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Introduction

Consider the ATLAS, CMS & “combined” local significances for broad resonance™:

parpas =4 x10°°, poms =5 x 100 %, “peomp” ~ 1 x 10" ¢,

| — I _ «| 9
b ATLAS = 3.9, l'oms = 2.6, ! comb ~ 4.7.
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ATLAS Collaboration, M. Aaboud et al., (2016), 1606.03833; CMS Collaboration, V. Khachatryan et al., (2016), 1606.04093. !

" We do not discuss here the global significance as it strongly depends on the lower value of m,, 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.



Introduction

parpas =4 x10°°, poms =5 x 102, “peomp” ~ 1 x 10* ©

' ATLAS = 3.9, l'oms = 2.6,

CCI

. C()l’I'l‘b77 Y 407 .

At face value: far from discovery yet intriguing, naively implies:
(1) these excesses are a result of a rare statistical fluctuation;!
(i) 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:

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



A bump & Its signibPcance

¢ To estimate the significance one need to bound the background:
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3 generic ways to constrain the background

|. Data-driven approach - when resonance is narrow & BG is monotonic =>

use 2-sideband analysis => interpolation = data-consuming. “PJ]
=

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.
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2nd way to constrain the background

lI. ”First-principle”/Monte-Carlo (MC) approach -

Highly non-trivial possible in rare cases (LEP, ...).
Diphoton spectra mainly consists of two components:

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

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

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

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

Prompt photon-jet cross section known @NLO in QCD. (e.g. JetPhox, PeTeR, aMC@NLO ...) +N3LLO+ EW,
resulting n theory uncertainties of about 10-20%. See e.g.: Becher, Lorentzen & Schwartz (2012); Becher & Tormo (2015). !

Somewhat larger uncertainties for soft/fortward & large invariant masses:
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2nd way contO, contributions from fakess s

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

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 Er outside R~0.2 (0.15) inside R~0.4 .

Implies potentially strong flavor dependence, see for instance:
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Predicting contributions from fakes, challengamgl way

(i1) Fakes coming mostly from processes involving photon+jet (also jj) that pass photon cuts.

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. Banfi, Salam & Zanderighi (2006)

Option Il. ” First-principle”/MC approach to predict
the hard diphoton spectrum is difficult.



The third way to constraining the background

[ll. Functional-fit approach -

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

b H k . .
f (X)arias =0 = N (11 x3)"x iz 2o V' f (X)atias 2 soms = Nx@+Plogx

where z = my /4/s and k = 0 was choser

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

[ll. Functional-fit approach -

Few comments are in order:

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

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

(111) Significance of excess with respect to fitting function is strongly affected by such deformations.
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The exercise, a robustness test

¢ We examine the following questions:

I. Is the experimental signal over background estimation robust against presence
of deviations from fitting function predictions at large invariant masses?

II. If this 1s 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?
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DebPning the analysis

Construct family of background shapes, formed by admixture of !! & !j distributions:

1 doi x
%
orx  dmix

WmiX(NmiX) = Nmix [PW77 + (1 $ P)W»ﬂ] : Wi x =

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

Baseline for the distributions:

we assume, that wi 1s obtained by normalizing MCFM diphoton mass distribution;

Wi is obtained by normalizing Madgraph at partonic level (gj) where jet flavor is well
defined.

wj 1s reweighted to accommodate NLO + showering, later we see that already the
baseline distribution are fairly close to the ATLAS fitting function.
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Qualitative: potential impact of deformation
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The local significance 1s modified as:

B ) = | geform ~ (
V Pt / 750 GeV
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Analysis ATLAS spin-0 ATLAS spin-2 CMS EBEB CMS EBEE

mi) > 150 GeV > 200 GeV > 230 GeV | > 330 GeV

pTA > 0.4my, > 55 GeV > 75 GeV > 75 GeV

P12 > 0.3y > 55 GeV > 75 GeV > 75 GeV

|7 < 2.37 < 2.37 < 144 < 144

|72l < 2.37 < 2.37 <144 | 157<n <25

|n| excluded 1.37<ma2 <152 | 1.37<n2 < 152 n.a. n.a.

o [pb] (NNLO) 2.7 1.9 0.52 0.23

o1 ; [pb] (NLO) 1400 1000 250 130

a1 5/00 | <500 Gev 510 670 470 640
Small change to hard !} vs.!! components leads to sizeable change of BG.

\/B deform

) 750 GeV




Two approaches to test robustness

1 doi x
X
orx dmyx

WmiX(NmiX) - Nmix [Pnyfy + (1 $ P)W’Yl] . Wi x =

We consider two classes of wij deformations:

(1) modification of m; due to NLO+showering effects convolved \w increased fake rate
for larger jets Er & " .

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

Effectively we can view (ii) is contain (i) but possibly (i) have a more solid motivation.
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1st!] deformation

M; is modified based on QCD NLO+showering K-factor convolved with Er & *
dependent jet-fake ratios:

(1) A photon-jet mass dependent, K-factor 1s found using MGS5 aMC@NLO, showered &
hadronized with Pythia, jets are anti-kT , R = 0.4 (hardest jet chosen, no flavor is recorded);

(i1) To model fake rate’s Er & " dependence we use the following simplified ansatz for the jet

rejection r(py, " ): ! "
0
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1st!] deformation, reweighting factors

(1) 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);

(11) To model fake rate’s Er & " dependence we use the following simplified ansatz for the jet

rejection r(py, ).
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2nd!] deformation

m; is effectivelymodified such that it is reweighted at m; > 500 GeV, purity at large

masses 1s reduced leading to a controlled deviation from functional fit:

0 m;; < 500 GeV
MG wMG N .
Wi (R)= — gy { LSS 1 500 GeV# myj # 760 GeV
N (R) e y
oM T0SY w760 GeV< m
| LM Iy =760 Gev |

wi ; (R = 0) corresponds to the partonic LO distribution.
For wy; Is unmodibed form;; < 500 GeV, then Batten up atm,; = 760 GeV.

The R-dependence ol (R) is chosen so thatw;; is normalised.
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2nd!] deformation, reweighting factors
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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.



Purity checks, comparison with exp.

B Matrix method B Matrix method

B Sidebandnethod B Sideband method
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Purity of the combined distribution as a function of myy 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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Statistical treatment

We first consider the ATLAS+CMS fitting function & extract best fit parameters.

(these are unpublic).

Fit is performed in 2 ways:

N bins
1. we maximize the likelihood L = H PN i (N rln) Pn. (Npy) 1s the Poisson probability to measure Ny, events
e
=1

Neevents are expected.

l\1_|bins
. L 2 _ i AVYNE
ii. Secondly, we minimize <= (Nm — Ne) /N e

i=1 + distribution give of the stat. uncert..

where we rebin the data, > 10 evnts/bin in order for

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)
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F-test

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

wWMG to W, (R) 1s required to describe the data.

- (! % |1 %) /(ny! ny) Mpare the numbers of bins (27 for ATLAS spin-0) - number of input parameters (3,4 for fitting

| 2/n function & 1,2 for our distribution), subscripts refer to 2 fit functions \w 2 is extended function.

The p-value is determined as PF-test — ! (X; ny! no, ng)dX,
F

with ' is the Fisher distribution. An additional fit parameter is warranted if Pg_ois < 5%, see ATLAS (16).
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Cheeks & Results

Ftest -

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

(i1) 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.

(111) no runaway for R :
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Final & Results

Ist 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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Final & Results

normalizedweight20 GeV

normalized weight/20 GeV
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Conclusions

Examined 2 types of deformations to the diphoton spectra

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

Seems to lead to improved bt & reduced excess.

With same parameters predict harder spectrum and/or
dependence on guality cuts.

Can be OstraightforwardlyO tested \w more data.
Forward region seems to be more susceptible.

Maybe interesting to match; NLO \w jet 3avor.
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