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• Introduction

• The Physics we are after

• The CMS detector

• General analysis strategy

• Results :
Diphoton : 10.1016/j.physletb.2017.01.027
Zγ : CMS-EXO-17-005 (New)
Dilepton :  CMS-EXO-16-031 
Dilepton + Dijet : CMS-EXO-16-045 (New) (WR and heavy ν) 
Ditau :  10.1007/JHEP02(2017)048
Dijet resolved                :  CMS-EXO-16-056 
Dijet boosted :  CMS-EXO-17-001 (New)
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Introduction : SM incomplete 

Theoretical point of view
– Quantum Gravity : SM describes three of the

four fundamental interactions at the quantum
level (microscopically) BUT gravity is only
treated classically.

– Hierarchy Problem : Why is MPl/MEW ~1015

What is the mechanism of cancelation of
quadratic divergencies?

– Unification of Gauge couplings : Why Why
couplings are so different?

– Origin of generations : Why three?
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Introduction : SM incomplete 
Experimental point of view

– Dark matter – Dark Energy : What is 95% of
the Universe made off?

– Cosmological constant : Why is vacuum
energy SO small?

ρVAC = MPl
4 = 10120ρVAC

obs (!!!)

– CP Violation:  Why are we here?  OR 
What  is the source of the dramatic matter-
antimatter asymmetry in the Universe? 

– Neutrino masses and mixings : What is 
the Origin of neutrino masses, what is the 
nature of neutrino, why  are ν mixings so 
different than quark ones?
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New Resonances : Extra Dimensions

• Randall Sundrum : A single “warped”
extra dimension so that large scales at
the Planck brane are redshifted at the
TeV brane

• Then 

arXiv:hep-ph/0606153

• ADD : n large extra dimensions where
only gravity propagates, then the Planck
scale is “reduced” by the large
compactification volume V ∼ Rn.

• Then

arXiv:hep-ph/0606153
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New Resonances: Grand Unified Theories

• Is there a larger gauge group containing SU(3) x SU(2) x U(1) making
the extremely successful SM the low-energy limit of a more fundamental
theory?

• Extended gauge group models always predict new heavy neutral and
charged resonances.
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http://www.symmetrymagazine.org/article/a-gut-feeling-about-physics



N. Saoulidou (Univ. of Athens, Greece)

New Resonances : Compositeness

“The proliferation of quarks and leptons has naturally led to the 
speculation that they are composite structures, bound states of more 
fundamental constituents which are often called "preons. ”

E. Eichten, K. Lane, and M. Peskin, “New Tests for Quark and Lepton Substructure”,
Phys. Rev. Lett. 50 (1983) 811, doi:10.1103/PhysRevLett.50.811.
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New Resonance : String Theory
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• Our world might be composed from string-like rather than point-like objects.

• Strings can incorporate gravitational physics in a way that remains valid
down to the smallest scales that are ruled by the laws of quantum physics.
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The CMS Detector

Pixels
σ(pT)/pT ~ 1.5∙10-4pT (GeV)⊕0.005
Electromagnetic Calorimeter
σ(Ε)/E ≈ 2.9%/√E(GeV) ⊕ 0.5%⊕0.13GeV/E  

3.8 T
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Hadronic Calorimeter
σ(Ε)/E ≈ 120%/√E(GeV) ⊕ 6.9% 
Muon Spectrometer
σ(pT)/pT ≈ 1% for low pT muons 
σ(pT)/pT ≈ 5% for 1 TeV muons  

9
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General Analysis Methodology
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• Analysis Strategy : search for a narrow resonance on top of a
smoothly falling background.

• Background Estimation :
• Data-driven : Fitting the invariant di-object mass with an empirical

function (resolved dijets, diphotons, Zγ)
• Semi data-driven : Predicting the SM background from control

regions (ditau, WR and heavy ν, boosted dijets).
• Using simulation for the SM template, validating it with data when

possible (dileptons)

• Signal Modelling : Intrinsic signal shape (for most of the analyses
with width smaller than the detector resolution) convoluted with the CMS
detector resolution.

• Limit extraction : Fitting the invariant mass spectrum using the
background and signal shapes and systematics as nuisance parameters



Zγ, γγ searches in a nutshell

γγ production
γ+jet, jet+jet

• Reconstructed objects 

- Photons

• Physics observables

M(γγ): Resonance Mass in different η(γ)
to take into account better resolution in
barrel.
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SM BackgroundsSignal
The next step: Di-photon production 

•  Direct probe of qq ! !! process  (QED) 
•  Sizeable gg-box contribution  

•  Irreducible background in searches for new physics  
     
     - Higgs bosons  
     - SUSY searches with light gravitinos,!. 
     !.. 

H ! !!  

 
•  Main exp. tools for background suppression: 
    - photon identification  
   - ! / jet separation (calorimeter + tracker)  
 
   - note: also converted photons need to be reconstructed  
     (large material in LHC silicon trackers) 

q 
q 

! 
! 

Main backgrounds: "
!! irreducible background 
 
 
 
 
!-jet and jet-jet (reducible)   

q 
g ! 

! #0 q 
! 

$!j+jj  ~ 106 $!!    with large uncertainties  
%  need  Rj > 103   for &! '  80%  to  get 
                              $!j+jj  « $!!  

CMS: fraction of converted  !s 
Barrel region:           42.0 %  
Endcap region:        59.5 %   

ATLAS 

CMS 

production with leptonic decays, namely to both Zγ production with visible (Z → ℓ+ℓ−) and
invisible (Z → νν̄) Z-boson decays, and to Wγ production with the respective decays W+ → νℓ+

and W− → ℓ−ν̄. Off-shell effects and final-state photon radiation are consistently included†. For
these production channels, we present detailed results on fiducial cross sections and distributions
at

√
s = 7 and 8 TeV, and provide comparisons to ATLAS data, where available.

The paper is organized as follows. In Section 2 we provide some technical details of our compu-
tation and discuss the particular challenges in the cancellation of infrared singularities. Section 3
contains our theoretical predictions for all V γ processes as well as a comparison with experimental
data. We consider Zγ production in the visible (Z → ℓ+ℓ−) and invisible (Z → νν̄) decay chan-
nels in Section 3.3 and Section 3.4 and Wγ production in Section 3.5. In Section 3.6 we discuss
the different impact of QCD radiative corrections in the Wγ and Zγ processes and its physical
origin. In Section 4 we summarize our results and comment on the remaining uncertainties.

2 Details of the calculation

In this Section we discuss the details of our calculation. We first point out that the notation
“V γ” suggests the production of an on-shell vector boson plus a photon, followed by a factorized
decay of the vector boson. Instead, we actually compute the NNLO corrections to the processes
pp → ℓ+ℓ−γ +X , pp → νℓν̄ℓγ +X , and pp → ℓνℓγ +X , where, in the first case, the lepton pair
ℓ+ℓ− is produced either by a Z boson or a virtual photon. All contributions where the final-state
photon is radiated off the charged leptons are consistently included (see Figure 1 and Figure 2).
The shortcuts “Zγ” and “Wγ” are used only for convenience.
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Figure 1: Feynman diagrams contributing to Zγ production at Born level.
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Figure 2: Feynman diagrams contributing to Wγ production at Born level.

The NNLO computation requires the evaluation of tree-level scattering amplitudes with up to
two additional (unresolved) partons, of one-loop amplitudes with up to one additional (unresolved)

†First results from this calculation on Wγ production have been presented in Ref. [29].
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Virtual EW Corrections to pp→ ℓℓ̄ + jet
Overview – 1PI Insertions

Self-energy insertions:
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γγ :  Experimental Results 

• Event selection

1. at least two isolated photons with pT>75 GeV and
|η|<2.5

2. Mγγ>230 GeV for EBEB (both photons with |η|<1.4)
and > 300 GeV for EBEE (one photon with |η|<1.4).

• Background Modeling

An empirical parametric form is used to model the SM
background :

parameters a and b are treated as unconstrained
nuisance parameters in the hypothesis testing.

12
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4 5 Likelihood fit

products, the kinematic acceptance for the RS graviton resonances is lower than that of scalar
resonances. For mX < 1 TeV the difference is approximately 20%. The two acceptances are
similar for mX > 3 TeV.

The event selection procedure described above is the same as the one documented in [11]. It
was finalized on the basis of studies with simulated signal and background event samples prior
to inspection of the data in the search region of the diphoton invariant mass distribution, which
is defined as mgg > 500 GeV.

A total of 6284 (2791) photon pairs are selected in the EBEB (EBEE) category. Of these, 461 (800)
pairs have an invariant mass above 500 GeV. According to simulation, the direct production
of two photons accounts, respectively, for 90% and 80% of the background events selected in
the EBEB and EBEE categories. This prediction is tested in data using the method described in
Ref. [44] and good agreement is found between data and simulation.

The diphoton invariant mass distribution of the selected events is shown in Fig. 1, for both the
EBEB and EBEE categories. We perform an independent maximum likelihood fit to the data in
each category using the function

f (mgg) = ma+b log(mgg)
gg . (1)

This parametric form is chosen to model the background in the hypothesis tests discussed
below. The results of the fits are shown in Fig. 1.

Ev
en

ts
 / 

20
 G

eV

1

10

210

310 Data
Fit model

 1 s.d.±
 2 s.d.±

EBEB

 (GeV)γγm
500 1000 1500 2000

st
at

σ
(D

at
a-

fit
)/

-2

0

2

CMS

 (13 TeV)-112.9 fb
Ev

en
ts

 / 
20

 G
eV

1

10

210

Data
Fit model

 1 s.d.±
 2 s.d.±

EBEE

 (GeV)γγm
500 1000 1500 2000

st
at

σ
(D

at
a-

fit
)/

-2

0

2

CMS

 (13 TeV)-112.9 fb

Figure 1: The observed invariant mass spectra mgg for selected events in the (left) EBEB and
(right) EBEE categories. There are no selected events with mgg > 2000 GeV. The solid lines and
the shaded bands show the results of likelihood fits to the data together with the associated 1
and 2 standard deviation statistical uncertainty bands. The ratio of the difference between the
data and the fit to the statistical uncertainty in the data is given in the lower plots.

5 Likelihood fit

A simultaneous fit to the invariant mass spectra of events in the EBEB and EBEE event cate-
gories is performed to determine the compatibility of the data with the background-only and



γγ : Cross section limits

Signal Modeling : Intrinsic shape of
resonance with Pythia 8.2 convoluted
with the detector resolution. 34

54
∶

1.4	x	10%<, 1.4	x	10%&, 5.6	x	10%&

• Fitting: The following likelihood ratio is
used as the test statistic:

and modified frequentist CLs
for limit setting.

• Systematic uncertainties: Only
related to signal modeling : luminosity,
PDF scale, efficiency, energy scale (1%)
and resolution (10%). Analysis is
statistics limited.
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Zγ :  Experimental Results 
• Event selection
Z(ll)γ : Two same flavor isolated leptons with leading pT
> 65 (52) GeV for electrons (muons), subleading pT >10
GeV, |η| < 2.5 (2.4) and 50 GeV <Mll < 130 GeV. One
isolated photon with pT > 40 GeV. And Mllγ > 250 (300)
GeV for muons (electrons).

Z(qq)γ : One Anti-kT jet with R=0.8, pT > 200 GeV, |η|
< 2.0 and 75 GeV <MJ < 105 GeV. One isolated photon
with pT > 200 GeV and |η| < 1.44. And MJγ > 600 GeV.
Sub-divided into three categories a) b-tagged b) anti b-
tagged with N sub-jetiness high and c) anti b-tagged
with N sub-jetiness low

• Background Modeling
An empirical parametric form is used to model the SM
background :

parameters a and b are treated as unconstrained
nuisance parameters in the hypothesis testing.
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5

obtained from a fit of the data, but have been used to assess the accuracy on background
model as described below and optimize the event selection. Standard model production of
non-resonant Zg, which is expected to be the dominant background process for leptonic chan-
nel, has been generated at next-to-leading-order accuracy with the MADGRAPH5 AMC@NLO
generator [48, 49] and NNPDF3.0 [46], interfaced with PYTHIA. Events in which a Z boson
is produced in association with a jet, and the latter is misidentified as a photon, constitute a
subdominant source of background, and have been generated at leading-order accuracy with
the MADGRAPH generator, interfaced with PYTHIA.

In addition, simulated SM background processes are used to optimize the analysis sensitivity.
For hadronich channel analysis, g+jet process is the dominant SM background, QCD multijet
being the second largest, and W/Z+jets processes have negligible contribution. These pro-
cesses are simulated with the MADGRAPH program at LO precision, with the showering and
hadronization carried out by the PYTHIA 8 program.

4 Background and signal modeling

4.1 Background modeling

Simulations in the ``g channel indicate that 80–90% of the background after the full event
selection is due to SM Zg production with initial-state radiation, with the remainder mostly
due to the contribution from Z plus jet events, where the jet is misreconstructed as a photon.
The M``g distributions are steeply and smoothly falling with increasing mass. Likewise, data
and simulation studies for the Jg channel, based on a lower sideband of the jet mass distribution
(50 < Mpruned

J < 70 GeV), show that the invariant mass distribution MZg of the SM background
is smoothly falling and that the distributions of kinematic observables derived from the lower
jet mass sideband match those for the signal selection.

The background is measured directly in the data, through an unbinned maximum-likelihood fit
to the observed MZg distributions, separately in each channel. The background is parametrized
with empirical formulae. Various families of functions to model the background shape in the
``g channel have been tested in the signal region using simulations. The functions used to
fit the background shape are chosen using the Fisher F-test [50]. This test selects the optimal
function by balancing the quality of the fit against the number of parameters required. The
same test is also performed for the Jg channel, using the lower jet mass sideband region with
selection requirements similar to those in the search region. In each case the same function is
chosen:

dN
dMZg

= P0 ⇥ (MZg/
p

s)P1+P2⇥log(MZg/
p

s), (1)

where MZg is the invariant mass of the Zg system,
p

s is the center-of-mass energy, P0 is a
normalization parameter, and P1, P2 describe the shape of the invariant mass spectrum.

In the ``g channel, the absence of significant bias has been verified by fitting a large number
of pseudo-datasets generated from various background models, and measuring the difference
between the true and fitted background yields in different M``g windows; in each window a
pull variable is defined as the difference between the true and fitted yields, divided by the sta-
tistical uncertainty. If the absolute value of the median of this distribution is found to be above
0.5 in an interval, an additional uncertainty is assigned to the background parametrization. A
modified pull distribution is then constructed, increasing the statistical uncertainty in the fit by
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Zγ : Cross section limits

• Signal Modeling : Intrinsic shape of resonance parametrized with a Gaussian
core and two power-law tails, an extended form of the Crystal Ball function
34
54

∶ 1.4	x	10%<, 5.6	x	10%&

• Fitting: is used as the test statistic and modified frequentist
CLs for limit setting.

• Systematic uncertainties: Only related to signal modeling : luminosity, PDF
scale, efficiencies (triggers, b-tagging, reconstruction-selection etc) , energy scales
and resolutions. 15N. Saoulidou (Univ. of Athens, Greece)

6.3 Combination of the ``g and Jg channels 13
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Figure 6: Observed (solid) and expected (dashed) 95% C.L. upper limits on s(X ! Zg) as a
function of signal mass, together with the 68% (green) and 95% (yellow) ranges of expectation
in the background-only hypothesis, for the combination of the b-tagged, tau21, and anti-tau21
categories with (a) the narrow-width scenario and (b) the wide-width scenario.
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Figure 7: Left: Observed and expected limits on the product of the cross section at
p

s = 13 TeV
and branching fraction B(X ! Zg) for the production of a narrow spin-0 resonance, obtained
from the combination of the 13 TeV analyses in hadronic and leptonic decay channels of the Z
boson, assuming a gluon fusion production mechanism. Right: Observed and expected limits
for broad spin-0 resonance.



Dilepton Search in a nutshell

DY, ttbar, WW,ZZ,WZ, W+jets…

• Reconstructed objects 

- Electrons, muons, taus

• Physics observables
For Electrons and muons, M(ll):
Resonance Mass in different η(l) to take
into account better resolution in barrel
and different backgrounds.

For taus

16
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SM BackgroundsSignal

4 5 Event selection

The MC-generated events are propagated through a GEANT4-based simulation [40] of the CMS
apparatus.

5 Event selection
The requirements described below define the signal region. A new heavy neutral gauge boson
decaying into a t lepton pair would be characterized by an excess above the SM expectation for
the rate of events with two high-pT, oppositely charged, isolated t lepton candidates. Single-
lepton triggers are used to select tetµ, teth, and tµth events, while a trigger requiring at least
two th candidates at the L1 and HLT levels is used to select thth events. The triggers are
designed to allow the use of the background estimation methods outlined in Section 6. Elec-
trons (muons) are required to have pT > 35 (30)GeV. The th candidates are required to have
pT > 20 and 60 GeV in the t`th and thth channels, respectively. The t lepton candidate pT is de-
fined by the vector pT sum of its visible decay products. Both t` and th candidates must have
|h| < 2.1 and satisfy isolation requirements to mitigate background from misidentified jets.
The pT thresholds on the te, tµ, and th candidates are chosen such that the trigger efficiency is
about 90% or higher in each channel considered.

The tt pairs are formed from oppositely charged candidates with DR(t1, t2) > 0.5. The th
charge is reconstructed from the sum of the charges of the associated tracks used to recon-
struct the decay mode and is required to be ±1. Owing to the large invariant mass of the
tt resonances assumed for this study, the two t candidates are expected to be back-to-back.
Events are therefore required to satisfy cos Df(t1, t2) < �0.95. An additional requirement of
Emiss

T > 30 GeV is applied to preferentially select events with neutrinos from the t lepton de-
cays rather than apparent Emiss

T due to mismeasurement of jet pT. The signal efficiency of this
requirement is 85% efficiency or more, depending on the Z0 boson mass.

The direction of ~pmiss
T is required to be consistent with the expectation for a pair of high-pT t

lepton decays, to reduce the background from events with W bosons (primarily W+jets and tt
events). This requirement is implemented through a variable known as “CDF-z” [41], referred
to below as the z variable. This variable is defined by considering a unit vector, denoted the ẑ
axis, along the bisector between the pT directions of the two t lepton candidates. Two projection
variables for the visible t lepton decay products and ~pmiss

T are then constructed: pvis.
z = (~pt1

T +

~pt2
T ) · ẑ and pz = (~pt1

T + ~pt2
T + ~pmiss

T ) · ẑ. In contrast to signal events in which pvis.
z and pz

are strongly correlated, these two variables are nearly independent in events with a W boson
because in this case the direction and magnitude of~pmiss

T are correlated with those of the lepton,
but not with those of the jet. Events are selected by requiring z = pz � 3.1pvis.

z > �50 GeV.
Residual contributions from tt events are reduced by selecting events without a tagged b jet.

To distinguish more effectively between signal and background events, the visible t lepton
energies and momenta Eti and ~pti (with i = 1, 2), along with ~pmiss

T , are used to reconstruct a
mass value m, defined as

m(t1, t2,~pmiss
T ) =

q
(Et1 + Et2 + Emiss

T )2 � (~pt1 + ~pt2 + ~pmiss
T )2. (1)

We do not apply a selection requirement on the mass variable of Eq. (1), but instead utilize it to
search for a broad enhancement in the m(t1, t2,~pmiss

T ) distribution consistent with new physics.

The product of signal acceptance and efficiency for Z0 ! tt events varies with the Z0 boson
mass. The tµth and thth channels provide the largest product of acceptance and efficiency,
while the tetµ channel has the lowest. For the combination of all four channels the product of
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Figure 1.8: Sample Feynman diagrams for W+jets production. On the left, starting
from an up quark and gluon and resulting in electron, neutrino, and down quark
(becomes a jet). On the right, starting from an up quark and down anti-quark and
resulting in electron, neutrino, and two gluon jets.

1.6 Need for Higgs and/or Physics Beyond Standard Model

Thus far, the Standard Model has served physicists well, but does not provide

a complete description of particle interactions. There are a number of areas where it

breaks down, such as in very high energy regions not yet explored through experiment,

that need to be explained. In addition, there are 25 parameters that cannot be cal-

culated directly from the current theory which must be determined from experiment

only. Among them are the masses of the fermions, the strength of the forces, and those

parameters describing the coupling of the Higgs boson (its mass still being unknown).

The Higgs boson, which is integral to the SM, is a particle postulated to account

for spontaneous symmetry breaking [21] and the presence of mass in the universe. The

Higgs mechanism is a necessary element to give the W and Z bosons mass; otherwise,

the bosons in the SM are massless. Since bosons are known to have considerable mass,

finding evidence of the Higgs boson is one of the primary goals of modern particle

physics. Because Higgs boson production can have final states similar to W+jets,

such as when a Higgs is formed from and decays into two W bosons, W+jets is a

major “background” process to Higgs boson production. A detailed understanding



Dilepton :  Experimental Results 

• Event selection
Two isolated electrons (muons) with ET
(pT) > 35 (53) GeV and |η| < 2.5 (2.4).

• Background Modeling
v Simulation is used, with POWHEG v2

next-to-leading order (NLO) event
generator, with parton showering and
hadronization described by the PYTHIA
8.2, validated with eμ event samples.

v For each channel, the background
shape parameters of the pdfs are
obtained by fitting the simulated
background distribution between 200
and 5500 GeV.

17N. Saoulidou (Univ. of Athens, 
Greece)



Dilepton : Cross section limits
• Signal Modeling : pdf is

convolution of a nonrelativistic Breit-
Wigner with a Gaussian for detector
resolution effects. Narrow
resonances considered with 34

54
∶

0.6	x	10%&, 3.0	x	10%&

• Fitting: limits are set on the ratio of
the cross section for dilepton
production through a Z’ to that
through a Z or γ*in a mass window of
60 to 120 GeV to cancel and reduce
the impact of many experimental and
theoretical uncertainties.

• Systematic uncertainties:
Signal efficiency and relative
calibration, background shape due to
PDFs, background efficiency and
resolution.

18
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WR and Heavy ν :  Experimental Results 

• Event selection :
pT > 60 (53) GeV leading(subleading) lepton, pT > 40 GeV both jets
∆R > 0.4 between all final state particles, |η| < 2.4 for leptons and jets
Mlljj> 600 GeV : defines the “interesting” region, Mll > 200 GeV to suppress DY
• Background Modeling: Data-driven for ttbar, control regions for DY.
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WR and Heavy ν : Cross section limits

• Signal Modeling : Signal samples are generated assuming 𝑀AB =
C
&
𝑀DE	with	PYTHIA 8.1 with NNPDF23 PDF.

• Fitting : limits are calculated using a Bayesian approach assuming a flat prior.

• Systematic uncertainties: on lepton ID and isolation, and lepton and jet
energy scale and resolution, DY shape difference between data and simulation.

20N. Saoulidou (Univ. of Athens, Greece)
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Ditau :  Experimental Results 

• Event selection

Two isolated tau leptons with pT >
35 (30) GeV for electrons
(muons),|η| < 2.1, and τhad > 20(60)
GeV for τhad τl (τhad τhad), ETmiss > 30
GeV, ΔR (τ1,τ2)>0.5 and Δφ(τ1,τ2)<-
0.95

• Background Modeling

v For main backgrounds, several
data control regions enhanced
in this specific background, are
utilized.
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Ditau : Cross section limits

• Limit setting: A cut-and-count
method is used and modified
frequentist CLs to set upper limits.

• Systematic uncertainties:
Several sources of systematic
uncertainties considered with the
dominant one being in the estimation
of the background, due to the limited
number of events in the data control
regions.
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Dijet (resolved)  Search in a nutshell

q, q, g

q, q, g q, q, g

q, q, g

QCD

• Reconstructed objects
•
-Particle Flow Jets,  Calorimeter Jets

• Physics observables

M(jj)  → Resonance Mass
Δη(jj) → Resonance Spin

(X rest frame) θ
*
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High\Mass'Dijet'Mass'Spectrum'with'Fit'
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Dijet (resolved) :  Experimental Results 

• Event selection: Two ”wide” jets (ΔR<1.1), formed from jets with pT>30 GeV and
|η|<2.4, Δη(j,j) < 1.3, Mjj > 1246 GeV (PF Jets), Mjj > 489 GeV (Calorimeter Jets)

• Background Modeling : A fit with an empirical parametrization is performed to
the data , with its parameters are treated as unconstrained nuisance parameters in the
hypothesis testing

24
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Dijet (resolved) : Cross section limits

• Signal Modeling : pdf is convolution
of a nonrelativistic Breit-Wigner with a
gaussian for detector resolution effects.
Narrow resonances considered.

• Fitting : Modified frequentist CLs is
used for limit setting, performing a
binned fit with a background and signal
template.

• Systematic uncertainties: Only
related to signal modeling : luminosity, jet
energy scale and jet resolution. Analysis at
low masses starts to become systematics
limited.
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Dijet (boosted)  Search in a nutshell

q, q, g

q, q, g q, q, g

q, q, g
QCD

• Reconstructed objects
-Particle Flow Jets

• Physics observables
- Jet Mass → Resonance Mass

• Search exploits the use of a new
substructure variable decorrelated from the jet
mass and jet transverse momentum, which
largely avoids sculpting of the jet mass
distribution. 26N. Saoulidou (Univ. of Athens, Greece)
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Dijet (boosted) :  Experimental Results 
• Event selection :

Anti-kT jet with cone-size 0.8 with
pT>200 GeV and |η|<2.5 and jet sub-
structure selection to reduce
backgrounds. No electrons or muons.

• Background Modeling:

v QCD predicted from a control
region with a transfer factor, F,
from simulation (fitted to the data).

o background modeling uncertainties
come from the parametric
uncertainties on the transfer factor
fit.

v W/Z backgrounds taken from
simulation

27
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5

Some residual disagreement is present between the data and simulation for the two variables,
and is the reason we perform an estimation of the QCD background using data-driven tech-
niques.
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Figure 2: Data to simulation comparison of the (a) leading pT jet soft drop mass and (b) N1,DDT
2

variables, after kinematic selections on the leading pT jet. Dashed lines illustrate the signal
contribution for different Z’ masses. The multijet processes (QCD) dominate the background
component, with subdominant contributions from inclusive SM W, Z, and tt processes. Resid-
ual differences in data and simulation demonstrate the need for a data-driven background
estimation method.

4 Background estimation

The search is performed by looking for a resonance in the soft drop mass distribution over
background contributions from multijet events and smaller contributions from W(q0q̄) + jets,
Z(qq̄) + jets, and tt. The multijet background is estimated by extrapolating the shape and nor-
malization from a signal-depleted multijet-dominant region defined by inverting the selection,
by N1,DDT

2 > 0. This extrapolation takes advantage of the decorrelation between N1,DDT
2 and

(r, pT) to minimize variations in the ratio from the passing (N1,DDT
2 < 0) to failing (N1,DDT

2 > 0)
region.

We define a pass-to-fail ratio F (r, pT) which translates the QCD jet mass distribution from the
failing to the passing regions. The multijet jet mass distribution and normalization in the pass-
ing region is determined through the failing region jet mass distribution and normalization,
and the pass-to-fail ratio as follows:

pQCD
pass (mSD, pT) = F (r(mSD, pT), pT)⇥ pQCD

fail (mSD, pT) , (5)

where pQCD
pass (mSD, pT) and pQCD

fail (mSD, pT) are the QCD probability density functions. This pro-
cedure is illustrated schematically in Fig. 3. The pass-to-fail ratio is parametrized in (r, pT) to
both avoid directly fitting in jet mass and to avoid the residual correlations of jet mass and pT
with N1

2 . In the case of perfect decorrelation, the pass-to-fail ratio would be constant. However,
due to residual differences between data and simulation, F (r, pT) can deviate from flatness,
implying correlations present in the data, which are not present in the simulation.

The residual correlations are modeled as polynomial functions, by expanding F in polynomial
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Dijet (boosted) : Cross section limits

• Signal Modeling :The
benchmark Z′ signal events are
simulated using the
MADGRAPH5)_AMC@NLO
2.2.2 generator

• Fitting : Upper limits are
computed using the modified
frequentist approach for
confidence levels (CLs), taking
the profile likelihood as the test
statistic in the asymptotic
approximation.

• Systematic uncertainties:
Background related ones from
the transfer factor from the
control to signal region, several
systematics on signal.
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Summary and Outlook
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• Many wonderful results from 2015-2016 running, no hint of
new physics yet…

• After the “energy jump” from 8 TeV to 13 TeV analyses
have to improve significantly both in terms of systematics
and methodology in order to surpass previous results.

• Getting ready in order to be able to perform “precision
measurements” with the new data that are imminent…


