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Fully	
  reconstructed	
  resonances:	
  simplest	
  way	
  to	
  discover	
  new	
  par>cles	
  
	
  
Sta>s>cally	
  significant	
  peak	
  over	
  a	
  smooth	
  background	
  	
  
ü  experimentally	
  robust	
  
ü  small	
  systema>cs	
  
ü  difficult	
  for	
  unknown	
  backgrounds	
  to	
  mimic	
  
=>	
  simple	
  yet	
  striking	
  signature!	
  
	
  
The	
  most	
  important	
  search	
  method	
  when	
  new	
  energies	
  are	
  explored	
  
ü  par>cularly	
  relevant	
  at	
  LHC	
  Run2	
  startup	
  
ü  model	
  independent	
  probe	
  to	
  new	
  physics	
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1)  Define	
  the	
  event	
  selec>on:	
  	
  2	
  isolated	
  photons	
  
ü must	
  be	
  loose	
  and	
  model-­‐independent	
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Interest of dijet data scouting

Giulia D'Imperio – 100 Congesso SIFGiulia D'Imperio – Università La Sapienza – INFN Roma

● Should be detected also in dijets 

● Standard analysis not sensitive to masses below 1.2 TeV

● “Data scouting” sensitive to lower dijet mass
● 8 TeV results are public, no observed excesses
● needed also at 13 TeV  � very interesting 

The production at LHC is allowed! 

Clean	
  final	
  state	
  at	
  hadron	
  colliders	
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1)  Define	
  the	
  event	
  selec>on:	
  	
  2	
  isolated	
  photons	
  
ü must	
  be	
  loose	
  and	
  model-­‐independent	
  

	
  
2)	
  Reconstruct	
  the	
  γγ	
  invariant	
  mass	
  
	
  
	
  

ü  photon	
  reconstruc>on	
  
ü  detector	
  resolu>on	
  and	
  scale	
  
ü  dedicated	
  vertex	
  iden>fica>on	
  techniques	
  

	
   Search for High Mass Resonances with CMS

SEARCH STRATEGY

1. Pick your favorite di-object final state 
– crucial expertise in reconstruction and detector 

2. Be as model-independent as possible 
– do not design selection based on a particular model 
– be loose in kinematics 

3. Reconstruct invariant mass
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at high energies
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● Should be detected also in dijets 

● Standard analysis not sensitive to masses below 1.2 TeV

● “Data scouting” sensitive to lower dijet mass
● 8 TeV results are public, no observed excesses
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  final	
  state	
  at	
  hadron	
  colliders	
  

Crucial	
  exper4se	
  
in	
  reconstruc4on	
  
and	
  detector	
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R&D	
  on	
  ECAL	
  elements.	
  	
  
Construc>on	
  

and	
  commissioning	
  

Searching	
  for	
  	
  
the	
  “expected”:	
  	
  

Higgs	
  

Searching	
  for	
  	
  
unexpected	
  

Search for High Mass Resonances with CMS

PREPARATION TO DISCOVERIES: OBJECTS
      My main contributions

25

ECAL calibration 
using π0 and η (70K crystals 
to be calibrated at <0.5% level)

Jet calibration 
using balancing γ+jet events 
and JetMET convenership

First	
  checks	
  and	
  	
  
measurements	
  
with	
  candles	
  

Zee	
  
	
  

?	
  
π0	
  
	
  

Leading	
  contribu4on	
  of	
  Roma	
  CMS	
  group	
  to	
  all	
  these	
  aspects	
  



CMS	
  Electromagne>c	
  calorimeter	
  

Homogeneous	
  lead	
  tungstate	
  crystal	
  calorimeter	
  
	
  

•  75848	
  PbWO4	
  crystals	
  
•  Barrel	
  (EB):	
  |η|<1.48	
  
•  Endcaps	
  (EE):	
  	
  1.48<|η|<3	
  
	
  
	
  

Design	
  energy	
  resolu>on:	
  
~0.5%	
  for	
  E(γ)>100GeV	
  	
  
	
  
	
  

Cri>cal	
  issues:	
  
ü  Transparency	
  loss	
  	
  
	
  	
  	
  	
  	
  	
  due	
  to	
  radia>on	
  damage	
  
ü  Precision	
  of	
  in-­‐situ	
  calibra>on	
  

9	
  



Stable	
  energy	
  scale	
  achieved	
  	
  
aper	
  laser	
  correc>ons	
  
in	
  prompt	
  reconstruc4on	
  
Barrel:	
  
ü average	
  signal	
  loss	
  ~6%	
  
ü RMS	
  stability	
  ~0.15%	
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Rela>ve	
  crystals	
  response	
  	
  
to	
  laser	
  light	
  vs	
  >me	
  

Re
la
>v
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E/
p	
  
sc
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Crystal	
  transparency	
  



Prompt	
  reconstruc>on	
  used	
  
for	
  the	
  analysis.	
  
New	
  calibra>on	
  coefficients	
  	
  
(2015	
  data)	
  available.	
  	
  
	
  
Significant	
  improvement	
  	
  
in	
  energy	
  resolu7on	
  	
  
with	
  new	
  calibra7ons:	
  
ü  barrel:	
  resolu>on	
  ~Run1	
  
ü  endcaps:	
  s>ll	
  worse	
  	
  
	
  	
  	
  	
  	
  (sta>s>cal	
  precision)	
  
	
  

	
  
	
  
	
  
Energy	
  scale	
  and	
  resolu>on	
  
checked	
  in	
  data	
  =>	
  
analysis-­‐level	
  correc>ons	
  applied	
  

Energy	
  scale	
  and	
  resolu>on	
  

11	
  

Both	
  electrons	
  
in	
  EB	
  

Simula>on	
  
Prompt	
  reconstruc>on	
  
2015	
  calibra>ons	
  



Photons	
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Photon reconstruction

γ
✓Shower not fully contained by 
a single crystal
✓Lateral energy leaks
✓Cluster of adjacent crystals 
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ECAL cluster from a pointing photon

Several clustering algorithms are used in CMS:
! Energy fully recovered (ECLU = ∑Ei)
! Precise position measurement
! Time from the hottest crystal

Photon	
  =	
  	
  
energy	
  deposits	
  in	
  clusters	
  of	
  ECAL	
  crystals	
  
ü  clustering	
  op>mized	
  to	
  have	
  good	
  resolu>on	
  
	
  
	
  
Reconstruc>on	
  and	
  selec>on	
  strategies:	
  	
  
ü  tuned	
  on	
  simula>on	
  and	
  validated	
  in	
  data	
  
ü  main	
  control	
  samples:	
  Z-­‐>ee	
  and	
  Z-­‐>μμγ	
  
	
  
	
  



High	
  mass	
  diphoton	
  searches	
  
Ref	
   Title	
   MX	
  [GeV]	
  	
   √s	
  [TeV]	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
CMS-­‐PAS-­‐
EXO-­‐15-­‐004	
  

Search	
  for	
  new	
  physics	
  in	
  high	
  	
  
mass	
  diphoton	
  events	
  in	
  

proton-­‐proton	
  collisions	
  	
  	
  	
  	
  	
  	
  	
  	
  
at	
  √s	
  =	
  13	
  TeV	
  

	
  	
  	
  	
  	
  	
  
500-­‐4500	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  13	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
PLB750	
  (2015)	
  	
  

494–519	
  

Search	
  for	
  diphoton	
  
resonances	
  in	
  the	
  mass	
  range	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
from	
  150	
  to	
  850	
  GeV	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
in	
  pp	
  collisions	
  at	
  √s	
  =	
  8	
  TeV	
  

	
  

	
  	
  	
  	
  	
  	
  	
  
150-­‐850	
  

	
  	
  	
  	
  	
  	
  
	
  8	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
CMS-­‐PAS-­‐
EXO-­‐12-­‐045	
  

Search	
  for	
  high-­‐mass	
  
diphoton	
  resonances	
  	
  

in	
  pp	
  collisions	
  at	
  √s	
  =	
  8	
  TeV	
  
with	
  the	
  CMS	
  Detector	
  

	
  	
  	
  	
  	
  	
  	
  
500-­‐3000	
  

	
  	
  	
  	
  	
  
	
  8	
  

Leading	
  contribu>on	
  from	
  INFN	
  Roma	
  group	
   13	
  



CMS	
  opera>on	
  @	
  13TeV	
  

ü  2015	
  opera>ons	
  strongly	
  affected	
  by	
  a	
  contamina>on	
  of	
  the	
  magnet	
  cold	
  box	
  
ü  Thanks	
  to	
  the	
  effort	
  of	
  many,	
  ~¾	
  of	
  delivered	
  luminosity	
  collected	
  with	
  full	
  B	
  field	
  	
  

Recorded	
  @	
  3.8	
  T	
  =	
  2.8	
  C-­‐1	
  

Good	
  for	
  this	
  analysis:	
  2.6	
  C-­‐1	
  

CMS	
  Preliminary	
  

Preliminary	
  luminosity	
  uncertainty:	
  
4.8%	
  @	
  50	
  ns	
  
4.6%	
  @	
  25ns	
  

14	
  



Analysis	
  in	
  a	
  nutshell	
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1)	
  Define	
  the	
  event	
  selec>on:	
  	
  2	
  isolated	
  photons	
  
	
  

2)	
  Reconstruct	
  the	
  γγ	
  invariant	
  mass:	
  
	
  

3)	
  Signal	
  extrac>on	
  
	
  
	
  
Some	
  considera>ons:	
  
	
  

ü  Analysis	
  built	
  on	
  SM	
  Higgs	
  search	
  experience	
  
ü  same	
  techniques	
  used	
  

ü  Only	
  solid	
  techniques	
  exploited	
  
ü  nothing	
  very	
  fancy	
  for	
  this	
  first	
  round	
  

ü  SelecBon	
  developed	
  before	
  looking	
  to	
  the	
  data:	
  	
  
ü  fully	
  blind	
  analysis	
  

=>	
  Goal:	
  have	
  a	
  robust	
  analysis	
  up	
  to	
  high	
  pT	
  
	
  
	
  
	
  
	
  
	
  

m(γγ)	
  



Simple	
  event	
  selec4on	
  
	
  

ü  HLT:	
  2	
  photons,	
  pT>60	
  GeV	
  
	
  

ü  Offline	
  selec>on:	
  
ü  pT	
  >	
  75GeV	
  	
  
ü  ECAL	
  fiducial	
  region	
  
ü  dedicated	
  photon	
  selec>on	
  

ü  2	
  event	
  categories:	
  
ü  EBEB:	
  both	
  γ	
  in	
  the	
  barrel	
  
ü  EBEE:	
  one	
  γ	
  in	
  EB,	
  one	
  in	
  EE	
  
ü  events	
  with	
  2γ	
  in	
  EE	
  discarded	
  

	
  
	
  
	
  

Zee	
  to	
  check	
  efficiencies	
  
ü  data/MC	
  scale	
  factors	
  compa>ble	
  with	
  1,	
  constant	
  at	
  high	
  pT	
  	
  
Zee	
  and	
  high	
  mass	
  DY	
  to	
  check	
  scale	
  and	
  resolu>on	
  
ü  results	
  compa>ble	
  within	
  0.5%	
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Event	
  selec>on	
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Da
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Signal	
  modelling	
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Benchmark	
  model:	
  spin2	
  RS	
  Graviton	
  
ü  two	
  parameters:	
  mass	
  and	
  effec>ve	
  coupling	
  
	
  

Mass	
  range:	
  500-­‐4500GeV	
  

Effec>ve	
  couplings:	
  k=0.01	
  -­‐>	
  k=0.2	
  
ü  ΓG	
  /	
  mG	
  =	
  1.4	
  k2	
  ==>	
  k=0.2	
  =	
  ΓG	
  /	
  mG	
  ~6%	
  
ü  chosen	
  a	
  priori	
  

	
  
	
  
	
  
	
  
Signal	
  mγγ	
  shape:	
  	
  
ü  convolu>on	
  of	
  gen-­‐level	
  mass	
  shape	
  (PYTHIA)	
  	
  
	
  	
  	
  	
  	
  and	
  detector	
  resolu>on	
  	
  Signal'width'

25'

9

mG (GeV) category k̃ FWHM (GeV) k̃ FWHM (GeV)
500 EBEB 0.01 14 0.2 36
500 EBEE 0.01 22 0.2 42
1000 EBEB 0.01 27 0.2 74
1000 EBEE 0.01 43 0.2 85
2000 EBEB 0.01 54 0.2 147
2000 EBEE 0.01 76 0.2 163
3000 EBEB 0.01 96 0.2 225
3000 EBEE 0.01 110 0.2 254
4000 EBEB 0.01 121 0.2 320
4000 EBEE 0.01 150 0.2 326

Table 1: Width of the reconstructed mass distribution for different signal hypotheses.

8 Signal modelling

The signal distribution in mgg is determined from the convolution of the intrinsic shape of the
resonance and the ECAL detector response. The intrinsic shape of the graviton signal is derived
using the PYTHIA generator. A fine grid of mass points with 125 GeV spacing is used and the
resulting shapes interpolated to intermediate points using the “moment morphing” technique
described in [34]. The detector response is determined using fully simulated graviton samples
of small intrinsic width and corrected for the additional Gaussian smearing determined from
dielectron events. Nine equidistant mass hypotheses in the range 500-4500 GeV are employed.

In order to determine the signal normalisation, the efficiency of the final event selection is
combined with the kinematic acceptance. The first is obtained from fully simulated samples
and interpolated using a quadratic function of the resonance mass. The second is obtained
from the finely spaced grid of samples and parametrised as a quadratic function of both the
resonance mass and k̃. A summary of the width of the signal reconstructed mass distribution,
quantified through its full width at half maximum is reported in Table 1, while the function
accounting for selection efficiency and acceptance is shown in Fig. 1.

9 Background modelling

The background mgg spectrum is described by a parametric function of mgg. The parametric
coefficients are obtained from a fit to the data events, and considered as unconstrained nuisance
parameters in the hypothesis test, allowing the building a data-driven description of the shape.

The accuracy of the background determination is assessed using MC simulations and it is quan-
tified by studying the difference between the true and predicted number of background events
in 14 mgg windows in the search region. Pseudo-experiments are drawn from the mass spec-
trum predicted by MC simulation. The total number of events in each pseudo-experiment is
taken from a Poisson distribution where the mean is determined by the observation in data.
For each mass window, the distribution of the pull variable, defined as the difference between
the true and predicted number of events divided by the estimated statistical uncertainty, is
constructed. If the absolute value of the median of this distribution is not found to be below
0.5 in a window, an additional uncertainty is assigned to the background parametrisation. A
modified pull distribution is then constructed increasing the statistical uncertainty on the fit by
an extra term, denoted as bias term, which is parametrised as a smooth function of mgg, tuned
in such a way that the absolute value of the median of the modified pull distribution is below
0.5 for all regions.

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1000	
   mgg	
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31

 H # !!

segnale

fondo irriducibile

fondo riducibile

mercoledì 4 novembre 2009

Direct	
  γγ	
  SM	
  produc>on,	
  irreducible	
  	
  

24'

SM backgrounds

jet

jet

jetQCD events:
!Large cross section
!Fake photons from jets
!Mis-identified MET

Rejected by γ isolation and MET

Photon+Jet:
!Real photon in the final state
!Mis-identified MET
!Low jet multiplicity

Rejected by jet multiplicity

t t events:
!Fake photons from electrons
!Real MET from neutrinos
!High jet multiplicity

Rejected by γ isolation

Dijet	
  and	
  γ+jet	
  produc>on,	
  reducible	
  

31

 H # !!

segnale

fondo irriducibile

fondo riducibile

mercoledì 4 novembre 2009

Dominant	
  contribuBon:	
  2	
  prompt	
  photons	
  
	
  

QCD	
  and	
  photon+jets:	
  
<10%	
  (20%)	
  in	
  EBEB	
  (EBEE)	
  

EBEB	
  



Background	
  mγγ	
  shape:	
  	
  
ü  parametric	
  fit	
  to	
  data	
  

ü model	
  coefficients:	
  nuisance	
  parameters	
  in	
  the	
  hypothesis	
  test	
  

08/01/2016 Search for high mass diphoton resonances - P. Musella (ETH) 11

Background Background modellingmodelling

Background modelled using parametric �t to data.

Model coe#cients treated as unconstrained nuisance parameters in 
hypothesis test.

ATLAS:

Order of the function (k) chosen as 0 using F-test in data.

CMS: 

In both cases, possible background mismodelling studied 
using MC samples.

CMS: mismodelling required to be < ½ of the background stat. uncertainty.

ATLAS: mismodelling required to be < 1/5 of the background stat. Uncertainty.

Extra uncertainty implemented adding a signal-like component to the 
background model.

Background	
  modelling	
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background model.
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inv. mass inv. mass inv. mass

GOOD SIGNAL OVERESTIMATED SIGNAL HIDDEN

• Accurate background estimate to not bias signal extraction 
-  signal can be overestimate (or even fake excess) 
-  signal can be missed  

• Two techniques 
• background shape from MC and normalize in control region (usually 

low mass) + theory/experimental systematics 
• parameterize background shape and fit parameters directly on data
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Background Background modellingmodelling

Background modelled using parametric �t to data.

Model coe#cients treated as unconstrained nuisance parameters in 
hypothesis test.

ATLAS:

Order of the function (k) chosen as 0 using F-test in data.

CMS: 

In both cases, possible background mismodelling studied 
using MC samples.

CMS: mismodelling required to be < ½ of the background stat. uncertainty.

ATLAS: mismodelling required to be < 1/5 of the background stat. Uncertainty.

Extra uncertainty implemented adding a signal-like component to the 
background model.
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  shape:	
  	
  
ü  parametric	
  fit	
  to	
  data	
  
ü model	
  coefficients:	
  nuisance	
  parameters	
  in	
  the	
  hypothesis	
  test	
  

Background	
  fit	
  accuracy	
  determined	
  using	
  MC	
  
ü  possible	
  mis-­‐modelling:	
  	
  
	
  	
  	
  	
  	
  	
  <1/2	
  of	
  background	
  sta>s>cal	
  uncertainty	
  
ü  extra	
  uncertainty:	
  	
  
	
  	
  	
  	
  	
  	
  signal-­‐like	
  component	
  added	
  to	
  the	
  model	
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inv. mass inv. mass inv. mass

GOOD SIGNAL OVERESTIMATED SIGNAL HIDDEN

• Accurate background estimate to not bias signal extraction 
-  signal can be overestimate (or even fake excess) 
-  signal can be missed  

• Two techniques 
• background shape from MC and normalize in control region (usually 

low mass) + theory/experimental systematics 
• parameterize background shape and fit parameters directly on data

Can	
  we	
  trust	
  MC	
  for	
  the	
  bias	
  study?	
  
Yes!	
  Background	
  under	
  control	
  

EBEB	
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Selected	
  events	
  mγγ	
  spectra	
  in	
  the	
  two	
  categories	
  

EBEB	
   EBEE	
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Selected	
  events	
  mγγ	
  spectra	
  in	
  the	
  two	
  categories	
  
Signal	
  m=650GeV,	
  k=0.01	
  

EBEB	
   EBEE	
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  exclusion	
  limits	
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Narrow-­‐width	
   ΓG/ mG ~ 6% 

Expected	
  and	
  observed	
  limits	
  on	
  Graviton	
  cross	
  sec>on	
  x	
  diphoton	
  BR:	
  
ü  mG	
  <	
  1.3/3.8	
  TeV	
  excluded	
  (k	
  =	
  0.01/0.2)	
  
ü  Excluded	
  range	
  in	
  agreement	
  with	
  expecta>ons	
  
ü  Observed	
  limit	
  devia>on	
  from	
  expected	
  due	
  to	
  excess	
  in	
  data	
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Narrow-width ΓG/ mG ~ 6% 

ü  Largest	
  excess	
  for	
  mG=760GeV	
  in	
  the	
  narrow	
  width	
  hypothesis	
  
ü  Local	
  significance	
  2.6σ	
  

ü  significance	
  reduced	
  to	
  1.2σ	
  when	
  accoun>ng	
  for	
  Look	
  Elsewhere	
  Effect	
  in	
  mG	
  
ü  LEE	
  in	
  k	
  further	
  decreases	
  significance	
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Overall	
  efficiency	
  x	
  acceptance	
  ~55%	
  for	
  RSG	
  at	
  600GeV	
  	
  
	
  

Frac>on	
  of	
  EBEE	
  events:	
  10	
  to	
  45%	
  
	
  

10-­‐15%	
  improvement	
  from	
  adding	
  the	
  barrel-­‐endcap	
  category	
  
	
  

Excess	
  at	
  760GeV	
  	
  mostly	
  in	
  barrel	
  

Barrel-­‐Barrel	
  
Barrel-­‐Endcap	
  



Spin	
  hypothesis	
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Spin2	
  vs	
  spin0:	
  	
  different	
  acceptance	
  and	
  categories	
  weight	
  
but	
  analysis	
  not	
  much	
  sensi7ve	
  to	
  these	
  differences	
  
	
  
	
  
	
  

8TeV	
  analysis:	
  limit	
  shape	
  is	
  quite	
  similar	
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Figure 11: Likelihood scan for the cross section corresponding to the largest excess in the com-
bined analysis of the 8 and 13 TeV datasets. The 8 TeV results are scaled by the expected ratio of
cross sections predicted for an RS graviton resonance.
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Combina>on	
  with	
  8TeV	
  results	
  	
  
in	
  narrow	
  width	
  hypothesis	
  
ü  different	
  acceptance	
  and	
  categoriza>ons	
  	
  
ü  most	
  sensi>ve	
  8TeV	
  analysis	
  in	
  each	
  	
  
	
  	
  	
  	
  	
  mass	
  range	
  considered	
  
	
  
	
  
	
  
	
  

Likelihood	
  of	
  fits	
  to	
  S+B	
  hypothesis	
  	
  
vs	
  13TeV	
  equivalent	
  cross-­‐sec>on:	
  
ü  8TeV	
  limits	
  scaled	
  by	
  xsec	
  ra>o	
  	
  
ü  S=RS	
  Graviton,	
  mG=750GeV,	
  k=0.01	
  

ü  produc>on:	
  90%	
  gg,	
  10%	
  qqbar	
  	
  
ü  xsec(8TeV)/xsec(13TeV)=1/4.2=0.24	
  

	
  

Compa4ble	
  equivalent	
  cross-­‐sec4ons	
  	
  
within	
  uncertain4es	
  
13TeV	
  result	
  not	
  in	
  contradic4on	
  with	
  8TeV	
  	
  

Comparison	
  to	
  8TeV	
  search	
  



16 A Combined analysis of the RS graviton searches at

p
s = 8 TeV and 13 TeV
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Figure 10: Observed background only p-values obtained from the combination of 8 TeV and
13 TeV results. The top plot shows the range 500 GeV < mG < 3 TeV, while the bottom left and
right plots show respectively the ranges 500 GeV < mG < 850 GeV and 850 GeV < mG < 3 TeV.

equivalent cross section (extrapolated to
p

s = 13 TeV). An RS graviton with mass mG = 750 GeV
is used as signal hypothesis. The fits are performed separately for each of two datasets and for
the combined analysis. The results are shown in Fig. 11, where it can be seen that the equivalent
cross sections estimated for the two datasets are compatible with each other, under the narrow
RS graviton hypothesis.
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Figure 10: Observed background only p-values obtained from the combination of 8 TeV and
13 TeV results. The top plot shows the range 500 GeV < mG < 3 TeV, while the bottom left and
right plots show respectively the ranges 500 GeV < mG < 850 GeV and 850 GeV < mG < 3 TeV.

equivalent cross section (extrapolated to
p

s = 13 TeV). An RS graviton with mass mG = 750 GeV
is used as signal hypothesis. The fits are performed separately for each of two datasets and for
the combined analysis. The results are shown in Fig. 11, where it can be seen that the equivalent
cross sections estimated for the two datasets are compatible with each other, under the narrow
RS graviton hypothesis.

mG<~1.5TeV:	
  combined	
  limits	
  	
  20-­‐30%	
  be�er	
  than	
  single	
  inputs	
  
	
  
Largest	
  excess	
  for	
  mG=750GeV	
  
ü  local	
  significance	
  ~3σ	
  
ü  reduced	
  to	
  <1.7σ	
  accoun>ng	
  for	
  LEE	
  

zoom	
  



	
  

ü  Observed	
  diphoton	
  mass	
  spectrum	
  in	
  agreement	
  with	
  Standard	
  Model	
  expecta7ons	
  
	
  

ü  Strongest	
  constraint	
  on	
  produc>on	
  cross-­‐sec>on	
  set	
  
	
  

ü  Modest	
  excess	
  for	
  mass	
  ~760GeV	
  assuming	
  narrow	
  width	
  signal	
  
ü  local	
  significance	
  of	
  2.6σ	
  	
  
ü  global	
  significance	
  of	
  <1.2σ	
  
ü  s>ll	
  consistent	
  with	
  8TeV	
  search	
  

More	
  data	
  needed	
  to	
  determine	
  the	
  origin	
  of	
  the	
  excess:	
  
sta4s4cal	
  fluctua4on	
  or	
  manifesta4on	
  of	
  new	
  physics	
  
	
  
LHC	
  will	
  start	
  taking	
  data	
  again	
  in	
  a	
  few	
  months	
  	
  
ü  ~10-­‐15/�	
  needed	
  to	
  confirm	
  the	
  excess	
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Mγγ	
  =	
  745	
  GeV	
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  efficiencies	
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Photon	
  energy	
  scale	
  and	
  resolu>on	
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Energy	
  scale	
  and	
  resolu>on	
  correc>ons	
  es>mated	
  using	
  13TeV	
  Z-­‐>ee	
  events	
  
ü  in	
  different	
  photon	
  categories	
  
ü  maximum	
  likelihood	
  analysis	
  performed	
  while	
  modifying	
  energy	
  
	
  

Extrapola>on	
  to	
  high	
  mass	
  checked	
  with	
  high	
  mass	
  DY	
  events	
  
ü  compa>ble	
  with	
  a	
  precision	
  of	
  0.5%	
  for	
  mee>200	
  GeV	
  
	
  

Photon	
  energy	
  smeared	
  on	
  MC	
  to	
  match	
  data	
  
ü  addi>onal	
  smearings	
  	
  
sBll	
  room	
  for	
  improvement	
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• large'pilePup'condiIons
➪$<NPU>~20$$

• di;photon$invariant$mass'resoluIon'
affected'by'vertex$choice

• vextex'determinaIon'based$on
– tracks$belonging$to$vertex$combined$
with$di;photon$kinema1cs

‣ use"of""ΣpT2trk"and"pT"balancing
– conversion;track$finding$and$projec1on$
on$beam$spot$

• performance$crossPchecked'using''
Z➝μ+μ"*aver$removing$muon$tracks

Daniele del Re

VERTEX DETERMINATION
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ECAL

γ cluster

correct vtx PU vtx

beam spot ~ 6cm

mistake 
in ηγ 1.3m
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  composi>on	
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Background	
  es>mate	
  fully	
  data	
  driven	
  =>	
  no	
  simula>on	
  used	
  
BUT	
  good	
  control	
  of	
  background	
  gives	
  confidence	
  in	
  the	
  analysis	
  
	
  

Background	
  composi>on	
  measured	
  in	
  data	
  using	
  template	
  fits	
  

Dominant	
  contribuBon:	
  events	
  with	
  2	
  prompt	
  photons	
  
Events	
  where	
  1	
  or	
  2	
  candidates	
  from	
  jet	
  fragmentaBon	
  <10%	
  (20%)	
  in	
  EBEB	
  (EBEE)	
  



Background	
  composi>on,	
  closure	
  test	
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Data	
  driven	
  predic>on	
  for	
  the	
  prompt-­‐prompt	
  component	
  compared	
  with	
  theory	
  
ü  Sherpa	
  generator	
  rescaled	
  to	
  2γNNLO	
  
	
  

Good	
  agreement	
  observed	
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Signal	
  model:	
  
ü  Luminosity:	
  4.6%	
  on	
  signal	
  normaliza>on	
  
ü  Trigger	
  and	
  photon	
  selec>on:	
  10%	
  on	
  signal	
  normaliza>on	
  
ü  Photon	
  energy	
  scale:	
  1%	
  
ü  PDF:	
  6%	
  on	
  signal	
  normaliza>on	
  

Background	
  model:	
  
ü  Bias	
  term	
  only	
  
ü  [	
  Parameter	
  coefficients:	
  unconstrained	
  nuisance	
  parameters	
  	
  

ü  contribute	
  to	
  sta>s>cal	
  error	
  ]	
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9

mG (GeV) category k̃ FWHM (GeV) k̃ FWHM (GeV)
500 EBEB 0.01 14 0.2 36
500 EBEE 0.01 22 0.2 42
1000 EBEB 0.01 27 0.2 74
1000 EBEE 0.01 43 0.2 85
2000 EBEB 0.01 54 0.2 147
2000 EBEE 0.01 76 0.2 163
3000 EBEB 0.01 96 0.2 225
3000 EBEE 0.01 110 0.2 254
4000 EBEB 0.01 121 0.2 320
4000 EBEE 0.01 150 0.2 326

Table 1: Width of the reconstructed mass distribution for different signal hypotheses.

8 Signal modelling

The signal distribution in mgg is determined from the convolution of the intrinsic shape of the
resonance and the ECAL detector response. The intrinsic shape of the graviton signal is derived
using the PYTHIA generator. A fine grid of mass points with 125 GeV spacing is used and the
resulting shapes interpolated to intermediate points using the “moment morphing” technique
described in [34]. The detector response is determined using fully simulated graviton samples
of small intrinsic width and corrected for the additional Gaussian smearing determined from
dielectron events. Nine equidistant mass hypotheses in the range 500-4500 GeV are employed.

In order to determine the signal normalisation, the efficiency of the final event selection is
combined with the kinematic acceptance. The first is obtained from fully simulated samples
and interpolated using a quadratic function of the resonance mass. The second is obtained
from the finely spaced grid of samples and parametrised as a quadratic function of both the
resonance mass and k̃. A summary of the width of the signal reconstructed mass distribution,
quantified through its full width at half maximum is reported in Table 1, while the function
accounting for selection efficiency and acceptance is shown in Fig. 1.

9 Background modelling

The background mgg spectrum is described by a parametric function of mgg. The parametric
coefficients are obtained from a fit to the data events, and considered as unconstrained nuisance
parameters in the hypothesis test, allowing the building a data-driven description of the shape.

The accuracy of the background determination is assessed using MC simulations and it is quan-
tified by studying the difference between the true and predicted number of background events
in 14 mgg windows in the search region. Pseudo-experiments are drawn from the mass spec-
trum predicted by MC simulation. The total number of events in each pseudo-experiment is
taken from a Poisson distribution where the mean is determined by the observation in data.
For each mass window, the distribution of the pull variable, defined as the difference between
the true and predicted number of events divided by the estimated statistical uncertainty, is
constructed. If the absolute value of the median of this distribution is not found to be below
0.5 in a window, an additional uncertainty is assigned to the background parametrisation. A
modified pull distribution is then constructed increasing the statistical uncertainty on the fit by
an extra term, denoted as bias term, which is parametrised as a smooth function of mgg, tuned
in such a way that the absolute value of the median of the modified pull distribution is below
0.5 for all regions.



Analysis	
  categories	
  

40	
  



8TeV	
  analyses	
  

41	
  

15

The expected median 95% C.L. exclusion limits on sG · Bgg for the three analyses entering
the combination are shown in Figure 8. For this comparison, the limits obtained by the 8 TeV
analyses are scaled by the cross section ratios described above.
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Figure 8: Comparison of the median expected upper limits of the analyses entering the combi-
nation. The 8 TeV results are scaled by the expected ratio of cross sections predicted for an RS
graviton.

The expected and observed median 95% C.L. exclusion limits on sG · Bgg for the combined
analysis are shown in Figure 9. For the signal hypotheses below roughly 1.5 TeV, the exclusion
limits obtained with the combined analysis improves those obtained with the single analyses
by 20-30%.

Figure 9: Upper limit on the production of a narrow RS graviton obtained with the combined
analysis. For mG < 850 GeV, the results obtained at

p
s = 8 TeV with the analysis described in

Ref. [10] are combined with those obtained at
p

s = 13 TeV. For mG > 850 GeV the results of
the analysis described in Ref. [11] obtained at 8 TeV are combined with those obtained at

p
s =

13 TeV.

The background only p-value, p0, for the combined analysis is shown, as a function of mG,
in Figure 10. The largest excess is observed for mG = 750 GeV and has a local significance of
roughly 3 standard deviations. Using the procedure described in Ref. [37] to take into account
the probability to observe an excess more significant than this for at least one of the mass hy-
potheses tested with the combined analysis, the significance of the excess is estimated to be less
than 1.7 standard deviations.

To further qualify the compatibility of the results obtained with 8 TeV and 13 TeV datasets, we
compute the likelihoods of the fits to a signal plus background hypothesis as a function of the
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4

Run 2 vs Run 1

Giulia D'Imperio – 100 Congesso SIFGiulia D'Imperio – Università La Sapienza – INFN Roma

● The probability to produce a high 
mass resonance is much higher at 
13 TeV w.r.t. 8 TeV

● A small dataset  @13 TeV can be 
more sensitive than 20 fb-1 @8 TeV 
for high masses

● With the dataset of 2.4 fb-1 the 
search is more sensitive than run 1 
for masses > 2 TeV



CMS	
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  ATLAS	
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cms	
   atlas	
  

luminosity	
   2.6/�	
   3.2/�	
  

benchmark	
   spin2	
   spin0	
  

eff	
  x	
  acc	
  600GeV	
   ~0.55	
  	
   ~0.4	
  

background	
  model	
   m^(a	
  +	
  b*log(m))	
   (1-­‐x^1/3)^b	
  x^a	
  

fit	
  bias	
   <	
  ½	
  stat.uncertainty	
   <	
  1/5	
  stat.uncertainty	
  

Preferred	
  width	
   narrow	
   ~6%	
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Selected mass spectra: ATLASSelected mass spectra: ATLAS



Physics	
  objects	
  @	
  13	
  TeV	
  

Electrons	
  from	
  Z	
  decays	
  
	
  

•  HCAL	
  /	
  ECAL	
  energy	
  	
  
Photons	
  from	
  radia>ve	
  Z	
  decays	
  
	
  

•  Rela>ve	
  e.m.	
  isola>on	
  

Excellent	
  comprehension	
  of	
  electrons,	
  photons,	
  muons,	
  jets,	
  MET	
  @	
  13	
  TeV	
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