in the case where the gauge group
responsible for the existence of the resonance does not
commute with the gauge groups of the Standard Model. We
discuss how one could incorporate information from heavy
resonance decays to a top pair (¢7) and a bottom pair (bb)
in order to determine what type of resonance has been
discovered.’ In particular, we show that in the region of
parameter space in which a high-mass coloron or Z’ can be
discovered as a dijet responsnce at the LHC (with lumi-
nosities up to 1000 fb='), a measurement of D, at the
level of 50% and a measurement of the 7 and bb cross
sections to order one are sufficient to distinguish between
color-octet and color-singlet resonances regardless of the
details of the flavor structure.

The rest of the paper is organized as follows. We lay
out the phenomenological parameters we use, as well as
key assumptions imposed on them, in Sec. II. Then, after
briefly reviewing the color discriminant variable in a flavor-
universal context in Sec. III A, we discuss the detailed
application to flavor-nonuniversal scenarios in Sec. III B.
The parameter space to which our method is applicable is
then presented in Sec. I'V. After reprising, in Sec. IVA, the
estimation of uncertainties for the LHC at /s = 14 TeV
from [47], we present our results in Sec. V and discuss them
in Sec. VI. A discussion of the uncertainties arising from
the parton distribution functions is given in Appendix A.
Model-independent plots for various combinations of
resonance couplings and masses are presented in
Appendix B to illustrate how well each relevant observable
must be measured to distinguish between the coloron and
the Z'.

II. GENERAL PARAMETRIZATION
AND ASSUMPTIONS

In this section, we introduce the parametrization of the
couplings of the vector resonances as well as assumptions
about properties regarding chiral and generation structures
that are used in this article.

We parametrize coloron and leptophobic Z’ couplings
from a phenomenological point of view. A coloron (C) or a
7' that leads to a dijet resonance is produced at hadron
colliders via quark-antiquark annihilation.* The interaction
of a C with the SM quarks ¢; is described by

3Studies of the b-tagging efficiencies of the LHC detectors
high-p; may be found here [53-55].

*The resonances corresponding to these particles are not
produced by gluon fusion: the Z’ is not colored and the coloron
does not couple to gluon pairs (except very weakly at one loop
and higher orders [56]).
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Lec = igoepCy Z air't“(9¢, Pr + 9c, Pr)gi. (2)

i=u.d,c,s,t,b

where 1 is an SU(3) generator, gi- and gi denote left
and right chiral coupling strengths, relative to the strong
coupling gocp, of the color-octet to the SM quarks. The
projection operators have the form P; » = (1 F y5)/2 and
the quark flavor index i runs over i=u,d,c,s,t,b.
Similarly, the interactions of a leptophobic Z' with the
SM quarks are given by

Ly =ig,Z', Z Eli}’”(g%/LPL + QE/RPR)(L" (3)

i=ud,c,s,t.b

where g%,L and gg,R denote left and right chiral coupling

strengths of the leptophobic Z’ to the SM quarks relative to
the weak coupling g,, = e/ sin @y,.

Couplings between the vector boson and the left- and
right-handed forms of the up- and down-type fermions are
not necessarily equal in general. It is true that a color octet
resonance, originating from interactions described by a
gauge group commuting with SU(2), of the Standard
Model, will have the same couplings to the left-handed up-
and down-type quarks. The same is not generally the case
for a Z' boson. Moreover, the couplings of either a coloron
or Z' to right-handed up- and down-type quarks may differ.

In addition, the couplings can generally be different
among the three generations of quarks. The observed
suppressions of flavor-changing neutral currents disfavor
a TeV-scale resonance with nonuniversal couplings to
the first two generations.” So we will limit our interests
throughout this article to scenarios where couplings for the
first two generations are the same. The third generation is
special. In models where top quark plays a unique role,
the couplings to quarks in the third generation are often
assumed to be different from those for the light quark
generations.

Therefore, under this assumption, a coloron has six free
parameters describing its couplings to quarks:

u,c

o d d,
9¢, = 9gc, and  g¢r.gc,
ge, = 9¢, and g . g7 (4)
while a leptophobic Z’ has eight:

uc ds u,c ds
97,97, and gz .97

U}
R

9y, 9y, and g gy . (5)

The dependence on these parameters does not fully
manifest itself in measurements available after a discovery,
i.e., width and dijet cross section. After all, those

5See, for example, Table 4 of Ref. [57].
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observables are not sensitive to chiral structures of the
coupling, as the left- and right-handed couplings enter
symmetrically. So we denote

2
g =gl + g% (6)

and notice that the four relevant parameters for our analysis
of colorons are

u2

92 =92  g2=g2  d: & (7

and, similarly, there are four,

9 =93  9i=9g3 9. 97 (8
for a leptophobic Z'.

The dijet cross section [6(pp — V — jj)] plays an
important role in evaluating the color discriminant variable.
In this analysis, we make a distinction between quarks from
the first two “light” generations and those from the third. So
we will classify what is referred to as “dijet” resonance
accordingly. Not only does this simplify the analysis, as we
shall see later on, but measurements of the cross sections to
the 7 and bb final states (respectively, o(pp — V — fi)
and o(pp — V — bb)) will provide distinct information
allowing the identification of the color structure of the
resonance. Throughout the article, quarks that constitute a
jet j are those from the first two generations, namely,

j=u,d, c,s. 9)

With these definitions in mind, we now discuss how to
construct a color discriminant variable.

III. DEFINING COLOR DISCRIMINANT
VARIABLES IN FLAVOR
NONUNIVERSAL MODELS

In this section, we briefly review the idea behind the
color discriminant variable using a flavor-universal sce-
nario presented in [47]. Then we introduce the color
discriminant variable for more general scenarios of a
resonance with flavor-nonuniversal couplings.

A vector boson coupled to quarks in the Standard Model
is capable of being produced in a great abundance at a
hadron collider once it reaches the required energy,
appearing as a resonance. Then it decays to a final state
of simple topology: a pair of jets, top quarks, or bottom
quarks, both of which are highly energetic and clustered in
the central region of the detector. Once a sufficient number
of events is collected, a resonance with a relatively small
width will appear as a distinct bump over a large, but
exponentially falling, QCD background. These features
make the hadronic decay channels favorable for discovery.
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Searches for new particles currently being conducted
at the LHC are focused on resonances having a narrow
width. So one can expect that if a new dijet resonance is
discovered, the dijet cross section, mass and width of the
resonance will be measured. These three observables are
exactly what is needed to construct the color discriminant
variable, as defined in (1). This variable is independent of
the resonance’s overall coupling strength and emphasizes
the difference in color structures between a coloron and a
Z'. The expression for the variable in a flavor-universal
scenario (see [47]) is particularly simple and will be
illustrated next.

A. Review of the flavor-universal scenario

We briefly review the idea behind the color discriminant
variable using a flavor-universal scenario as an illustration.
Throughout this article we will work in the limit of
sufficiently small width (I'/M < 1) such that the dijet
cross section for a process involving a vector resonance V
can be written using a narrow-width approximation,

oV
jj

=o(pp—V—jj)=c(pp—V)Br(V-jj). (10)

where o(pp — V) is the cross section for producing
the resonance. Note that Br(V — jj) is the boson’s dijet
branching fraction, which equals 4/6 for a flavor-universal
vector resonance that is heavy enough to decay to top
quarks. Here, we are interested in multi-TeV resonances
because many lighter states have already been experimen-
tally excluded. So, in this limit, the total decay width for a
heavy coloron is

A
FC:?MCQ%V (11)

and for a leptophobic Z' is
FZ’ = 3awMZ’g§’v (1 2)

where 920 7= (920 sz, T g% / Z’R) denotes the flavor-universal
coupling of the resonance to quarks. These, respectively,

lead to the dijet cross section for a coloron,

4 1 .
of; = 5®:ge 7z > _Wy(Mc)Br(C = jj)
C g
8T
*§M—%ZW(1(MC)BT(C—’JJ)7 (13)
q

and for a leptophobic Z/,
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;1 1 ..
G]ZJ = 3awg%,M—22Wq(MZ/)Br(Z’ d _]])
7z q

— 112 S (My)Br(Z - ). (14)

3
O M3, -

Here the function W, which is constructed from the parton
luminosity for the production of the vector resonance with
mass My via gq annihilation at the center-of-mass energy
squared s, is defined by

M I d M?
wiory) =222 [ Ll (M45)

N 7/x

+f;<x,u%>fq(4f§,ﬂi)}, (15)

SX

where f,(x,u7) is the parton distribution function at the
factorization scale u%. Throughout this article, we set
2 M2
HE v
The fact that the overall coupling strength can be
factored out as a ratio of observables (I'y /M) as shown
in (11) and (12) motivates the definition of the color
discriminant variables, which are

M
l&—gf=[ZWMwmwm]<m
d d 1 ..
DZ, = ij =3 {ZW (Mz)Br(Z —>]])] (17)

for the coloron and Z’, respectively.

The factors in the square brackets in (16) and (17) are the
same for flavor-universal resonances having a particular
mass; only the initial numerical factors differ. In other
words, the difference between the values of color discrimi-
nant variables corresponding to the two types of flavor-
universal resonance,

DS, = SDCZc/)l’ (18)
will help pinpoint the nature of the color structure of the
discovered particle. Turning this argument around, a set of
measurements of yielding a particular value of D, will
correspond to a Z’ that is 8 times broader than a coloron of
the same mass that is produced at the same rate, i.e.,

I3 =8I, (19)

where the star (*) denotes that particular width.

In a flavor-nonuniversal scenario, one cannot always
factor out the dependence of couplings appearing in a
production cross section in the manner displayed in
Egs. (13) and (14). Branching fractions of the decay final
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states are also not necessarily the same for two resonances.
In the following sections, we will demonstrate that even
when this is the case, the color discriminant variable
method remains valuable.

B. Flavor-nonuniversal scenario

In a flavor-nonuniversal scenario, we will follow the
parametrization and assumptions introduced in Sec. IL
The production cross section and decay width for the
coloron are

o(pp = C)
4 a
=§M2 [GEW, + W)+ gB W+ W) + g2 W]
4 a ”2
:§M2 @+ g8) {uugﬁ(w +W,.)

" <1 - uzgc_d2> (Wa+ W)+ uzg}éz_dz Wb}
9¢ +g¢ 9¢ +9¢
(20)
FC:EMC[2g +29% + g2 + 97
2 b2
gtc dc
12 c\9dc C 9%2 + gcéZ 9%2 + gtéZ
(21)

where they have been written using a parametrization that
allows some of them to correspond to observables, as we
shall see shortly. The expressions for leptophobic Z’ are
similar,

o(pp = 7') _ L (95 +97) [g? (W, + W)

a q u c

3MZF TP g+ g
gu2
+ (1 —%)(W‘ﬁ—w )
Gy +gz,
b2
L h] (22)
g5 + 9%

FZI =

95 97
|

a, )
_M , ul
2 297 + R

(23)

The color discriminant variables are, for the coloron,
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16 gu2 guZ
Cc _ C C
Dcol_?(Wu+Wc‘)|:g%2+g%2+ (1_ d2

9¢ Jrgc
(52) 7 )
W,+ W, P4gB\W,+W
2
x NI (24)
(2 * % +9"c2 gézwc )
and for the Z,
.2 g4 g‘é,z
DgO‘:§(W”+WC)[ 2+g "2+ - 92+ g%
(o3 )
W,+W.)  g3+g2\W,+W
2
X 5 (25)

2 9
/ [] !
(24727 +r)

where parts related to resonance production are grouped
within the square brackets, while those related to decay are
grouped within curly braces. Notice that the appearance of
the factor 2 in the decay part of the expressions is due to our
assumption that the first two generations couple identically
to the vector resonance.

The relative strength with which the vector boson
couples to the u- and d- type quarks of the light SM
generations, g2/ (g2 + %), which we will call the “up ratio”
for brevity, is not accessible by experiments available in the
dijet channel. However, equivalent information for quarks
in the third generation can be measured by comparing the
dijet and heavy flavor cross sections. Defining cross
sections for 77 and bb final states for heavy boson decay,

=o(pp =V - 1i)

/(g2 +g§>

=o(pp -V) . (26)
2 + 142+g02 + 147+gd2
and
oy, =o(pp -V — bb)
22 2
=olpp v DIIEID )
2+ “2+9“ T f/?+qc

where o(pp - V) (V= C Z') has been defined in
Egs. (20) and (22), we find®

SHereafter, the superscript V on ¢V and the subscript V on M,
and I'y will be omitted when the meaning is clear from the
context.
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2 oV
5 Jr 5 =2—, “topratio” (28)
9u+ 9g Ojj

and

“bottomratio.” (29)

Supplementary measurements of these ratios of cross
sections will help pinpoint the structure of couplings of
the resonance.

While our expressions (24) and (25) for D, appear to
have a complicated dependence on multiple parameters
involving different quark flavors, recalling that the coloron
and Z’ are being produced by collisions of quarks lying
inside protons simplifies matters considerably. First, the
contribution of b quarks to the production part of Dy
[square brackets within (24) and (25)] is suppressed
significantly by their relative scarcity in the protons, as
reflected by the range of the ratios of the parton density

. Wt W, W,
functions W and W We plot the values of these

functions in Fig. 1 for mass range of 2.5-6 TeV at a pp

10°

Wt W, |
Wy+W.

1071

1072}

Wi
103 W, +W,

104
1075 ‘ : : : ‘
25 30 35 40 45 50 55 60

M [TeV]

FIG. 1 (color). Ratios of parton density functions as a function
of the mass of the produced vector resonance. This figures
shows two such ratios: the relative contribution of parton
density functions, defined in Eq. (15), for the down-type
quarks of the first two generations (x:ix() (top curve, in
red) and for bottom quarks (Wﬂ”w() (bottom curve, in blue)
relative to the up-type quarks for the first two generations. The
values have been calculated using CTOOMCS parton distribu-
tion functions with factorization scale varied by a factor of 2
away from the mass of the resonance in the range 2.5-6.0 TeV.
The results of this variation are illustrated as a band for each
function. Note that the upper curve depends only weakly on the
resonance mass and that the lower curve’s values are O(107%)
or less over the entire mass range.

PHYSICAL REVIEW D 91, 055021 (2015)

collider with center-of-mass energy 14 TeV. Here and
throughout the paper, we use the CTO9MCS parton dis-
tribution functions’ from the CTEQ Collaboration [59]. In
that figure, we allow the factorization scale to vary by a
factor of 2 from the mass of the resonance. The effect of
this variation has been illustrated as the width of each band
in the plot. From the plot we conclude that unless the
resonance has a much stronger coupling to the b than to
quarks in first two generations, the precise strength of the
couplings to third-generation quarks becomes relevant
to D, only through the decay part of the expressions
(24) and (25), the part in curly braces.

Second, we see that the experimentally inaccessible
parameter that we call the “up ratio” appears unlikely to
leave us confused as to whether a new dijet resonance is a
coloron or a leptophobic Z'. This can be seen as follows.
First, note that in a flavor-universal scenario, there is a
factor of 8 difference between D, for a coloron and a Z’ of
identical mass and production cross section—see Eq. (18).
Therefore, confusion would only arise between models
where a very small up ratio for the coloron suppressed D,
and those where an up ratio near the maximum value of 1
for the Z’ enhanced D,,;. Consider two resonances having
the same top and bottom ratios. A coloron with negligible
up ratio will have

pe L8[ 9e L (__9E Wq+ W,
col & 3 | g2 P E7) 2 "%
g9& + g g& +g#) \ W, + W,

16 [W, + W,
ﬁ_77
3w, + W,

(30)
while a Z’' with the up ratio close to 1 will have

s 20 99 . g4 W, + W,
Dcol & g u2 d2 + ) d2 w w
9, + G 9y + 95 « T W,

3 (31)

o

In this case, Fig. 1 illustrates that the only place where the

s WW, - . . .
ratio {pe* is small enough to cause confusion is at high

masses. We will illustrate this further in Sec. V.

Now that we know the parameters that affect the deter-
mination of D, the general prescription of the analysis
goes as follows. After a resonance has been discovered,
one uses the measurements of three observables—dijet cross
section, mass, and total decay width—to evaluate D. This
particular value of D, could correspond to various con-
figurations of flavor-nonuniversal couplings denoted by

"We have checked, using CTIONLO PDF [58], that the
contribution from the resonance production via bb annihilation
is still smaller by at least 2 orders of magnitude (compared to

production via ut and dd) after the uncertainties on x"iw and
Wy

Wi due to PDF uncertainties are taken into account.
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three coupling ratios, namely, the up ratio, top ratio, and
bottom ratio. The up ratio cannot be experimentally mea-
sured, but the top ratio and bottom ratio are accessible by
measuring the 7 and bb cross sections. In many circum-
stances, these two cross section measurements together with
D, suffice to identify the color structure of a resonance of
given mass and dijet cross section. The illustration of this
method and its limitation are presented in Sec. V.

First, however, we must determine the region of param-
eter space where the color discriminant variable is relevant:
the region where one can discover the resonance and
measure M, I', and o;; precisely. This is the topic of the
next section.

IV. ACCESSIBLE DIJET RESONANCES
AT THE 14 TeV LHC

We have argued that the color discriminant variable
allows one to distinguish whether a resonance decaying
to dijets is a coloron or a leptophobic Z' in a model-
independent manner, i.e., without analyzing each set of
couplings separately. In this section, we describe the region
of parameter space to which the method is applicable.”® In
this region the resonance has not already been excluded by
the current searches, is within the reach of future searches,
and has a total width that is measurable and consistent with
the designation “narrow.”

One may deduce the current exclusion limits on reso-
nances in the dijet channel using the limits on the production
cross section times branching ratio [ x Br(jj)] from the
(null) searches for narrow-width resonances carried out
by the ATLAS and CMS Collaborations [40,42,43] at
/s = 8 TeV. We use the most stringent constraint, which
comes from CMS [43]. As the exclusion limit is provided in
the form of o x Br(jj) x (acceptance), we estimate the
acceptance of the detector for each value of the resonance
mass by comparing, within the same theoretical model,
o X Br(jj) that we calculated vs o x Br(jj) x (acceptance)
provided by CMS. The acceptance is a characteristic of
properties of the detector and kinematics, the latter being the
same for coloron and Z' to leading order; thus, we use
throughout our analysis the acceptance deduced from such a
comparison made within a sequential Z' model. The
excluded region of parameter space is displayed in gray
in Figs. 2 and 3.

Sensitivity to a dijet resonance in future LHC experi-
ments with /s = 14 TeV depends on the knowledge of
QCD backgrounds, the measurements of dijet mass dis-
tributions, and statistical and systematic uncertainties. CMS
[63] has estimated the limits on ¢ x Br(jjj) x (acceptance)
that will be required in order to attain a 5o discovery at
CMS with integrated luminosities up to 10 fb~!, including
both statistical and systematic uncertainties. We obtain the

®A detailed discussion was presented in [47].
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acceptance for CMS at /s = 14 TeV in the same manner
as described in the previous paragraph. The sensitivity
for the dijet discovery from 10 fb~! is then scaled to the
integrated luminosities £ = 30, 100, 300, 1000 fb~! con-
sidered in our studies (assuming that the systematic
uncertainty scales with the squared root of integrated
luminosity). The predicted discovery reaches for these
luminosities are shown in varying shades of blues for
coloron and greens for Z' in Figs. 2 and 3.

The total decay width also constrains the absolute values
of the coupling constants. On the one hand, experimental
searches are designed for narrow-width dijet resonances;
hence, their exclusion limits are not applicable when the
resonance is too broad, which translates to about I'/M =
0.15 as the upper limit [60-62]. On the other hand, the
appearance of (intrinsic) total decay width in the expression
for the color discriminant variable requires that the width
be accurately measurable; width values smaller than the
experimental dijet mass resolution, M ., cannot be dis-
tinguished. The region of parameter space that meets both
constraints and is relevant to our analysis is shown in
Figs. 2 and 3 as the region between the two dashed
horizontal curves labeled I' > 0.15M and T < M.
Regions where the width is too broad or too narrow are
shown with a cloudy overlay to indicate that they are not
accessible via our analysis.

A. Uncertainties in the measurement of D
at the 14 TeV LHC

Statistical and systematic uncertainties on dijet cross
section, mass, and intrinsic width of the resonance, as
well as the uncertainities in the corresponding 7 and bb
branching ratios for such a resonance, will play a key role in
determining how well D, can discriminate between
models at the LHC with /s = 14 TeV. The actual values
of the systematic uncertainties at the LHC with /s =
14 TeV will be obtained only after the experiment has
begun. In this section, we discuss the estimates of the
uncertainties that we use in our calculations.

The effect of systematic uncertainties in the jet energy
scale, jet energy resolution, radiation and low mass
resonance tail and luminosity on the dijet cross section
at the 14 TeV LHC was estimated in Ref. [63]. It is
presented there as a fractional uncertainty (as a function of
the mass) normalized to the dijet cross section required to
obtain a 5¢ discovery above background fluctuations. The
dijet mass resolution, the uncertainty of the dijet mass
resolution, and the uncertainty of the mass itself (due to
uncertainty in the jet energy scale), also affect the deter-
mination of both the mass and intrinsic width. Table I lists
these estimated uncertainties for /s = 14 TeV together
with the values from the actual CMS and ATLAS experi-
ments at /s = 8 TeV. Here, we use the reported system-
atic uncertainties from actual LHC data where available and
estimate that any future LHC run will be able to reach at
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FIG. 2 (color). Region of parameter space where the color discriminant variable analysis applies at the LHC with /s = 14 TeV, for

different sets of coupling ratios, p, = gﬁ%qgﬁ' The 56 discovery reach, with statistical and systematic uncertainties included, is shown in
varying shades of blue for luminosities ranging from 30 fb~! to 1000 fb~'. The red area marked “no reach” lies beyond the discovery
reach at 1000 fb~! The gray area on the left of each plot marked “excluded” has been excluded by the 8 TeV LHC [43]. In the region
above the dashed line marked I" > 0.15M, the narrow-width approximation used in dijet resonance searches is not valid [60-62]. In the
region below the horizontal dashed line marked I' < M, the experimental mass resolution is larger than the intrinsic width [43], so that
one cannot determine D.,. In each figure, for fixed p,, D, is a function of resonance mass only, with values shown along the upper
horizontal axis. The contours marked 20% and 50% indicate the region above which the uncertainty in measuring D, as estimated in

Sec. IVA, is lower than 20% and 50%, respectively.

least that level of precision. This estimate is likely to be  using real data. The values we use are marked in Table I
conservative, since experiments tend to reduce their sys-  with asterisks. In Figs. 2 and 3, we also show the contours
tematic uncertainties, and improve the precision with which  in the region of parameter space along which the uncer-
they understand these uncertainties and their efficiencies by  tainties listed above in measuring D are 20% and 50% at
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Same as Fig. 2 but for a flavor-nonuniversal Z'. Notice that while a leptophobic Z" having relatively large couplings to

quarks in the third generation is still within the reach of the future LHC, its total width would typically be too large to be included in

analyses for narrow resonances.

the LHC with /s = 14 TeV for the integrated luminosity
of 1000 fb~!.

We estimate uncertainty on D, due to PDF uncertainties
by using the CTIONLO PDF set from the CTEQ
Collaboration [58] as described in Appendix A. In a typical
scenario where couplings to the up-type quarks are not very
small, the uncertainty will range from O(5%) for low
masses to O(30%) for high masses. Rather than incorpo-
rating PDF uncertainties into our analysis, we instead
assess the question of how well D, has to be measured

to distinguish a coloron from a Z'. We consider scenarios
where D is measured to within 20% and 50%, the range
that should encompass the expected magnitudes of the
uncertainties from PDF and other sources mentioned
earlier.

While a detailed analysis of the uncertainties in ¢,; and
o, lies beyond the scope of this paper,9 we will find that

°For recent studies of these topics, however, see footnotes 3
and 4.
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Sources of systematic uncertainty contributing to uncertainties in measurement of the cross section, mass and width of a

resonance in the dijet channel at various experiments and center of mass energies. These determine how well D, can discriminate
between models at the LHC with /s = 14 TeV. In this analysis, we 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 precision. The values we used are

indicated by an asterisk. Reproduced from [47].

Systematic uncertainty Value Mass range Vs Experiment
Dijet cross section uncertainty (fractional) 0.28-0.41* 2.5-6 TeV 14 TeV LHC [63]
0.045-0.035* 2.5-6 TeV 8 TeV CMS [43]

Mass resolution 0.045-0.031 2.5-6 TeV 8 TeV ATLAS [41]
0.071-0.062 2.5-6 TeV 14 TeV LHC [63]

. . 0.1* any 8 TeV CMS [42]

Mass resolution uncertainty 01 any 14 TeV LHC [63]
0.013* any 8 TeV CMS [42]

Mass uncertainty from jet energy scale 0.028 any 8 TeV ATLAS [41]
0.035 any 14 TeV LHC [63]

measurements of these cross sections to order one are
sufficient for the purpose of discriminating between a
coloron and a Z' over much of the interesting param-
eter space.

V. APPLYING THE COLOR DISCRIMINANT
VARIABLE TO FLAVOR-NONUNIVERSAL
MODELS AT THE LHC

In this section we illustrate how the color discriminant
variable D (as described in Sec. III B) may be used to
distinguish whether a newly discovered dijet resonance is a
coloron or a leptophobic Z’ even if it is flavor nonuniversal.
As previously mentioned, we will focus on resonances
having masses of 2.5-6 TeV at the /s = 14 TeV LHC with
integrated luminosities up to 1000 fb~!. The values of Dy,
as well as other observables have been evaluated using the
uncertainties estimated in Sec. IVA, and the region of
parameter space to which this analysis is applicable was
identified in Sec. IV.

A. Demonstration that C and Z' lie in different
regions of coupling ratio space

As we have seen, the value of D, at a fixed mass and
dijet cross section may correspond to a variety of combi-
nations of values of the three ratios of couplings, the up

2 gt

i
g+ g+

ratio (52-), the top ratio (52—), and the bottom ratio

2
(=%). The last two are directly determined from the
Gt g,

measurements of o; and o,; while D, is relatively
insensitive to the first ratio, as mentioned in Sec. III B.
The question is, therefore, whether measuring the mass,
width, and dijet cross section, o; and o, can definitively
identify the color charge of a newly discovered resonance.
We find that it can. We will illustrate this finding for
resonances of mass 3 TeV and 4 TeV, as we have seen in
Figs. 2 and 3 that most colorons with lower masses are

excluded by the current experiments and most Z’ bosons
with higher masses are not within reach of the future LHC
run at 1000 fb=1.

In Fig. 4, we show the region of parameter space of the
three coupling ratios (using the observables ;’—]‘; and Z—Zb in
place of the top and bottom ratios, respectively) in which
coloron or Z’' models (each displayed as a point) with the
same mass lead to a certain range of dijet cross section
and D_,. We choose the range for the dijet cross section
to be within 1 standard deviation of the value that allows a
56 discovery at luminosity 1000 fb~!. We selected D,,; to
be within 50% of the value 3 x 1073 for this illustration as
it permits the required measurements to be made for
either a coloron or Z’ as discussed in Sec. I'V and Figs. 2
and 3. Points in the accessible area of parameter space are
highlighted in blue if the discoverable resonance is a C
and in green if it is a Z’. These points lie in the blue
regions of Fig. 2 for colorons or the green regions of
Fig. 3 for Z'.

We now explore the features that Fig. 4 exhibits. The
three-dimensional plots in the left panel show that models
of C and leptophobic Z’ which correspond to measurable
observables appear in a different region of :—Z vs 2k yg

Ojj

i
Gutg;

between the 7* and % axes illustrates the rarity of having
1] 1

three-dimensional parameter space. The symmetry

a heavy resonance produced via bb annihilation—the
only process in which b quarks could contribute to D
without a corresponding contribution from ¢ quarks. In
addition, we see that while the up ratio is experimentally
inaccessible, the top view figures displayed in the right
panels show that this does not typically lead to confusion
between a coloron and a Z', just as we have argued in
Sec. III B. That is, even having projected the three-
dimensional data for all up- ratio values onto the
bottom-ratio vs top-ratio plane, the blue coloron and
green Z' points still lie in distinct regions.
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B. Using heavy flavor measurements to tell C from Z'

Figure 4 not only shows that the coloron and Z’ lie in
different regions of parameter space but also implies that
measurements of the top and bottom decays of the new
resonance will almost always enable us to determine its
color structure. Let us assume that a new resonance has
been found and that its mass, dijet cross section, and D,

M =3.0TeV
oj;j = 0.01530.0051 pb, D¢o1 = 0.003 &£ 0.0015

]
f/ 3 %
) 2

4

m;blodj

M =4.0TeV
oj; = 0.0073%0.0026 pb, D¢, = 0.003 £ 0.0015

coor

4
10 o oth

|03}

FIG. 4 (color).
i
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have been measured. For illustration, take the values of
these observables to be those used in Fig. 4 (for the same
LHC energy, luminosity and estimated uncertainties).
Because there is a gap between the Z’ and C regions of
that figure when the up ratio is 0, and because the
boundaries of the regions are angled rather than vertical,
we can see that a Z’ with the minimum up ratio value of 0

M = 3.0TeV
0j; = 0.01540.0051 pb, D¢, = 0.003 & 0.0015

92/ (2 + g3)

M =4.0TeV
oj; = 0.007340.0026 pb, D, = 0.003 & 0.0015

92/ (g2 +g3)

Mlustration that the proposed measurements suffice to identify the color structure of a new dijet resonance. These plots

show regions of the three-dimensional parameter space Al 22 ys 22, at fixed values of mass (3 TeV on the top panels and 4 TeV on
w9, Ji Ji

the bottom panels) where dijet cross section and D, fall within a certain range. The cross section lies within about 35% of the value
required for a 5¢ discovery at the LHC with /s = 14 TeV at £ = 1000 fb~!. Similarly, D, is chosen to lie within +50% of 3 x 1073
for illustration. Points in parameter space that are accessible to the LHC are circles highlighted in blue for C and triangles highlighted in
green for Z'. Each plot on the left panel is shown again, as viewed from above, on the right. The two views make clear that colorons and

. . . . . . . . . ey . 2 .
7’ bosons lie in distinguishably separate regions of parameter space; in particular, our inability to measure the ratio gzﬂ p will not prevent
L d

us from determining the color structure of a new vector resonance at the 14 TeV LHC.
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Further illustration that measuring ¢,; and 6,; will show whether a resonance of a given mass, dijet cross section, and

D, is a coloron or Z'. We display regions of parameter space that correspond to a dijet cross section within 1 uncertainty of the value
required for a discovery at the LHC with /s = 14 TeV at £ = 1000 fb~' (the same values used in Fig. 4), and that also have the
illustrative color discriminant variable within a range of 50% around value of D, = 3 x 1073, for resonances with masses 3 TeV (top
panel) and 4 TeV (bottom panel). Coloron and Z' models that are within reach are displayed in a blue region and a diagonally hatched
green region, respectively. Note that in nearly all of the displayed areas, the colorons and Z’ bosons lie in different regions of parameter
space. However, at the bottom left panel for a 4 TeV resonance, the bands for a C coupling only to down-type light quarks and a Z’
coupling only to up-type light quarks approach closely; see also Fig. 8.

would not be mistaken for a coloron. On the other hand, a
Z' with the maximum up ratio (equal to 1) lies as close as
possible to the coloron region of parameter space. So, to see
how close the two regions can get, we will want to compare
a Z' with an up ratio of 1 (one that does not couple to d or s
quarks) to a coloron with varying values of the up ratio.

This very comparison is presented in Fig. 5, which is
plotted in the top-ratio vs bottom-ratio plane. The up ratio
for the Z' is fixed to be 1; the up ratio for the C is varied
from O (left panels) to 1 (right panels). We see that as the
up ratio for the coloron increases from its minimum to
maximum values, the blue coloron region of parameter
space moves out from the origin, away from the green Z'’
region of parameter space. Correspondingly, if we were to
decrease the up ratio of the Z' boson, the green Z’ region
would shift closer to the origin, away from the blue coloron
region. In general, the coloron and Z' regions do not
overlap.

Given the shape and orientation of the regions corre-
sponding to color-singlet and color-octet resonances in the
plots, measuring both the top ratio and bottom ratio would

clearly allow us to distinguish the new resonance’s color
structure. Moreover, we see that if either the top ratio or
bottom ratio were measured to be sufficiently large, we
would know that the resonance must be a coloron (because
the Z' region is already at its maximum distance from the
origin). For example, a measurement of 67/ % 6 for a
3 TeV resonance or 6;/6;; % 3 for a 4 TeV resonance, for
the values of o;; used in Fig. 5, would identify it as a
color octet.

We note that there could still be a rare situation where
our inability to measure the up ratio would prevent us from
determining the color structure of a new resonance. The
regions of parameter space corresponding to the extreme
cases of a coloron with only down-type light quark
couplings and a Z’ with only up-type light quark couplings
could potentially overlap. As mentioned in Sec. III B, this
is more likely to happen for heavier resonances due to
decreasing values of parton distribution functions for
down-type light quarks at higher resonance masses. For
example, given our estimates of uncertainties, such an
overlap could potentially occur for a 4 TeV resonance as
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illustrated by the close approach of the Z’' and coloron
bands in the lower left panel of Fig. 5.

The determination of the color structure of a resonance
generally requires measurements of both o; and o,;. As
with the dijet cross sections, systematic uncertainties for
these measurements will be obtained after the experiment
(at 14 TeV) has started. While the estimate of these
uncertainties lies beyond the scope of this article, our
result illustrate that measuring the 7 and bb cross sections
to an uncertainty of O(1) still provides significant
information. For the purpose of comparing models and
estimating the required uncertainties, additional plots
illustrating models of coloron and leptophobic Z’ that
lead to the same range of values of D are presented in
Appendix B.

VI. DISCUSSION

The simple topology and large production rate for a
dijet final state allows not only a new vector boson to be
observed via dijet resonance searches but also crucial
properties of the new resonance to be determined. The
measurements are particularly useful in distinguishing
between a color-octet vector resonance (C) and a color-
singlet one that couples only to colored particles
(Ieptophobic Z’). In this article, we have shown that
the method for distinguishing between the two types of
resonances in a model-independent manner using the
color discriminant variable introduced in Ref. [47], can
be extended to more general and realistic scenarios
of flavor-nonuniversal couplings in a wide range of
models.

The color discriminant variable, D, is constructed from
measurements available directly after the discovery of the
resonance via the dijet channel; namely, its mass, its total
decay width, and its dijet cross section. Assuming the new
resonance couples identically to quarks of the first two
generations, D, depends on three model-specific ratios of

coupling constants: the up ratio (ggﬁgg ), the top ratio (gzng‘gi)
9

Gitg,
generally not dependent on knowing the up ratio, a quantity
which is not presently accessible to experiment. Since D
is insensitive to chiral structure, discriminating between
color-singlet and color-octet resonances with flavor-non-
universal couplings requires only measurements of the #7
and bb resonance cross sections. Our results are illustrated
in Figs. 4 and 5, with further scenarios explored in
Appendix B.

Our analysis has assumed that the coloron and Z' have
only negligible couplings to any non-Standard Model
fermions that may exist. It is straightforward to consider
an extension to models where the resonance does couple to
new fermions. While the coloron always has only visible
decay channels (as it couples to colored particles), the Z’

and the bottom ratio (-2). We showed that the method is

PHYSICAL REVIEW D 91, 055021 (2015)

could have non-negligible decay branching fraction into
non-Standard Model invisible particles. In that case, the
leptophobic Z' and the coloron would be even easier to
distinguish from one another by the color discriminant
variable. Simply put, the Z”’s invisible decays would
increase its total width, which appears in the denominator
of the expression for its color discriminant variable.'’ This
means the value of the Z”’s color discriminant variable,
which is already smaller than that of the coloron by a factor
of 8, would be further reduced due to the appearance of
non-negligible invisible decays. Therefore, a leptophobic
7' with invisible decays will correspond to a region in the

2
giﬁgfi vs%vs
Fig. 4) that lies even further away from the region occupied
by colorons.

To summarize, we have generalized the color dis-
criminant variable for use in determining the color
structure of new bosons that may have flavor-
nonuniversal couplings to quarks. We focused on
resonances having masses 2.5-6.0 TeV for the LHC
with center-of-mass energy +/s = 14 TeV and inte-
grated luminosities up to 1000 fb~!'. After taking into
account the relevant uncertainties and exclusion limits
from current experiment and sensitivity for future
experiments, we find that the future runs of the LHC
can reliably determine the color structure of a resonance
decaying to the dijets.

O

2 parameter space (such as those presented in
17
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APPENDIX A: UNCERTAINTIES FROM PDFs

We estimate the uncertainty on D, due to uncertainties
in the parton distribution function, following the authors in
[64], using CTIONLO PDF sets provided by the CTEQ
Collaboration [58]. For an observable X,

(A1)

'°Cf. the curly braces of Eq. (25).
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(a) Left panel: central values for W, + W, (the red band on top) and W, + W, (the blue band at the bottom) with

uncertainty bands evaluated using CT10NLO PDF set. (b) Right panel: fractional errors for W, + W, (red line on top) and W, + W,

(blue line at the bottom) evaluated using CT10NLO PDF set.

where X;r (X7) is the value calculated using the PDF
member corresponding to the “+4” (“—") direction of the
error. For CT1I0ONLO, N = 26. The 90% C.L. errors from
CT10NLO were then rescaled to 68% C.L. when presented
in our work.

LHC /5 = 14 TeV, £ =1000fb"",

04610024681002468
01t/ 0jj

Uncertainties from PDFs contribute to the uncertainty in
D, via a combination of W, + W, and W, 4+ W, for the
W, (M) functions defined in Eq. (15). In the left panel of
Fig. 6, we plot the central values of W, + W, (in red) and
W, + W, (in blue) with uncertainty bands evaluated as
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The region of parameter space corresponding to viable models of colorons (in blue) and Z’' bosons (in green, with

diagonal hatches) that is consistent with measurements, at the LHC with /s = 14 TeV, of the ratios ¢,; and ¢, for values of D, within
a20% (region between dashed lines) and 50% (region between solid lines) range, for a fixed value of dijet cross section. The dijet cross
section for each mass is the value allowing a 5o discovery at the 14 TeV LHC. These plots illustrate the measurement precision in o,; and
o, that is required to distinguish between the coloron and the leptophobic Z'. The set of plots for resonances with a mass of 3.0 TeV

(3.5 TeV) is in the top (bottom) panel.
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FIG. 8 (color).

described above. We also provide their fractional errors in
the right panel of Fig. 6.

APPENDIX B: D, FOR VARIABLE MODELS

This Appendix illustrates that the proposed measure-
ments of the color discriminant variable (D) and reso-
nance cross sections including decays to heavy flavors (72,
J7

and %) suffice to identify the color structure of a new dijet
JJ

resonance. Figures 7 and 8 show the results. Each subplot
of the figures is essentially the same as the “top view
projection” of the three-dimensional plots in Fig. 4, but for
more masses (3.0—4.5 TeV) and degrees of deviations from
the central values of D, (D, =£ 20, 50%).

In each subplot of Figs. 7 and 8, we show viable models
of colorons (in blue) and leptophobic Z”’s (in green) leading
to a set of values of D, within 20% (between dashed lines
in the figures) and 50% (between solid lines) given a fixed
dijet cross section for each mass. The region of parameter
space corresponds to the viable models predicting dijet

o1t/ 0jj

011/ 0jj

Same as Fig. 7, but for 4.0 (top panel) and 4.5 TeV (bottom panel) resonances.

cross sections that are not excluded by the current dijet
searches and are accessible to the 14 TeV LHC with
L = 1000 fb~!, with total decay widths accessible by
narrow width dijet resonance searches.!’ In Figs. 7
and 8, the lower border (closet to the origin) of both the
coloron and Z' models corresponds to the limit of viable
models in which the inaccessible up ratio of couplings
g2/(95 + g%) equals 0. The upper border of the region
represents the opposite limit, in which the up ratio equals its
maximum value of 1.

For illustration, we choose the common set of values of
D, = 0.003,0.007,0.01 (that are allowed by the con-
straints) for both coloron and Z' models. The sets of plots
for resonances of masses 3.0 and 3.5 TeV are shown in
Fig. 7 (top and bottom panels, respectively), while similar
plots for 4.0 and 4.5 TeV resonances are shown in Fig. 8.

"Section IV and Figs. 2 and 3 discuss the viable region of
parameter space.
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