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What are we looking for?
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• Spin 0 Scalar , Higgs-like?  

• Mass Range 200-2000 GeV  
with a Γ of up to 10% of the mass  
 (@ mS=800 GeV, Γ up to 80 GeV) 

• Search based on gg  
(VBF, ttH and VH cross checked)

Spin 0 Scalar (Higgs Like)
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• Spin 0 Scalar , Higgs-like?  

• Mass Range 200-2000 GeV  
with a Γ of up to 10% of the mass  
 (@ mS=800 GeV, Γ up to 80 GeV) 

• Search based on gg  
(VBF, ttH and VH cross checked)

Spin 0 Scalar (Higgs Like)

Main physics difference is the angular distribution of the Photons in the DiPhoton rest frame,  
which is isotropic for a scalar, and forward enriched for Graviton

@800 GeV Δm(Det)~10GeV

• Use Randall-Sundrum model 
graviton as benchmark 

•  Search 500-5000 GeV with 

•   

• Production via gg and qq

SPECIFIC MODEL:   Spin 2 Graviton
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Background modeling

Marco Delmastro Diphoton searches in ATLAS 30

parton 
fragmentation

IRREDUCIBLE

REDUCIBLE

boxborn

jets in γj and jj events with a neutral meson 
decaying in collimated photon pairs 

What are we looking for?
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Irreducible BG

Diphox NLO (parton level) 
OR 

SHERPA multi-leg LO (fully simulated) 
For spin 2 -MC, Correct SHERPA with DIPHOX 

For spin 0 - Functional fit,DATA based,  
 validated with SHERPA
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Background modeling

Marco Delmastro Diphoton searches in ATLAS 30

parton 
fragmentation

IRREDUCIBLE

REDUCIBLE

boxborn

jets in γj and jj events with a neutral meson 
decaying in collimated photon pairs 

Background modeling

Marco Delmastro Diphoton searches in ATLAS 30

parton 
fragmentation

IRREDUCIBLE

REDUCIBLE

boxborn

jets in γj and jj events with a neutral meson 
decaying in collimated photon pairs 

What are we looking for?
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Irreducible BG

Reducible BG fake photons from jets : j𝜸,𝜸j’jj

Require  
Tight isolated Photons 

reducing fakes rate 
by an order of magnitude
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Photon ID

•  Identification performed by applying cuts on the shape of the 
electromagnetic shower in the calorimeter, and the fraction of energy 
deposited in the hadronic calorimeter. 

• Photon ID is η and  
conversion dependent 

• Calorimeter granularity  
allows to separate  
photons from pions
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Ph t i ATLAS f R 1 t R 2Photons in ATLAS: from Run1 to Run2Photons in ATLAS: from Run1 to Run2Photons in ATLAS: from Run1 to Run2

Introduction to Photons in ATLASIntroduction to Photons in ATLAS
S l h i i i th t t lli i t th L H d C llid (LHC) d fi l t t ith t h t Th iSeveral physics processes occurring in the proton-proton collisions at the Large Hadron Collider (LHC) produce final states with prompt photons. The main
contributions originate from non-resonant production of photons in association with jets or of photon pairs, with cross sections of the order of tens ofg p p j p p ,
nanobarns or picobarns respectively The study of such final states and the measurement of their production cross sections are of great interest as ananobarns or picobarns, respectively. The study of such final states, and the measurement of their production cross sections, are of great interest as a
probe of perturbative QCD and can provide useful information on the parton distribution functions of the proton Prompt photons are also produced in rarerprobe of perturbative QCD and can provide useful information on the parton distribution functions of the proton. Prompt photons are also produced in rarer
events that are key to the LHC physics programme, such as di-photon decays of the Higgs boson with a mass near 125 GeV, occurring with a cross sectiony p y p g , p y gg , g
of around 20 pb at √s = 8 TeV Finally some of the typical expected signatures of physics beyond the Standard Model (SM) are characterized by theof around 20 pb at √s 8 TeV. Finally, some of the typical expected signatures of physics beyond the Standard Model (SM) are characterized by the
presence of prompt photons in the final state They include for instance resonant photon pairs from graviton decays in models with extra spatial dimensionspresence of prompt photons in the final state. They include for instance resonant photon pairs from graviton decays in models with extra spatial dimensions,
pairs of photons accompanied by large missing transverse energy produced in the decays of pairs of supersymmetric particles, and events with highlyp p p y g g gy p y p p y p g y
energetic photons and jets from decays of excited quarks or more exotic scenariosenergetic photons and jets from decays of excited quarks or more exotic scenarios.

The ATLAS DetectorPhoton ReconstructionPhoton Reconstruction

¾Use sliding indo algorithm¾Use sliding window algorithm

¾ Find seed cluster with energy >2.5 GeVgy
¾Form clusters ∆ɳx∆ɸ¾Form clusters ∆ɳx∆ɸ
¾ Run1: converted photons used 3x7¾ Run1: converted photons used 3x7 

clusters in the barrel, unconverted used ,
3x5 clusters in the barrel all objects3x5 clusters in the barrel, all objects 
used 5x5 clusters in the endcapused 5x5 clusters in the endcap. 

¾ Run2: unconverted photons use 3x7 in p
the barrelthe barrel.

¾Measure and calibrate cluster energy¾Measure and calibrate cluster energy

¾¾Match cluster to an ID track

¾ Electron – Photon separation¾ Electron Photon separation
¾Match track to a secondary vertex¾Match track to a secondary vertex

¾ C t d / t d h t¾ Converted  / unconverted photons 
separationseparation

Ph t Id tifi tiPhoton Identification

f¾Relies on variables that describe the shape of the electromagnetic shower in p g
the calorimeter as well as on the fraction of energy deposited in the hadronicthe calorimeter, as well as on the fraction of energy deposited in the hadronic
calorimeter Improvements for Run2 → A new pixel layer (Insertable Blayer IBL) R=3 3cmcalorimeter.
¾2 diff t t f t ith i i b k d j ti d

Improvements for Run2 → A new pixel layer (Insertable Blayer, IBL) R=3.3cm

¾2 different sets of cuts with increasing  background rejection used
¾ loose, tight Photon Conversion Reconstruction Performance¾ loose, tight

Example: Due to the fineExample: Due to the fine 
granularity of strips (EM) it isgranularity of strips (EM), it is 

ibl t di ti i h b tpossible to distinguish between    
γ and π using strip variables.γ and π using strip variables. 
Strip granularity in ɳ:0 003 (barrel)Strip granularity in ɳ:0.003 (barrel)

¾Fraction of tight photon candidates reconstructed as unconverted or convertedPhoton Identification Efficiency Measurements g p
as a function of the ET(left) ɳ(right) The contamination of background photons from

Photon Identification Efficiency Measurements
as a function of the ET(left), ɳ(right). The contamination of background photons from
the decays of neutral hadrons in jets is estimated to be smaller than 5%¾Measurement performed in bins of |ɳ| separately for converted and unconverted the decays of neutral hadrons in jets is estimated to be smaller than 5%.¾Measurement performed in bins of |ɳ| separately for converted and unconverted 

hphotons.p
¾Three methods used: photons from Z radiative decays, extrapolation from¾Three methods used: photons from Z radiative decays, extrapolation from 
electrons from Z→ee decays matrix methodelectrons from Z→ee decays, matrix method
¾C bi ti t d th t i ti 5% t 1 2% d i ith E¾Combination to reduce the uncertainties:~5% to ~1-2% decreasing with ET.T

¾Special treatment of correlations among photons to reduce the uncertainty on the¾Special treatment of correlations among photons to reduce the uncertainty on the 
event efficiency for multi photons events:event efficiency for multi-photons events:

¾ L i t H i l t th l ti¾ Large impact on H→γγ signal strength evaluation

¾Stable behavior of reconstruction of photon candidates as a function of <µ>.¾Stable behavior of reconstruction of photon candidates as a function of µ .
Without the changes the number of conversions would have increased significantlyWithout the changes, the number of conversions would have increased significantly
t hi h il i di ti f k iat high pileup, indicating fake conversions.

Conclusions and OutlookCo c us o s a d Out oo

Changes for 2015:Changes for 2015:
•Adaptation of conversion reconstruction to expected pileup conditions and to 25 ns•Adaptation of conversion reconstruction to expected pileup conditions and to 25 ns 
b h ibunch spacing
•Re-optimization of photon identification to improve pileup robustnessp p p p p

√¾For the data taken in 2012, at √ s = 8 TeV, the efficiency of cut-based photon, , y p
identification algorithm increases from 45–50% (50–60%) for unconvertedidentification algorithm increases from 45 50% (50 60%) for unconverted
(converted) photons at E = 10 GeV to 95 100% at E > 100 GeV and is larger than(converted) photons at ET = 10 GeV to 95–100% at ET > 100 GeV, and is larger than
90% for ET > 40 GeV.T

ReferencesReferences

Photon identification efficiency as a function of transverse energy for converted and unconverted�Photon identification efficiencies (ATLAS-CONF-2012-123) o o de ca o e c e cy as a u c o o a s e se e e gy o co e ed a d u co e ed
photons, corrections to the shower shapes derived from 8 TeV data are applied to improve the data-

oto de t cat o e c e c es ( S CO 0 3)
�https://twiki cern ch/twiki/bin/view/AtlasPublic/ElectronGammaPublicCollisionResults photons, corrections to the shower shapes derived from 8 TeV data are applied to improve the data

MC agreement
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ElectronGammaPublicCollisionResults

MC agreement.

M Levchenko for the ATLAS Collaboration LHCP2015 August 31 September 5 St Petersburg RussiaM. Levchenko, for the ATLAS Collaboration, LHCP2015, August 31 – September 5, St.Petersburg, Russia

Efficiency: 
85% (ET=50GeV)-95%(ET=200GeV) 

Uncertainty: 
±1% - ±5% forET >50GeV 

η & ET dependent 
(uncertainty measured MC vs DATA)
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PHOTON   ISOLATION
• Tight Isolation is used for reducible BG rejection  

(fake photons)

• Both calorimeter isolation  
 and track isolation ARE required.

• Calo isolation ET
ISO
→  

sum of E
T 
of energy clusters within  

 ΔR = 0.4 

• Ignore Δη⨉Δɸ = 0.125⨉0.125 
centered  
on photon 

• Subtract out-of-cone energy from 
isolation 

• E
T,iso 

- 0.022 ET < 2.45 GeV

• Track isolation →  
scalar sum of track p

T 
(p

T 
>1GeV)  

within ΔR = 0.2 & consistent with 
selected primary vertex p

T,iso 
< 0.05 E

T 
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Photon isolation

Slide 55

Isolation efficiency:  
90 - 96% (ET=100-500) 
Isolation uncertainty:  

1-2%

photons

fakes
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Decomposition of BG

•  Using sophisticated methods 
(Matrix & Sidebands) we 
estimate the  
BG composition (γj,jγ,jj) 

• The resulting inclusive purity 
is

8

Purityγγ = 93−8
+3%

Similar purity for 
 the spin 2 analysis
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Trigger & Pre-Cuts

9

Trigger: pT>35 (25) GeV for leading (subleading) photon.

2 Isolated Photons

Tight photon ID with 
ET
γ1 > 40 GeV, ET

γ2 > 30 GeV (“baseline”)
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Trigger & Pre-Cuts
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Spin 2 Spin 0vs

DRAFT
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Figure 21: Distributions of cos(✓⇤��) for spin-0 (black lines) and benchmark RS graviton spin-2 (red lines) signals
with narrow width and diphoton background from S����� (blue lines), for the events fulfilling the spin-2 resonance
search selection (dashed lines) and the events fulfilling the additional selection applied in the spin-0 resonance
search. For each signal or background hypotheses, the number of entries in each cos(✓⇤��) bin after the spin-2 and
the spin-0 search selections is divided by the total numbers of events fulfilling the spin-2 resonance search selection
and by the bin width.
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Figure 22: Fiducial acceptance (full points) and product of fiducial acceptance times the detector e�ciency (open
points) as a function of the mass of an assumed narrow resonance for (a) a spin-2 signal and the spin-2 search
selection and (b) a spin-0 signal and the spin-0 search selection.
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Optimized for Higgs-like signal: 
ETγ1 >0.4mγγ,ETγ2 >0.3mγγ. 

+20% significance for mX > 600 GeV.

ET
γ1 >55GeV,ET

γ2 >55GeV. 
Preserve acceptance at high mass. 

Two photon candidates are selected in each event. Both are required to be in the fiducial region of the

electromagnetic calorimeter (|η| < 2.37), excluding the transition region between the barrel and endcap

calorimeters (1.37 < |η| < 1.56). Each photon is required to pass tight identification criteria based on

calorimeter shower shapes and to satisfy isolation cuts based on the scalar sum of the transverse energy

(momentum) around each photon measured in the calorimeters (inner detector) [14]. The leading and

sub-leading photons of each event are retained, and must satisfy ET > 35 GeV and 25 GeV, respectively.

The cuts on the transverse energies are lowered compared to the previous result [18] in order to maximize

the signal selection efficiency, as discussed below.

The diphoton invariant mass is calculated using the energies measured in the calorimeter and the

opening angle between the two photons, where the photon direction is reconstructed taking into account

the position of the diphoton vertex. The diphoton vertex in each event is selected from the reconstructed

vertices with at least three tracks with pT > 0.4 GeV each, using an artificial-neural-network algo-

rithm [14] that combines information provided by the electromagnetic calorimeter and the inner detector.

The efficiency for selecting vertices within 0.3 mm (15 mm) of the true production point is expected to

be around 82% (94%). The contribution of the vertex position resolution to the invariant mass resolution

is negligible. Candidates with diphoton invariant masses (mγγ) in the range 105–160 GeV are retained 2.

Within this range, a signal region is defined between 122–130 GeV and the sideband regions are defined

as 105 GeV < mγγ < 122 GeV and 130 GeV < mγγ < 160 GeV.

In addition to the selection outlined above, the leading and sub-leading photons are required to sat-

isfy p
γ1

T
/mγγ > 0.35 and p

γ2

T
/mγγ > 0.25, respectively, where p

γ
T

is the transverse energy of each photon

calculated using the vertex position. These cuts are introduced in order to minimize the correlation be-

tween mγγ and cos θ∗ induced by fixed cuts on the transverse momenta. The near absence of correlations

when using relative pT cuts is a consequence of the cos θ∗ definition in the Collins-Soper frame:

cos θ∗ =
sinh(ηγ1 − ηγ2)
!

1 +
"

p
γγ
T
/mγγ
#2
·

2p
γ1

T
p
γ2

T

m2
γγ

, (1)

where p
γγ
T

is the transverse momentum of the diphoton system. The residual correlation between | cos θ∗|
and mγγ is mainly due to the

"

p
γγ
T
/mγγ
#

term, which is negligible except at large values of | cos θ∗| where

only very high pT photon pairs pass the selection cuts.

The residual correlations are studied in detail using both the mass sidebands in data, and high statis-

tics background MC samples. The number of observed events in bins of mγγ × | cos θ∗| is compared

with the expected numbers from the product of the marginal distributions, obtained by projecting the

two-dimensional distributions (mγγ × | cos θ∗|) in either dimension (mγγ or | cos θ∗|). In background MC

samples, the residual correlations do not exceed the percent level in the range | cos θ∗| < 0.8. For higher

values of | cos θ∗|, remaining correlations of about 3–4% are observed in few mass bins. In the data mass

sidebands, no sign of residual correlation is visible within the available statistics (corresponding to an

uncertainty between 1 and 2–3%), except in the large | cos θ∗| region (at a similar level as in the MC).

This de-correlation simplifies the modelling of the | cos θ∗| distribution, as discussed below.

2The range of mγγ is reduced compared to the one used in previous result (100–160 GeV) due to the adoption of photon pT

cuts just above the trigger threshold in the present analysis.

3

Spin 0 cuts will reduce the sensitivity 
to the Graviton signal

Scalar

G*

BG

Spin 2 Selection

Collins  
Sopper
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Determining the Background

• Correct multi-leg LO SHERPA (fully 
simulated)  with NLO Diphox 

• Search goes up to 5000 GeV->  
Shape from MC, Normalisation from 
Data

• Reducible BG  determined from 
DATA, extrapolated with function to 
high m𝛾𝛾 

11

Monte Carlo simulation (Spin 2) Functional Form (Spin 0)vs
• Use multi-leg LO SHERPA to obtain 

and validate the functional form 

• Function is then fitted and 
constrained by DATA all over the 
relevant mass range (150-2000 GeV) 

• Use smooth functional form

All methods to obtain background 
(MC and data based) are giving consistent results



Eilam Gross, WIS, SUSY16

Determining the Background (Spin 2 MC)

• Price of MC in uncertainties 

• PDF and Renormalisation  
Scale QCD (Irred) 
takes off to 35% @ 3500 GeV 

• Isolation uncertainty (due to 
parton level matching with 
full simulation) 

12

Monte Carlo simulation (Spin 2)



7391 (2878) events for  
mγγ > 150 (200) GeV

DRAFT

with k/MPl = 0.23 at m
G

⇤ = 750 GeV is 57 GeV. The global significance evaluated using the search region548

of 500–2000 GeV in mass and 0.01–0.3 in k/MPl is 2.1 standard deviations. The statistical uncertainty549

from the number of pseudo-experiments is ±0.05 standard deviations. For k/MPl = 0.01, corresponding550

to a narrow width signal, the largest deviation from the background-only hypothesis corresponds to 3.3551

standard deviations local significance at a mass near 770 GeV. The change in the likelihood ratio between552

the best signal-plus-background fits with a small k/MPl value and k/MPl = 0.23 corresponds to a di�erence553

of 1.3 standard deviations, assuming the asymptotic approximation.554

Figure 6 shows the diphoton invariant mass distribution for the selection optimized for the spin-0 resonance555

search together with the best background-only fit (NS=0) using the functional-form approach. The556

compatibility with the background-only hypothesis, quantified with the local p0-value expressed in standard557

deviations, is shown in Figure 7 as a function of the hypothesized resonance mass and width.558
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Figure 6: Distribution of the invariant mass of the diphoton candidates for the selection used in the search for a
spin-0 resonance with the best background-only fit. The di�erence between the data and this fit is shown in the
bottom panel. The arrow shown in the lower panel indicates a value outside the range with more than one standard
deviation. There is no data event with m��> 2000 GeV.

As in the spin-2 resonance search, the largest deviation is observed near a mass of 750 GeV. It corresponds to559

a local excess over the background-only hypothesis with a significance of 3.9 standard deviations for a width560

of 45 GeV. The impact of systematic uncertainties on the significance of the excess is small, corresponding561

to a change of about 0.1 standard deviations in the local significance. Only systematic uncertainties562

related to the background modelling have a non-negligible contribution to this small di�erence. The563

global significance evaluated using the search region of 200–2000 GeV in mass and 0%–10% in �
X

/m
X

564

is 2.1 standard deviations. The statistical uncertainty from the number of pseudo-experiments is ±0.05565

standard deviations.566

If assuming a signal with a narrow width, the largest deviation from the background-only hypothesis is567

found for a mass near 750 GeV and it corresponds to a local significance of 2.9 standard deviations. The568

change in likelihood ratio between the best signal-plus-background fits with a narrow width and a width569

of 45 GeV corresponds to a 2.5 standard-deviation di�erence, assuming the asymptotic approximation.570
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• Use the following functional form: 

• Use statistical chi^2 based test to 
determine the number of d.o.f-> k=0 

• 2 shape d.o.f.  (+Normalization)  

• Validate with MC  
(Sherpa based +  
                  reducible BG template) 

• Fit s+b with b-only  template.  
The resulting “signal” is considered 
spurious.  
We require  
spurious signal<20% b-uncertainty

x = mγγ / s

Eilam Gross, WIS, SUSY16

Determining the BG (spin 0 functional form)

13

DRAFT
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Figure 15: Diphoton invariant mass spectrum as observed in [XXX] fb�1 of pp collisions at
p

s = 13TeV produced
with beams with 25 ns bunch-spacing, and compared to the diphoton spectra predicted by Sherpa and smeared
Diphox samples. All MC samples are normalized to the number of events observed in data.

nuisance component to be added to fit background and signal functional form. It is described as having a388

Gaussian distribution with zero mean and a width equal to Nmax
spurious(mX) [27].389

7.3. Validation of the background modeling functions390

Several functions are tested to model the background in the mass range [150-2950] GeV6. All functions391

traditionally used by the H ! �� analysis (e.g. exponential, exponential of second order polynomial,392

Bernstein polynomials [4]) struggle to correctly model the non-resonant background when fitting the393

[150-2950] GeV mass range, and systematically fail the spurious signal test.394

Functional forms more adapted to the goal discussed in Section 7.1 are therefore explored, adapting them
from those used by searches for new physics signatures in multi-jet final states (see for instance Ref. [28].
The m�� continuous spectrum is fit by smooth functional forms of the form:

fk;d(x; b, {ak}) = (1 � xd)bx
Pk

j=0 a j log(x) j
(2)

where x = m��p
s , and the d parameter is usually set either to 1 or to 1/3.395

Since there is no a priori reason to expect a function of the form described by Eq. (2) for a given value of396

d and order k to describe the non-resonant background over the whole m�� mass range, some preliminary397

screening of the possible function parameters is done using the diphoton MC samples. Figures 16, 17,398

18 and 19 show the fits of the smeared DIPHOX and SHERPA diphoton MC m�� spectra of the functional399

6 The higher extreme of the range is chosen to avoid biases when using the smeared DIPHOX sample, that present nonphysical
drop a high m�� generated by the smearing procedure applied to the sharp mass boundary at 3 TeV/’
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simulated ggF samples. When considering the NWA samples, the width of the DSCB Gaussian core �CB
(Eq. (1)) parameterizes the e�ect of the experimental invariant mass resolution on the reconstructed m��

distribution, dominated by the photon energy resolution, since for those samples the e�ect of the natural
width of the resonance is negligible with respect to the detector resolution. When considering resonances
with larger natural width, simulated as discussed in Section 4, the reconstructed line-shapes are still well
described by DSCB functions, but the function parameters e�ectively parameterize the combined e�ects
of the theoretical line-shape and of the detector response.

Polynomial parameterizations of the signal shape parameters as a function of the resonance mass are
obtained from a simultaneous fit to all the generated signal mass points. The signal shape parameters
extracted from ggF samples are compared to those from the VBF, WH, ZH and ttH production modes.
The bias on the fitted signal yield due to using the ggF shape is found to be negligible.

For a large-width resonance, the evolution of the DSCB parameters (Eq. (1)) for increasing resonance
width is parameterized as a function of ↵. The parameterization is prepared up to ↵ = 25%, even if
the search is extended only to the range ↵ 2 [1 � 10]%, where the approximate description discussed in
Section 4 has been validated.

A data-driven approach is used to estimate the continuous background contribution to the m�� spectrum.
The background is modeled by a smooth functional form that models the entire measured m�� spectrum,
thus improving upon what was done in the Run-1 analysis [13]. A family of functional forms, adapted
from one of those used by searches for new physics signatures in multi-jet final states [37], is chosen:

f (k ) (x; b, {ak }) = (1 � x1/3)b x
Pk

j=0 a j (log x) j , (2)

where x = m��p
s

. The preliminary validation of the possible functional forms is performed using the
background diphoton MC samples and a �-jet enriched data sample. The simplest functional version,
corresponding to k = 0, is already well suited to describe the background shape:

f0(x; b, a0) = (1 � x1/3)b xa0 . (3)

The determination of the analytical form of the continuum background and the corresponding uncertainties
follow the method detailed in Ref. [3]. The bias on the fitted signal yield induced by a given functional
form (“spurious signal”) is required to be smaller than a fifth of the statistical uncertainty on the fitted
signal yield (obtained with the same functional form). This bias is estimated using a large background-
only MC diphoton sample and is accounted for by a mass-dependent uncertainty. The functional form
described by Eq. (2) is tested for k = 0, 1, 2, and in all configurations it satisfies the criterion for values
of the resonance mass ranging from 200 GeV to 3 TeV, with the signal-plus-background fit starting from
m�� = 150 GeV.

The possibility of needing more degrees of freedom to account for unexpected properties of the data m��

spectrum is considered. In order to decide whether a function with increased complexity is needed to
describe the data properties, an F-test [38] is performed. Two background-only fits, using the simplest
validated function and a more complex version using an increased k value, are performed on the selected
data, binned according to the expected number of background diphoton events. A test statistic F is
computed from the resulting �2 values, and its probability is compared with that expected from a Fisher
distribution with the corresponding number of degrees of freedom. The hypothesis that the additional
degree of freedom is useless is rejected if P(F 0 � F) < 0.05. The tests do not indicate a need for
additional degrees of freedom with respect to the simplest function (k = 0).
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simulated ggF samples. When considering the NWA samples, the width of the DSCB Gaussian core �CB
(Eq. (1)) parameterizes the e�ect of the experimental invariant mass resolution on the reconstructed m��

distribution, dominated by the photon energy resolution, since for those samples the e�ect of the natural
width of the resonance is negligible with respect to the detector resolution. When considering resonances
with larger natural width, simulated as discussed in Section 4, the reconstructed line-shapes are still well
described by DSCB functions, but the function parameters e�ectively parameterize the combined e�ects
of the theoretical line-shape and of the detector response.

Polynomial parameterizations of the signal shape parameters as a function of the resonance mass are
obtained from a simultaneous fit to all the generated signal mass points. The signal shape parameters
extracted from ggF samples are compared to those from the VBF, WH, ZH and ttH production modes.
The bias on the fitted signal yield due to using the ggF shape is found to be negligible.

For a large-width resonance, the evolution of the DSCB parameters (Eq. (1)) for increasing resonance
width is parameterized as a function of ↵. The parameterization is prepared up to ↵ = 25%, even if
the search is extended only to the range ↵ 2 [1 � 10]%, where the approximate description discussed in
Section 4 has been validated.

A data-driven approach is used to estimate the continuous background contribution to the m�� spectrum.
The background is modeled by a smooth functional form that models the entire measured m�� spectrum,
thus improving upon what was done in the Run-1 analysis [13]. A family of functional forms, adapted
from one of those used by searches for new physics signatures in multi-jet final states [37], is chosen:

f (k ) (x; b, {ak }) = (1 � x1/3)b x
Pk

j=0 a j (log x) j , (2)

where x = m��p
s

. The preliminary validation of the possible functional forms is performed using the
background diphoton MC samples and a �-jet enriched data sample. The simplest functional version,
corresponding to k = 0, is already well suited to describe the background shape:

f0(x; b, a0) = (1 � x1/3)b xa0 . (3)

The determination of the analytical form of the continuum background and the corresponding uncertainties
follow the method detailed in Ref. [3]. The bias on the fitted signal yield induced by a given functional
form (“spurious signal”) is required to be smaller than a fifth of the statistical uncertainty on the fitted
signal yield (obtained with the same functional form). This bias is estimated using a large background-
only MC diphoton sample and is accounted for by a mass-dependent uncertainty. The functional form
described by Eq. (2) is tested for k = 0, 1, 2, and in all configurations it satisfies the criterion for values
of the resonance mass ranging from 200 GeV to 3 TeV, with the signal-plus-background fit starting from
m�� = 150 GeV.

The possibility of needing more degrees of freedom to account for unexpected properties of the data m��

spectrum is considered. In order to decide whether a function with increased complexity is needed to
describe the data properties, an F-test [38] is performed. Two background-only fits, using the simplest
validated function and a more complex version using an increased k value, are performed on the selected
data, binned according to the expected number of background diphoton events. A test statistic F is
computed from the resulting �2 values, and its probability is compared with that expected from a Fisher
distribution with the corresponding number of degrees of freedom. The hypothesis that the additional
degree of freedom is useless is rejected if P(F 0 � F) < 0.05. The tests do not indicate a need for
additional degrees of freedom with respect to the simplest function (k = 0).

9
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Figure 4: Distribution of the diphoton invariant mass for the selection used in the search for a spin-2 resonance, with
the best background-only fit. The di�erence between the data and this fit is shown in the bottom panel for m��>
200 GeV. The arrow shown in the lower panel indicates a values outside the range with more than one standard
deviation. There is no data event with m��> 2000 GeV.
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Figure 5: Compatibility, in terms of local significance �, with the background-only hypothesis as a function of the
assumed signal mass and k/MPl for the spin-2 resonance search.
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DRAFT

with k/MPl = 0.23 at m
G

⇤ = 750 GeV is 57 GeV. The global significance evaluated using the search region548

of 500–2000 GeV in mass and 0.01–0.3 in k/MPl is 2.1 standard deviations. The statistical uncertainty549

from the number of pseudo-experiments is ±0.05 standard deviations. For k/MPl = 0.01, corresponding550

to a narrow width signal, the largest deviation from the background-only hypothesis corresponds to 3.3551

standard deviations local significance at a mass near 770 GeV. The change in the likelihood ratio between552

the best signal-plus-background fits with a small k/MPl value and k/MPl = 0.23 corresponds to a di�erence553

of 1.3 standard deviations, assuming the asymptotic approximation.554

Figure 6 shows the diphoton invariant mass distribution for the selection optimized for the spin-0 resonance555

search together with the best background-only fit (NS=0) using the functional-form approach. The556

compatibility with the background-only hypothesis, quantified with the local p0-value expressed in standard557

deviations, is shown in Figure 7 as a function of the hypothesized resonance mass and width.558
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Figure 6: Distribution of the invariant mass of the diphoton candidates for the selection used in the search for a
spin-0 resonance with the best background-only fit. The di�erence between the data and this fit is shown in the
bottom panel. The arrow shown in the lower panel indicates a value outside the range with more than one standard
deviation. There is no data event with m��> 2000 GeV.

As in the spin-2 resonance search, the largest deviation is observed near a mass of 750 GeV. It corresponds to559

a local excess over the background-only hypothesis with a significance of 3.9 standard deviations for a width560

of 45 GeV. The impact of systematic uncertainties on the significance of the excess is small, corresponding561

to a change of about 0.1 standard deviations in the local significance. Only systematic uncertainties562

related to the background modelling have a non-negligible contribution to this small di�erence. The563

global significance evaluated using the search region of 200–2000 GeV in mass and 0%–10% in �
X

/m
X

564

is 2.1 standard deviations. The statistical uncertainty from the number of pseudo-experiments is ±0.05565

standard deviations.566

If assuming a signal with a narrow width, the largest deviation from the background-only hypothesis is567

found for a mass near 750 GeV and it corresponds to a local significance of 2.9 standard deviations. The568

change in likelihood ratio between the best signal-plus-background fits with a narrow width and a width569

of 45 GeV corresponds to a 2.5 standard-deviation di�erence, assuming the asymptotic approximation.570
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7391 (2878) events for  
mγγ > 150 (200) GeV Spin 2

5066 events for  
mγγ > 200 GeVSpin 0 
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Spin 0

Largest significance
mX ~ 750GeV, ΓX ~ 45GeV(6%)

Local Z = 3.9σ

plocal = 5 ⋅10
−5

u0 = 0
nu0 = 7 ± 2.6

u = Z 2 = 3.92 = 15.2
pglobal = 5 ⋅10

−5 + (7 ± 2.6)e−15.2/2 = (2.2 − 4.8)10−3

Zglobal  ~ 2.7 ± 0.1σ

Any peak with Z>3.9σ  
with m=200-2000 will draw our attention

The LEE is even stronger when you consider another dimension 
(the width range (0-10%m) should also be taken into account )
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Spin 2 2D Scan 
Largest significance

m=200-2000  GeV 
ΓX/mX=0-10% 

Use toys or asymptotic formula from 
O. Vitells et. al. Astropart. Phys. 35 (2011) 230–234,  

arXiv:1105.4355

Zlocal = 3.9σ
Zglobal = 2.1σ 2.1σ is not something to write home about

mX ~ 750GeV, ΓX ~ 45GeV(6%)

Local Z = 3.9σ
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Spin 2

Largest significance
mG ~ 750GeV, κ/MPl ~ 0.23  

 (ΓG ~ 57 Gev~7%mG) 

Local Z = 3.8σ

plocal = 7 ⋅10
−5

u0 = 0
nu0 = 3

u = Z 2 = 3.82 = 14.4
pglobal = 7 ⋅10

−5 + (3±1.7)e−14.4/2

Zglobal  ~ 2.8−0.1
+0.2σ

Any peak with Z>3.8σ  
with m=500-2000 will draw our attention

 The LEE is even stronger when you consider another dimension 
(the coupling k/MPL range (0.01-0.3) should also be taken into account)
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Spin 2 2D Scan 
Largest significance

mG ~ 750GeV, κ/MPl ~ 0.23  
 (ΓG ~ 57 Gev~7%mG) 

Local Z = 3.8σ
m=500-2000  GeV 

k/MPL=0.01-0.3 

Use toys or asymptotic formula from 
O. Vitells et. al. Astropart. Phys. 35 (2011) 230–234,  

arXiv:1105.4355

Zlocal = 3.8σ
Zglobal = 2.1σ 2.1σ is not something to write home about
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NWA σ × BR < 35 fb @mS = 200GeV        σ × BR <1 fb @mS = 2000GeV

NWA
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OneCan Derive Lower Bounds on m
G*
for givenκ /MPL

LIMITS ON σxBR   spin 2

22

σ =σ m
G*
,κ /MPL( )

m
G*
>1.5 − 4.1TeV for κ /MPL = 0.01− 0.30



CONCLUSIONS: Where do we go from here?



CONCLUSIONS: Here? (establishing a signal!)
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CONCLUSION: Elsewhere? 
 where the wild roses grow, since, all beauty must die   (N. Cave)
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 where the wild roses grow, since, all beauty must die   (N. Cave)
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