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1. Introduction

New hadronic resonances are predicted by many theories of physics beyond the Standard
Model (SM). New particles such as additional gauge bosons [1, 2], excited quarks [3, 4], or Randall-
Sundrum gravitons [5] could be discovered at hadron colliders as resonances in the dijet invariant
mass spectrum. Searches for such resonances thus have a long tradition at hadron colliders, includ-
ing the Large Hadron Collider (LHC) [6]. At the LHC, however, the ever-increasing instantaneous
luminosity and the corresponding increases in trigger thresholds have pushed the mass range for
traditional dijet searches to well above 1TeV [7, 8]. Several new techniques have been developed
to maintain sensitivity to lower mass resonances. During Run 1, the use of trigger-level data, i.e.
the jets reconstructed by the high-level trigger algorithms, enabled resonance masses as low as
450GeV to be probed [9, 10]. Triggers with online b tagging have probed as low as 325GeV [11].
More recently, searches for resonances produced with large initial state radiation (ISR) have probed
as low as 10GeV.
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Figure 1: Limits on the universal coupling g; between a leptophobic Z' boson and quarks [2] from
various dijet analyses from CMS, ATLAS, CDF, and UA2. The limits are shown in solid lines, with
the excluded area above the lines. The hashed areas show the direction of the excluded area from
the observed limits. The grey dashed lines show the g; values at fixed values of I'z7/Mz. Most
of the analyses, with the exception of Dijet ¥ and Broad Dijet, assume that the intrinsic width is
negligible compared to the experimental resolution, and hence are valid for Iz /My < 10%. The tt
resonance analysis is valid for I'z /My < 5%, the Broad Dijet analysis is valid for I'z7 /My < 30%,
and the Dijet y analysis is valid for I'z/Mz < 100%. Also shown are indirect constraints on g;
from the Y and Z boson widths, which are valid for all values of I'z/ /M.

These techniques can be compared in the context of a simplified model containing a lepto-

phobic, spin-1 Z’ boson, with equal vector couplings to quarks [2]. The Lagrangian for the model
is:

6
Z>3¢,Y.7,97"q; (1.1)
i=1
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Figure 0 shows limits on g; from UA2, CDF, ATLAS, and CMS, as well as indirect constraints
from Y decays and the hadronic width of the Z boson [12]. The LHC results span three orders of
magnitude in resonance mass, from 10GeV to 8TeV. Proceeding from high masses to low, the
traditional dijet search, using fully reconstructed events, probes masses above ~ 1.5TeV. With
this method, the only cut with a significant impact on the signal acceptance is the requirement on
pseudorapidity separation between the two jets, |An;;| < 1.1. Assuming that the resonance couples
uniformly to all flavors of quarks, searches for tt resonances have similar sensitivity in this range.
For masses above 450GeV, the traditional dijet methods can be applied to trigger-level events,
where reduced event size allows for lower trigger thresholds. Between 250GeV and 450GeV,
the best limits are from searches targeting resonances produced with large ISR, reconstructed as
two narrow, resolved jets. If we again assume that the resonance couples uniformly to all flavors
of quarks, searches employing online b tagging have similar sensitivity in the range 325GeV —
450GeV. Finally, for masses in the range 10GeV — 250GeV, searches for resonances with large
transverse momentum due to ISR photons and jets have demonstrated unique sensitivity. In this
phase space, the resonance decay products are collimated due to the large Lorentz boost, and thus
are reconstructed as a single large-radius jet.

This report presents several new strategies developed during Run 2 by the CMS experiment
which improve the sensitivity to lower resonance masses and smaller coupling values, pushing
the mass coverage as low as 10GeV. In particular, we describe two searches for dijet resonances
produced with high transverse momentum due to significant initial state radiation [13, 14], as well
as a new background estimation technique for the high mass search [15].

2. The CMS Detector and Jet Reconstruction

The central feature of the CMS apparatus is a superconducting solenoid of 6m internal di-
ameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scin-
tillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. For-
ward calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the
solenoid. A more detailed description of the CMS detector, together with a definition of the coor-
dinate system used and the relevant kinematic variables, can be found in Ref. [16].

The particle-flow (PF) algorithm [17] attempts to reconstruct and identify each individual par-
ticle in an event, with an optimized combination of information from the various elements of the
CMS detector. The energy of photons is obtained from the ECAL measurement. The energy of
electrons is determined from a combination of the electron momentum at the primary interaction
vertex as determined by the tracker, the energy of the corresponding ECAL cluster, and the energy
sum of all bremsstrahlung photons spatially compatible with originating from the electron track.
The energy of muons is obtained from the curvature of the corresponding track. The energy of
charged hadrons is determined from a combination of their momentum measured in the tracker and
the matching ECAL and HCAL energy deposits, corrected for zero-suppression effects and for the
response function of the calorimeters to hadronic showers. Finally, the energy of neutral hadrons
is obtained from the corresponding corrected ECAL and HCAL energies.
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The analyses described here utilize jets formed from PF candidates. Narrow jets are recon-
structed with the anti-kt algorithm [18] with a distance parameter of R = 0.4 (AK4). Wider jets,
which aim to capture the decay products of massive particles with large Lorentz boost, are recon-
structed with the anti-kt algorithm with R = 0.8 (AKS8), or the Cambridge-Aachen algorithm with
R = 1.5 (CAIS5) [19]. The algorithms are implemented in the FastJet package [20]. The jet
momentum is determined as the vectorial sum of all particle momenta in the jet, and is found from
simulation to be, on average, within 5 to 10% of the true momentum over the whole pr spectrum
and detector acceptance. Jet energy corrections are derived from simulation studies so that the aver-
age measured response of jets becomes identical to that of particle level jets. In situ measurements
of the momentum balance in dijet, photon+jet, Z+jet, and multijet events are used to determine any
residual differences between the jet energy scale in data and in simulation, and appropriate correc-
tions are made [21]. Contributions to the jet momentum from additional proton-proton interactions
within the same or nearby bunch crossings are mitigated using the charged hadron subtraction
(CHS) or pileup per particle identification (PUPPI) algorithms [22].

3. High mass dijet search

Proceeding from high resonance masses to low, we first present the search for dijet resonances
at high mass, using 77.8fb~ ! collected by the CMS detector [15]. The search targets narrow res-
onances decaying to two jets, with masses greater than 1800GeV. This threshold is determined
by the triggers used to collect events online, which require events to contain one or more jets with
large transverse momenta. The analysis uses AK4 CHS jets. The two leading jets in pt are chosen
as the resonance decay candidates. To recover potential wide-angle radiation from the final-state
partons, additional AK4 jets within a distance of AR < 1.1 of the leading two jets are added to the
nearest leading jet. We refer to the resulting objects as "wide jets." The two resulting wide jets are
each required to have pr > 30GeV and |n| < 2.5, and the jet pair must satisfy |An| < 1.1. The
latter cut selects events with more central jets, and is imposed for two reasons: first, it improves the
signal sensitivity, and second, it improves the efficiency of the trigger selection.

The background, dominantly due to QCD multijet events, is estimated in two ways. For m;; <
2.4TeV, the background model is a smoothly falling, empirical function, which is fitted to the
observed m;; spectrum ("fit method"). The function is given by:

do . P()(l *X)Pl

dmjj T xPtPIn(x) G.D

where x =mj;/+/s.

Formj; >2.4TeV, the background is estimated from a new technique using events with |An| >
1.1 ("ratio method"). Three regions are defined: the signal region with |An| < 1.1 (SR), a validation
control region with 1.1 < |An| < 1.5 (CRpjqdie), and the background control region with 1.5 <
|An| < 2.5 (CRpigh). The QCD background prediction in the signal region is taken from CRp;gp,
multiplied by a transfer factor from simulation:
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N(mjj)ls’gzdiction = Rext. XN (mjj)gﬁt}igh (3.2)
N(m . .)gimulation
ReXt' - Corr(mjj) X N H Sﬁnulation : (33)
(mJJ)CRhigh

The correction factor, parametrized as Corr(m;;) = a+b(m;;/+/s)*, accounts for differences in the

N(m . ,)Data N(m . ,)Simulation

i i i i 177CRmigdle JJ/CRmiddle

transfer factor between data and simulation, and is fit to the double ratio = comiddie
N (mjj)CRhigh N (mjj)thigh

Figure @ shows the observed m;; spectrum, along with the background predictions from the
two methods and reference shapes for quark-quark, quark-gluon, and gluon-gluon signal mod-
els. No significant excess is observed. Upper limits on the product of the cross section (o), the
branching fraction to dijets (B), and the detector acceptance (A) are shown in figure B. The local
significance of the data for quark-quark resonances is shown in figure B; note that the signficances
for the ratio method are generally higher than those from the fit method, reflecting the reduced
systematic uncertainty of the method.
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Figure 2: Dijet mass spectra in the signal region (points) compared to a fitted parameterization of
the background (solid curve) and the one obtained from the control region (green squares). For the
displayed signal a cross section at the 95% CL observed exclusion limit is being used. The lower
panel shows the difference between the data and the fitted parametrization (red), and the data and
the prediction obtained from the control region (green), divided by the statistical uncertainty of the
data, which for the ratio method includes the one in CRyjg, as well. The ratio of the expected signal
showed in the upper panel to the statistical uncertainty of the data is also shown for three different
resonance masses and signals models.



Searches for Hadronic Resonances at CMS David Yu
CMS Preliminary 77.8 fb? (13 TeV) CMS Preliminary 77.8 b1 (13 TeV)
R R R RN RN RN AR R R R RN RN R R
%10 Fit Method } Ratio Method 95% C(DLbIImlts d é %10 sFI[ Method } Ratio Method 95% COLbIImItS d E
5 —— Observe N S0 —— Observe B
x 10 | B Expected + 1s.d. 3 x 10 . | B Expected + 1s.d. 3
@ 10 e Expected + 2 s.d. ] Q 10 oo e Expected + 2 s.d. ]
< £ < .
b . %, N quark-quark E o 1l quark-gluon E
1070 l E 0™ E
1072 . 102 : .
107 W B 1073L -~ String R
.z E g
4 -~ DM mediator a 4 E
107 E o Axigluon/coloron 10 - Excited quark N ‘ E

— — Scalar diquark

\HH\HH\HHMHMWH\HH

105 2000 3000 4000 5000 6000 7000 8000

Resonance mass [GeV]

CMS Preliminary 77.8 fb1 (13 TeV)
U R BER RN RS Aaa RS RS
210 | 95% CL limits

Fit Method Ratio Method
<, . | —e— Observed
x 10 | B Expected + 1 s.d.
Ef 10 } ------- Expected + 2 s.d.
o | gluon-gluon

|

=
(@]
N

[EnY
<

1073
10‘4

Color-octet scalar (k? = l)

ol ol vl ol ol ol

107 2000 3000 4000 5000 6000 7000 8000

Resonance mass [GeV]

105000 3000 4000 5000 6000 7000 8000
Resonance mass [GeV]

CMS Preliminary 77.8 b1 (13 TeV)

T T T T
210 | 95% CL limits
Fit Method Ratio Method |

<., | —e— Observed B
x 10 | EEE Expected + 1s.d. J
[ Y = R — ]
2 10 } Expected + 2 s.d. 4
o \ 1
|

107 | .
1072 .
107 2
-~ RS graviton 3

10™ , 3
105\””\””HH\HH¢HH\HH(

2000 3000 4000 5000 6000 7000 8000
RS Graviton mass [GeV]

Figure 3: The observed 95% CL upper limits on the product of the cross section, branching fraction,

and acceptance for dijet resonances decaying to quark-quark (top left), quark-gluon (top right),

gluon-gluon (bottom left), and for RS gravitons (bottom right). The corresponding expected limits

(dashed) and their variations at the 1 and 2 standard deviation levels (shaded bands) are also shown.

Limits are compared to predicted cross sections for string resonances, excited quarks, axigluons,

colorons, scalar diquarks, color-octet scalars, new gauge bosons W’ and Z’ with SM-like couplings,

dark matter mediators for mDM= 1 GeV, and RS gravitons.
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Figure 4: Local significance for a narrow resonance from the fit method (red) and the ratio method
search (blue) for gg resonances.

4. Boosted dijet search with ISR jets

The high-mass dijet resonance search probes resonance masses in the range 1800GeV —
8000GeV; as mentioned previously, trigger-level analysis techniques allow the range to be ex-
tended down to about 450GeV. To probe even lower masses, a more radical change in approach is
needed to circumvent the trigger bandwidth limitations. The strategy which provides the best sen-
sitivity in the range 10GeV —450GeV is to require that the resonance be produced with significant
ISR [14, 23, 24, 25]. We now present a search for Z' resonances produced with high transverse
momentum due to ISR jets, using an integrated luminosity of 77.0fb~! [13]. Due to the signif-
icant Lorentz boost, the resonance decay products are collimated into a single, large-radius jet.
Using triggers that select events containing a large-radius jet with high mass and high transverse
momentum, the search probes dijet resonance masses in the range 50 GeV —450GeV.

The search uses large-radius AK8 or CA15 jets built from PF candidates. The PUPPI algorithm
is applied to reduce the impact of pileup interactions. AKS jets, employed in both 2016 and 2017
data, are used for smaller resonance masses, where the decay products are more collimated. CA15
jets are only used in 2017 data, and improve the sensitivity at larger resonance masses. The triggers
employ only AKS jets, requiring that the event contain at least one jet with large trimmed mass [26],
Myim > 30GeV, and untrimmed pt > 380GeV —400GeV. The signal candidate is taken to be the
AKS or CA15 jet with the highest pr. The AKS jets are required to have pt > 500GeV (2016) or
pr > 525GeV (2017), due to different trigger thresholds in the two years. CA15 jets are required
to have pr > 575GeV. The jet must also satisfy || < 2.5.

Jet substructure information is used to discriminate the signal from the dominant QCD back-
ground. The soft-drop mass algorithm [27], with f = 0 and z., = 0.1, removes soft and wide-angle
radiation from the jet. The resulting soft-drop mass, mgp, tends to be significantly reduced for
QCD jets, while the mass of jets due to Z' candidates (as well as top quarks and W and Z bosons)
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is preserved. The pr-invariant variable p = log(ng / p%) is required to satisfy —5.5 < p < —2.0
(—4.7 < p < —1.0) for AK8 (CA15) jets, to avoid non-perturbative effects at low mass and incom-
plete containment of the decay products within the jet cone at high masses. Finally, the observable
Nzl, based on 2- and 3-point energy correlation functions of the jet constituents, is used to select
jets consistent with a two-pronged topology [28]. The variable is explicitly decorrelated from mgsp
and pr using the design decorrelated tagger method [29], defining:

NyPP(p, pr) =N)(p. pr) —X5%)(P, P1), 4.1)

where X(s54,) (P, pr) is the value of Nzl corresponding to 5% efficiency for the QCD background in a

N21 PPT 0 constitute the signal, or "pass" region, while events

particular bin (p, pr). Events with
with Nzl’DDT > 0 form the "fail" region. To improve the statistical precision of the computation
of the quantiles, the method employs a gaussian kernel estimate: QCD events at generator level
are "smeared" using a parametrization of the detector resolution in N1 and p as a function of pr
(accounting for correlations between the variables), multiplying the quantities at generator level by
a random number taken from a Gaussian distribution so that the smeared distributions match those

obtained from the full detector simulation.
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Figure 5: The mgp distribution in data for AKS8 (left) and CA15 (right) jets for the 625GeV —
700GeV pr category of the fit. Data are shown as black points. The multijet background prediction,
including uncertainties, is shown by the shaded bands. Contributions from the W and Z bosons and
the top quark background processes are shown. A hypothetical Z' boson signal with a mass of
110GeV and coupling g; = % is also indicated. The signal is scaled by a factor of 8 for clarity. In
the bottom panel, the ratio of the data to its statistical uncertainty, after subtracting the nonresonant
backgrounds, is shown. The signal is stacked on top of the peak formed by merged W and Z
profiles.

The predictions of resonant backgrounds due to SM W and Z production are taken from sim-

ulation, as is that due to tt. The dominant QCD background is estimated from data events with

Nzl’DDT > (. By construction, in simulation, the QCD mass and pt distributions are the same in
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events with N21 DPT - 0 and N21 POT 0. To account for differences between data and simulation,
the shape is multiplied by a polynomial transfer factor. Specifically, the QCD prediction is given
by:

nSSP(p, pr) = Ryje(p, pr)ngs” (p, pr), 4.2)

where R;,/¢(p, pr) is a polynomial in p and pr. The order of the polynomial is minimized using
a Fisher F-test procedure, to limit the bias on the fitted signal strengths. A simultaneous fit is
performed to all the pr categories and the pass and fail regions, with the QCD shape in the fail
region and the parameters of the polynomial left freely floating. The observed mgp spectra for
AKS and CA1S5 jets in the transverse momentum range 625 GeV — 700GeV are shown in figure B,
along with the predicted backgrounds and example signals. No significant excesses are observed,
and limits on the coupling g; are shown in figure B. The jet type, AK8 or CA1S5, is chosen based
on the expected sensitivity: CA1S jets are used above 225 GeV, while AKS jets are used below.
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Figure 6: The upper limits at 95% CL on the coupling g; as a function of resonance mass for a
leptophobic Z' resonance that only couples to quarks. For masses between 50 and 220GeV the
limits correspond to a Z' resonance reconstructed using the AKS jet algorithm, using 77.0fb~!
of statistically combined data from 2016 and 2017. The excess in the observed limit over the
expected limit near 120GeV is a remnant of the analysis of the data collected in 2016. For masses
from 220GeV to 450GeV, the limits correspond to a Z' resonance reconstructed using the CA15
jet algorithm, using 41.1fb~! of data collected in 2017.
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5. Boosted dijet search with ISR photons

Using ISR jets to evade trigger limitations, the previously described search is able to probe
dijet resonances with masses down to 50GeV. The threshold can be lowered even further using
ISR photons, which have a much lower pt requirement in the trigger. We now describe a search for
Z' bosons produced with significant photon ISR, probing the mass range 10GeV — 125GeV [14].
The search uses 35.9fb~! of data collected in 2016.

Events for the analysis are recorded using triggers that require a photon with pt > 175GeV
and |n| < 3.0. The analysis requires the photon to have pr > 200GeV and |n| < 2.4, in order to
have a constant trigger efficiency. Events with |n| < 2.1 form the signal region, while events with
2.1 < |n| < 2.4 are used as a control region for the N21 decorrelation, described below. The analysis
uses AKS jets reconstructed from PF candidates, using the PUPPI algorithm to reduce the impact
of pileup. The jet with the highest transverse momentum is chosen as the signal jet candidate,
and is required to have pr > 200GeV. The background contribution from tt is reduced by vetoing
events with missing transverse momentum greater than 75 GeV, or containing an AK4 jet with pp >
30GeV and satisfying the loose working point of the CSVv2 b tagging algorithm [30]. Finally, the
photon and the signal jet are required to be well-separated, satisfying /An2 +A¢? > 2.2.

As with the previous analysis, the soft-drop algorithm with B = 0 and z., = 0.1 is applied
to the signal jet to reduce the mass of jets arising from quarks and gluons. The decorrelated N21
variable is used to select jets with two-pronged substructure:

NP (p, pr) =N, (P, pr) — X(10%) (P P1)- (5.1

Here, X(19%)(P, pr) is the 10" percentile of Nj in the corresponding (p, pr) bin, computed
using the control sample of events with photon pseudorapidity in the range 2.1 < || < 2.4. A
K-nearest neighbors smoothing algorithm is applied to the control sample to mitigate unphysical
results in bins with limited statistics.

The backgrounds due to SM W + v, Z + 7, and tt are taken from simulation, as are the Z’
signal shapes. The QCD background is estimated using equation B2, where Ry, /s now accounts for
differences in the pass/fail ratio between the signal and control regions defined by the photon 7.

A simultaneous fit is performed to the pass and fail msp distributions, with the QCD shape
in the fail region and the coefficients of R, ¢ left freely floating. The observed mgp distribution in
the signal region is shown in figure @, along with the predicted backgrounds and example signal
distributions. No signficiant excess is observed, and limits are set on the coupling constant g; of
the Z' model. The limits on g}, are shown in figure B.

6. Conclusion

We have presented three searches for dijet resonances covering a broad range of resonance
masses. For masses above 2400GeV, we have introduced a new background estimation method
which uses events in a sideband of jet pairs with large pseudorapidity separation. The method has
reduced systematic uncertainty, and therefore better sensitivity, compared to the method based on
empirical fits to the invariant mass spectrum commonly used to date. For masses below 450GeV,
where the event rate due to QCD multijet production exceeds the trigger bandwidth, searches for
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resonances produced with significant ISR have extended the mass range covered by LHC dijet
searches down to 10GeV. The two searches presented, targeting resonances produced with either
an ISR photon or an ISR jet, have demonstrated the best sensitivity in the mass range 10GeV —
50GeV and 10GeV —50GeV and 50GeV —250GeV, respectively.
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