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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 provides an essential way to discover or
set limits on certain types of new physics beyond the Standard Model (SM), as new particles
could decay primarily to gg, qq, qq, or gqg. The most recent Large Hadron Collider (LHC)
searches in the dijet channel can be found in [1, 2] (CMS) and [3, 4] (ATLAS), based in
part on strategies developed in earlier searches in [5]-[11]. Some models of phenomenological
interest that yield dijet signals include the following. Chiral color [12-18], flavor-universal
coloron [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 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 ¢q pair,
or topgluons [32-36], which can preferentially couple to ¢ quarks and appear in topcolor
and similar models of dynamical electroweak symmetry breaking. Some FEg 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 ¢g pair. Excited or
composite quarks [40, 41] could decay to qg or gg. String Regge resonances [42, 43| of the
quark and the gluon could decay 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, thus the KK gravitons could contribute to the dijet spectrum
[48]. Also, models with dark matter mediators [49-52] which also couple to quarks, predict
dijet signatures. A general classification and study of dijet resonances for the LHC has been
given in [53].

One of the biggest challenges in limiting or discovering a new dijet resonance is deal-
ing with the huge QCD background, 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 reso-
nances, 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 interference 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 study of this kind of inter-
ference 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 lineshape for the Higgs boson due



to interference with the quark-loop induced Standard Model amplitudes gg — 77 has been
studied in refs. [56]-[65]. As noted in [58], there is a shift in the diphoton mass peak which
can eventually be observable, 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 — WW~, which
have been studied in refs. [66-87]. In particular, as noted in [74], enhanced contributions
occur for invariant masses far off the Higgs mass-shell, despite its narrow width, and are
reduced by the interference. This effect can be, as shown in [77, 78] (see refs. [79-87] for
further important developments), and has been [88-93|, used to bound the Higgs width
from studying V'V events in the invariant mass region far above the Higgs mass at the LHC.
Other aspects of resonance-continuum interferences as a probe of new physics at the LHC,
with approaches similar or complementary to the present paper, have been given in [94-100].
Also, reference [101] discussed the importance of non-interference 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 non-renormalizable 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;; = Mx), 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) calculation with virtual 1-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 magnitude 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 pseudo-scalar 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 res-
onance 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 anal-
ysis, 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 gen-

T The Landau-Yang theorem also rules out the possibility of colored or colorless massive pseudo-vectors
(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].



erators 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 Section II, we introduce the considered
models of various spin and color quantum numbers, along with their effective interaction
Lagrangians. To elucidate the importance of the interference effects, we then consider a few
benchmark examples for various resonance masses Mx = (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
Section 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 section IV. We start by assuming that X almost always decays to a pair of gluons.
We then show in section V that the interference effects are even more dramatic if the digluon
resonance has other non-detectable decays contributing to its width. (These could include
invisible or multi-jet final states from each X decay.) Finally, in Section 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 non-renormalizable operators invariant under QCD
gauge transformations. The couplings ¢; are dimensionless, 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.

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

L= ;—ll\XFg,,FW, (2.1)

and for an odd parity (pseudo-scalar) resonance as:

L= —:—XXEWWFSVF;U, (2.2)

where FY, = 9,A% — 9,A% — g, f* A} A¢ is the QCD field strength tensor for a,b,c =
1,2,...,8, and f% are the anti-symmetric structure constants of SU(3)., and g, is the
strong coupling constant. The corresponding Feynman rules for X-g-g couplings, for both
color-singlet scalar and pseudo-scalar, are shown in Figure 2.1.

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

L= Sd™ X Ep P, (2.3)
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FIG. 2.1: Feynman rule for the effective coupling of parity-even (top) and parity-odd (bottom)
spin-0 color-singlet resonance with a gluon pair, with p# + ki + ki = 0. Here, ¢; and ¢y are
dimensionless form factors, and A is the mass scale associated with the new physics.
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FIG. 2.2: Feynman rule for the effective coupling of parity-even (top) and parity-odd (bottom) spin-
0 color-octet resonance with a gluon pair, with p# + k4" + k5 = 0. Here, c3 and ¢4 are dimensionless
form factors, and A is the mass scale associated with the new physics.

and for an odd parity (pseudo-scalar) resonance it is:

L= _:—;‘\dabCX%WPUFgVF;’O, (2.4)

where the symmetric anomaly coefficients of SU(3). are defined as:
d®e = 2Tx[{T", T*}T°), (2.5)

with the usual normalization for the fundamental representation matrices

1
TTT") = 56, (2.6)
so that
N2 —4 5
dabcdabe __c 5 = —§°. 2.7
N : (2.7)

The corresponding Feynman rules for the effective couplings of color-octet scalar and pseudo-
scalar with two gluons are shown in Figure 2.2.
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FIG. 2.3: Feynman rule for the effective coupling of a spin-1 color-octet resonance with a gluon
pair, with p* + k{' + k4 = 0. Here, c¢5 is a dimensionless form factor, and A is the mass scale
associated with the new physics.

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 non-trivial coupling of two gluons to a massive odd-parity spin-1, color-octet resonance
X, is [104]:

05 aoc a a 1% C,
ﬁ::Kafb@hXV—[thFbwg“ (2.8)

where D, is the gauge-covariant derivative. (For the X-gluon-gluon interaction, only the
ordinary partial derivative part of this is pertinent, so one can replace D, by d,.) Note
that dimensional analysis says that if we want c; to be dimensionless, we now need AZ
in the denominator, where A is the new physics scale. The Feynman rule for a massive
color-octet vector coupling to a gluon pair is shown in Figure 2.3. In the Feynman rule,
the contributions proportional to k" and k§ have been dropped, as they never contribute
to amplitudes because of €; - ky = €3 - ko = 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
(12, 20, 23]. In those models, the spin-1 color-octet appears primarily as a ¢g resonance;
although the gg production channel is non-zero, in specific models it is small compared to
the ¢q 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 Markus Fierz and Wolfgang Pauli, can be written as [106]:

1 1
,Cf - §X'uy(9aaaqu - XuyauaaXVOc + Xaﬂa”Xlw B §X6M6MX

+%M§MW&W—Xﬂ, (2.9)

where X = X% .
The effective interaction Lagrangian for an even parity color-singlet spin-2 resonance X*”
(for example, a Kaluza-Klein (KK) or Randall-Sundrum (RS) graviton) can be written as
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FIG. 2.4: Feynman rule for the effective coupling of spin-2 color-singlet resonance with a gluon
pair, with p* + k) + k4 = 0. Here, M p is a new mass scale, and V8 is defined in eq. (2.11).
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FIG. 2.5: Propagator for a massive spin-2 resonance. D, s is defined in eq. (2.15).

[48, 107, 108]:

1 v a Qa, 1 a apo

where M p 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 Figure 2.4, where

VIS = kyka (" =t — ) — kUK — (Kky + Ky R0
RS + R ks + KU RS + ke (2.11)

Note this satisfies tracelessness and QQCD gauge invariance conditions:

T]'L“/V,LLVCMB = 0, (212)
ko Vives = 0, (2.13)
kopgVHreh = (. (2.14)

One could also consider a theory where the second term (with 7,,) is omitted from the
Lagrangian eq. (2.10). In that case, the terms containing 7,, are removed from V*o5,
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 study here.

The propagator for the massive spin-2 resonance is shown in Figure 2.5, where

1 1 1
Duupa = §Gquua + §G,u0'GZ/p - gGuVGpaa (215)



G = M —pup,,/M)Q(. (2.16)

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:

0000 0000 0000
(1 10010 (@ _ 1 10001 (@ _ 110000
w2 lo100]] w2 10000]° w2 looon |
0000 0100 0010
00 0 0 000 0
1 fo1 00 1L fo10 0
(4 _ _* (6) — 2.17
w=/Bloo-10]" ™ sloo1 o (2.17)
00 0 0 000 —2
These satisfy:
€D e — 5% (i,j=1,...,5), (2.18)
and
5
> D) = Dy (2.19)
=1
which imply:
e Drre = e (i=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 ¢g,
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 ¢q 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 2.1 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 Mx = (750, 1000, 1500, 2000, 2500, 3000) GeV, the observed 95% CL
upper limits by CMS in refs. [1, 2] are (5.5, 1.66, 0.42, 0.22837, 0.032155, 0.043386) pb. In
Table 2.1, Fzg /T Mx increases as we move to higher masses, except from My = 2000 GeV
to 2500 GeV; this is because the observed limit at My = 2500 GeV is evidently a downward
fluctuation compared to the limits obtained at Mx = 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



TABLE 2.1: Our choice of benchmark masses and widths for the digluon resonances in four
(J=spin, color) representations considered in this paper. Here Mx, I', and I'y, are the mass,
total width, and digluon partial width of X, respectively.

Resonance Mass 2 /T Mx
Mx (GeV) J =0, singlet | J =0, octet J =1, octet | J =2, 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

of choosing the benchmarks. The claimed limits as a function of mass, and the predicted
resonance cross-sections for an example Mx = 2000 GeV, are shown in Figure 2.6. For our
first set of studies below, we chose the digluon partial width of X (denoted in this paper as
I'yg) 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 or X — jjjj or X — invisibles), then the total width T' might exceed
Iyy, and BR(X — gg) =T,,/T.

The resonance partonic total cross-section (after angular integration, and with no cuts)
in the narrow-width approximation is equal to

2 2

n - . g9 T cin a2
(g9 — X — g9) = (29+1)k—FMX : (8 — M), (2.21)

where 7 =0,1,2 and k = 1,8 are the spin and color of X, and v/§ 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 4 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 Fzg /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.
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----- Observed gluon-gluon (CMS, arXiv: 1911.03947)

.........

.
. R
............
_______
an

Resonance mass [TeV]

FIG. 2.6:  The observed 95% CL 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.

III. 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 + a2facefbde + agfadefbce
+a48°8% + a50°8" + agd s
_|_a7dabe dcde + agdacedbde + agdadedbce. (3 1)
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which then leads to the color sum:

ST AP = 72 (Jar]? + laof? + [asf?) + 72 Refara3 — a1} + asa)
a,b,c,d

+64 (|as]? + |as|* + |as|?) + 16 Re[asal + asag + asag]
200 40 . . .

—|—7 (Jaz|* + las|* + |ag]?) — 3 Relarag + azag + agag)

+48 Relayai — a1ag + aza) — asag + asay — asay]

+40 Re[ayag — a1ag + azay; — azag + azar — asag)

80
+§ Relaqag + asag + asa’ + asag + agar + agag). (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 —

=
—
o
w
~——

1 1
dabedcde o § (facefbde + fadefbce) — 5 (5ac(5bd + 5ad5bc o 5ab50d> ’ (34)
fabefcde . dacedbde + dbcedade — Nic (5a05bd o 6ad5bc) 7 (35)

1
dabedcde + dacedbde + dadedbce — § (5ab5cd + 5ac5bd + 5ad6bc) ] (36)

where eq. (3.3) is the Jacobi identity, which holds true for the structure constants of any
SU(N,) group. Eq. (3.5) also holds true for any SU(N.). On the other hand, the identities
in egs. (3.4) and (3.6) are special 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). Also, eq. (3.4) along with eq. (3.5) gives egs. (3.3) and (3.6).
Using eqs. (3.3) and (3.4), we can eliminate the coefficients ay, as, ag, and one of ay, az, or
as in eq. (3.1). Or we can use egs. (3.5) and (3.6) to eliminate the coefficients ay, as, as,
and one of ar, ag, or ag. In any case, we can eliminate four out of the nine coefficients a; in
eq. (3.1).

Although the QCD identities in eqgs. (3.3)-(3.6) can be used to rearrange the coefficients,
there are natural choices that follow from the Feynman rules. After including the contribu-
tions 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 ay = a5 = ag = 0. For color-octet digluon resonances with
spin 1, one has a4 = a5 = ag = a7 = ag = ag = 0 in eq. (3.1),

Eq. (3.2), which is understood to also include the interference terms, can then be summed
over all the final states, and averaged over all 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
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processes. We then define:

do  do, do, do, dos; doi, dosy
I — + - + 9 + 9 K
dz dz dz dz dz dz dz
dé, do do,
,QCD + t,QCD + ,QCD

dz dz dz

(3.7)

excluding the pure QCD contribution. In the above definition, désgcp/dz, for example,
stands for the interference of the s-channel X exchange diagram with the pure QCD ampli-
tude. Also, z is the cosine of the gluon scattering angle in the partonic center-of-momentum
frame. Analytic formulas for all the components of do/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:

doy

’Ci’4§3

dz 327TA—4D(§)’ (3-8)
FE - po [ & 06 } | (3.9)
dz dz 32nA*s | D(t)  D(q)
djzt 2567r/|\c‘i|;§(§)D(f) [(8 = ME)(F — M5) + T*MK] (3.10)
dg;,u 256m|\6i<’§4§(afjp(a) [(F = M3)(i — M) + T*M] (3.11)
dZZ“ 256wkiEiZ§D(ﬁ) [(8 = ME)(@ — My) +T°My], (3.12)
d(%?i% _SAQD?;if — 22 {Re[c?](§ — M%) + Im[C?]FMX} , (3.13)
d&gjw 252%295)((1{)_(1214 2) {Re[e)(f = M3) + Im[¢f]T M} (3.14)
d&zch - = gjfg(&;f)j 3 {Re[c?|(a — M%) + Im[c}]T My}, (3.15)
where t = §(z —1)/2 and @ = —3(z + 1)/2, and
D(5) = (s — Mx)* + I*M5. (3.16)
Also, the LO partial width into the digluon final state is
r, = 9% (3.17)

99 o2mA2
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Spin 0, color octet: The resonant and interference partonic cross sections at leading
order for both scalar and pseudo-scalar color octets (i.e. i = 3,4) are:

P el (3.18)
iz ~ 2304wA"D(3)

5 5 |4 F4 ~4
% " c;a; N 232054|7C:/|\4§ { Dt(f) * Dléa)} ’ (3.19)
ds,jt - 1536332?22)1)(1?) [(8 = MZ)(i = M%)+ T2M%], (3.20)
dj,;u - 15363\0;5;22;)(@) [(f — M3)(a— M%) +T?My%], (3.21)
dgzu - 15367§/|\Ci|;§(gD(a) (6 — M) (@ — M) +T*Mx], (3.22)
d&?liCD - _16A2Di(;f(i ) {Relel](s — Mx) +Tm[c]]TMx},  (3.23)
e D s (R~ M ) 20
dﬁ;SCD - 5125252((2;—(12)21 2) {Re[c7](a — M%) + Im[c]T Mx } (3.25)

and the partial width into the digluon final state is

F = e 020

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 R 9
DG = FMxé(s — M3). (3.27)

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

@ _ s7T|Ci|2M)2(

=N §(8 — M%), (3.28)

where for spin 0, color singlets,

ny = ng = , .
$=nj=1/16 (3.29)
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and for spin 0, color octets,
ny = ny = 5/48. (3.30)

To have the same resonant cross-section, we could take |c3]? = (3/5)|c;|?. In that case,
comparing eqs. (3.13)-(3.15) and (3.23)-(3.25), we see that the pre-factor 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:

5 45,2

Cilis B 2;2%:;@’ (3.31)
day N o, _ 9les*s ['(3 +A2>2 N a4(3 - 2)? | 5

dz  dz 10247 A3 D(t) D(4)
dgj N f(’);jjrs/:p((;l)( )> [(5 = MR)(F — M%) +T°MZ], (3.33)
o el SO - TR, 3
dgiu - fégﬁ‘lm(f}é(?) [(8 = Mx)(@ — My) + T°My] (3.35)
d&?l% - _16/\42?(2?2?2_ 2 {Re[cz](5 — M%) + Im[c5]T Mx } (3.36)
d&tc’i% B ﬂo;éif);f))(ali ; {Re[2](t — M%)+ Im[cZ]TMx},  (3.37)
d&l;i(jCD - _g?gjzlep( ))(<11 j ZZ {Re[c3](a — M3) + Im[c]TMx } . (3.38)

and the partial width into the digluon final state is

|es* M

Log = Fgmnt -

(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., $3(1 + 622 4
Os _ $3( —ir_z4+z)7 (3.40)
dz 5127 M pD(3)

déy _ 3(17+42 —i—%i—i—%z?’—i—z‘*)? (3.41)
dz 10247 M »D(t)
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A 23 B 2 4.3 4
doy $3(17 — 4z —1—324 42° + 2 )7 (3.42)
dz 10247 M »D (1)
o $3(1+ 2)* .
Tst 5£;+@ _[(5— M2)(f — M%) +T°M3], (3.43)
dz 40967 M »D(3)D(1)
by g3 .
’ — (t— M3)(a— My) +T*M%], (3.44)
dz  256x M »D(f)D(a) | * * A
dAsu §3 1 - 4
= Slﬂ ) (5 — M%) (6 — Myx) +T?M3] (3.45)
dz 40967 M »D(3)D(4)
dé'&QCD _30(5§(<§ — M)%)(l + 622 + Z4> (3 46)
dz 640 5 D(3)(1 — 22)
déiqop  3ass(t — MZ)(17 + 4z + 622 4 423 + 24) (3.47)
dz 2560 »D(1)(1 — 22) ’ '
doy qcep 3ags(t — M%)(17 — 4z + 622 — 423 + 24) (3.48)
dz 2560 D (4)(1 — 22) ‘ '

The pure X-exchange parts and their corresponding interference-with-QCD terms have com-
mon angular factors of (1+62%2+2%), (174424 62> +42° 4+ 2*), and (17 —42+62% — 423+ 2%)
for s-, t-, and u-channels respectively.

The digluon partial width of the resonance is

M3
107 M 5

(3.49)

99 —
In the narrow width approximation of eq. (3.27), assuming that X has no other decays, we

therefore have

do,  5mMj%
dz 256015

(14 62%+ 2H58(5 — M3). (3.50)

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

d0pp—gg ~ / dx S / Feut  do
— 2 = — — dz—. 3.51

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

pr; > p%;t = 100 GeV, (3.52)
In;| < n$™ = 2.5, (3.53)

J

respectively. Also, in order to increase the significance of resonance signal, CMS has defined
signal regions that cut on the difference between the pseudo-rapidities of the two jets:

An = [nj, —nj,| < (An)™. (3.54)

We will follow CMS by choosing (An)™ = 1.1 for Mx > 1800 GeV as in [2], and (An)™* =
1.3 for Mx < 1800 GeV as in [1]. For a parton level analysis, these cuts can be imposed by

using
zy = e \/5/s, (3.55)
1
Zews = Min { 1 - 4p%t2/§, tanh(n‘?“t ~3 |In (2°s/3) |), tanh ((An)*/2)| (3.56)
in eq. (3.51).

Then to obtain more realistic distributions roughly approximating the experimental ones,
the parton-level distributions of do,,_,4,/d(v/3) 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 mgy, = (1000, 2000, 3000) GeV in Figure 3.1. To obtain the ap-
proximate detector responses for the dijet invariant mass distributions, we used a sample
of detector-level events, generated with PyTH1A 8.2 [112, 113] and DELPHES 3.4 [114], ob-
tained 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/§ = mge = 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 approximation
and qualitative independent cross-check of the more involved method we describe next,
which is much more demanding of computer resources.

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@NLO v2.6.6 [115] for all our LO event simula-
tions, which uses a Universal FeynRules Output (UFO) file generated by FEYNRULES v2.3
[116], a MATHEMATICA package to get the Feynman rules from an input Lagrangian. We
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used PyTHIA 8.2 for showering and hadronization, and DELPHES 3.4 for detector simula-
tion.

Using MADGRAPH, our goal was not only to generate detector-level events 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 the challenges to generate detector-level events
for the interference 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 the other with negative 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 — g¢g, thus disabling PYTHIA from 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. 3.2.
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 will be shown below in Figs. 4.2, 4.8, 5.2, and 5.8. 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 interfer-
ence between the signal and the QCD background, for pp collisions at /s = 13 TeV, for each
of the considered digluon resonant benchmark mass models. While generating events with
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FIG. 3.2: The four distinct color flows for the parton-level events for the interference between
the color-singlet digluon resonant process gg — X — gg and the QCD process gg — gg. These
color flows are referred to below in the text as X5, X;/,, QCDs, and QCDy,, 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.

MADGRAPH, we used MADGRAPH’s default parton distribution functions (PDFs) based on
NNPDF2.3 LO set [111] with factorization and renormalization scales up = pur = Mx.

In our analysis, all the jets are required to satisfy a cut on pseudo-rapidity |n;| < 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)2 + (A¢)? < 1.2 of the
two leading pr jets are added to the nearest leading jet to obtain two wide jets. These
wide jets are then required to satisfy the cut py, > pgde‘jets = 100 GeV, as noted above in
eq. (3.52). Finally, as also already mentioned in the previous section, we follow CMS by
defining the signal region to have a cut on the difference in pseudo-rapidity for the two wide
jets, |An;;| < 1.3 (for resonance masses smaller than 1.8 TeV as in [1]), and |An;;| < 1.1
(for resonance masses larger than 1.8 TeV as in [2]). This preferentially eliminates the pure

background events, and tends to improve the efficiency for pure resonance events compared
to interference. However, as we will see it certainly does not reduce the effects of interference
to a negligible level.
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IV. RESULTS FORT =T,

In this section, we show results obtained for our benchmark model cases. In each case, we
start with results obtained using the simple method of parton-level generation with smearing
as outlined in subsection IIT A. These are followed by results for the full detector simulation
of subsection IIIB. In this section, we consider the case I'y; = I', for which the relative
effects of the interference are minimized.

A. Spin 0, color singlet

1. Parton-level with smearing

The left panels of Figure 4.1 show the leading order digluon invariant mass distributions,
obtained by parton-level leading order calculation, for pp collisions at /s = 13 TeV, for
a spin-0, color-singlet resonance, for benchmark examples from Table 2.1 with resonance
masses of 1000, 2000, and 3000 GeV in the top, middle and bottom rows, respectively. We
remind that the chosen benchmark values of I'j; = 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 Figure 3.1), 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 interferences with the QCD background gg — gg. (The pure QCD background
contribution is much larger and is not shown, here or in the following.)

From Figure 4.1, 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 désqcp/dz, as given in eq. (3.13).
The magnitude of the interference is, in general, enhanced for v/§ 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 counteracted by the fact that it is connected
to a large low-energy tail. If the low-energy tail is absorbed into a QCD background fit
(which we do not attempt in this paper, and can probably be done in a variety of distinct
ways), an effective dip for mj; > Mx would probably result. We have checked that the
interference effect would have been larger without the imposition of the An 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.
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As the experimental data sets are increased in the future, so that one is probing models
with even smaller cross-sections, we have checked that the relative importance of the inter-
ference 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, Figure 4.1 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 Figure 4.2, we show the dijet invariant mass distributions for the considered bench-
marks of Table 2.1 with I' = I'y,, at 13 TeV LHC, for spin-0, color-singlet resonances, this
time obtained using Monte Carlo generation of events followed by simulations with shower-
ing, hadronization and detector simulation.! The results are shown for a digluon resonant
process gg — X — gg, which include only the 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 Figure 3.2.

From Figure 4.2, we note that the impact of QCD interference is least if we assume 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, 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 Figure 4.2 can be compared to the right-hand panels of Figure 4.1, 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 Figure 3.1, is only a very
rough approximation to the full-fledged event generation with 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 from the true CMS and ATLAS
detector responses.

T 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 Section III A and shown in Figure 4.1. A similar check was

done for each of the other (spin, color) combinations for X.
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FIG. 4.1: Digluon invariant mass distributions, at the 13 TeV LHC, for spin-0, color-singlet
resonances with (Mx,I'/Mx) = (1000 GeV, 0.002) [top row] and (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 are then smeared by convolution with the estimated detector
responses shown in Figure 3.1 to obtain the dijet invariant mass distributions in the panels
of the right columns. 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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FIG. 4.2: Dijet invariant mass distributions for the spin-0, color-singlet benchmarks of
Table 2.1 with I' = I'y4, 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
99 — X — gg process (RES), which include the s-, t-, 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 Figure 3.2, 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 Figure 4.1 based on the more simplistic method of parton level

with smearing.
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B. Spin 0, color octet

1. Parton-level with smearing

In Figure 4.3, we show the parton-level digluon invariant mass distributions for pp colli-
sions at /s = 13 TeV, for massive spin-0, color-octet resonances, for the benchmark exam-
ples of Table 2.1 with masses 1000, 2000, and 3000 GeV in the top, 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 Figure 3.1, as described in Section IIT A. In
all six panels, the red lines show the results for the resonant signal g¢g — X — gg with all
X exchange diagrams, while the blue 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 m;; < Mx and a dip above m;; > Mx for the full result (blue
line), as opposed to a pure peak (red line) that we get without including the interference
terms. After smearing, the deficit above the input resonance mass, compared to the naive
result, does not appear as considerable 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).

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

Figure 4.4 shows the dijet invariant mass distributions for the considered benchmarks of
Table 2.1 with X assumed to always decay to a pair of gluons, at 13 TeV LHC, for spin-0,
color-octet resonances, obtained using Monte Carlo simulations. The results are shown for
the naive resonant process gg — X — gg, and for the full results, which also include the
interferences with the continuum QCD gg — gg amplitudes.

From Figure 4.4, the QCD interference with a spin-0, color-octet resonance has the afore-
mentioned feature of having less dramatic positive tails in the region m;; < My with almost
no negative tails in the region mj; > Mx. Unlike the case of a color-singlet scalar, here
we have exactly one result for the QCD interferences because the color flow is uniquely
determined. The relative importance of the interference again increases as one moves to
higher resonance masses M. Again, comparing the right column panels of Figure 4.4 to
the corresponding right column panels of Figure 4.3, which have the same masses 1000, 2000,
and 3000 GeV, the fully simulated results don’t exactly match with the smeared parton-
level results, with the more complete simulation producing a lower yield, but the shapes are
reassuringly qualitatively similar.



24

Spin 0, color octet, Mx = 1000 GeV, Ty, = I' = 0.0002Mx Spin 0, color octet, Mx = 1000 GeV, 'y, = T' = 0.0002Mx
3200 99 99
cut| _ — R f 3.04 cut| — 1., —— Resonance
30004 M —RZEE::EEZ + Interference % 2.8 M‘ —— Resonance + Interference
2800+ 8
= 2600 % g'i_
2 2400 = 5]
2200 = 2
8 20001 2 2.09
= 1800 o L8
Q' 16007 s 167
S 14004 o 1.44
€ 12007 3 1.24
8 10007 2 1.0
=~ 8004 S 0.8
s|§ 6004 £ 0.6
S 4004 \ &L 0.41
200 3 0.2
0 = — 2E 00
—200 T — SN S —0.2
990 992 994 996 998 1000 1002 1004 1006 1008 1010 600 800 1000 1200 1400 1600 1800
Myg [GeV] mjj [GG‘V]
Spin 0, color octet, My = 2000 GeV, I'yy = I' = 0.0018Mx Spin 0, color octet, Mx = 2000 GeV, I'y, = I' = 0.0018 My
|[Ane| = 1.1 — Resonance — ut ——Resonance
294 ——Resonance + Interference % 0.229[1an" = 1.1] ——Resonance + Interference
= 207 O]
o 18 Qo
3 | =
16 =
2 144 -8
Py o
O 124 %
S 107 2
T 8 o
2 4 3
>
g5 4 g
S 9] \/‘\
0 35 o
_ : : : : : . . —0.02 : : : : :
1960 1970 1980 1990 2000 2010 2020 2030 2040 800 1200 1600 n142%2§9V]2400 2800 3200
myg [GeV] 73
Sgg] 0, color octet, Mx = 3000 GeV, Fl:gg =T = 0.006Mx OS(Pzisn 0, color octet, Mx = 3000 GeV, Ty, = T’ = 0.006Mx
' |Ant| = 1.1 [ hesonance . cut| — —— Resonance
071 I—J ——Resonance + Interference ; 0.0264 M‘ —— Resonance + Interference
' S
S 0.6 g
2 £
é 0.5 g
= o
§ 0.4+ %
c
2 0.31 a
5 3
2 0.2 g
o £
SIE 0.1 )
S 2
0.0 s g )
0.002 . : : : :
1800 2200 2600 3000 3400 3800 4200

—0.1
2800 2850 2900 2050 3000 3050 3100 3150 3200
My [GeV]

m;; [GeV]

FIG. 4.3: Digluon invariant mass distributions, at the 13 TeV LHC, for spin-0, color-octet
resonances with (Mx,T'/Mx) = (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 Figure 3.1, 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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simulation. The red lines show the naive results with the resonance diagrams of gg — X — gg
process (RES), which include the s-, t-, and u-channel exchanges of X, while the blue lines
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(INT). The cases shown in the right column can be compared directly to those in the right
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C. Spin 1, color octet

1. Parton-level with smearing

Figure 4.5 shows the digluon invariant mass distributions, for pp collisions at /s =
13 TeV, for spin-1 color-octet resonances with benchmark examples of Table 2.1, namely
(Mx,T/Mx) = (1000 GeV, 6.5 x 107°) [top row], (2000 GeV, 5.4 x 10™*) [middle row] and
(3000 GeV, 0.00183) [bottom row]. As before, the parton-level results before smearing are
shown in the left panels, and the corresponding mass distributions after smearing are shown
in the right panels. In all panels, the red lines show the results for the resonant signal
g9 — X — gg with all s, ¢, u-channel X exchange diagrams, while the blue lines show the
full results including the interferences with the QCD background 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 4.6 shows all of the the dijet invariant mass distributions for the considered bench-
marks of Table 2.1 with I' = I'y,, at 13 TeV LHC, for spin-1, color-octet resonances, ob-
tained 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 Figure 4.6 we see that the QCD interferences with spin-1, color-octet (blue lines)
has a peak below the resonance mass, which is almost comparable to the pure peak, obtained
by excluding the interference terms. The differential cross sections in the region m;; > Mx
are almost unaffected by including the interference. 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 Figures
4.5 and 4.6, 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 relatively larger impact at higher resonance
masses than at smaller Mx.
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Digluon invariant mass distributions, at the 13 TeV LHC, for spin-1 color-octet

resonances with (Mx,I'/Myx) = (1000 GeV, 6.5 x 107%) [top row], (2000 GeV, 5.4 x 107%)
[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 Figure 3.1, 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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FIG. 4.6: Dijet invariant mass distributions for the spin-1 color-octet benchmarks of Table 2.1
with I' = 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 gg — X — gg
process (RES), which include the s-, t-, 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 Figure 4.5 based on the more simplistic method of parton level with
smearing.
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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 Figure 4.7,
we show the parton-level digluon invariant mass distributions for pp collisions at /s = 13
TeV, for (Mx,['/Mx) = (1000 GeV, 0.00041) [top row], (2000 GeV, 0.00375) [middle row],
and (3000 GeV, 0.014) [bottom row|. As before, the results before smearing are shown in
the left panels, and 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 X
exchange diagrams, while the blue lines show the full results including the interferences with
the QCD gg — gg amplitudes.

In the spin-2 case, we note that there is a unique feature not found in the previous cases:
the effect of the interference is negative for all dijet invariant masses well below My after
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 mgy, well below
My, due to the contributions from the interference between t-, 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 my, < Mx (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 m;; > Mx. It would be interesting
to see whether this pattern is maintained after including higher order contributions.

2. Monte Carlo results with detector simulation

Figure 4.8 shows the dijet invariant mass distributions for the spin-2, color-singlet reso-
nance benchmarks of Table 2.1 with I' = Iy, at 13 TeV LHC, obtained using Monte Carlo
simulations. The results are shown for a digluon resonant process gg — X — ¢g, and the full
results, which also include the interferences with the continuum QCD gg — gg amplitudes
for all four color flows shown in Figure 3.2.

As was the case with the color-singlet scalars, from Figure 4.8, 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 t/u-channel color flow of both QCD and resonant processes.
Also, we confirm that QCD interferences have negative cross section for smaller invariant
masses m;; < Mx. 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. 4.7. 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 naive pure-resonance
prediction. Once again, the relative importance of the interference for m;; < Mx increases
with M.
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FIG. 4.7: Digluon invariant mass distributions, at the 13 TeV LHC, for spin-2, color-singlet
resonances with (Mx,I'/Mx) = (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 Figure 3.1, 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
t- and u-channel X exchange diagrams.
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FIG. 4.8: Dijet invariant mass distributions for the spin-2, color-singlet resonance benchmarks
of Table 2.1 with I' = I'yy, at 13 TeV LHC, obtained with showering, hadronization and
detector simulation. The red lines show the naive results with the resonance diagrams of
99 — 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 Figure 3.2, 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 t- 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 Figure 4.7 based on the more simplistic method of parton level with smearing.
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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) = I'y,/I', for a given fixed resonant production
cross-section. The reason for this is that to reach the same cross-section, both I'j, 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' = I'j; studied above actually has the minimal impact
on the interference with QCD, compared to the general case I'j; < I'. In this section, we
illustrate this by considering, somewhat arbitrarily, the case that I'y, = I'/5.

The organization of results and structure of the figures below is exactly the same as
in the previous section. Thus in Figures 5.1, 5.3, 5.5, and 5.7, we show the parton-level
distributions before (left columns) and after (right columns) smearing by convolution with
the detector response functions illustrated in Figure 3.1, for benchmark masses 1000 GeV
(top rows), 2000 GeV (middle rows), and 3000 GeV (bottom rows). For I'y, = I'/5, the
benchmark width-to-mass ratios turn out to be very large for a few cases considered here. For
example, I'/Mx = (1.75,0.475) for a spin-0 color-singlet with Mx = (3000, 2000) GeV, and
['/Mx = 0.35 for a spin-2 color-singlet with My = 3000 GeV. The case with I'/My = 1.75
for a 3000 GeV massive color-singlet (pseudo-)scalar has unrealistically large width-to-mass
ratio for a resonance, and is therefore omitted. On the other hand, cases with a large width-
to-mass ratio but with I'/Mx < 0.55 are not omitted as the CMS experiment has considered
broad resonances with widths up to 55% of the resonance mass in the reference [2].

In Figures 5.2, 5.4, 5.6, and 5.8, we show the results obtained by our full event simulation
including showering, hadronization, and detector simulation. The right columns of pairs of
figures (5.1 and 5.2 for spin-0 color-singlet, 5.3 and 5.4 for spin-0 color-octet, 5.5 and 5.6
for spin-1 color-octet, and 5.7 and 5.8 for spin-2 color-singlet) can be directly compared,
as they feature the same masses and widths. The agreement between these sets of figures
appears to be good at the qualitative level, but with differing yields at up to the level of tens
of percent, and somewhat different shapes in some cases. In particular, for spin 1, the full
event simulation produces larger low-mass tails than the smeared parton-level results. In
addition, the color-flow choice in the color-singlet interference cases is seen to be a non-trivial
effect.

A general feature that can be seen in all of these figures is that when I'y, = I'/5, the
distributions including 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 Mx and spin-0, we find a pronounced 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 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
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FIG. 5.1: Digluon invariant mass distributions, at the 13 TeV LHC, for benchmark spin-0,
color-singlet resonances from Table 2.1, with I'y; = I'/5, and Mx = 1000 GeV (top row), and
2000 GeV (bottom row). The parton-level distributions are shown in the left column panels.
These are are then smeared by convolution with the estimated detector responses shown in
Figure 3.1 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

99 — 499-

in experimental searches [1, 2] with I" > 'y, but the much larger former effect has not.

In the spin-2 color-singlet case (see Figure 5.8), 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.



34

Spin 0, color singlet, My = 750 GeV, I' = 5Ty = 0.0375Mx Spin 0, color singlet, Mx = 1000 GeV, I' = 5I'y; = 0.05Mx

eutl — ——Resonance |An<| = 1.3 —— Resonance
454 |An™| = 1.3 ——RES + INT (X, color flow) 124 ——RES + INT (X color flow)

( (
——RES + INT (X, color flow) 114 ——RES + INT (X,,, color flow)
404 RES + INT (QCD, color flow) 104 RES + INT (QCD, color flow)
354 ——RES + INT (QCD, color flow) o1 ——RES + INT (QCDy, color flow)
Spread Spread
— 301 ;. 84
o 25 8 77
S ol 6
3 20 3 5
= 15 =44
o/ § 104 o & 33
g5 1] 4g !
0 14
-5 W 0
—14
—104 _o
—15 T T T T T T T -3 T T T T T
500 600 700 800 900 1000 1100 1200 600 800 1000 1200 1400 1600 1800
m;; [GeV] m;; [GeV]
Spi2n40, color singlet, Mx = 1500 GeV, I’ = 5Ty, = 0.125Mx Spi1n30, color singlet, Mx = 2000 GeV, I’ = 5Ty, = 0.475Mx
. T — R . cut| — —R
2.24 _Rgssozalr&gre(xs color flow) 1.24 _Rgsso:alrllﬁ_e(xs color flow)
2.04 ——RES + INT (X, color flow) ——RES + INT (X, color flow)
0178 RES + INT (QCD, color flow) 1.1 RES + INT (QCD, color flow)
1.84 ——RES + INT (QCDy,, color flow) 1.04 ——RES + INT (QCDy,, color flow)
1.6 Spread 0.9 Spread
S 1.4 >
() ()
G 1.2 0]
< <
8 1.0 2
:= 0.8 ::
S|E 0.6 S|E 0.4
0.4
0.2
0.0
—0.2 .
_0~4 T T T T T T _0~1 T T T T T
750 1000 1250 1500 1750 2000 2250 2500 800 1200 1600 2000 2400 2800 3200
m;; [GeV] m;; [GeV]
Spin 0, color singlet, Mx = 2500 GeV, I = 5T'y, = 0.27Mx
4 cut| — —Ru
0'15_ M —REsSojalrlllql?(X‘ color flow)
0.14 ——RES + INT (X,,, color flow)
0.139 RES + INT (QCD, color flow)
0.12 ——RES + INT (QCD,,, color flow)
0.114 777 Spread
3 o
9 0.081
£ 0.074
o 3 0.064
S| 0.057
0.04
0.034
0.02
0.014
0.00
—0.01 T T T T T
1200 1600 2000 2400 2800 3200 3600

m;; [GeV]

FIG. 5.2:  Dijet invariant mass distributions for the spin-0, color-singlet benchmarks of
Table 2.1 with I'yy = 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
99 — 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
g9 — gg amplitudes (INT) for all four color flows shown in Figure 3.2, 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 the middle rows can be compared
directly to those in the right column of the previous Figure 5.1 based on the more simplistic
method of parton level with smearing.
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FIG. 5.3: Digluon invariant mass distributions, at the 13 TeV LHC, for benchmark spin-0,
color-octet resonances from Table 2.1, with I'g; = I'/5, and Mx = 1000 GeV (top row),
and 2000 GeV (middle row) and 3000 GeV (bottom row). The parton-level distributions are
shown in the left column panels. These are are then smeared by convolution with the estimated
detector responses shown in Figure 3.1 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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FIG. 5.7: Digluon invariant mass distributions, at the 13 TeV LHC, for benchmark spin-2,
color-singlet resonances from Table 2.1, with Iy, = I'/5, and Mx = 1000 GeV (top row),
and 2000 GeV (middle row) and 3000 GeV (bottom row). The parton-level distributions are
shown in the left column panels. These are are then smeared by convolution with the estimated
detector responses shown in Figure 3.1 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 ¢- and u-channel X exchange diagrams.
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5.8:  Dijet invariant mass distributions for the spin-2, color-singlet benchmarks of
Table 2.1 with I'yy = 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
99 — X — gg process (RES), which include the s-, t-, and u-channel exchanges of X, while the
other four colored lines show the full results including interferences with the continuum QCD
g9 — gg amplitudes (INT) for all four color flows shown in Figure 3.2, 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 Figure 5.7
based on the more simplistic method of parton level with smearing.
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VI. OUTLOOK

In this paper, we studied the importance of the interference 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 pseudo-scalar resonances in both singlet and octet color representations, spin-1 color-
octets, and color-singlet massive 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-sections. 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 Mx. 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 v/, 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 signs, 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 developments). 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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