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We study the interference between the amplitudes for gg = X — gg, where X is a new heavy digluon
resonance, and the QCD background gg — ¢gg, at the Large Hadron Collider. The interference produces a
large low-mass tail and a deficit of events above the resonance mass, compared to the naive pure-resonance
peak. For a variety of different resonance quantum numbers and masses, we evaluate the signal-background
interference contribution at leading order, including showering, hadronization, and detector effects.
The resulting new physics dijet mass distribution may have a shape that appears, after QCD background
fitting and subtraction, to resemble an enhanced peak, a shelf, a peak/dip, or even a pure dip. We argue that
the true limits on new digluon resonances are likely to differ significantly from the limits obtained when
interference is neglected, especially if the branching ratio to gg is less than 1.
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I. INTRODUCTION

Understanding the dijet invariant-mass spectrum pro-
vides an essential way to discover or set limits on certain
types of new physics beyond the Standard Model, as new
particles could decay primarily to gg, qg, qq, or qg. The
most recent Large Hadron Collider (LHC) searches in the
dijet channel can be found in Refs. [1,2] (CMS) and
Refs. [3,4] (ATLAS), based in part on strategies developed
in earlier searches in Refs. [5-11]. Some models of
phenomenological interest that yield dijet signals include
the following. Chiral color [12—18], flavor-universal col-
oron [19-30], and certain supersymmetric models [31]
predict the existence of massive color-octet gauge bosons,
because of the embedding of QCD within a broken
symmetry of the SU(3) x SU(3) gauge group beyond
the TeV scale. These massive gauge bosons are known
as axigluons (axial vectors) or colorons (vectors), which
typically decay to a gg pair, or topgluons [32-36], which
can preferentially couple to ¢ quarks and appear in topcolor
and similar models of dynamical electroweak symmetry
breaking. Some Eg grand unified theories predict diquarks
[37] which decay to gg. Models with new electroweak
gauge bosons W and Z’ [38,39], on top of the Standard
Model, could also decay to a gg pair. Excited or composite
quarks [40,41] could decay to gg or gg. String Regge
resonances [42,43] of the quark and the gluon could decay
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to a quark and a gluon. Scalar color octets, which occur in
models of technicolor [44] and universal extra dimensions
[45,46], can be considered as digluon resonances. The
Randall-Sundrum (RS) model [47], which provides a
possible solution to the Planck-scale hierarchy problem
by adding extra dimensions, predicts RS gravitons which
decay to gluon pairs or quark pairs. The Kaluza-Klein (KK)
states interact with the Standard Model fields, and thus the
KK gravitons could contribute to the dijet spectrum [48].
Also, models with dark matter mediators [49-52] that also
couple to quarks predict dijet signatures. A general clas-
sification and study of dijet resonances for the LHC has
been given in Ref. [53].

One of the biggest challenges in limiting or discovering a
new dijet resonance is dealing with the huge QCD back-
ground, which is imperfectly known but should be a
smooth function of the invariant mass in the range
appropriate for new physics searches. In order to effectively
deal with the background, for lower masses CMS uses the
data scouting [54] technique to reconstruct or save only the
crucial information to do analyses, thus allowing them to
record more events. In the CMS and ATLAS searches that
set limits on dijet resonances, the interference between the
resonant amplitude and the QCD background was not
considered, which could have a significant impact on the
experimental limits. As we will see below, the interference
effect means that dijet resonances need not necessarily
produce a peak in the dijet mass distributions in the vicinity
of their mass, especially once the QCD background fitting
and subtraction are implemented. The effects of interfer-
ence are likely to be most pronounced in the digluon
channel, where the QCD background amplitudes are large
compared to the new-physics amplitudes. A preliminary
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study of this kind of interference effect for digluon
resonances, done only at parton level with smearing and
only for the case of a spin-0 color singlet with mass near
750 GeV (motivated in large part by an infamous possible
diphoton signal that turned out to be a fluctuation), was
performed in Ref. [55].

A similar but much smaller effect on the diphoton line
shape for the Higgs boson due to interference with the quark-
loop-induced Standard Model amplitudes gg — yy has been
studied in Refs. [56-65]. As noted in Ref. [58], there is a shift
in the diphoton mass peak which can eventually be observ-
able, and can be used [61] to bound the Higgs boson width.
Another important case of interference involving Standard
Model Higgs-boson-mediated amplitudes and the continuum
contributions occur for the processes gg — ZZ and gg —
WTW~, which have been studied in Refs. [66-87]. In
particular, as noted in Ref. [74], enhanced contributions
occur for invariant masses far off the Higgs mass shell,
despite its narrow width, and are reduced by the interference.
As shown in Refs. [77,78] (see Refs. [79-87] for further
important developments), this effect can be (and has been
[88-93]) used to bound the Higgs width from studying VV
events in the invariant-mass region far above the Higgs mass
at the LHC. Other aspects of resonance-continuum interfer-
ences as a probe of new physics at the LHC, with approaches
similar or complementary to the present paper, have been
given in Refs. [94-100]. Also, Ref. [101] discussed the
importance of noninterference off-shell effects in spin-1
digluon resonances at hadron colliders.

In this paper, we consider digluon resonances of various
spin and color quantum numbers, whose existence need not
necessarily be justified by any particular model. We study
the importance of the interference between the digluon
resonant signal gg - X — gg and the QCD background
gg — gg when setting limits on the digluon resonances,
where X couples to gluon pairs by nonrenormalizable
operators, subject to QCD gauge invariance. Here and
from now on, X refers to any such digluon resonance.

At leading order (LO) the interference terms change the
naive Breit-Wigner resonance peak, at dijet invariant mass
close to the resonance mass (m;; ~¥ My), to a peak just
below and a dip just above the resonance mass. [As a
caution, we note that a next-to-leading-order (NLO) cal-
culation with virtual one-loop and real emission of an extra
jet would provide a more realistic estimate; NLO effects
can be quite significant for the interference in the analogous
case of diphoton Higgs signal/background interference
[59-62], especially when there is an additional jet with
high pr.] The magnitudes of these interference effects are
dependent on the spin and the color structures of the
digluon resonances. The interference effects are studied for
scalar and pseudoscalar resonances in both singlet and octet
color representations, spin-1 color-octets, and color-singlet
massive gravitons. Although the Landau-Yang theorem
forbids the decay of a massive spin-1 particle into two

on-shell photons, it does not forbid the decay of an odd-
parity massive color-octet spin-1 particle into a pair of
on-shell gluons in a non-Abelian SU(N,) Yang-Mills
theory [23,102-105], as in our case.'

The previous study [55] mentioned above for a 750 GeV
color-singlet spin-0 digluon resonance used parton-level
differential cross sections which were then smeared by
convolution with an assumed approximate detector
response function. Here, we repeat that type of analysis,
but also obtain the detector-level dijet invariant-mass
distributions for both the signal process alone, and its
interference with the QCD background using Monte Carlo
event generators including showering and hadronization
and detector simulation. The latter method serves as a
validation of the qualitative results obtained by the simpler
method used in Ref. [55].

The rest of this paper is structured as follows. In Sec. II,
we introduce the considered models of various spin and
color quantum numbers, along with their effective inter-
action Lagrangians. To elucidate the importance of the
interference effects, we then consider a few benchmark
examples for various resonance masses My = (750, 1000,
1500, 2000, 2500, 3000) GeV, such that their resonant
production cross sections are close to the present claimed
exclusions of the CMS experiment as given in the most
recent reported searches [1,2]. In Sec. III, we discuss the
methods and techniques used to obtain smeared parton-
level and full event simulated results. We then present the
results for the considered benchmark models in Sec. IV. We
start by assuming that X almost always decays to a pair of
gluons. We then show in Sec. V that the interference effects
are even more dramatic if the digluon resonance has other
undetectable decays contributing to its width. (These could
include invisible or multijet final states from each X decay.)
Finally, in Sec. VI, we conclude the paper by summarizing
the significance of the signal/background interference for
digluon resonances.

II. DIGLUON RESONANCES AND
BENCHMARK MODELS

The models considered in this paper are described in the
following. In all the models, X is assumed to couple to
gluons with nonrenormalizable operators invariant under
QCD gauge transformations. The couplings c; are dimen-
sionless, possibly complex form factors, and A is a mass
scale associated with new physics. The effective form-
factor couplings will be suppressed by masses of heavier
particles, if the interaction is loop induced.

'"The Landau-Yang theorem also rules out the possibility of
colored or colorless massive pseudovectors (i.e., even-parity
spin-1 particles) decaying to a pair of on-shell massless gauge
bosons. In general, this selection rule does not forbid the decay of
a massive spin-1 particle to two massless gauge bosons if one of
the three bosons is off shell [104,105].
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Feynman rule for the effective coupling of parity-even (top) and parity-odd (bottom) spin-0 color-singlet resonances with a

gluon pair, with p# + k| + k4 = 0. Here, ¢, and ¢, are dimensionless form factors, and A is the mass scale associated with the new

physics.

Spin 0, color singlet: The effective Lagrangian for an
even-parity (scalar) resonance X can be written as

E*—XF” Fo 2.1

and for an odd-parity (pseudoscalar) resonance as
-2y eMrEF 2.2
L=-2 22)

where Fi, = 9,A% — 0,A% — g; f“bCAfin is the QCD field-
strength tensor for a,b,c = 1,2,...,8, f¢ are the anti-
symmetric structure constants of SU ( ). and g, is the
strong coupling constant. The corresponding Feynman
rules for X — g — g couplings, for both scalar and pseudo-
scalar color singlets, are shown in Fig. 1.

Spin 0, color octet: The effective Lagrangian for an even-
parity (scalar) resonance X is

L= S d X Fg o, (2.3)
and for an odd-parity (pseudoscalar) resonance it is
L=-% 24 gabexempo o b (2.4)

where the symmetric anomaly coefficients of SU(3), are
defined as

with the usual normalization for the fundamental repre-
sentation matrices

1
TH[TT"] = 5 5. (2.6)
so that
dabcdabe _ N% - 4506 _ 5 5¢¢ (2 7)
N, 3 ‘

The corresponding Feynman rules for the effective cou-
plings of scalar and pseudoscalar color octets with two
gluons are shown in Fig. 2.

Spin 1, color octet: The Landau-Yang theorem does not
forbid the decay of a color-octet massive vector to an on-
shell gluon pair [23,102-105]. The effective Lagrangian
describing the nontrivial coupling of two gluons to a
massive odd-parity, spin-1, color-octet resonance Xj; is
[104]

L= % f*¢(D,X¢ — D, X3)F Fl, (2.8)
where D, is the gauge-covariant derivative. (For the
X-gluon-gluon interaction, only the ordinary partial deriva-
tive part of this is pertinent, so one can replace D, by 9,.)
Note that dimensional analysis says that if we want c5 to be
dimensionless, we now need A? in the denominator, where
A is the new physics scale. The Feynman rule for a massive

d®e = 2Te[{T*. T"}T°, (2.5)  color-octet vector coupling to a gluon pair is shown in
a, 1
203 abc v KLy
—d(ky1 kot — k5 kYY) (scalar)
c Y k1 A
p— X 2
ke 4dabce“”p"k:1 kog (pseudoscalar)

b,v

FIG. 2. Feynman rule for the effective coupling of parity-even (top) and parity-odd (bottom) spin-0 color-octet resonances with a
gluon pair, with p# + kf + k5 = 0. Here, c3 and ¢, are dimensionless form factors, and A is the mass scale associated with the new

physics.
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Feynman rule for the effective coupling of a spin-1 color-octet resonance with a gluon pair, with p* + k{ + k3 = 0. Here, c5 is

a dimensionless form factor, and A is the mass scale associated with the new physics.

Fig. 3. In the Feynman rule, the contributions proportional

to k{ and k‘g have been dropped, as they never contribute to
amplitudes because of €| - k; = €, - k, = 0. It should be
noted that our treatment of the spin-1 color octet is not the
same as that of the usual “axigluon/coloron” models, as in
Refs. [12,20,23]. In those models, the spin-1 color octet
appears primarily as a gg resonance; although the gg
production channel is nonzero, in specific models it is
small compared to the ¢gg production channel. In this paper,
we instead focus on the case that the production of the
resonance is mostly through a large coupling to gg.

Spin 2, color singlet: The free Lagrangian for a massive
spin-2 resonance X**, first derived by Fierz and Pauli, can
be written as [106]

1 1
Ly =X 0,0°X,, = X0, 0°X g+ X0,0,X" — - XO,00X

1
+ §M§( [X*X,,— X2, (2.9)
where X = X¢,.

The effective interaction Lagrangian for an even-parity
color-singlet spin-2 resonance X** (for example, a KK or
RS graviton) can be written as [48,107,108]

17 Zr];w po (210)

1
L=—X"|FiF) Fé, Fo |,
Mp
where Mp is a new mass scale. The Feynman rule for the
effective coupling of a massive color-singlet spin-2 particle
with two gluons is shown in Fig. 4, where

a, o

Nz

p —>

k
/ ! _Z 5abV,u1/aﬁ
M
X ko P

b,

FIG. 4. Feynman rule for the effective coupling of a spin-2
color-singlet resonance with a gluon pair, with p* + kf + k5 = 0.
Here, Mp is a new mass scale and V**% is defined in Eq. (2.11).

vl = kg - ko (7 n™ = n —ep?) = KKS
— (KKs + KRS ) + K kP + kY kP

+ Kk + KK, (2.11)

Note that this satisfies the tracelessness and QCD gauge
invariance conditions:

Wﬂuvﬂmﬂ =0, (212)
ki VAP =0, (2.13)
kyp Vil = 0. (2.14)

One could also consider a theory where the second term
(with 7,,,) is omitted from the Lagrangian (2.10). In that
case, the terms containing 7, are removed from Ve and
the tracelessness condition is not satisfied. One could also
consider a general linear combination of these terms. There
are a few other terms that could be written down, involving
higher derivatives, but they are omitted from our study.

The propagator for the massive spin-2 resonance is
shown in Fig. 5, where

1

GG+GG --G,G

D 2 Hp 2 Ho 3 Hv = po>

(2.15)

uvpe —

G

uv — Muw (216)

= PuPu/ M3
The tensor in the numerator of the propagator can be related
to a basis for the five symmetric, traceless, orthonormal
external state polarization tensors for the spin-2 particle,
which can be written as

(124 po 1D po
________ 5 -
D —» — M2 +iTM
FIG. 5. Propagator for a massive spin-2 resonance. D,,,, is

defined in Eq. (2.15).
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These satisfy
el(jb)g(j)lll/zél'j (i, j=1,....5), (2.18)
and
~ )00
> tlll = Dy o
i=1
which imply
Do = e (1=1,...5).  (2.20)

For simplicity, we consider here only the case that the
spin-2 resonance coupling to two partons is only (or
mainly) to two gluons. A KK or RS graviton would also
couple to gg, which would result in a more complicated
analysis. The interference effect would be smaller in those
cases relative to the resonant dijet process, because the gg
initial and final states for X production and decay of course
do not interfere with the large gg — gg QCD amplitude.
We chose benchmark models as specified in Table I such
that the s-channel resonant-only cross sections are close to
the claimed exclusions by CMS in Refs. [1,2]. Specifically,
for the resonance masses My = (750, 1000, 1500, 2000,
2500, 3000) GeV, the 95% C.L. upper limits observed by
CMS in Refs. [1,2] are (5.5, 1.66, 0.42, 0.22837, 0.032155,

TABLE I. Our choice of benchmark masses and widths for the
digluon resonances in four (J = spin, color) representations
considered in this paper. Here, My, I', and ', are the mass, total
width, and digluon partial width of X, respectively.

Resonance 2, /TMy

Mass My J=0, J=0, J=1, J=2
(GeV) singlet octet octet singlet
750 0.0015 0.00016  0.00005 0.0003
1000 0.002 0.0002 0.000065  0.00041
1500 0.005 0.0005 0.00015 0.001
2000 0.019 0.0018 0.00054 0.00375
2500 0.0108 0.001 0.0003 0.0022
3000 0.07 0.006 0.00183 0.014

0.043386) pb. In Table I, Fﬁg /T'M  increases as we move to
higher masses, except from My = 2000-2500 GeV; this is
because the observed limit at My = 2500 GeV is evidently
a downward fluctuation compared to the limits obtained at
My = 2000 and 3000 GeV. For the s-channel resonant
cross sections, we chose a K factor of 1.5 and an acceptance
of 0.5 for the purposes of choosing the benchmarks. The
claimed limits as a function of mass, and the predicted
resonance cross sections for an example My = 2000 GeV,
are shown in Fig. 6. For our first set of studies below, we
chose the digluon partial width of X (denoted in this paper
as 'y ) to be the same as the total width (I'). More generally,
if X can decay to final states that are more difficult to detect
for some reason or are just not part of the dijet search (for
example, X — jjj, X — jjjj, or X — invisibles), then the

total width I" might exceed I, and BR(X — gg) =T, /T..

13 TeV LHC
——Spin 0, color singlet (2, /T = 38 GeV)
——Spin 0, color octet (I’ /T" = 3.6 GeV)
—Spin 1, color octet (I'2 /T" = 1.08 GeV)
—Spin 2, color singlet (I'2, /T = 7.5 GeV)
——Observed gluon-gluon (CMS, arXiv: 1806.00843)
----- Observed gluon-gluon (CMS, arXiv: 1911.03947)

108

102
10t 4
10° 4

1071 5

oBA [pb]

0-2d N

1073 +

104 o

10°°

1 2 3 4 5 6 7 8
Resonance mass [TeV]

FIG. 6. The observed 95% C.L. upper limits on the product of
the cross section (o), branching fraction (B), and acceptance (A)
for dijet resonances decaying to a gluon pair from Ref. [2] (solid
black line, left of vertical dashed gray line) and Ref. [1] (dotted
black line, right of vertical dashed gray line). The solid colored
lines show the leading-order s-channel resonant cross sections, in
the narrow-width approximation, for the benchmarks for a
resonance mass of 2000 GeV in each of the considered models
of digluon resonances.
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The resonance partonic total cross section (after angular
integration, and with no cuts) in the narrow-width approxi-
mation is equal to

2 2

N ) Iy, == _ .
6(g9 > X = gg) = (2j + l)krﬁxjé(s - M%), (2.21)

where j =0, 1,2 and k = 1, 8 are the spin and color of X,
and /3 is the partonic invariant mass. This can be checked
as a limit in each of the special-case results of the next
section, and reflects the fact that there are (2j + 1)k times
more spin @ color states for a spin-j, color-k resonance
than for a spin-0 color singlet. Therefore, for our models
with j # 0 and/or k # 1, we chose benchmark points that

have I" gg /T approximately (2j + 1)k times smaller than for
a spin-0 color singlet of the same mass, in order to maintain
(roughly) the same resonant total cross section.

ITI. SIGNAL-BACKGROUND INTERFERENCE:
PARTON-LEVEL AND MONTE CARLO METHODS

A. Parton-level approximation

For both the resonant signal gg — X — gg and the
continuum QCD background gg — gg processes, we can
write an amplitude, for each choice of external gluon
polarizations, in terms of a redundant basis of color
combinations:

Aabcd — alfabefcde + azfacefbde + agfudefbce + a45ab5cd + asﬁ‘wﬁbd 4 a65ad5bc

+ a7dahedcde + agdacedbde + a9dadedbce’

which then leads to the color sum

D [APR = 72(ja 2 + |as | + |as?) + 72Re[aya3 — aya5 + azas]

ab,c,d

+ 64(|ay[* + |as|* + |ag|*) + 16Re[ayas + ayag + asag]

200

40
+ T(|Cl7|2 + |ag|* + |aol*) — ?Re[a7a§ + azag + agag)

+ 48Re[aai — ajai + ara; — arai + aza; — azal]

+40Re[a a5 — ajas + ara5 — aras + azai — azag)

3

80
+ —Relayai + agal + asal + asal + agal + agay).

(3.2)

Of the nine coefficients a; in Eq. (3.1), only five are independent. This redundancy is reflected in the following QCD

identities [109,110]:

fabefcde +facefdbe +fadefbce =0,
de Vo rac :
dabe gede _ g (fucefhde 4 fadefhce) —

fabefcde _ ducedbde + dbcedude —

dabe gede + dace gbde + dade gbce —

where Eq. (3.3) is the Jacobi identity, which holds true
for the structure constants of any SU(N,) group.
Equation (3.5) also holds true for any SU(N,). On the
other hand, the identities in Egs. (3.4) and (3.6) are unique
to SU(3). It should be noted that the above four identities
are not independent of each other. Namely, Eq. (3.4) is
obtained by using Eq. (3.5) in conjunction with Eq. (3.6).

(3.3)
1
g (5ac5bd + 5”d5h" _ 5uh6cd)’ (34)
2 - sbhd d sbe
N (648" = 5e5), (3.5)
1
g (5ab56d + 5ac5bd + 5ad5bc)’ (36)

Also, Eq. (3.4) along with Eq. (3.5) gives Egs. (3.3) and
(3.6). Using Egs. (3.3) and (3.4), we can eliminate the
coefficients a5, ag, a9, and one of a;, a,, or as in Eq. (3.1).
Or we can use Eqgs. (3.5) and (3.6) to eliminate the
coefficients a;, a,, as, and one of ay, ag, or aq. In any
case, we can eliminate four out of the nine coefficients «;
in Eq. (3.1).
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Although the QCD identities in Egs. (3.3)—(3.6) can be
used to rearrange the coefficients, there are natural choices
that follow from the Feynman rules. After including the
contributions from - and u-channel exchanges of X, and the
interferences with QCD amplitudes, for color-singlet digluon
resonances one naturally has a; = ag = a9 = 0. For color-
octet digluon resonances with spin 0, one has a4, = a5 =
ag = 0. For color-octet digluon resonances with spin 1, one
has ay, = d5 = dg = a7 = dg = dg = 0in Eq (31),

Equation (3.2), which is understood to also include the
interference terms, can then be summed over all of the final
states, and averaged over all of the initial states for both
color and spin to finally obtain the complete LO partonic
differential cross section of all X exchange diagrams
(signal), pure QCD background, and the interference
between the signal and the background processes. We then
define

dé _dé, dé, dé, dbg, do,,  dbg,

dz  dz dz dz dz dz dz

do do do
o 90sqcp | 40qep | 40uqen
dz dz dz

(3.7)

excluding the pure QCD contribution. In the above defi-
nition, d6, ocp/dz, for example, stands for the interference
of the s-channel X exchange diagram with the pure QCD
amplitude. Also, z is the cosine of the gluon scattering
angle in the partonic center-of-momentum frame. Analytic
formulas for all of the components of dé/dz as defined in
Eq. (3.7), for each of the digluon resonances considered,
are listed next.

Spin 0, color singlet: The resonant and interference
partonic cross sections at leading order for both parity-even
and parity-odd spin-0 color singlets (i.e., i = 1, 2) are

dgs o |Ci‘4:§3
dz  32zA*D(5)’

(3.8)

de do |4 ’i4 Al
By B o rrdl s 1, (3.9)

dz dz 32zA%*s |[D(i) D(i)
déy, ;|45 .
S i _ A_M2 l‘—M2 I—QMQ’
&~ 356eA D)D) L T M)l = M) + TEM]

(3.10)

dé,,

dz  256zA*3D(1)D(it)

|Ci‘422’:‘2 A N 2 2172
(= My) (i — My) +T"My],

(3.11)

(5 — M3) (it = M) + P2 ME].

(3.12)

d&v,QCD . 3(ZSS
dz  8A2D(5)(1-2%)
x {Re[c2](3 — M) + Im[c?[TMy}, (3.13)
dgt,QCD o 3(15@(1 - Z)4
dz  256A’D(1)(1 + z)
x {Re[c?](7 — M%) + Im[c}TMy}, (3.14)
dé,qcp  3agd(1 +2)*
dz  256A’D(@t)(1 - z)
x {Re[c?](it — M%) + Im[c?]TMx}, (3.15)
where 7=38(z—1)/2 and s = —5(z + 1)/2, and
D)= (8- M%) +1°M5%. (3.16)

Also, the LO partial width into the digluon final state is

_eilPMy
W 2mA

(3.17)

Spin 0, color octet: The resonant and interference
partonic cross sections at leading order for both scalar
and pseudoscalar color octets (i.e., i = 3, 4) are

dé,  25|c)|*s?
dz  2304zA*D(5)’

(3.18)

dé, doé,

25|t [ H at
I . a——
dz  dz  2304zA*s |[D(1) D(it)

(3.19)

dé,, 5|c;|*37 .
SE— ! (5 = M2)(F — M2 FZMZ,
2z 1536zn D)D) T M= M) + TP

(3.20)

dé,, 5lc;|*P0?

- ~ ?—MZ - M2 F2M2,
&~ 1536zAD(D(a) M)l = M) +TEMY]

(3.21)

d&v,u _ 5|Ci|4§ﬁ2
dz  15362A*D(3)D()

(8 = M%) (8= M%) + T2 M3,

(3.22)
d&v,QCD . 5(153‘
dz  16A’D(3)(1 - 2?)
x {Re[c?](§ — M%) + Im[c}]TMy}, (3.23)
déqcp  Sagd(l—z)*
dz  S12A°D(1)(1 +z)
x {Re[c?](7 — M%) + Im[c}TMy}, (3.24)
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db,qcp  Sass(l+z)*
dz  S512A’D(a1)(1 - z)
x {Re[c?](&t — M%) + Im[c}]T M},

(3.25)
and the partial width into the digluon final state is

5|Ci|2M§(

In the case that the decay width is entirely due to digluons,

we can compare the s-channel resonant production cross
section to that of the spin-0, color-singlet case, using

1 T

W Ty ——5(8 — M%).

(3.27)

This means that the s-channel resonant cross sections can
be written as

@, _ el

T 5(8 — M%), (3.28)
where for spin-0 color singlets
n{ =nj = 1/16, (3.29)
and for spin-0 color octets
ny = ny = 5/48. (3.30)

To have the same resonant cross section, we could take
les|> = (3/5)|ci|>. In that case, comparing Egs. (3.13)-
(3.15) and (3.23)—(3.25), we see that the prefactor for the
interference cross section would be half as big for the color-
octet case as for the color-singlet case. So, all other things
being equal, the importance of the interference terms
relative to the resonance terms is half as big in the
color-octet spin-0 case as in the color-singlet spin-0 case.

Spin 1, color octet: The resonant and interference
partonic cross sections at leading order for a spin-1
color-octet resonance are

dé,  9lcs|*82?

_ Olesf'®2” 331
dz ~ 256aA°D(3) (331)
dé, | dé, _ 9|c5|“38 ?4(3J§Z)2+ﬁ4(3jz)2 . (3.32)
dz " dz  1024zA8 | D7) D()

dé,,  9cs|*$3P2z(3 + z)

&z~ 1004nA D) () (¢ T M = M)+ TEM,

(3.33)

dé,,  9lcs|*3Pa*(9 — 22)

‘ 2 2 2002
dz ~ 2048zA3D(1)D(it )Kt‘M x) (i — M) + " My].

(3.34)

dés, _ 9les|*S’z(3-2)
S

dz  1024zA°D(3)D (a)[(f‘Mi)(ﬁ—Mi)wLFzM%(],

(3.35)
dé}s,QCD 9 2 2
dz 16A4D( )(1=22)
x {Re[c2](5 — M) + Im[c[TMy )}, (3.36)
dﬁt,QCD N _96(53‘2(3 + 2)2(1 - Z)3
dz  1024A*D(1)(1 + 2)
x {Re[c?](T — M%) + Im[c3TMx},  (3.37)
dé,qep _ 9as8*(3 = 2)*(1 + 2)°
dz  1024A*D(a1)(1 - z)
x {Re[c?](& — M%) + Im[c3]TMy}, (3.38)
and the partial width into the digluon final state is
|es|*My
= . 3.39
9 16xAt (3.39)

Spin 2, color singlet: The resonant and interference
partonic cross sections at leading order for a spin-2 color-
singlet resonance are

dé, (1 +6z22+ 7%

S S T N T A 3.40
dz — 512zM*,D(5) (3.40)

dé, 317 +4z+622 +42° +2%) (3.41)

dz 1024zM* p D(7) ’ '

dé, §(17-4z+672 -4+

Gu:s( Z+-i Az +z)’ (3.42)

dz 1024zM* pD (i)

ds,, §3(1 4 2)* .
st A _ A_MZ [—Mz F2M2 ,
&2~ 3096 D(3) D) [ T M) = M) + 1My
(3.43)
dé,, 8

dz 256”M4PD<?)D(12) [( Mz)(u — M2) + F2M2]

(3.44)
de $(1-z)*
S,M: — "_MQ A_Mz F2M2 ,
dz ~ 4096zM*pD(3)D (i) (8 = M%) (i —My) +T°M%]
(3.45)
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désoep _ 3ag8(s = M3)(1 +62° + ) 546
dz 64M*pD(3)(1 = 2%) '

db,qcp  3as$(i—-M3)(17+4z+62° +42° +2%)
dz 25602,D(1)(1-22) ’

(3.47)
dé,qcp  3ags(a—My)(17-4z+62° -4 +27)

dz 256M2,D(i1)(1-22)
(3.48)

The pure X-exchange parts and their corresponding
interference-with-QCD terms have common angular
factors of (1 + 622 + z*), (17 + 4z + 627 + 47> + z*), and
(17—4z+6z> -4z +z%) for s, t, and u channels
respectively.

The digluon partial width of the resonance is

M3
r,=—2%X_. (3.49)
9 1073

In the narrow-width approximation of Eq. (3.27), assuming
that X has no other decays, we therefore have
dé,  SaM%
dz  256M3

(1+62% +24)5(58 — M%). (3.50)

Having obtained the analytic formulas for all of the
components of dé/dz, for all four models considered,
we can compute the LO digluon production cross section at
the LHC,

do X dx K .  do
_pp=99 \/§ / —a(x <_) / dz — .
d( \/§) x. XS g( )g xS —Zeut dZ

Here, x is the longitudinal momentum fraction for the
parton, g(x) is the gluon parton distribution function (PDF)
obtained from the NNPDF2.3 LO PDF set [111] with
factorization scale ur = My, /s is the total energy of the
pp collisions at the LHC, and /3 is the invariant mass of
the gluon pairs in both initial and final states. In Eq. (3.51),
we have imposed cuts on the transverse momentum and the
pseudorapidity of the gluons:

(3.51)

pr, > P =100 GeV, (3.52)

Inj| <ni =25, (3.53)
respectively. Also, in order to increase the significance of
the resonance signal, CMS has defined signal regions that
cut on the difference between the pseudorapidities of the
two jets:

An = [nj, —nj,| < (An)™. (3.54)
We will follow CMS by choosing (Ag)® = 1.1 for My >
1800 GeV as in Ref. [2], and (Ap)™ = 1.3 for My <
1800 GeV as in Ref. [1]. For a parton-level analysis, these
cuts can be imposed by using

cut

x, =e " \/5/s, (3.55)
Zew = Min [\ /1-4pgi? /5. tanh (n;ut —% | ln(xzs/§)|) ,
tanh((An)Cu‘/Z)] (3.56)
in Eq. (3.51).

Then, to obtain more realistic distributions roughly
approximating the experimental ones, the parton-level
distributions of dapp_,gg/d(\/§) in Eq. (3.51) can be
smeared by convolution with an approximate detector
response dijet mass distribution, shown for the case of a
digluon invariant mass m,,, = (1000,2000,3000) GeV in
Fig. 7. To obtain the approximate detector responses for the
dijet invariant-mass distributions, we used a sample of
detector-level events, generated with PYTHIAS.2 [112,113]
and DELPHES3.4 [114], obtained from (at least 1.5 x 107)
parton-level events for the resonant process gg — X — gg

with the required digluon invariant mass (here v/3 = mg, =
1000, 2000, and 3000 GeV) using the same cuts and
procedure for combining jets into wide jets as described
in the next subsection. This was done for each of the
four (spin, color) quantum number combinations
described above.

The results obtained by the above simple procedure will
be referred to below as the parton-level approximation
(with smearing). This method can be viewed as a quick

Detector responses (Monte Carlo), /s = 13 TeV

0.0032 .
—J = 0, singlet

0.0030 4 ——J=o, octgt

0.0028 A —--J =1, octet
% 0.0026 --=- J = 2, singlet
¢ 0.0024 mgy ~ 1 TeV, |An®t| = 1.3
~ 0.0022 A mge = 2 TeV, |An™| = 1.1
O 0.0020 4 myy, = 3 TeV, [An™| = 1.1
2 0.0018 1
5 0.0016
@ 0.0014 1
5 0.0012 4
£ 0.0010 5
5 0.0008 5
Z 0.0006

0.0004 4

0.0002 4 /4 _

0.0000 === e

0 500 1000 1500 2000 2500 3000 3500 4000
m;; [GeV]

FIG. 7. The normalized detector response dijet mass distribu-

tions for two wide jets, for digluon masses m,, = 1000, 2000,
and 3000 GeV, and various spin and color quantum numbers,
generated and analyzed using PYTHIA8 and DELPHES.
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approximation and qualitative independent cross-check of
the more involved method we describe next, which is much
more computationally demanding.

B. Showering, hadronization,
and detector-level simulation

For a much more realistic approximation, referred to
below simply as the detector-level simulation, we used
MADGRAPH5_aMC@NLOv2.6.6 [115] for all of our LO event
simulations, which uses a Universal FeynRules Output file
generated by FeynRulesv2.3 [116], a Mathematica package to
get the Feynman rules from an input Lagrangian. We used
PYTHIAS.2 for showering and hadronization, and DELPHES3.4
for detector simulation.

Using MADGRAPH, our goal was to generate detector-
level events not only for the signal, including all X
exchange diagrams, but also for the interference between
the signal and the QCD background gg — gg. One of the
challenges to generate detector-level events for the inter-
ference terms is that some of the generated events have
negative cross sections. (Simply generating a full QCD + X
sample and then subtracting the pure QCD part is not
practical, because of the very poor statistics. The actual
LHC experiment has much better statistics than our
simulations can provide.) In order to keep track of the
events with positive and negative cross sections, the parton-
level events for the interference terms are divided into two
sets: one with positive cross sections, and one with negative

FIG. 8.

cross sections. The detector-level events for both sets
are independently obtained. Then, to obtain the dijet
invariant-mass distributions for the interference terms,
the distributions with negative cross-section events are
subtracted bin by bin from the ones with positive cross-
section events.

Another problem is that MADGRAPH cannot assign a
unique color flow [117-119] for each parton-level event for
the interference between the QCD background gg — gg
and color-singlet resonant signal gg — X — gg, thus
preventing PYTHIA from performing showering and
hadronization, thereby precluding the generation of any
detector-level events. To get around this, we independently
generated detector-level events for the interference between
the QCD background and the color-singlet resonant signal
by simply assigning a color flow by fiat to each event.
There are four physically distinct color-flow possibilities,
as shown in Fig. 8. We therefore repeated the analysis four
times, each time with the same color flow assigned to every
event. Thus, for color-singlet resonances, we obtain a
spread of the possible differential cross sections by taking
the maximum and minimum of the four possibilities in each
invariant-mass bin, as shown in Figs. 10, 16, 18, and 24. On
the other hand, this problem does not occur for color-octet
resonances, as they are uniquely determined to have the
same color charge as that of a gluon.

We generated at least 5 x 10° events for both the digluon
resonant signal and the interference between the signal and

>

2
QCDy/,,

The four distinct color flows for the parton-level events for the interference between the color-singlet digluon resonant process

g9 — X — gg and the QCD process gg — gg. These color flows are referred to in the text as X, X,/,, QCDy, and QCD;,,, as labeled.
The integer tags (e.g., 1-4) for the color flow lines are required by the showering and hadronization event generators to begin the parton
shower. For example, in PYTHIA, the integer tags are typically assigned as 501-504.

015016-10



SIGNAL-BACKGROUND INTERFERENCE FOR DIGLUON ...

PHYS. REV. D 102, 015016 (2020)

the QCD background, for pp collisions at /s = 13 TeV,
for each of the considered digluon resonant benchmark
mass models. While generating events with MADGRAPH, we
used MADGRAPH’s default PDFs based on the NNPDF2.3
LO set [111] with factorization and renormalization
scales pp = up = My.

In our analysis, all of the jets are required to satisfy a cut on
pseudorapidity |»;| < 2.5, as noted above in Eq. (3.53). To
obtain the dijet mass (m;;), we follow the procedure used by
CMS in Refs. [1,2] to reduce the sensitivity to radiation of
additional gluons from the final-state gluons in the hard-
scattering event. Specifically, we start with the two leading

pr jets, and the four-vectors of all other jets within AR =

(An)? + (A¢)? < 1.2 of the two leading py jets are added
to the nearest leading jet to obtain two wide jets. These wide

jets are then required to satisfy the cut pr, > p"Tdee'je‘s =

100 GeV, as noted above in Eq. (3.52). Finally, as already
mentioned in the previous section, we follow CMS by
defining the signal region to have a cut on the difference
in pseudorapidity for the two wide jets: |An;;| < 1.3 (for
resonance masses smaller than 1.8 TeV as in Ref. [1]) and
|An;;| < 1.1 (for resonance masses larger than 1.8 TeVas in
Ref. [2]). This preferentially eliminates the pure background
events, and tends to improve the efficiency for pure-reso-
nance events compared to interference. However, as we will
see it certainly does not reduce the effects of interference to a
negligible level.

IV. RESULTS FOR I'=T,,

In this section, we show results obtained for our bench-
mark model cases. In each case, we start with results
obtained using the simple method of parton-level gener-
ation with smearing as outlined in Sec. IIl A. These are
followed by results for the full detector simulation of
Sec. Il B. In this section, we consider the case I, =T,
for which the relative effects of the interference are
minimized.

A. Spin 0, color singlet

1. Parton level with smearing

The left panels of Fig. 9 show the leading-order digluon
invariant-mass distributions, obtained by parton-level lead-
ing-order calculation, for pp collisions at /s = 13 TeV,
for a spin-0 color-singlet resonance, for benchmark exam-
ples from Table I with resonance masses of 1000, 2000, and
3000 GeV in the top, middle, and bottom rows, respec-
tively. We recall that the chosen benchmark values of
Iy, = I predict a resonant-only cross section about equal
to the current CMS limit from Ref. [2]. The parton-level
distributions are in the left column, and the right column
shows the results after smearing by convolution with
approximate detector responses (as shown in Fig. 7), to

obtain a rough estimate of dijet mass distributions. In all six
panels, the red lines show the naive results for the resonant
signal gg - X — gg with all X exchange diagrams, while
the blue lines show the full results including the interfer-
ences with the QCD background gg — gg. (The pure QCD
background contribution is much larger and is not shown,
here or in the following.)

From Fig. 9, we see that when interferences with QCD
amplitudes are included, the dijet mass distributions (blue
lines) are both qualitatively and quantitatively different
from that of distributions with only the X exchange
diagrams (red lines). In the parton-level results in the left
column panels, with interference included, we see a peak
below and a dip above the resonance mass rather than just a
resonance peak. The origin of the peak/dip signature can be
traced back to the term § — M% in d6, ocp/dz, as given in
Eq. (3.13). The magnitude of the interference is, in general,
enhanced for /3 below My because of the steeply falling
gluon PDFs. After smearing (right column panels), the dip
at higher invariant masses manifests as a deficit of events
compared to the naive resonance results. For the results
with interference included, we can also note that the peak
below the resonance mass is significantly larger than the
naive resonance peak that we get from not including the
interference terms. However, the larger peak is counter-
acted by the fact that it is connected to a large low-energy
tail. If the low-energy tail is absorbed into a QCD back-
ground fit (which we do not attempt in this paper, and
can probably be done in a variety of distinct ways), an
effective dip for m;; > My would probably result. We have
checked that the interference effect would have been larger
without the imposition of the Az cut. Correctly deriving a
limit on these distribution shapes as new physics sources
might require a more flexible analysis strategy than just
modeling a resonance peak, even if the pure-resonance
contribution is very narrow compared to the experimental
resolution.

As the experimental data sets will grow in the future,
allowing one to probe models with even smaller cross
sections, we have checked that the relative importance of
the interference and the pure resonance at a given My stays
nearly constant. We have also checked that this feature
holds true for the other digluon resonances considered in
this paper. On the other hand, as the mass is increased,
Fig. 9 shows that the relative importance of the interference
tends to increase substantially, particularly in the low-
mass tail.

2. Monte Carlo results with showering, hadronization,
and detector simulation

In Fig. 10, we show the dijet invariant-mass distributions
for the considered benchmarks of Table I with I' =T, at
the 13 TeV LHC, for spin-0 color-singlet resonances, this
time obtained using Monte Carlo generation of events

followed by simulations with showering, hadronization and
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FIG. 9. Digluon invariant-mass distributions, at the 13 TeV LHC, for spin-O color-singlet resonances with (My,I'/My) =
(1000 GeV, 0.002) (top row), (2000 GeV, 0.019) (middle row), and (3000 GeV, 0.07) (bottom row). The parton-level distributions
are shown in the left column panels. These are then smeared by convolution with the estimated detector responses shown in Fig. 7 to
obtain the dijet invariant-mass distributions in the right column panels. In all six panels, the red lines show the naive results for the
resonant signal gg - X — gg, while the blue lines show the full results including the interferences with the QCD background gg — gg.

detector simulation.” The results are shown for a digluon
resonant process gg — X — gg, which include only the

*As a check of our implementation of the X interactions using
FeynRules, we verified that the parton-level distributions obtained
using MADGRAPH (not shown here) closely match the parton-level
distributions obtained by our calculations as described in
Sec. III A and shown in Fig. 9. A similar check was done for
each of the other (spin, color) combinations for X.

s-, t-, and u-channel exchanges of X (red line), and the full
results. Here, the shaded blue region is the envelope of the
results for the four possible color flows, as discussed above
in reference to Fig. 8.

From Fig. 10, we note that the impact of QCD inter-
ference is smallest if we assume that the color flow is
always the one that we have labeled X, (corresponding to
the s-channel resonant process), and is greatest if we
instead assume either the X,,, and QCD,/, color flows,
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FIG. 10. Dijet invariant-mass distributions for the spin-O color-singlet benchmarks of Table I with I" =T,
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at the 13 TeV LHC,

obtained with showering, hadronization, and detector simulation. The red lines show the naive results with only the resonance diagrams
of the gg — X — gg process (RES), which include the s-, #-, and u-channel exchanges of X, while the other four colored lines show the
full results including interferences with the continuum QCD gg — gg amplitudes (INT) for all four color flows shown in the previous
Fig. 8, as labeled. The shaded region shows the spread in the full result in each invariant-mass bin for different color flow choices. The
cases shown in the right column can be compared directly to those in the right column of the previous Fig. 9 based on the more simplistic
method of smearing parton level distributions by convolution with an approximate detector response dijet mass distribution.

which produce almost identical results. The color flow
labeled QCD; produces intermediate results. In any case,
the QCD interference again is seen to change the naively
expected resonance peak shape in a way consistent with the
previous discussion. Again, we note that the relative
importance of interference seems to increase with the

resonance mass. The right-hand panels of Fig. 10 can be
compared to the right-hand panels of Fig. 9, as both have the
same masses My = 1000, 2000, 3000 GeV. The match is
of course not an exact one, because the smearing method
using the detector responses in Fig. 7 is only a very rough
approximation to the full-fledged event generation with

015016-13



PRUDHVI N. BHATTIPROLU and STEPHEN P. MARTIN PHYS. REV. D 102, 015016 (2020)

showering, hadronization, and detector simulation, and
furthermore the color-flow uncertainty is evidently a non-
trivial one. The more complete treatment tends to give lower
yields in this case. However, the qualitative similarity

between

the results of the two methods is a useful check.

Even the more complete detector simulation is of course

different
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B. Spin 0, color octet

1. Parton level with smearing

InFig. 11 we show the parton-level digluon invariant-mass
distributions for p p collisions at /s = 13 TeV, for massive
spin-0 color-octet resonances, for the benchmark examples
of Table I with masses 1000, 2000, and 3000 GeV in the top,
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Digluon invariant-mass distributions, at the 13 TeV LHC, for spin-0 color-octet resonances with (My,['/My) =
(1000 GeV, 0.0002) (top row), (2000 GeV, 0.0018) (middle row), and (3000 GeV, 0.006) (bottom row). The parton-level distributions
are shown in the left column panels. These are then smeared by convolution with the detector responses shown in Fig. 7, to obtain the
dijet invariant-mass distributions in the right panels. In all six panels, the red lines show the naive results for the resonant signal
gg = X — gg, while the blue lines show the full results including the interferences with the QCD background gg — gg.
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middle, and bottom rows, respectively. As in the previous
subsection, the parton-level distributions before smearing are
shown in the left panels, and the right panels show the
distributions after convolution with approximate detector
responses shown in Fig. 7, as described in Sec. III A. In all six
panels, the red lines show the results for the resonant signal
gg — X — gg with all X exchange diagrams, while the blue
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lines show the full results including the interferences with the
QCD amplitudes gg — gg.

Just as was the case for spin-0 color-singlet resonances,
the parton-level results before smearing show a peak below
mj; < My and a dip above m;; > My for the full result
(blue line), as opposed to a pure peak (red line) that we get
without including the interference terms. After smearing,
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FIG. 12. Dijet invariant-mass distributions for the spin-0 color-octet benchmarks of Table [ with[' =T° gg» At the 13 TeV LHC, obtained
with showering, hadronization, and detector simulation. The red lines show the naive results with the resonance diagrams of the
g9 = X — gg process (RES), which include the s-, 7-, and u-channel exchanges of X, while the blue lines show the full results including
interferences with the continuum QCD gg — gg amplitudes (INT). The cases shown in the right column can be compared directly to
those in the right column of the previous Fig. 11 based on the more simplistic method of smearing parton level distributions by
convolution with an approximate detector response dijet mass distribution.
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the deficit above the input resonance mass, compared to the
naive result, does not appear to be as relevant as in the
color-singlet case. The main feature is again the presence of
the low-mass positive tail. Depending on how this would be
absorbed into the QCD background fit, this could again

lead to both a peak slightly below My and an apparent dip
in the differential distribution above My. However, the
interference effects for spin-0 color-octet resonances are
not as big as for spin-0 color singlets, as we anticipated
above in the discussion immediately following Eq. (3.30).
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FIG. 13. Digluon invariant-mass distributions, at the 13 TeV LHC, for spin-1 color-octet resonances with (Mx,I'/My) =

(1000 GeV, 6.5 x 1073) (top row), (2000 GeV, 5.4 x 10~*) (middle row), and (3000 GeV, 0.00183) (bottom row). The parton-level
distributions (left panels) are smeared by convolution with the detector response, shown in Fig. 7, to obtain the dijet invariant-mass
distributions (right panels). In all six panels, the red lines show the naive results for the resonant signal gg — X — gg, while the blue
lines show the full results including the interferences with the QCD background gg — gg. The inset plots within the left panels and their
enclosing plots show the same data but with different scales on the axes.
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2. Monte Carlo results with showering, hadronization,
and detector simulation

Figure 12 shows the dijet invariant-mass distributions for
the considered benchmarks of Table I where X is assumed to
always decay to a pair of gluons, at the 13 TeV LHC, for spin-0
color-octet resonances, obtained using Monte Carlo simu-
lations. The results are shown for the naive resonant process
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FIG. 14. Dijet invariant-mass distributions for the spin-1 color-octet benchmarks of Table T with I' =Ty,

gg — X — gg and for the full results, which also include the
interferences with the continuum QCD gg — gg amplitudes.

From Fig. 12, the QCD interference with a spin-0 color-
octet resonance has the aforementioned feature of having
less dramatic positive tails in the region m;; < My with
almost no negative tails in the region m;; > M. Unlike the
case of a color-singlet scalar, here we have exactly one
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obtained with showering, hadronization, and detector simulation. The red lines show the naive results with the resonance diagrams
of the gg = X — gg process (RES), which include the s-, 7-, and u-channel exchanges of X, while the blue lines show the full
results including interferences with the continuum QCD gg — gg amplitudes (INT). The cases shown in the right column can be
compared directly to those in the right column of the previous Fig. 13 based on the more simplistic method of parton level with

smearing.
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result for the QCD interferences because the color flow is which have the same masses (1000, 2000, and 3000 GeV),
uniquely determined. The relative importance of the inter-  the fully simulated results do not exactly match with the
ference again increases as one moves to higher resonance  smeared parton-level results, with the more complete
masses My. Again, comparing the right column panels of  simulation producing a lower yield, but the shapes are
Fig. 12 to the corresponding right column panels of Fig. 11,  reassuringly qualitatively similar.

Spin 2, color singlet, Mx = 1000 GeV, I'yy = I" = 0.00041Mx Spln 2, color singlet, Mx = 1000 GeV, I'yy = I' = 0.00041 M x

1100
cut) — 1. ——Resonance — Ancul| — ——Resonance
1000 3 ——Resonance + Interference % i 2 : M ——Resonance + Interference
= 9009 6 9 1.4
© 8004 4 £ 124
[©) —  1.04
S 7004 24 g 0.84
= 0.6
E o
) 600 o = 0.4
S 5009 —27 8 0.2
o E 0.0 EE————
£ 400 —4 o E
g 6 o —0.2
i - T _044
£ 300 200 600 1000 1400 8 0.4 E
@ 3 —0.6
ol & 200 £ E
8|8 S 08
< 1004 ~ —1.04
5-1.24
0 S5 104
—100 T T T T T T —1.6 T T T T T
200 400 600 800 1000 1200 1400 1600 250 500 750 1000 1250 1500 1750
Mgg [GeV] m;; [GGV]
Spln 2, color singlet, Mx = 2000 GeV, I'y; = I' = 0.00375M x Spin 2, color singlet, Mx = 2000 GeV, T'yy = T' = 0.00375Mx
cut| — ——Resonance — 0.12 cut| — —R
g 3‘ —— Resonance + Interference % 0.10 4 [an™T=11] —R:g:z:gz + Interference
— =554 o
% 2(5) E 8 0.084
O 45 < 0.06
L 4.0 =
= 3.5 S 0.04
O 3.0 <
. © .
S o5 S 0.02
g 203 8 o000
o 154 5
vm 1.04 J qE; —0.02 1
« 8 E
3|5 g'g @ —0.041
—0.57 5| & —0.06
—1.04 SIS
—1.5 T T T T T T —0.08 T T T T T T T T
400 800 1200 1600 2000 2400 2800 3200 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250
mygg [GeV] m;; [GeV]
Spin 2, color singlet, Mx = 3000 GeV, 'y = I' = 0.014Mx Spin 2, color singlet, Mx = 3000 GeV, Ty, = ' = 0.014 M
0.24 — 0.014
_A cull — 1.1 Resonance o = ——Resonance
0.20 4 S —Resonance + Interference = 0.0124 An™] = 1.1 ——Resonance + Interference
3}
= 0.16 g 0.010
E o]
8 0.12 = 0.008
X 0.084 )
o) £ 0.006
= 0.044 S
($) = 0.004 4
‘©  0.00 g
2 0.002 1
5 —0.04 8
9 .08 g 0.000
ol 8 E —0.002 4
g —0.12 £
~ _0.161 ~_ —0.004
o 2
—0.20 <5 —0.006
—0.24 T T T T T T T T T —0.008 T T T T T
800 1200 1600 2000 2400 2800 3200 3600 4000 4400 4800 1500 2000 2500 3000 3500 4000 4500
My [GeV] m;; [GeV]

FIG. 15. Digluon invariant-mass distributions, at the 13 TeV LHC, for spin-2 color-singlet resonances with (My,T'/My) =
(1000 GeV,0.00041) (top row), (2000 GeV, 0.00375) (middle row), and (3000 GeV, 0.014) (bottom row). The parton-level
distributions (left panels) are smeared by convolution with the detector response, shown in Fig. 7, to obtain the dijet invariant-mass
distributions (right panels). In all six panels, the red lines show the naive results for the resonant signal gg - X — gg, while the blue
lines show the full results including the interferences with the QCD background gg — gg. The inset plot within the top-left panel shows
the same data as its enclosing plot but with different scales on the axes. The negative tails at small invariant mass come from the
interference between the QCD amplitudes and the 7- and u-channel X exchange diagrams.
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C. Spin 1, color octet resonances with benchmark examples of Table I,
) ) namely, (My,I'/My)=(1000GeV,6.5x107°) (top row),
1. Parton level with smearing (2000 GeV, 5.4 x 10~*) (middle row), and (3000 GeV,

Figure 13 shows the digluon invariant-mass distributions, 0.00183) (bottom row). As before, the parton-level results
for pp collisions at /s = 13 TeV, for spin-1 color-octet  before smearing are shown in the left panels, and the
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FIG. 16. Dijet invariant-mass distributions for the spin-2 color-singlet resonance benchmarks of Table I with T" =Ty, at the 13 TeV
LHC, obtained with showering, hadronization, and detector simulation. The red lines show the naive results with the resonance diagrams
of the gg = X — gg process (RES), which include the s-, -, and u-channel exchanges of X, while the other four colored lines show the
full results including interferences with the continuum QCD gg — gg amplitudes (INT) for all four color flows shown in Fig. 8, as labeled.
The shaded region shows the spread in the full result in each invariant-mass bin, for the four different color flow choices. The negative tails
at small invariant mass come from the interference between the QCD amplitudes and the #- and u-channel X exchange diagrams. The cases
shown in the right column can be compared directly to those in the right column of the previous Fig. 15 based on the more simplistic
method of smearing parton level distributions by convolution with an approximate detector response dijet mass distribution.
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corresponding mass distributions after smearing are shown
in the right panels. In all panels, the red lines show the results
for the resonant signal gg — X — gg with all s, ¢, u-channel
X exchange diagrams, while the blue lines show the full
results including the interferences with the QCD back-
ground gg — gg. In this case, the relative effects of the
interference are seen to be of a similar character, but smaller
than, the spin-0 cases discussed above.

2. Monte Carlo results with showering, hadronization,
and detector simulation

Figure 14 shows all of the dijet invariant-mass distribu-
tions for the considered benchmarks of Table [withI" = I,
at the 13 TeV LHC, for spin-1 color-octet resonances,
obtained using Monte Carlo simulations. The results are
shown for a digluon resonant process gg — X — gg, and the
full results, which also include the interferences with the
continuum QCD gg — gg amplitudes.

From Fig. 14 we see that the QCD interferences with
spin-1 color-octet resonances (blue lines) have a peak
below the resonance mass, which is almost comparable
to the pure peak, obtained by excluding the interference
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terms. The differential cross sections in the region
mj; > My are almost unaffected by including the interfer-
ence. However, as before, the presence of the large low-
mass tail means that after fitting the QCD background, the
residual distribution may have an apparent deficit of events
above My. Comparing the right columns of Figs. 13 and
14, we note that in this case the difference between the
shapes found with the parton-level smearing method and
the full event simulation method is more significant than in
the spin-0 case, this time with a larger yield and a more
pronounced low-mass tail using the latter (presumably
more accurate) method. As was the case with the color-
singlet resonances, the QCD interference seems to have a
relatively larger impact at higher resonance masses than at
smaller My.

D. Spin 2, color singlet

1. Parton level with smearing

We now turn to the case of a massive spin-2 color-singlet
digluon resonance. In Fig. 15, we show the parton-level
digluon invariant-mass distributions for pp collisions at
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FIG. 17. Digluon invariant-mass distributions, at the 13 TeV LHC, for benchmark spin-0 color-singlet resonances from Table I, with
Iy, =T/5, and My = 1000 GeV (top row) and 2000 GeV (bottom row). The parton-level distributions are shown in the left column
panels. These are then smeared by convolution with the estimated detector responses shown in Fig. 7 to obtain the dijet invariant-mass
distributions in the right column panels. In all four panels, the red lines show the naive results for the resonant signal gg — X — gg,
while the blue lines show the full results including the interferences with the QCD background gg — gg.
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Vs =13 TeV, for (My,I'/My) = (1000 GeV,0.00041)  signal gg — X — gg with all X exchange diagrams, while
(top row), (2000 GeV, 0.00375) (middle row), and  the blue lines show the full results including the interfer-
(3000 GeV, 0.014) (bottom row). As before, the results ~ ences with the QCD gg — gg amplitudes.

before smearing are shown in the left panels, and mass In the spin-2 case, we note that there is a unique feature not
distributions after smearing are shown in the right panels. ~ found in the previous cases: the effect of the interference is
In all panels, the red lines show the results for the resonant ~ negative for all dijet invariant masses well below My after
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FIG. 18. Dijet invariant-mass distributions for the spin-0 color-singlet benchmarks of Table I with I'j, = I'/5, at the 13 TeV LHC,
obtained with showering, hadronization, and detector simulation. The red lines show the naive results with only the resonance diagrams
of the gg = X — gg process (RES), which include the s-, -, and u-channel exchanges of X, while the other four lines show the full results
including interferences with the continuum QCD gg — gg amplitudes (INT) for all four color flows shown in Fig. 8, as labeled. The
shaded region shows the spread in the full result in each invariant-mass bin for the different color flow choices. The cases shown in the
right column of the top and middle rows can be compared directly to those in the right column of the previous Fig. 17 based on the more
simplistic method of smearing parton level distributions by convolution with an approximate detector response dijet mass distribution.
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smearing (but with a magnitude that of course varies with the
mass). This can be traced in part to a large negative
interference effect in the parton-level results for m,, well
below My, due to the contributions from the interference
between #- and u-channel X exchange diagrams and the
QCD diagrams. Thus, at the parton level for spin-2
color-singlets, there is an interference dip in the regions
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mg, < My (although it is small compared to the large QCD
background in that range of mg,). This translates into a
substantial negative low-mass tail compared to the naive
pure-resonance result. There is then a steady rise until m;; is
slightly less than My, followed by a dip in the regions
mj; > M. It would be interesting to see whether this pattern
is maintained after including higher-order contributions.
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FIG. 19. Digluon invariant-mass distributions, at the 13 TeV LHC, for benchmark spin-0 color-octet resonances from Table I, with
Iy, =T/5,and My = 1000 (top row), 2000 (middle row), and 3000 GeV (bottom row). The parton-level distributions are shown in the
left column panels. These are then smeared by convolution with the estimated detector responses shown in Fig. 7 to obtain the dijet
invariant-mass distributions in the right column panels. In all six panels, the red lines show the naive results for the resonant signal
gg = X — gg, while the blue lines show the full results including the interferences with the QCD background gg — gg.
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2. Monte Carlo results with detector simulation

Figure 16 shows the dijet invariant-mass distributions
for the spin-2 color-singlet resonance benchmarks of
Table I with I =Ty, at the 13 TeV LHC, obtained using
Monte Carlo simulations. The results are shown for a
digluon resonant process gg = X — gg and the full results,
which also include the interferences with the continuum
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QCD gg — gg amplitudes for all four color flows shown
in Fig. 8.

As was the case with the color-singlet scalars, from
Fig. 16 we see that the interference effects have the least
impact for the color flow that we call X. On the other hand,
interference effects are more pronounced for the f-/u-
channel color flow of both QCD and resonant processes.
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FIG. 20. Dijet invariant-mass distributions for the spin-0 color-octet benchmarks of Table I with '), = I'/5, at the 13 TeV LHC,
obtained with showering, hadronization, and detector simulation. The red lines show the naive results with only the resonance diagrams
of the gg - X — gg process (RES), which include the s-, 7-, and u-channel exchanges of X, while the blue lines show the full results
including interferences with the continuum QCD gg — gg amplitudes (INT). The cases shown in the right column can be compared
directly to those in the right column of the previous Fig. 19 based on the more simplistic method of smearing parton level distributions
by convolution with an approximate detector response dijet mass distribution.
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Also, we confirm that QCD interferences have a negative
cross section for smaller invariant masses m;; < My.
Then, similar to the case of spin-0 color-singlet resonances,
there is a peak/dip pattern around the resonance mass
m;; & My, in agreement with the results at parton level with
smearing found in Fig. 15. The net effect of negative
interference both above and below the My means that, after
fitting to the QCD background, the resonance peak could
actually stand out more prominently than predicted by the
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FIG. 21.

naive pure-resonance prediction. Once again, the relative
importance of the interference for m;; < My increases
with M.

V. RESULTS FOR I'=5T,,

As noted in Ref. [55], the interference effects are
expected to be relatively enhanced for smaller branching
ratios BR(X — gg) =T',,/T, for a given fixed resonant
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Digluon invariant-mass distributions, at the 13 TeV LHC, for benchmark spin-1 color-octet resonances from Table I, with

Iy, =T/5,and My = 1000 (top row), 2000 (middle row), and 3000 GeV (bottom row). The parton-level distributions are shown in the
left column panels. These are then smeared by convolution with the estimated detector responses shown in Fig. 7 to obtain the dijet
invariant-mass distributions in the right column panels. In all six panels, the red lines show the naive results for the resonant signal
gg = X — gg, while the blue lines show the full results including the interferences with the QCD background gg — gg.
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production cross section. The reason for this is that to reach
the same cross section, both Fgg and I must be larger than if
they were equal [see Eq. (2.21)], leading to much larger
Breit-Wigner tails away from the resonance region, which
then produce larger interference with the QCD amplitude.
Thus, the case with I' =T, studied above actually has
the smallest impact on the interference with QCD,
compared to the general case I'yy <T'. In this section,
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we illustrate this by considering, somewhat arbitrarily, the
case that I')y =T7/5.

The organization of results and structure of the figures
below is exactly the same as in the previous section. Thus in
Figs. 17, 19, 21, and 23, we show the parton-level distribu-
tions before (left columns) and after (right columns) smear-
ing by convolution with the detector response functions
illustrated in Fig. 7, for benchmark masses 1000 (top rows),
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FIG. 22. Dijet invariant-mass distributions for the spin-1 color-octet benchmarks of Table I with ry,= I'/5, at the 13 TeV LHC,
obtained with showering, hadronization, and detector simulation. The red lines show the naive results with only the resonance diagrams
of the gg = X — gg process (RES), which include the s-, 7-, and u-channel exchanges of X, while the blue lines show the full results
including interferences with the continuum QCD gg — gg amplitudes (INT). The cases shown in the right column can be compared
directly to those in the right column of the previous Fig. 21 based on the more simplistic method of smearing parton level distributions
by convolution with an approximate detector response dijet mass distribution.
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2000 (middle rows), and 3000 GeV (bottom rows). For
Iy, = I'/5, the benchmark width-to-mass ratios turn out to
be very large for a few cases considered here. For example,
I'/My = (1.75,0.475) for a spin-0 color-singlet with
My = (3000,2000) GeV, and I'/My = 0.35 for a spin-2
color-singlet with My = 3000 GeV. The case withT'/My =
1.75 for a 3000 GeV massive color-singlet (pseudo)scalar
has an unrealistically large width-to-mass ratio for a reso-
nance, and is therefore omitted. On the other hand, cases with
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a large width-to-mass ratio but with T'/My < 0.55 are not
omitted as the CMS experiment has considered broad
resonances with widths up to 55% of the resonance mass
in Ref. [2].

In Figs. 18, 20, 22, and 24, we show the results obtained
by our full event simulation including showering, hadro-
nization, and detector simulation. The right columns of
pairs of figures (Figs. 17 and 18 for spin-0 color singlet,
Figs. 19 and 20 for spin-0 color octet, Figs. 21 and 22 for

Spln 2 color smglet Mx = 1000 GeV, I’ = 5T'yy = 0.01025Mx
1 6 3 ——Resonance

——Resonance + Interference

(smeared partonic) [fb/GeV]

do
dmg;
|
N
(=]
I

T T T
1000 1250 1500 1750

my; [GeV]
Spln 2 color smglet Mx = 2000 GeV, I’ = 5I'y; = 0.09375M x

T T
500 750

——Resonance
——Resonance + Interference

0.15-
0.10 4
0.05 4
0.00

—0.05 1

—0.10 4

—0.15 4

~0.20 4

—0.25 1

—0.301

—0.35 1

. —0.40 4

£ —0.45
—0.50 . : : : : : ; ;

1000 1250 1500 1750 2000 2250 2500 2750 3000 3250

m;; [GeV]

(smeared partonic) [fo/GeV]

do
d:

Spin 2, color singlet, Mx = 3000 GeV, I’ = 5T'yy = 0.35Mx
.05 JEr1=11]
0.02 7
0.014
0.00
—0.01 4
—0.02 4
—0.03
—0.04
—0.05 4
—0.06 4
—0.07 4
'~ —0.08
5 —0.091
—0.10
1500

——Resonance
——Resonance + Interference

(smeared partonic) [fb/GeV]

do

T T T
3000 3500 4000 4500

m;; [GeV]

T T
2000 2500

Digluon invariant-mass distributions, at the 13 TeV LHC, for benchmark spin-2 color-singlet resonances from Table I, with
1000 (top row), 2000 (middle row), and 3000 GeV (bottom row). The parton-level distributions are shown in the

left column panels. These are then smeared by convolution with the estimated detector responses shown in Fig. 7 to obtain the dijet
invariant-mass distributions in the right column panels. In all six panels, the red lines show the naive results for the resonant signal
gg — X — gg, while the blue lines show the full results including the interferences with the QCD background gg — gg. The negative
tails at small invariant mass come from the interference between the QCD amplitudes and the 7- and u-channel X exchange diagrams.
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spin-1 color octet, and Figs. 23 and 24 for spin-2 color  spin 1, the full event simulation produces larger low-mass
singlet) can be directly compared, as they feature the same  tails than the smeared parton-level results. In addition, the
masses and widths. The agreement between these sets of  color-flow choice in the color-singlet interference cases is
figures appears to be good at the qualitative level, but with ~ seen to be a nontrivial effect.

differing yields at up to the level of tens of percent, and A general feature that can be seen in all of these
somewhat different shapes in some cases. In particular, for ~ figures is that when I'j; = I'/5, the distributions including
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FIG. 24. Dijet invariant-mass distributions for the spin-2 color-singlet benchmarks of Table I with I'j, = I'/5, at the 13 TeV LHC,
obtained with showering, hadronization, and detector simulation. The red lines show the naive results with only the resonance diagrams
of the gg = X — gg process (RES), which include the s-, -, and u-channel exchanges of X, while the other four colored lines show the
full results including interferences with the continuum QCD gg — gg amplitudes (INT) for all four color flows shown in Fig. 8, as
labeled. The shaded region shows the spread in the full result in each invariant-mass bin for the different color flow choices. The negative
tails at small invariant mass come from the interference between the QCD amplitudes and the ¢- and u-channel X exchange diagrams.
The cases shown in the right column can be compared directly to those in the right column of the previous Fig. 23 based on the more
simplistic method of smearing parton level distributions by convolution with an approximate detector response dijet mass distribution.
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interference can bear little resemblance to the naive
resonance-only results. In each of the spin-0 and spin-1
cases, there is a very large low-mass tail from the
interference. For lower My and spin 0, we find a pro-
nounced dip for m;; above My, but this tends to be washed
out for larger My and higher spin. In practice, the falling
distribution well below My will be partly absorbed into the
QCD background fit and, if present, can therefore have a
significant effect on that fit. The result could be a peak/dip
or dip shape in the residual fit. We note that the magnitude
of the effective dip after background fitting could easily be
as large as or larger than the peak that would be naively
expected from the resonance if one ignored the interference
effect. We also emphasize that the low-mass tail from
interference is much larger than the width effect in the pure-
resonant contribution (visible as the broad distribution of
the red curves). The latter effect has been considered in
experimental searches [1,2] with I' > I",,, but the much
larger former effect has not.

In the spin-2 color-singlet case (see Fig. 24), the
distribution shape tends to feature a large deficit at low
masses, a peak just below My, and then another deficit
above My. After fitting the QCD background, this should
lead to an enhancement of the peak compared to the naive
resonance-only distribution, so we expect that the actual
limits attainable would likely be stronger than those
inferred without considering interference.

99°

VI. OUTLOOK

In this paper, we studied the importance of the interfer-
ence between the digluon resonant signal and the QCD
background amplitude in LHC searches. We showed that
the interference terms change the naive Breit-Wigner
resonance peak to more like a peak-dip structure around
the resonance mass. However, the particular characteristic
shape depends on the spin and the color of the digluon
resonance. The interference effects were studied for scalar
and pseudoscalar resonances in both singlet and octet color
representations, spin-1 color octets, and color-singlet mas-
sive gravitons. To show the importance of the interference
effects, we considered a few benchmark examples for
various resonance masses, such that their production cross
sections are close to the claimed exclusions of the CMS
experiment in Refs. [1,2].

We found that the effects of interference were larger for
the spin-0 color-singlet case than for the spin-0 color-octet
and spin-1 color-octet cases, as was expected from
consideration of the parton-level differential cross sec-
tions. We also note that the relative impact of the
interference stays nearly constant for a fixed My as the
resonant cross section decreases, but tends to increase

for larger My. It can also increase dramatically if the
resonance has other decays contributing to its width that
are not detectable for some reason. Our results still contain
significant uncertainties, in particular from the color-flow
ambiguities in the color-singlet cases, and from the fact
that in this paper we have not included any NLO effects.
It would be interesting to go beyond the approximations
used in this paper in order to reduce these sources of
uncertainty.

After performing a fit to the QCD background, the
residual signal for a digluon resonance could have a shape
in the invariant-mass distribution that appears to resemble a
peak/dip, a shelf, an enhanced peak, or even a pure dip. For
all cases except spin 2, there is a large positive tail at
invariant masses below My. Because the magnitude of the
QCD background amplitude falls with /3, the low-mass
tail tends to be more significant than the high-mass deficit
from the interference. In the spin-2 case, we found that the
low-mass tail is larger in magnitude but actually switches
sign, and is negative far below My, due to interference
between the QCD background and the #- and u-channel X
exchange. After QCD fitting and subtraction, this could
lead to an enhanced peak in the spin-2 case, compared to
the naive pure-resonance distribution expected if one
neglects the interference.

More generally, the results found here point to the
appropriateness of a flexible approach to searching for dijet
resonances. Although one is searching for a resonance, we
have seen that there is a considerable diversity of possible
invariant-mass distribution signals even for resonances with
rather narrow widths, depending on the resonance quantum
numbers, width, and branching ratios, as can be seen from
the figures above. Perhaps advanced data analysis and
machine learning techniques can be brought to bear on
the problem of identifying or setting limits on new-physics
anomalies in mass distributions in a general and efficient
way (see, for example, Refs. [120—124] for recent develop-
ments). In any case, it seems necessary to consider a variety
of possible anomalies in the dijet mass distribution, without
undue prejudice towards a simple resonance peak.
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