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Overview
I Search for exotic γ + jet resonances in the steeply falling background from SM
γ + jet production

I Focus on s-channel production of a resonance

I Strategy: Shape analysis (bump in mγj spectrum)

I Signals:

I Evaporation of non-thermal quantum
black holes:

I QBH ADD with 6 extra dimensions
I QBH RS1 with 1 extra dimension

I Decay of excited quark (q∗)

I Background: estimated w/ data-driven
method
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I No significant deviation from the background-only hypothesis is observed

I Upper limits on the signal strength and lower limits on the masses are set

I Cross-section limits for generic Gaussian-shaped resonances are extracted
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Event, photon and jet selections

Events selected with a trigger requiring at least one photon candidate with
ET > 140 GeV which satisfies loose identification conditions

I Signal photon:

I ET > 150 GeV and |η| < 1.37

I Tight γ identification & isolation requirement

I Take highest ET candidate

I Signal jet:

I Reject event if jet with pT > 30 GeV and ∆R(j, γ) < 0.8

I Take highest pT candidate (satisfying pT > 60 GeV)

I Reject event if ∆η(jet, γ) > 1.6 to enhance s-channel signals
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Background

I Irreducible background:

I “Prompt” production:

I “Compton scattering” of a quark and
a gluon

I quark-antiquark annihilation

I gluon annihilation (not at tree-level)

I “Fragmentation” production:

I Photons from hadron decays

I Photons radiating off a quark

DRAFT

2.2 Backgrounds176

2.2.1 Irreducible background177

Tree-level γ + jet events may be produced through either Compton scattering of a quark and a gluon178

or through quark-antiquark annihilation, as shown in Fig. 4. In the LHC’s proton-proton collisions, the179

quark-gluon diagrams account for most of γ + jet production at all center-of-mass energies. There is180

no tree-level gluon annihilation process (Fig. 5 shows the leading order Feynman diagram). Production181

through these diagrams, with the photon participating in the hard scatter and back-to-back with the leading182

jet, is called “prompt” production.183

Events with a real high-pT photon and one or more jets can also arise from multi-jet production. This184

category, called “fragmentation” production, consists of dijet or higher-order events with secondary185

photons produced during fragmentation of the hard-scatter quarks and gluons, or photons radiating off186

a quark. While such photons tend to appear near or inside jets and thus fail isolation criteria, the much187

larger multi-jet cross sections (e.g. the ratio of dijet to γ + jet cross sections is order αs/α) mean that188

such fragmentation production can be a non-negligible contribution to isolated γ + jet signatures. On the189

other hand the contribution from fragmentation photons is rapidly decreasing with EγT, reaching the few190

% level already above 200 GeV ( see for example Ref. [25] ).191

At next-to-leading order, JETPHOX provides the state-of-the-art calculation of γ + jet differential cross192

sections and a simple “partonic” event generator for the 2 → 2 and 2 → 3 diagrams. It includes both the193

direct and the fragmentation processes, as well as the gg box processes, but it does not shower partons nor194

does it simulate the underlying event. JETPHOX rate predictions for inclusive isolated photon production195

and isolated photon production in associationwith a jet have been tested against LHC run 1 data and against196

data from other colliders up to 1 TeV in photon pT, where they agree with the data within the uncertainties197

[26–30]. Taking advantage of high statistical sample in a wide range of Mγ j . the JETPHOX sample is to198

validate the background modeling with a functional-form.199

Besides JETPHOX sample, QCD γ + jet samples are generated with Sherpa [31] at a Leading-Order200

(LO) approximation, full-event generator for the direct photon production. In this case the contribution201

of the real emission of up to three partons is included. Also the Sherpa predictions have been compared202

with data showing a good description of the shape of the main kinematic quantities [29, 32].203
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Figure 4: Standard Model γ + jet production at tree level.
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Figure 5: Lowest order gg → γ + jet process in the Standard Model.

2.2.2 Reducible background204

Events without a photon and a jet at parton level can also pass the event selection, and are called fakes. By205

far, the dominant process is from dijet events, in which one of the jets fakes the photon selection. The fake206

background is greatly reduced by using stringent quality cuts on the shapes of Electromagnetic showers,207

as known as a tight photon ID, and isolation selection with energy recorded around core energy deposits208

by a particle.209

3 Datasets and Monte Carlo samples210

3.1 Data sample211

In this analysis the dataset collected in the 2015 and 2016 physics runs is used. The prompt single212

photon trigger, HLT_g140_loose, is used for the data-taking, and the total integrated luminosity amounts213

to 36.7 fb−1.214

3.2 Monte Carlo samples215

Excited quarks samples at different invariantmasses have been generatedwith Pythia 8.186 [33]. NNPDF216

2.3 [34] parton distribution functions and the A14 tune [35] of the underlying event have been used. The217

generated events are passed through ATLAS detailed detector simulation based on GEANT4 [36] and218

reconstructed with the same software used for data. Details on the excited quarks samples, cross sections219

times branching ratios and total number of simulated events can be found in table 6.220

Samples of QBH decaying into a photon and a parton are generated with the QBH 2.02 generator and221

Pythia 8.186 for hadronisation and underlying event. CTQ6L1 PDF set has been used together with the222

standard A14 tuning of the underlying evens. As for the excited quarks samples, events are passed through223

the detailed ATLAS detector simulation. The same reconstruction as in data is used. Details on the QBH224

samples, cross sections times branching ratios and total number of simulated events can be found in Tab.225

7 and 8 for the ADD and RS models, respectively.226

To study the background properties, a large number QCD photon + jet events have been generated using227

Sherpa 2.1.1 [31] with CT10 PDF set [37]. For these samples up to three real parton emissions are228

included. The samples have been binned in EγT to cover the full spectrum relevant for this analysis. In229

each slice three samples are generated depending on the flavor of the jet : b-jet, c-jet and light jet. The230

events have been passed through full detector simulation. More details on the slices, cross sections, filter231

efficiency and number of generated events can be found in Tab. 9.232
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I Reducible background:

I Fakes: Events with a jet but without a photon (for instance dijet events)

I Significantly reduced by using tight photon ID and isolation selection
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Signal Modelling
I Decay of excited quarks:

I Pythia 8.1 + NNPDF 2.3 + A14 tune
I Mq∗ : 0.5 to 6 TeV (in steps of 0.5 TeV)

I Evaporation of non-thermal quantum black holes:
I QBH 2.02 + Pythia (hadronization and UE) + CTEQ6L1 + A14 tune

I ADD (n=6): Mth: 3 to 9 TeV (in steps of 0.5 TeV)

I RS1 (n=1): Mth: 1 to 7 TeV (in steps of 0.5 TeV)

I Non-parametric distribution at a certain mass point is estimated using a
kernel density estimation (KDE)

I Global model created by morphing all the pdfs at fixed mass
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Purity Measurement

True and fake photon contributions evaluated with template fit on photon
isolation distribution (Eγ

T,iso):

I Fakes: Data in a CR (orthogonal to SR)

I True photons: MCs

I Eγ
T,iso = ET,iso − 0.0022× Eγ

T

I ET,iso : Energy around the photon within ∆R = 0.4. Contribution from the photon
& pileup is subtracted

I The purity is ∼ 93%± 4%

The purity measurement is used
only for the spurious signal

evaluation (see slide 8)

Template fit
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Measured mγj distribution vs purity-corrected theory prediction

Validation of the JETPHOX sample used in the spurious signal evaluation (see slide 8)
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Background Modelling

Fit function to data:

fb(x ≡ mγj/
√

s) = pa(1− x)pb x−
∑k

n=0 pn logn x

Allows to modify the functional form simply by adding or removing dof

Optimization of the functional form and fit range based on:

I Uncertainty on the background model (spurious signal)

I Statistical uncertainty on the fit window
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Uncertainty on the Background Modelling

Non-closure from the choice of the functional form (spurious signal):

I σspurious evaluated with a s+b fit on bkg-only simulated dataset

I Number of signal events is taken as possible bias due to non perfect
modelling of the background shape

σspurious × B for each signal
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Upper limits on cross-sections and lower limits on the masses
q∗
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Conclusions

I The search for exotic γ + jet resonances was presented

I No significant deviation from the background-only hypothesis is observed

I Cross-section limits for generic Gaussian-shaped resonances were
extracted

I Upper limits on the signal strength and lower limits on the masses are
set for different BSM models:

I ADD and RS1 (evaporation of non-thermal quantum black holes)

I Decay of excited quark (q∗)

I The data exclude, at 95% CL, the mass range below 5.3 TeV for excited
quarks and 7.1 TeV (4.4 TeV) for QBH in the ADD (RS1) model
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Back-up slides
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Fiducial acceptance and selection efficiency

Fiducial acceptance
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Particle-level selection for fiducial region

Photon : EγT > 150 GeV, |ηγ | < 1.37

Jet : pjetT > 60 GeV, |ηjet| < 4.5
Photon–Jet η separation : |∆ηγj | < 1.6

No jet with pjetT > 30 GeV within ∆R < 0.8 around the photon

Detector-level selection for selection efficiency

Tight photon identification
Photon isolation

Jet identification including quality and pile-up rejection requirements
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Systematic uncertainties included in the fit model

Uncertainty q∗ and QBH Generic Gaussian

Signal mass resolution N/A ±2% ·mG

Photon identification ±2% N/A
Trigger efficiency ±1% N/A
Pile-up dependence ±1% N/A
MC event statistics ±1% N/A
Luminosity ±3.2%
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Significance

Compatibility in terms of observed local significance σ with the
background-only hypothesis
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Uncertainty on the Background Modelling

I Evaluated with spurious signals

I σspurious evaluated with a s+b fit on bkg-only dataset (JETPHOX)

I JETPHOX is corrected by preco
T /pparton

T ratio from Sherpa.

I JETPHOX is corrected by purity measurement

I The following variations are considered:

I PDF uncertainty

I No Reco/Parton correction from Sherpa

I Signal purity uncertainty

I Largest absolute σspurious is assumed as final systematic uncertainty

10 / 10



Optimization of the Functional Form and Fit Range

Find compromise between:

I Uncertainty on the background model (spurious signal)

I Statistical uncertainty on the fit window

Fit range:

I s+b fit to JETPHOX. Candidate function discarded if

I
NSS

σSS
> 0.4 (at any point in the fit window)

I We favor bigger windows to make stat uncertainty as small as possible

Functional form:

I Number of degrees of freedom chosen with a F-test.
I k = 0 (1) is used for QBH (q∗) signal search
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