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Outline

 �  Intro (rationale, motivation). 

 �  Set up, explaining the exercise. 
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 �  Statistical treatment and results.

 �  Summary.



Introduction
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 �  Consider the ATLAS, CMS & “combined” local significances for broad resonance*:

p
ATLAS

= 4⇥ 10! 5 , p
CMS

= 5⇥ 10! 3 , “p
comb

” ⇠ 1⇥ 10! 6 ,

!
ATLAS

= 3.9 , !
CMS

= 2.6 , “!
comb

” ⇠ 4.7 .
Results - spin-0
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2878 events with m!!  > 200 GeV

Best-fit @ 750 GeV and " X/mX=6% (45 GeV): local 3.9σ and global 2.1σ 

Best-fit for NWA @ 750 GeV: local 2.9σ

Giuseppe Fasanella, ULB and INFN Roma I

p values @ (3.8 T +  0 T)

Narrow width

Wide width

→ Global significance < 1 σ

CMS-EX0-16-018

* We do not discuss here the global significance as it strongly depends on the lower value of mγγ defined for the search region. ATLAS choose it to be about 200 
GeV and 400 GeV for CMS. Furthermore, as discussed below, the region between below 500 GeV is dominating the fit to the functional form which is used to 
estimate the background. Thus, it is not clear whether one should consider this region as a control region or as the region of interest for the search itself.            
We do discuss the global fit and compare the result of the fit through the whole relevant region below.

ATLAS Collaboration, M. Aaboud et al., (2016), 1606.03833;          CMS Collaboration, V. Khachatryan et al., (2016), 1606.04093. !
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 �  At face value: far from discovery yet intriguing, naively implies:

(i) these excesses are a result of a rare statistical fluctuation;!
(ii)  this excess implies a discovery of non-Standard Model dynamics. 

 � Both claims are extraordinary (certainly 2nd one) & merit robustness study.                                                                                                         

We examine 3rd option, together \w (i); how unlikely is the possibility that:

(iii)  the excess significance is overestimated due to underestimating fake-based 
backgrounds. 

p
ATLAS

= 4⇥ 10! 5 , p
CMS

= 5⇥ 10! 3 , “p
comb

” ⇠ 1⇥ 10! 6 ,

!
ATLAS

= 3.9 , !
CMS

= 2.6 , “!
comb

” ⇠ 4.7 .



A bump & its signiÞcance
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♦ To estimate the significance one need to bound the background: 
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3 generic ways to constrain the background
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I. Data-driven approach - when resonance is narrow & BG is monotonic => 

    use 2-sideband analysis => interpolation = data-consuming. 

750 GeV excess: less than 40 events in all of the analyses measured with invariant 
masses above 850 GeV => does not allow one to use this method reliably. 



2nd way to constrain the background
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II. ”First-principle”/Monte-Carlo (MC) approach -
Highly non-trivial possible in rare cases (LEP, …).

Diphoton spectra mainly consists of two components:

S. Catani, et. al (2012); Campbell, Ellis, Li, & Williams, (2016). 

(i) Two real photons, known to next-to-next-to-leading order (NNLO) accuracy.

ATLAS spin-0 analysis => uncertainty of about 5% (MCFM). 

(ii) Fakes coming mostly from processes involving photon+jet (also jj ) that pass photon cuts. 

Prompt photon-jet cross section known @NLO in QCD. (e.g. JetPhox, PeTeR, aMC@NLO …) +N3LLO+ EW, 
resulting in theory uncertainties of about 10-20%. See e.g.: Becher, Lorentzen & Schwartz (2012); Becher & Tormo (2015). !
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Figure 5: Comparison between the prediction from PeTeR including electroweak corrections
and ATLAS data. Darker bands are scale uncertainties, lighter bands also include PDF
uncertainty.

Going from Fig. 3 to Fig. 4 one also sees a tightening of the theory uncertainty band over
most of the range and a loosening of the band at small ET . The change at high ET is due to
the inclusion of higher order terms. The e! ect is most visible in the ”factorization scale un-
certainty” panel of Fig. 1. At low ET , the change is partly due to JetPhox underestimating
the theory uncertainty in this region (one can see this underestimation clearly in Fig. 3).
In fact, the theory uncertainty at low ET is quite hard to estimate since it is dominated by
uncertainty on non-perturbative physics associated with hadronization. In addition, PeTeR

slightly overestimates the perturbative uncertainty by combining all 4 variations (hard, jet,
soft and factorization scale) in quadrature, while the variations are in fact highly correlated.
If it would prove valuable, an improved error estimate might come from understanding the
fragmentation uncertainty better and including correlations of the scale uncertainties.

Finally, we add in the electroweak corrections to get to Fig. 5. The electroweak corrections
have the e! ect of lowering the cross section, particularly at high ET . In all rapidity regions,
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Somewhat larger uncertainties for soft/fortward & large invariant masses:
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Going from Fig. 3 to Fig. 4 one also sees a tightening of the theory uncertainty band over
most of the range and a loosening of the band at smallET . The change at highET is due to
the inclusion of higher order terms. The e! ect is most visible in the Ófactorization scale un-
certaintyÓ panel of Fig.1. At low ET , the change is partly due toJetPhox underestimating
the theory uncertainty in this region (one can see this underestimation clearly in Fig.3).
In fact, the theory uncertainty at low ET is quite hard to estimate since it is dominated by
uncertainty on non-perturbative physics associated with hadronization. In addition,PeTeR
slightly overestimates the perturbative uncertainty by combining all 4 variations (hard, jet,
soft and factorization scale) in quadrature, while the variations are in fact highly correlated.
If it would prove valuable, an improved error estimate might come from understanding the
fragmentation uncertainty better and including correlations of the scale uncertainties.

Finally, we add in the electroweak corrections to get to Fig.5. The electroweak corrections
have the e! ect of lowering the cross section, particularly at highET . In all rapidity regions,
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Schwartz (2016)
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ATLAS, 7 TeV, 1307.6795
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2nd way contÕ, contributions from fakes
(ii) Fakes coming mostly from processes involving photon+jet (also jj ) that pass photon cuts. 

Banfi, Salam & Zanderighi (2006)

As further discussed, photons are selected in two steps: 
(a) shower shapes in the calorimeter (major of E deposited in EM-cal); 

(b) e.g. ATLAS: isolation both in tracker (EM-cal) ~ 5% (2%) x ET outside R~0.2 (0.15) inside R~0.4 . 

Implies potentially strong flavor dependence, see for instance:
20. Fragmentation functions in e+ e! , ep and pp collisions 315

is left out [134Ð137]. Heavy ßavor fragmentation into heavymesons is
discussed in Sec. 20.9. The parameters of Eq. (20.12) (see [132Ð137])
are obtained by performing global Þts to data on various hadron
types for di! erent combinations of partons and hadrons ine+e! ,
lepton-hadron and hadron-hadron collisions.

Sets of fragmentation functions are available for pions, kaons,
protons, neutrons, etas, Lambdas and charged hadrons [132Ð138].

Data from e+e! annihilation present the cleanest experimental
source for the measurement of fragmentation functions, butcan
not contribute to disentangle quark from antiquark distrib utions.
Since the bulk of the e+e! annihilation data is obtained at the
mass of the Z-boson, where the electroweak couplings are roughly
the same for the di! erent partons, it provides the most precise
determination of the ßavor-singlet quark fragmentation. Flavor tagged
results [139], distinguishing between the light quark, charm and bottom
contributions are of particular value for ßavor decomposition, even
though those measurements can not be unambiguously interpreted in
perturbative QCD.

The most relevant source for quark-antiquark (and also ßavor)
separation is provided by data from semi-inclusive DIS (SIDIS).
Semi-inclusive measurements are usually performed at muchlower
scales than for e+e! annihilation. The inclusion of SIDIS data
in global Þts allows for a wider coverage in the evolution of the
fragmentation functions, resulting at the same time in a stringent test
of the universality of these distributions. Charged-hadron production
data in hadronic collisions also presents a sensitivity on (anti-)quark
fragmentation functions.

The gluon fragmentation function Dg(x) can be extracted, in
principle, from the longitudinal fragmentation function FL in
Eq. (20.2), as the coe" cient functions CL,i for quarks and gluons are
comparable at order ! s. However at NLO, i.e., including the O(! 2

s )

coe" cient functions C
(2)
L,i [24], quark fragmentation is dominant in

FL over a large part of the kinematic range, reducing the sensitivity
on Dg. This distribution could be determined also analyzing the
evolution of the fragmentation functions. This possibility is limited
by the lack of su" ciently precise data at energy scales away from the
Z-resonance and the dominance of the quark contributions andat
medium and large values ofx.

Dg can also be deduced from the fragmentation of three-jet events
in which the gluon jet is identiÞed, for example, by tagging the other
two jets with heavy quark decays. To leading order, the measured
distributions of x = Ehad/Ejet for particles in gluon jets can be
identiÞed directly with the gluon fragmentation function Dg(x).
At higher orders the theoretical interpretation of this observable is
ambiguous.

A comparison of recent Þts of NLO fragmentation functions for
" + + " ! obtained by DSS07 [132], AKK08 [133] and HKNS07 [137] is
shown in Fig. 20.7. Di! erences between the sets are large especially
for the gluon fragmentation function over the full range of x
and for the quark distribution at large momentum fractions. The
di! erences are even larger for other species of hadrons likekaons
and protons [132,133,137]. Recent analyses [137,140] estimate the
uncertainties involved in the extraction of fragmentation functions.

A direct constraint on Dg is provided by pp, pøp ! hX data. At
variance with e+e! annihilation and SIDIS, for this process gluon
fragmentation starts to contribute at the lowest order in th e coupling
constant, introducing a strong sensitivity on Dg. At large x ! 0.5,
where information from e+e! is sparse, data from hadronic colliders
facilitate signiÞcantly improved extractions of Dg [132,133].

Photonic fragmentation functions play a relevant role in the
theoretical understanding of inclusive photon production in (leptonic
and hadronic) high energy processes. Since photons have a pointlike
coupling to quarks [141], the corresponding fragmentationfunctions
obey inhomogeneous evolution equations and are generally decomposed
into a perturbative and a non-perturbative component [136,142,143].
The hadronic part, sometimes approximated by the Vector Meson
Dominance Model, can be obtained by performing global analysis to
the available prompt photon data [6,29,32,35,39,41,84,144,176].
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Figure 20.7: Comparison of up, strange, charm and gluon
NLO fragmentation functions for " + + " ! at the mass of theZ.
The di! erent lines correspond to the result of the most recent
analyses performed in Refs. [132,133,137].

20.6. Identified particles in e+ e! and semi-inclusive
DIS

A great wealth of measurements ofe+e! fragmentation into
identiÞed particles exists. A collection of references fordata on
fragmentation into identiÞed particles is given on Table 50.1 of this
Review. Representative of this body of data is Fig. 20.8 which shows
fragmentation functions as the scaled momentum spectra of charged
particles at several CM energies.
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Figure 20.8: Scaled momentum spectra of (a)" ± , (b) K± ,
and (c) p/p at

"
s = 10, 29, and 91 GeV [38,42,43,84,144,145].

Quantitative results of studies of scaling violation in e+e!

fragmentation have been reported in [6,39,146,147]. The values of ! s
obtained are consistent with the world average (see review on QCD in
Section 9 of this Review).

Many studies have been made of identiÞed particles producedin
lepton-hadron scattering, although fewer particle species have been
measured than ine+e! collisions. References [148Ð155] and [156Ð162]
are representative of the data from Þxed target andep collider
experiments, respectively.

PDG

Comparison of u/s/c and gluon NLO fragmentation functions for π+ + π− at the mass of the Z. 

The different lines correspond to the result of the most recent analyses 
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Figure 13:ET spectra for the photon candidates in the background jet sample passing the loose (left) and
tight (right) selection. The di↵erent components are shows.

6.2 Background rejections

Table 9 summarizes the average jet rejections, computed according to Equation (3), of the loose and tight
selections for all, quarkÐinitiated and gluonÐinitiated jets having trueET greater than 20, 25 and 40 GeV.

Figure 13 shows theET spectra of the photon candidates in the background jet sample passing the
loose (left) and tight (right) selections. The displayed statistics corresponds to 0.1 pb�1 at

p
s = 10 TeV.

The sample is sub-divided into Þve components of decreasing importance: after the loose (tight) selection
approximately 69.9± 0.2 (47.6± 0.3) % of the candidates withET > 20 GeV correspond to photons
from ⇡0 decay, whereas⇠ 9.7± 0.1 (7.8±0.1) % are from⌘, ⌘0 or ! decay into two photons, and 6.0±
0.1 (2.7±0.1) % are from other hadrons with complex decay processes and particles interacting in the
tracker material. A fraction of⇠ 8.4± 0.1 (25.2± 0.3) % of all photon candidates after the loose (tight)
selections are expected to bepromptat these energies, and⇠ 5.9± 0.1 (16.7± 0.3) % from initial or Þnal
state radiation of quarks (ISR/FSR).

6.3 Isolated photons

Figure 14 shows the additional jet rejection factor vs|⌘| (Figure 14(a)) andpT (Figure 14(b)) for the dif-
ferent targeted photon e�ciencies with respect to the tight pre-selection, when exploiting the combined
calorimetric and tracking isolation requirements. Similarly, Figure 15 and 16 show the additional jet
rejection factors for the di↵erent targeted photon e�ciencies with respect to the tight pre-selection, when
exclusively exploiting the calorimeter and tracking isolation requirement respectively. As expected, in
all cases the selections optimized for lower e�ciencies with respect to the tight pre-selection give signif-
icantly higher additional rejection factor.

As it can be appreciated from Figure 15 and 16, the combined isolation requirements targeting 95 %
e�ciency with respect to the tight pre-selection gives higher rejection than the pure calorimetric or track
isolation requirements aiming to the same e�ciency.

7 Conclusions

This note presents the photon triggering strategies and the photon reconstruction procedure used by the
ATLAS experiment. The cut-based photon identiÞcation method is presented, detailing the baseline

21

ET spectra for the photon candidates in the background jet sample 
passing the loose selection. The different components are shows. 
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Figure 11: Expected total photon e! ciency (reconstruction + identification) vs true |! | (left) and true
ET (right) for loose and tight selection criteria and for unconverted (top) and converted (bottom) photons
in the medium ET range.

loose rejection tight rejection
all jets quark jets gluon jets all jets quark jets gluon jets

ET > 20 GeV 898 ± 4 323 ± 2 2220 ± 20 4780 ± 40 1630 ± 20 13600 ± 200
ET > 25 GeV 1030 ± 6 365 ± 3 2670 ± 30 5290 ± 70 1740 ± 30 16800 ± 500
ET > 40 GeV 940 ± 10 368 ± 6 2210 ± 60 5100 ± 200 1680 ± 60 20100 ± 1500

Table 9: Expected jet background rejections for loose and tight selections. The quoted uncertainties are
statistical.
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Predicting contributions from fakes, challenging 2nd way

(ii) Fakes coming mostly from processes involving photon+jet (also jj ) that pass photon cuts. 

Banfi, Salam & Zanderighi (2006)

At LO hard isolated photon-jet processes are dominated by quark jets. Accommodating matching or 
NLO x fake rate requires flavor jet definition or fragmentation function.  

Option II. ” First-principle”/MC approach to predict 

the hard diphoton spectrum is difficult. 



The third way to constraining the background

10

III. Functional-fit approach -  

Background estimate is obtained by fitting a function to data & then extrapolating 
into signal regions via fitted functional form:

(ATLAS spin-2 analysis uses MC \w data-driven estimate of the photon-jet and jet-jet background, see below. )

wherex ⌘ m!! /

p
s and k = 0 was chosen.

f (x)ATLAS J=0 = N
�
1 ! x1/ 3

�b
x

! k
j =0 aj (log x ) j

, f (x)ATLAS J=2 / CMS = Nx a+ b log x ,



Fragility of functional-Þt approach   

11

III. Functional-fit approach -  

Few comments are in order: 

(i) The differentially measured number of events is abundant in the low invariant mass region and is 
spare in the high mass region. 

(ii)  Extraction of functions’ parameters is dominanted by low m!!  , hardly affected by modifications 
of the invariant mass above roughly 500 GeV. 

(iii) Significance of excess with respect to fitting function is strongly affected by such deformations. 
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Figure 3: Top left: Combined distributions wmix for the ATLAS spin-0 cuts, all with an overall purity of

90%. The measured distribution is shown in blue. Bottom left: Corresponding distribution for the CMS

EBEB analysis. Top right: ! ! 2 of Þt to the ATLAS spin-0 distribution as a function of R. The 1- and 2-"

regions are indicated by the thin lines. Bottom right: corresponding plot for the combined CMS EBEB and

EBEE analyses.

In order to see how the signiÞcance of the 750 GeV excess changes with our ansatz, we Þt the

distribution wmix , deÞned in Eq. (3.3), once with wMG
! j corresponding toR = 0, and then with w! j

as estimated at NLO with showering and hadronization, including fakes and Þnally withR as a free

Þt parameter (as well as the appropriate Þt functionf (x)) to the measured data. As an additional

template, one could extend the Þt functionf (x) by a modiÞcation similar to the one described in

Eq. (3.5), which we will however not do for the sake of simplicity. The Þts are performed with two

methods which yield similar results.

Firstly, we maximize the likelihood

L =
Nbins!

i =1

PN i
e
(N i

m) (4.9)

where the product goes over all bins andPNe(Nm) is the Poisson probability to measureNm events

when Ne events are expected.
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Results - spin-2

7

5066 events with m!!  > 200 GeV

Best-Þt @ 750 GeV and k/MPl=0.23 (57 GeV): local 3.8!  and global 2.1!  

Best-Þt for NWA @ 770 GeV: local 3.3!

Results - spin-2

7

5066 events with m!!  > 200 GeV

Best-Þt @ 750 GeV and k/MPl=0.23 (57 GeV): local 3.8!  and global 2.1!  

Best-Þt for NWA @ 770 GeV: local 3.3!

 200     400     600     800      1000   1200   1400   1600

Results - spin-0

8

2878 events with m!!  > 200 GeV

Best-fit @ 750 GeV and " X/mX=6% (45 GeV): local 3.9!  and global 2.1!  

Best-fit for NWA @ 750 GeV: local 2.9!



The exercise, a robustness test 
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I. Is the experimental signal over background estimation robust against presence 
of deviations from fitting function predictions at large invariant masses?

II.  If this is not the case, can one produce smoking-gun predictions to exclude 
this possibility or support the case that the significance of the excess is being 
overestimated?  

♦ We examine the following questions: 



DeÞning the analysis 
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 �  Construct family of background shapes, formed by admixture of  !!  & !j  distributions:

Analysis ATLAS spin-0 ATLAS spin-2 CMS EBEB CMS EBEE

m!! > 150 GeV > 200 GeV > 230 GeV > 330 GeV

pT,1 > 0.4m!! > 55 GeV > 75 GeV > 75 GeV

pT,2 > 0.3m!! > 55 GeV > 75 GeV > 75 GeV

|⌘1| < 2.37 < 2.37 < 1.44 < 1.44

|⌘2| < 2.37 < 2.37 < 1.44 1.57 < ⌘2 < 2.5

|⌘| excluded 1.37 < ⌘1,2 < 1.52 1.37 < ⌘1,2 < 1.52 n.a. n.a.

�!! [pb] (NNLO) 2.7 1.9 0.52 0.23

�! j [pb] (NLO) 1400 1000 250 130

�! j / �!! |m> 500 GeV 510 670 470 640

Table 1: Cuts of the analyses where the subscript refers to the hardest and second hardest photon candidate,

the cross section of thepp ! �� sample passing these cuts (calculated at NNLO with MCFM) and of

the pp ! �j sample at hadron level (before applying any photon mistag rate), calculated at NLO with

MadGraph5 aMC@NLO, showered with Pythia [27] and the jets clustered with anti-kT , R = 0 .4 algorithm

using FastJet [28]. In the last line the ratios of the two distributions in the invariant mass region above

500 GeV are given.

which as already mentioned, lead to a much larger fake rate than gluon jets.

The reconstructed diphoton distribution is a mixture of pp ! �� and pp ! �j invariant mass

distributions. Let us deÞne a short-hand notation for the normalized invariant mass distribution

w! X ⌘ 1
�! X

⇥ d�! X

dm! X
, (3.2)

with X = �, j . The mixed distribution wmix is a function of the normalisation Nmix and a parameter

R, that controls the shape modiÞcation ofw! j and will be deÞned Eq. (3.5). We write wmix as

wmix (Nmix ) = Nmix [Pw!! + (1 � P)w! j ] , (3.3)

where P is the inclusive purity of the sample. We setP = 90% (80%) for the ATLAS and CMS

EBEB (EBEE) analyses, which is within the reported error bands. We will assume, that w!! is

obtained by normalizing the MCFM diphoton invariant mass distribution. As for w! j , following

the rationale described in Section2, we modify in two di↵erent ways as we now describe in detail.

3.1 QCD and jet-fake dependence of the diphoton shape

First, we calculate a photon-jet mass dependent, K-factor using MadGraph5aMC@NLO, showered

and hadronized with Pythia [27] and jets clustered with an anti-kT , R = 0 .4 algorithm [29] using

FastJet [28]. We note that in the NLO distribution we only consider the hardest jet of the event
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Analysis ATLAS spin-0 ATLAS spin-2 CMS EBEB CMS EBEE

m
��

> 150 GeV > 200 GeV > 230 GeV > 330 GeV

pT,1 > 0.4m
��

> 55 GeV > 75 GeV > 75 GeV

pT,2 > 0.3m
��

> 55 GeV > 75 GeV > 75 GeV

|⌘1| < 2.37 < 2.37 < 1.44 < 1.44

|⌘2| < 2.37 < 2.37 < 1.44 1.57 < ⌘2 < 2.5

|⌘| excluded 1.37 < ⌘1,2 < 1.52 1.37 < ⌘1,2 < 1.52 n.a. n.a.

�

��

[pb] (NNLO) 2.7 1.9 0.52 0.23

�

�j [pb] (NLO) 1400 1000 250 130

�

�j / �
��

|m> 500 GeV 510 670 470 640

Table 1: Cuts of the analyses where the subscript refers to the hardest and second hardest photon candidate,

the cross section of thepp ! �� sample passing these cuts (calculated at NNLO with MCFM) and of

the pp ! �j sample at hadron level (before applying any photon mistag rate), calculated at NLO with

MadGraph5 aMC@NLO, showered with Pythia [27] and the jets clustered with anti-kT , R = 0 .4 algorithm

using FastJet [28]. In the last line the ratios of the two distributions in the invariant mass region above

500 GeV are given.

which as already mentioned, lead to a much larger fake rate than gluon jets.

The reconstructed diphoton distribution is a mixture of pp ! �� and pp ! �j invariant mass

distributions. Let us deÞne a short-hand notation for the normalized invariant mass distribution

w
�X "

1
�

�X
#

d�
�X

dm
�X

, (3.2)

with X = �, j . The mixed distribution wmix is a function of the normalisation Nmix and a parameter

R, that controls the shape modiÞcation ofw
�j and will be deÞned Eq. (3.5). We write wmix as

wmix(Nmix) = Nmix [Pw
��

+ (1 $ P)w
�j ] , (3.3)

where P is the inclusive purity of the sample. We setP = 90% (80%) for the ATLAS and CMS

EBEB (EBEE) analyses, which is within the reported error bands. We will assume, that w
��

is

obtained by normalizing the MCFM diphoton invariant mass distribution. As for w
�j , following

the rationale described in Section2, we modify in two di ! erent ways as we now describe in detail.

3.1 QCD and jet-fake dependence of the diphoton shape

First, we calculate a photon-jet mass dependent, K-factor using MadGraph5aMC@NLO, showered

and hadronized with Pythia [27] and jets clustered with an anti-kT , R = 0 .4 algorithm [29] using

FastJet [28]. We note that in the NLO distribution we only consider the hardest jet of the event

6

We set P = 90% (80%) for the ATLAS and CMS EBEB (EBEE) analyses.

 � Baseline for the distributions:

we assume, that w!! is obtained by normalizing MCFM diphoton mass distribution;

w!j is obtained by normalizing Madgraph at partonic level (qj) where jet flavor is well 
defined. 

w!j is reweighted to accommodate NLO + showering, later we see that already the 
baseline distribution are fairly close to the ATLAS fitting function.



Qualitative: potential impact of deformation
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Analysis ATLAS spin-0 ATLAS spin-2 CMS EBEB CMS EBEE

m!! > 150 GeV > 200 GeV > 230 GeV > 330 GeV

p

T,1 > 0.4m!! > 55 GeV > 75 GeV > 75 GeV

p

T,2 > 0.3m!! > 55 GeV > 75 GeV > 75 GeV

|⌘1| < 2.37 < 2.37 < 1.44 < 1.44

|⌘2| < 2.37 < 2.37 < 1.44 1.57< ⌘2 < 2.5

|⌘| excluded 1.37< ⌘1,2 < 1.52 1.37< ⌘1,2 < 1.52 n.a. n.a.

�!! [pb] (NNLO) 2.7 1.9 0.52 0.23

�! j [pb] (NLO) 1400 1000 250 130

�! j/�!! |
m>500 GeV 510 670 470 640

Table 1: Cuts of the analyses where the subscript refers to the hardest and second hardest photon candidate,

the cross section of thepp ! �� sample passing these cuts (calculated at NNLO with MCFM) and of

the pp ! �j sample at hadron level (before applying any photon mistag rate), calculated at NLO with

MadGraph5 aMC@NLO, showered with Pythia [27] and the jets clustered with anti-kT , R = 0 .4 algorithm

using FastJet [28]. In the last line the ratios of the two distributions in the invariant mass region above

500 GeV are given.

which as already mentioned, lead to a much larger fake rate than gluon jets.

The reconstructed diphoton distribution is a mixture of pp ! �� and pp ! �j invariant mass

distributions. Let us deÞne a short-hand notation for the normalized invariant mass distribution

w! X ⌘ 1
�! X

⇥ d�! X

dm! X
, (3.2)

with X = �, j. The mixed distribution wmix is a function of the normalisationNmix and a parameter

R, that controls the shape modiÞcation ofw! j and will be deÞned Eq. (3.5). We write wmix as

wmix(Nmix) = Nmix [Pw!! + (1 � P)w! j ] , (3.3)

where P is the inclusive purity of the sample. We setP = 90% (80%) for the ATLAS and CMS

EBEB (EBEE) analyses, which is within the reported error bands. We will assume, that w!! is

obtained by normalizing the MCFM diphoton invariant mass distribution. As for w! j , following

the rationale described in Section2, we modify in two di↵erent ways as we now describe in detail.

3.1 QCD and jet-fake dependence of the diphoton shape

First, we calculate a photon-jet mass dependent, K-factor using MadGraph5aMC@NLO, showered

and hadronized with Pythia [27] and jets clustered with an anti-k
T

, R = 0 .4 algorithm [29] using

FastJet [28]. We note that in the NLO distribution we only consider the hardest jet of the event

6

Small change to hard !j  vs. !! components leads to sizeable change of BG.

The local significance is modified as:
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Two approaches to test robustness
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 �  We consider two classes of w!j  deformations: 

(i) modification of m!j  due to NLO+showering effects convolved \w increased fake rate 
for larger jets ET & "  .

(ii) (simpler ansatz) allow !j  component to be reweighted at m!j  > 500 GeV, such that 
purity at large masses is reduced leading to a controlled deviation from functional fit. 

Analysis ATLAS spin-0 ATLAS spin-2 CMS EBEB CMS EBEE

m!! > 150 GeV > 200 GeV > 230 GeV > 330 GeV

pT,1 > 0.4m!! > 55 GeV > 75 GeV > 75 GeV

pT,2 > 0.3m!! > 55 GeV > 75 GeV > 75 GeV

|⌘1| < 2.37 < 2.37 < 1.44 < 1.44

|⌘2| < 2.37 < 2.37 < 1.44 1.57 < ⌘2 < 2.5

|⌘| excluded 1.37 < ⌘1,2 < 1.52 1.37 < ⌘1,2 < 1.52 n.a. n.a.

�!! [pb] (NNLO) 2.7 1.9 0.52 0.23

�! j [pb] (NLO) 1400 1000 250 130

�! j / �!! |m> 500 GeV 510 670 470 640

Table 1: Cuts of the analyses where the subscript refers to the hardest and second hardest photon candidate,

the cross section of thepp ! �� sample passing these cuts (calculated at NNLO with MCFM) and of

the pp ! �j sample at hadron level (before applying any photon mistag rate), calculated at NLO with

MadGraph5 aMC@NLO, showered with Pythia [27] and the jets clustered with anti-kT , R = 0 .4 algorithm

using FastJet [28]. In the last line the ratios of the two distributions in the invariant mass region above

500 GeV are given.

which as already mentioned, lead to a much larger fake rate than gluon jets.

The reconstructed diphoton distribution is a mixture of pp ! �� and pp ! �j invariant mass

distributions. Let us deÞne a short-hand notation for the normalized invariant mass distribution

w! X ⌘ 1
�! X

⇥ d�! X

dm! X
, (3.2)

with X = �, j . The mixed distribution wmix is a function of the normalisation Nmix and a parameter

R, that controls the shape modiÞcation ofw! j and will be deÞned Eq. (3.5). We write wmix as

wmix (Nmix ) = Nmix [Pw!! + (1 � P)w! j ] , (3.3)

where P is the inclusive purity of the sample. We setP = 90% (80%) for the ATLAS and CMS

EBEB (EBEE) analyses, which is within the reported error bands. We will assume, that w!! is

obtained by normalizing the MCFM diphoton invariant mass distribution. As for w! j , following

the rationale described in Section2, we modify in two di↵erent ways as we now describe in detail.

3.1 QCD and jet-fake dependence of the diphoton shape

First, we calculate a photon-jet mass dependent, K-factor using MadGraph5aMC@NLO, showered

and hadronized with Pythia [27] and jets clustered with an anti-kT , R = 0 .4 algorithm [29] using

FastJet [28]. We note that in the NLO distribution we only consider the hardest jet of the event
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> 150 GeV > 200 GeV > 230 GeV > 330 GeV

pT,1 > 0.4m
��

> 55 GeV > 75 GeV > 75 GeV

pT,2 > 0.3m
��

> 55 GeV > 75 GeV > 75 GeV

|⌘1| < 2.37 < 2.37 < 1.44 < 1.44

|⌘2| < 2.37 < 2.37 < 1.44 1.57 < ⌘2 < 2.5

|⌘| excluded 1.37 < ⌘1,2 < 1.52 1.37 < ⌘1,2 < 1.52 n.a. n.a.
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|m> 500 GeV 510 670 470 640

Table 1: Cuts of the analyses where the subscript refers to the hardest and second hardest photon candidate,

the cross section of thepp ! �� sample passing these cuts (calculated at NNLO with MCFM) and of

the pp ! �j sample at hadron level (before applying any photon mistag rate), calculated at NLO with

MadGraph5 aMC@NLO, showered with Pythia [27] and the jets clustered with anti-kT , R = 0 .4 algorithm

using FastJet [28]. In the last line the ratios of the two distributions in the invariant mass region above

500 GeV are given.

which as already mentioned, lead to a much larger fake rate than gluon jets.

The reconstructed diphoton distribution is a mixture of pp ! �� and pp ! �j invariant mass

distributions. Let us deÞne a short-hand notation for the normalized invariant mass distribution

w
�X "

1
�

�X
#

d�
�X

dm
�X

, (3.2)

with X = �, j . The mixed distribution wmix is a function of the normalisation Nmix and a parameter

R, that controls the shape modiÞcation ofw
�j and will be deÞned Eq. (3.5). We write wmix as

wmix(Nmix) = Nmix [Pw
��

+ (1 $ P)w
�j ] , (3.3)

where P is the inclusive purity of the sample. We setP = 90% (80%) for the ATLAS and CMS

EBEB (EBEE) analyses, which is within the reported error bands. We will assume, that w
��

is

obtained by normalizing the MCFM diphoton invariant mass distribution. As for w
�j , following

the rationale described in Section2, we modify in two di ! erent ways as we now describe in detail.

3.1 QCD and jet-fake dependence of the diphoton shape

First, we calculate a photon-jet mass dependent, K-factor using MadGraph5aMC@NLO, showered

and hadronized with Pythia [27] and jets clustered with an anti-kT , R = 0 .4 algorithm [29] using

FastJet [28]. We note that in the NLO distribution we only consider the hardest jet of the event
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Effectively we can view (ii) is contain (i) but possibly (i) have a more solid motivation.
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Figure 16: Additional jet rejection factor vs |⌘| (left) and pT (right) for di! erent photon e" ciencies with
respect to the tight pre-selection when exploiting the tracking isolation requirement, compared with the
rejection factor obtained for 95% e" ciency when using the combined calorimetric and tracking isolation
requirements.

loose selections and the tight selections separately optimized for unconverted and converted candidates.
The reconstruction and selection e" ciencies are measured using fully simulated �–jet, H ! ��

(mH = 120 GeV) and filtered electromagnetic di–jets samples. While the performance of the cut–based
identification method are optimized at low–pT, their e" ciency is shown to remain high for very high–pT
photons from Randall–Sundrum graviton samples (mG = 300 GeV and mG = 500 GeV). A background
rejection of about 5á103 with a photon e" ciency of 85% for ET > 25 GeV is achieved with the tight
selection.

Di! erent isolation cuts, based on calorimetric isolation, track isolation and combined calorimetric
and track isolation, are developed corresponding to di! erent signal e" ciencies. Their additional rejec-
tion power when applied on top of the tight cut–based selection is discussed, showing that the combined
isolation requirements generally gives higher rejection than the pure calorimetric or track isolation re-
quirements aiming at the same e" ciency. An additional rejection factor of about 1.5 is obtained by
adding the combined isolation requirement, for a 95% selection of the candidates passing the tight selec-
tion.
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 �  m!j   is modified based on QCD NLO+showering K-factor convolved with ET & "  

dependent jet-fake ratios:
(i) A photon-jet mass dependent, K-factor is found using MG5 aMC@NLO, showered & 
hadronized with Pythia, jets are anti-kT , R = 0.4  (hardest jet chosen, no flavor is recorded);

(ii) To model fake rate’s ET & " dependence we use the following simplified ansatz for the jet 
rejection r(pT , " ): 
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Figure 1: Reweighting factor for w! j with respect to the LO Monte Carlo distribution as a function of the

invariant mass for ATLAS (left) and CMS (right). The dashed lines show the reweighting factor to modify

the LO parton distribution w

MG
! j to the NLO shape, including the e↵ects of hadronization. The solid lines

include in addition the reweighting due to a phase space dependent fake rate.

and we do not record its flavor. This step may be potentially improved by the use of an IR-safe

jet flavor definition, see [15–18]. Next, in order to model the dependence of the fake rate on the

pseudo rapidity and the transverse momentum we use the following simplified ansatz for the jet

rejection r(p
T

, ⌘):

r(p
T

, ⌘) = max

!
r0

1 + p

T

/p

0
T

+ ⌘/⌘

0 , rmin

"
, (3.4)

where the functional form is motivated by the kinematical dependence of the jet-rejection rates as

estimated by ATLAS [20] and the parameter values p0
T

= 30GeV, ⌘0 = 4 are chosen to reproduce the

rejection rate ratios between the lowest and highest lying ⌘ and p

T

bins within uncertainties. Finally,

r0/rmin is fairly uncertain as estimates of rejection rates at very high p

T

and ⌘ are not publicly

available, but reproducing experimental purity estimates in the forward region [2] leads to values

in the wide range r0/rmin ! [3, 12] . The resulting reweighting factors compared to the LO partonic

m

�j

distribution at both steps applied successively (wNLO
�j

/w

MG
�j

and w

NLO ! fakes
�j

/w

MG
�j

) are shown

in Fig. 1. We observe that with our choice of fake rate parameters, the largest reweighting factors

close to 3 are obtained above m
�j

> 800GeV for the ATLAS spin-2 cuts. However, all experimental

categories are a↵ected by a reweighting factor which is a combination of NLO, hadronization and

faking e↵ects, and which increases with the photon-jet invariant mass until it saturates at some

point. This suggests a simple functional form for the e↵ective photon-jet spectrum deformation

which we discuss next.

3.2 E↵ective shape deformation

In our e↵ective ansatz for the deformation of the photon-jet spectrum, we focus on the invariant

mass region above m
��

> 500GeV below which the experiments have su�cient statistics to control

7

p0T = 30 GeV, " 0 = 4 

are chosen to reproduce: 

r0/rmin is uncertain (not pub’ available) but reproducing exp. purity estimates in 
forward region leads r0/rmin ∈ [3, 12]  CMS, 1606.04093; for us it is always < 3.  
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(i) A photon-jet mass dependent, K-factor is found using MG5 aMC@NLO, showered & 
hadronized with Pythia, jets are anti-kT , R = 0.4  (hardest jet chosen, no flavor is recorded);

(ii) To model fake rate’s ET & " dependence we use the following simplified ansatz for the jet 
rejection r(pT , " ).
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Figure 1: Reweighting factor for w! j with respect to the LO Monte Carlo distribution as a function of the

invariant mass for ATLAS (left) and CMS (right). The dashed lines show the reweighting factor to modify

the LO parton distribution wMG
! j to the NLO shape, including the e! ects of hadronization. The solid lines

include in addition the reweighting due to a phase space dependent fake rate.

and we do not record its ßavor. This step may be potentially improved by the use of an IR-safe

jet ßavor deÞnition, see [15Ð18]. Next, in order to model the dependence of the fake rate on the

pseudo rapidity and the transverse momentum we use the following simpliÞed ansatz for the jet

rejection r (pT , ! ):

r (pT , ! ) = max
!

r 0

1 + pT /p 0
T + ! / ! 0 , rmin

"
, (3.4)

where the functional form is motivated by the kinematical dependence of the jet-rejection rates as

estimated by ATLAS [ 20] and the parameter valuesp0
T = 30 GeV, ! 0 = 4 are chosen to reproduce the

rejection rate ratios between the lowest and highest lying! and pT bins within uncertainties. Finally,

r 0/r min is fairly uncertain as estimates of rejection rates at very highpT and ! are not publicly

available, but reproducing experimental purity estimates in the forward region [2] leads to values

in the wide ranger0/r min ! [3, 12] . The resulting reweighting factors compared to the LO partonic

m! j distribution at both steps applied successively (wNLO
! j /w MG

! j and wNLO ! fakes
! j /w MG

! j ) are shown

in Fig. 1. We observe that with our choice of fake rate parameters, the largest reweighting factors

close to 3 are obtained abovem! j > 800 GeV for the ATLAS spin-2 cuts. However, all experimental

categories are a! ected by a reweighting factor which is a combination of NLO, hadronization and

faking e! ects, and which increases with the photon-jet invariant mass until it saturates at some

point. This suggests a simple functional form for the e! ective photon-jet spectrum deformation

which we discuss next.

3.2 E! ective shape deformation

In our e! ective ansatz for the deformation of the photon-jet spectrum, we focus on the invariant

mass region abovem!! > 500 GeV below which the experiments have su" cient statistics to control

7
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 �  m!j   is effectively modified such that it is reweighted at m!j  > 500 GeV, purity at large 
masses is reduced leading to a controlled deviation from functional fit: the mass distributions and calibrate their analyses and choose a simple, linear form

w! j (R) =
wMG

! j

N (R)

2

6666664
1 + R !

8
>>>>>><

>>>>>>:

0 m! j < 500 GeV
wMG

! j |
m ! j =500 GeV

wMG
! j

" 1 500 GeV# m! j # 760 GeV

wMG
! j |

m ! j =500 GeV

wMG
! j |

m ! j =760 GeV

" 1 760 GeV< m ! j

3

7777775
, (3.5)

to roughly account for an overall kinematic dependence of the fake rate, hadronization and higher

order e! ects, wherewMG
! j corresponds to the LO, parton-level MadGraph5 distribution, and N (R)

is an R-dependent normalisation factor. We deÞnew! j (R) such that w! j (R = 0) corresponds to

the partonic LO distribution. Choosing R = 1, the shape ofw! j is unmodiÞed form! j < 500 GeV,

then ßat up to m! j = 760 GeV, just above the observed peak of the apparent excess, and Þnally

is rescaled by the ratio of the di! erential cross sections atm! j = 500 GeV and m! j = 760 GeV for

m! j > 760 GeV. TheR-dependence ofN (R) is chosen such that the integral overw! j is always

1, independent of the value ofR. For the ATLAS spin-2 and the two CMS analyses, the intervals

in the above equation are shifted by 10 GeV to larger values due to the di! erent binning in these

searches.

In the left panel of Fig. 2, we show the normalized di! erential pp $ ! j cross section for the

ATLAS spin-0 analysis as a function of the invariant mass for several choices ofR. In the right

panel, the R-dependent reweighting factor of Eq. (3.5) is shown. Since the spin-0 analysis applies

the strongest cuts on the transverse momenta of the photon candidates (0.4m!! and 0.3m!! ,

respectively) its distribution is the steepest. Thus the reweighting factor of this analysis is the

largest being almost 7 above 770 GeV. The maximal reweighting factors for the other analyses are

just above 6. We veriÞed that increasing the ßat region by 20 GeV has only a small impact on the

reported results.

In Fig. 3a and Fig. 3c, we show the resulting invariant mass distributions for the ATLAS spin-0

and CMS EBEB analysis, respectively, on top of the normalized measured distribution.

In addition to the average purity of the full sample, ATLAS and CMS try to estimate the purity

as a function of the diphoton invariant mass. This local purity is given by

P i =
Pwi

!!

Pwi
!! + (1 " P)wi

! j
(3.6)

for the i -th bin. It can deviate signiÞcantly from the average purity P of the full sample. In Fig. 4,

we show the binned purities for the mixed samples with several choices ofR compared to the purity

determined by ATLAS with the 2 ! 2 sideband [30] and the matrix method [31] and by CMS with

a method described in [32], respectively. We choose the same binning of the purity as is used in

the respective analysis.

8

w! j (R = 0) corresponds to the partonic LO distribution.
For w! j is unmodiÞed form! j < 500 GeV, then ßatten up at m! j = 760 GeV.
The R-dependence ofN (R) is chosen so thatw! j is normalised.
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Figure 2: Left: Normalized invariant mass distributions after the ATLAS spin-0 cuts for the pp ! ! j

background with several choices for the interpolating parameterR. Right: Corresponding reweighting

factor.

While the local purity is within the error band in most of the considered mass range (even for

R = 1), it does decrease for large invariant masses and our ansatz predicts a deviation from the

experimental value. Given the low statistics in this range, we consider this as a way to falsify our

proposal in the future rather than a contradiction with the currently available data.

4 Statistical treatment

The experimental analyses estimate the background shape by Þtting a functionf (x) with x =

m!! /
"

s to the measured data. In the ATLAS spin-0 analysis, the following ansatz is used:

f (x) = N
!

1 # x1/ 3
" b

x
! k

j =0 aj (log x)j
(4.7)

where k = 0 was chosen. For the CMS analyses as well as the ATLAS spin-2, we use

f (x) = Nx a+ blog x . (4.8)

Note, that the ATLAS spin-2 analysis uses a mixture of Monte Carlo (for the pp ! !! background)

and data driven distributions (for the pp ! ! j and pp ! jj background), leading to similar results

as the Þt function approach. In the data driven method, the shape of the di! erent backgrounds is

obtained by extracting the corresponding events from control samples and Þtting their distribution

with a function. The relative contribution to the observed pp ! !! sample is extracted from the

data between 200 GeV< m !! < 500 GeV. For more details on this method see [1]. Given the

small statistics in the large invariant mass bins this approach roughly corresponds to our LO MG

distribution.

9
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Figure 4: Purity of the combined distribution as a function of m!! for several choices ofR. The dashed

lines show the central value for the purity as determined by the experiments and shaded the areas show the

corresponding error.

Secondly, we minimize

! 2 =
NbinsX

i =1

(N i
m ! N

i
e)2

/N

i
e (4.10)

where we rebin the data such that each bin contains at least 10 events in order for the! 2 distribution

to provide a reasonable description of the statistical uncertainties, see e.g. [33]. In both Þt methods,

the overßow of the experimental histograms is treated as one single bin. The best-Þt parameters

determine the number of expected eventsNe in the signal region (SR).

Since we are mostly interested in the local signiÞcance of the 750 GeV excess, the SR is chosen

by eye from the measured distribution with the aim to capture the excess. We obtain ap-value by

comparing the number of measured events in the SRNm with Ne (more precisely: calculating the

Poisson probability to measure at leastNm events):

p =
!X

n= Nm

N

n
e

n!
e

" Ne
. (4.11)

11

Purity of the combined distribution as a function of mγγ for several choices of R. The dashed lines show the central value for the purity as determined 
by the experiments and shaded the areas show the corresponding error. 
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 �  We first consider the ATLAS+CMS fitting function & extract best fit parameters. 
(these are unpublic).

 �  We then look at global and local sigs. (find that R=0 is fairly close to ATLAS), for 

the signal region we look at 2-3 relevant bin (similar to wide resonance, but not assuming BW)

 �  Fit is performed in 2 ways: 

i. we maximize the likelihood 
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Figure 3: Top left: Combined distributions wmix for the ATLAS spin-0 cuts, all with an overall purity of

90%. The measured distribution is shown in blue. Bottom left: Corresponding distribution for the CMS

EBEB analysis. Top right: ! ! 2 of fit to the ATLAS spin-0 distribution as a function of R . The 1- and 2-"

regions are indicated by the thin lines. Bottom right: corresponding plot for the combined CMS EBEB and

EBEE analyses.

In order to see how the significance of the 750GeV excess changes with our ansatz, we fit the

distribution wmix , defined in Eq. (3.3), once with wMG
! j corresponding to R = 0, and then with w! j

as estimated at NLO with showering and hadronization, including fakes and finally with R as a free

fit parameter (as well as the appropriate fit function f (x)) to the measured data. As an additional

template, one could extend the fit function f (x) by a modification similar to the one described in

Eq. (3.5), which we will however not do for the sake of simplicity. The fits are performed with two

methods which yield similar results.

Firstly, we maximize the likelihood

L =
NbinsY

i =1

PN i
e
(N i

m) (4.9)

where the product goes over all bins and PNe(Nm) is the Poisson probability to measure Nm events

when Ne events are expected.

10

PNe (Nm) is the Poisson probability to measure Nm events 

Ne events are expected. 

ii. Secondly, we minimize 
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Figure 4: Purity of the combined distribution as a function of m!! for several choices ofR. The dashed

lines show the central value for the purity as determined by the experiments and shaded the areas show the

corresponding error.

Secondly, we minimize

! 2 =
Nbins!

i =1

(N i
m � N i

e)2/N i
e (4.10)

where we rebin the data such that each bin contains at least 10 events in order for the! 2 distribution

to provide a reasonable description of the statistical uncertainties, see e.g. [33]. In both Þt methods,

the overßow of the experimental histograms is treated as one single bin. The best-Þt parameters

determine the number of expected eventsNe in the signal region (SR).

Since we are mostly interested in the local signiÞcance of the 750 GeV excess, the SR is chosen

by eye from the measured distribution with the aim to capture the excess. We obtain ap-value by

comparing the number of measured events in the SRNm with Ne (more precisely: calculating the

Poisson probability to measure at leastNm events):

p =
!!

n= Nm

N n
e

n!
e" Ne . (4.11)
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where we rebin the data, > 10 evnts/bin in order for 

χ2 distribution give of the stat. uncert.. 
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 �  F-test is performed to determine if the generalization of our mixed distribution with 
wMG  to w!j (R) is required to describe the data. 

Clearly this simple approach which does not use any signal modeling and relies on a discrete width

and position of the SR is far from perfect. Consequently, it is not surprising that the obtained

signiÞcances of the excess are smaller than the ones reported by the experiments, even when we use

the same Þt functions. Instead of focusing on absolute values one should therefore rather consider

the reduction of the signiÞcance that results from modifying the background. The results of the

Þts are shown in Table2.

Finally, an F-test is performed to determine if the generalization of our mixed distribution with

wMG
! j to the one with w! j (R) given in Eq. (3.5) is needed to describe the data. This test investigates

the improvement of a Þt when the Þt function is extended by an additional parameter. For this

purpose, a test statistic

F =
(! 2

1 ! ! 2
2)/ (n1 ! n2)
! 2

2/n 2
(4.12)

is calculated, where! 2
1,2 are the minimized ! 2Õs of the two Þt functions,n1,2 are the numbers of

bins (27 for the ATLAS spin-0) minus the number of input parameters (3 vs. 4 for the Þtting

function and 1 vs. 2 for our distribution), and the subscripts refer to the two Þt functions with 2

signifying the extended function. Eventually the p-value is determined as

pF-test =
! !

F
! (x; n1 ! n2, n2)dx, (4.13)

with ! being the Fisher distribution. An additional Þt parameter is warranted if pF-test < 5%,

see [1].

We Þnd that for the ATLAS searches, the F-test suggests thatR should be included as a Þtting

parameter. The probability of an accidental improvement due toR > 0 is only 2.1% (ATLAS spin-

0) and 0.27% (ATLAS spin-2). On the other hand, the CMS categories do not prefer a signiÞcant

non-zeroR, see Table2. Furthermore, as a consistency check we apply the F-test on the ATLAS

Þtting function for spin-0, Eq. ( 4.7), and Þnd that adding a k = 1 component to the function does

not pass the test. Hence, as mentioned in [1] only the leading term of the function with k = 0 is

retained. The above in conjunction with the results collected at table 2 suggest that it is possible

that the basis of functions used in Eq. (4.7) is not su! cient to accommodate the deformation of

the distribution proposed by us (or at least not the Þrst term in the functional form).

In the ! 2 Þt of the constructed distribution with wMG
! j we Þnd similar results for the local

signiÞcance as with the! 2 Þt of the functional approach. However, in particular in the two ATLAS

analyses usingR as an additional Þt parameter reduces the local signiÞcance of the 750 GeV excess

by 1-1.5 units. The fact that the reduction is stronger in the spin-2 analysis corroborates our

working assumption that the background description deteriorates in the forward region. This is

further supported by the observation that in the CMS EBEB analysis, which collects only events

12

n1,2 are the numbers of bins (27 for ATLAS spin-0) - number of input parameters (3,4 for fitting 
function & 1,2 for our distribution), subscripts refer to 2 fit functions \w 2 is extended function. 

The p-value is determined as 

Clearly this simple approach which does not use any signal modeling and relies on a discrete width

and position of the SR is far from perfect. Consequently, it is not surprising that the obtained

signiÞcances of the excess are smaller than the ones reported by the experiments, even when we use

the same Þt functions. Instead of focusing on absolute values one should therefore rather consider

the reduction of the signiÞcance that results from modifying the background. The results of the

Þts are shown in Table2.

Finally, an F-test is performed to determine if the generalization of our mixed distribution with

wMG
! j to the one with w! j(R) given in Eq. (3.5) is needed to describe the data. This test investigates

the improvement of a Þt when the Þt function is extended by an additional parameter. For this

purpose, a test statistic

F =
(! 2

1 ! ! 2
2)/ (n1 ! n2)
! 2
2/n 2

(4.12)

is calculated, where! 2
1,2 are the minimized ! 2Õs of the two Þt functions,n1,2 are the numbers of

bins (27 for the ATLAS spin-0) minus the number of input parameters (3 vs. 4 for the Þtting

function and 1 vs. 2 for our distribution), and the subscripts refer to the two Þt functions with 2

signifying the extended function. Eventually the p-value is determined as

pF-test =
! !

F

! (x; n1 ! n2, n2)dx, (4.13)

with ! being the Fisher distribution. An additional Þt parameter is warranted if pF-test < 5%,

see [1].

We Þnd that for the ATLAS searches, the F-test suggests thatR should be included as a Þtting

parameter. The probability of an accidental improvement due toR > 0 is only 2.1% (ATLAS spin-

0) and 0.27% (ATLAS spin-2). On the other hand, the CMS categories do not prefer a signiÞcant

non-zeroR, see Table2. Furthermore, as a consistency check we apply the F-test on the ATLAS

Þtting function for spin-0, Eq. ( 4.7), and Þnd that adding a k = 1 component to the function does

not pass the test. Hence, as mentioned in [1] only the leading term of the function with k = 0 is

retained. The above in conjunction with the results collected at table 2 suggest that it is possible

that the basis of functions used in Eq. (4.7) is not su! cient to accommodate the deformation of

the distribution proposed by us (or at least not the Þrst term in the functional form).

In the ! 2 Þt of the constructed distribution with wMG

! j we Þnd similar results for the local

signiÞcance as with the! 2 Þt of the functional approach. However, in particular in the two ATLAS

analyses usingR as an additional Þt parameter reduces the local signiÞcance of the 750 GeV excess

by 1-1.5 units. The fact that the reduction is stronger in the spin-2 analysis corroborates our

working assumption that the background description deteriorates in the forward region. This is

further supported by the observation that in the CMS EBEB analysis, which collects only events

12

with         is the Fisher distribution. An additional fit parameter is warranted if pF-test < 5%, see ATLAS (16). !
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 �  Ftest -

(i) sanity check: agreement \w ATLAS, adding k=1 to the function fails Ftest => rejected.

(ii) R-deformation passes 2.1% (spin- 0) and 0.27% (spin-2) for ATLAS. 

     CMS 13 TeV data doesn’t pass the test, but range for R and EBEE tends to prefer larger   

     values for best fits.
           

(iii) no runaway for R :
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(d) CMS EBEB and EBEE combined

Figure 3: Top left: Combined distributions wmix for the ATLAS spin-0 cuts, all with an overall purity of

90%. The measured distribution is shown in blue. Bottom left: Corresponding distribution for the CMS

EBEB analysis. Top right: ! ! 2 of Þt to the ATLAS spin-0 distribution as a function of R. The 1- and 2-"

regions are indicated by the thin lines. Bottom right: corresponding plot for the combined CMS EBEB and

EBEE analyses.

In order to see how the signiÞcance of the 750 GeV excess changes with our ansatz, we Þt the

distribution wmix , deÞned in Eq. (3.3), once with wMG
! j corresponding toR = 0, and then with w! j

as estimated at NLO with showering and hadronization, including fakes and Þnally withR as a free

Þt parameter (as well as the appropriate Þt functionf (x)) to the measured data. As an additional

template, one could extend the Þt functionf (x) by a modiÞcation similar to the one described in

Eq. (3.5), which we will however not do for the sake of simplicity. The Þts are performed with two

methods which yield similar results.

Firstly, we maximize the likelihood

L =
Nbins!

i =1

PN i
e
(N i

m) (4.9)

where the product goes over all bins andPNe(Nm) is the Poisson probability to measureNm events

when Ne events are expected.
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Figure 3: Top left: Combined distributions wmix for the ATLAS spin-0 cuts, all with an overall purity of

90%. The measured distribution is shown in blue. Bottom left: Corresponding distribution for the CMS

EBEB analysis. Top right: ! �

2 of Þt to the ATLAS spin-0 distribution as a function of R. The 1- and 2-�

regions are indicated by the thin lines. Bottom right: corresponding plot for the combined CMS EBEB and

EBEE analyses.

In order to see how the signiÞcance of the 750 GeV excess changes with our ansatz, we Þt the

distribution wmix, deÞned in Eq. (3.3), once with wMG
! j corresponding toR = 0, and then with w! j

as estimated at NLO with showering and hadronization, including fakes and Þnally withR as a free

Þt parameter (as well as the appropriate Þt functionf (x)) to the measured data. As an additional

template, one could extend the Þt functionf (x) by a modiÞcation similar to the one described in

Eq. (3.5), which we will however not do for the sake of simplicity. The Þts are performed with two

methods which yield similar results.

Firstly, we maximize the likelihood

L =
Nbins!

i=1

PN i
e
(N i

m) (4.9)

where the product goes over all bins andPNe(Nm) is the Poisson probability to measureNm events

when Ne events are expected.
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 �  1st deformation, NLO x fakes -

     ATLAS spin-0:  roughly 0.4 reduction in excess, slight improved fit. 

     ATLAS spin-2 (CMS function fit):  no reduction in excess, slight improved fit.

     CMS EBEB:  roughly 0.6 reduction in excess, fit unchanged.    

     CMS EBEB:  roughly 0.2 reduction in excess, fit unchanged.    

 �  2nd deformation, R-dependenc -

     ATLAS spin-0:  roughly 1.1 reduction in excess, improved fit. 

     ATLAS spin-2: roughly 1 reduction in excess, improved fit.

     CMS EBEB:  roughly 0.3 reduction in excess, fit unchanged.    

     CMS EBEB:  roughly 0.4 reduction in excess, fit unchanged.    
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Figure 3: Top left: Combined distributions w
mix

for the ATLAS spin-0 cuts, all with an overall purity of

90%. The measured distribution is shown in blue. Bottom left: Corresponding distribution for the CMS

EBEB analysis. Top right: ! ! 2 of Þt to the ATLAS spin-0 distribution as a function of R. The 1- and 2-"

regions are indicated by the thin lines. Bottom right: corresponding plot for the combined CMS EBEB and

EBEE analyses.

In order to see how the signiÞcance of the 750 GeV excess changes with our ansatz, we Þt the

distribution wmix , deÞned in Eq. (3.3), once with wMG
! j corresponding toR = 0, and then with w! j

as estimated at NLO with showering and hadronization, including fakes and Þnally withR as a free

Þt parameter (as well as the appropriate Þt functionf (x)) to the measured data. As an additional

template, one could extend the Þt functionf (x) by a modiÞcation similar to the one described in

Eq. (3.5), which we will however not do for the sake of simplicity. The Þts are performed with two

methods which yield similar results.

Firstly, we maximize the likelihood

L =
Nbins!

i =1

PN i
e
(N i

m) (4.9)

where the product goes over all bins andPNe(Nm) is the Poisson probability to measureNm events

when Ne events are expected.
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Analysis ATLAS spin-0 ATLAS spin-2 CMS EBEB CMS EBEE

m
ea

s. SR 730-770 GeV 720-780 GeV 710-770 GeV 710-770 GeV

Nm 15 40 12 21

Þ
tfu

nc
tio

n ! 2 logL 270 330 200 200

! 3.4 2.9 1.9 1.7

" 2/n 1.6 1.2 0.80 1.2

! 3.1+0 .2
! 0.2 2.9+0 .3

! 0.3 1.8+0 .3
! 0.2 1.6+0 .3

! 0.3

di
st

rib
ut

io
n

R : ! 2 logL 270 330 210 210

R 0.86 0.97 -0.048 0.24

! 2.2 2.0 1.5 1.4

MG: " 2/n 1.5 1.3 0.78 1.1

! 3.0+0 .0
! 0.0 3.4+0 .1

! 0.1 1.4+0 .1
! 0.1 1.9+0 .2

! 0.2

NLO: " 2/n 1.5 1.2 0.80 1.2

! 3.0+0 .0
! 0.0 3.2+0 .1

! 0.1 1.4+0 .1
! 0.1 1.7+0 .2

! 0.2

NLO" fakes: " 2/n 1.5 1.1 0.92 1.2

! 2.7+0 .0
! 0.0 2.9+0 .1

! 0.1 1.2+0 .1
! 0.1 1.4+0 .2

! 0.2

R : " 2/n 1.2 1.0 0.81 1.1

R 1.2+0 .6
! 0.5 1.1+0 .4

! 0.4 ! 0.15+0 .51
! 0.39 0.30+0 .29

! 0.22

! 2.0+0 .4
! 0.4 1.9+0 .5

! 0.5 1.5+0 .4
! 0.4 1.2+0 .4

! 0.4

pF-test 0.021 0.0027 0.73 0.19

Table 2: Results of the Þts to the data of all four analyses. In the Þrst block from the top the signal

region is deÞned and the number of measured events in this regionNm is given. The results of a likelihood-

and a " 2 Þt of the Þt function (value of the maximal likelihood and minimal " 2, respectively, and the local

signiÞcance of the 750 GeV excess) are given in the second block. Finally, the third block contains the results

of a likelihood and " 2 Þt of the background distributions described in Section3 to the data. When R was

Þtted its best-Þt value and the corresponding local signiÞcance of the excess are given, otherwise just the

signiÞcance. In the last line the result of the F-test, testing whetherR should be used as Þt parameter, is

given. For the minimized " 2 the parameter n is the di! erence of number of bins and Þt parameters. The

errors indicate the 1-! interval of the systematic uncertainty of the Þt.

with both photon candidates in the central region, no reduction in signiÞcance is observed and the

best Þt value for R is even slightly negative. Only in the CMS EBEE analysis where one photon

candidate is in the forward region the signiÞcance is reduced by ÞttingR, albeit less than in the

ATLAS analyses.

SinceR > 0 ßattens the distribution one might worry that the reduction in the local signiÞcance is
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       Conclusions

 �  Examined 2 types of deformations to the diphoton spectra.
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 �  Seems to lead to improved Þt & reduced excess.

 �  With same parameters predict harder spectrum and/or 

dependence on quality cuts.  

 �  Can be ÒstraightforwardlyÓ tested \w more data.

 �  Forward region seems to be more susceptible. 

 �  Maybe interesting to match " j NLO \w jet ßavor.

See: Davis, Fairbairn, Heal & Tunney; Bondarenko, Boyarsky, Ruchayskiy & Shaposhnikov (2016) , for different but related analyses.
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