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Why	  di-‐photon	  searches	  
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Fully	  reconstructed	  resonances:	  simplest	  way	  to	  discover	  new	  parAcles	  
	  
StaAsAcally	  significant	  peak	  	  
over	  a	  smooth	  background	  	  
•  experimentally	  robust	  
•  small	  systemaAcs	  
•  difficult	  for	  unknown	  backgrounds	  to	  mimic	  
⇒ simple	  yet	  striking	  signature!	  

Number	  
of	  events	  

mγγ	  
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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! 

Final	  states	  with	  high	  pT	  photons:	  
•  relaAvely	  low	  background	  	  
	  	  	  	  	  	  at	  hadron	  colliders	  
•  good	  mass	  resoluAon	  

Many	  theoreAcal	  moAvaAons	  
	  

Spin-‐0	  	   Spin-‐2	  	  



Recap	  of	  2015	  results	  
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2015	  
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CMS	  2016	  dataset	  
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Wonderful	  LHC	  performance!	  	  

This	  analysis:	  13/d	  	  	  
	  

Preliminary	  lumi	  
uncertainty:	  6.2%	  
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Search	  for	  a	  localized	  excess	  in	  the	  di-‐photon	  invariant	  mass	  spectrum	  
	  

	  
Events	  selecAon:	  2	  high	  pT	  isolated	  photons	  
•  Robust	  criteria	  
	  

Signal	  modeling	  with	  data-‐driven	  inputs	  
•  Efficiencies,	  energy	  scale	  and	  resoluAon	  
•  Good	  detector	  understanding	  needed	  
Background	  modeling	  
•  ParameterizaAon	  from	  data	  

Analysis	  in	  a	  nutshell	  
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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

13

at high energies

E1 E2

θ



Search	  for	  a	  localized	  excess	  in	  the	  di-‐photon	  invariant	  mass	  spectrum	  
	  

	  
Events	  selecAon:	  2	  high	  pT	  isolated	  photons	  
•  Robust	  criteria	  
	  

Signal	  modeling	  with	  data-‐driven	  inputs	  
•  Efficiencies,	  energy	  scale	  and	  resoluAon	  
•  Good	  detector	  understanding	  needed	  
Background	  modeling	  
•  ParameterizaAon	  from	  data	  

	  
Solid	  techniques	  exploited	  
	  

PotenAal	  improvements	  invesAgated	  while	  keeping	  the	  2016	  analysis	  blind	  
No	  significant	  gain	  found	  
•  No	  selecAon	  change	  applied:	  	  basically	  same	  analysis	  as	  last	  year	  

Analysis	  in	  a	  nutshell	  
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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 
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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

Photons	  in	  CMS	  
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Photons	  reconstructed	  from	  energy	  
deposits	  in	  clusters	  of	  ECAL	  crystals	  
•  No	  associated	  track	  
	  
97%	  energy	  contained	  in	  a	  5x5	  matrix	  
Clustering	  opAmized	  to	  collect	  radiated	  energy	  	  
•  up	  to	  2X0	  distributed	  material	  in	  front	  of	  ECAL	  
Energy	  from	  mulAvariate	  regression	  

ECAL	  :	  homogeneous	  
PbW04	  crystals	  calorimeter	  

2015	  	  
data	  



	  

High	  Level	  Trigger	  
2	  photons,	  pT>60	  GeV	  

	  
Offline	  kinemaAc	  selecAon	  
•  Fixed	  pT	  cut,	  pT	  >	  75	  GeV	  	  
•  ECAL	  fiducial	  region	  (|η|<2.5)	  
	  
2	  event	  categories	  
•  EBEB:	  both	  γs	  in	  the	  barrel	  
•  EBEE:	  one	  γ	  in	  barrel,	  one	  in	  endcap	  
•  Based	  on	  S/B	  raAo	  
	  
IdenAficaAon	  requirements:	  
•  Shower	  shape	  and	  isolaAon	  
•  No	  associated	  track	  
•  γγ	  selecAon	  efficiency:	  	  

•  ~85%	  in	  EBEB	  
•  ~80%	  in	  EBEE	  

SelecAon	  criteria	  

9	  

Small	  differences	  due	  to	  different	  
KinemaAcs	  for	  different	  spin	  hypothesis	  
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Efficiency	  measurement	  
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Tuned	  in	  MC	  and	  validated	  in	  data	  
•  Z-‐>ee	  events	  
•  Z-‐>μμγ	  events	  for	  
	  	  	  	  	  	  electron	  veto	  requirement	  	  
	  
Data/MC	  scale	  factors	  	  
•  computed	  for	  EB	  and	  EE	  
•  almost	  constant	  in	  pT	  
•  non	  compaAble	  with	  1	  

•  included	  in	  signal	  modeling	  

barrel	  
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Energy	  scale	  stability	  vs	  ET	  checked	  with	  boosted	  Zs	  up	  to	  ~150GeV	  
•  DeviaAons	  within	  a	  few	  permilles	  
•  1%	  uncertainty	  to	  account	  for	  extrapolaAon	  to	  larger	  momenta	  
	  

EBEB	   Measured	  with	  Z	  in	  data	  at	  	  
O(0.1%)	  level	  in	  bins	  of	  η	  and	  	  
cluster	  shape	  
•  simultaneously	  adjust	  	  
	  	  	  	  	  	  scale	  and	  resoluAon	  
	  
Good	  agreement	  in	  term	  of	  	  
shape	  and	  normalizaFon	  	  
aGer	  all	  correcFons	  



Signal	  modeling	  

12	  

StaAsAcal	  interpretaAon	  from	  simultaneous	  fit	  to	  mγγ	  	  distribuAon	  	  
in	  the	  two	  analysis	  categories	  
	  

Signal	  shape:	  convoluAon	  of	  intrinsic	  line-‐shape	  and	  detector	  resoluAon	  
•  σm/m	  ~1%	  (EBEB)	  ,	  1.5%	  (EBEE)	  
•  Spin-‐0	  and	  spin-‐2	  	  
•  mX	  	  :	  0.5	  -‐	  4.5	  TeV	  
•  Γ/m	  =	  1.4x10-‐4	  ,	  1.4x10-‐2,	  5.6x10-‐2	  	  	  	  (k=0.01,	  0.1,	  0.2	  for	  RS	  Graviton)	  

	  	  

	  

	  
	  

	  

Detector	  resoluAon	  
dominates	  

Comparable	  resoluAon	  
and	  width	  

Resonance	  width	  
dominates	  



Background	  modeling	  
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StaAsAcal	  interpretaAon	  from	  simultaneous	  fit	  to	  mγγ	  	  distribuAon	  	  
in	  the	  two	  analysis	  categories	  
	  

Background	  model	  
•  Parametric	  fit	  to	  data	  with	  empirical	  funcAon	  
•  Independent	  shape	  for	  each	  category	  
•  Model	  coefficients:	  nuisance	  parameters	  in	  the	  hypothesis	  test	  
•  Possible	  mis-‐modeling	  studied	  on	  MC	  and	  included	  as	  a	  “bias	  term”	  	  	  

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.

Search for High Mass Resonances with CMS

EXPERIMENTAL ISSUES: BACKGROUND

23

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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2016	  mass	  spectra	  
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2016	  mass	  spectra	  

15	  Data	  consistent	  with	  Standard	  Model	  expectaAons	  
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16	  

No	  significant	  excess	  in	  proximity	  	  
of	  750	  GeV	  
	  
Largest	  excess	  now	  observed	  	  
for	  mX~620GeV	  
Local	  significance	  (narrow	  width):	  
~2.4-‐2.7σ	  

	  
Showing	  only	  plots	  for	  selected	  	  
width	  and	  spin	  hypothesis.	  
All	  other	  plots	  available	  in	  backup	  

Γx/mx	  =	  5.6	  x	  10-‐2	  

Γx/mx	  =	  1.4	  x	  10-‐4	  

Spin-‐0	  
Spin-‐2	  

2016	  observed	  p-‐value	  
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2016	  exclusion	  limits	  

Spin-‐2	  
Γx/mx	  =	  1.4	  x	  10-‐4	  
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Spin-‐2	  
Γx/mx	  =	  5.6	  x	  10-‐2	  

Exclusion	  limits	  for	  RS	  Graviton	  	  
(LO	  cross-‐secAons)	  	  	  	  
•  in	  agreement	  	  with	  expectaAons	  
	  
	  

Coupling	   Exclusion	  

0.01	   mG	  <	  1.75	  TeV	  

0.1	   mG	  <	  3.75	  TeV	  

0.2	   mG	  <	  4.35	  TeV	  



4

Run 2 vs Run 1
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● 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

8TeV	  +	  13TeV	  

18	  

CombinaAon	  of	  results	  from	  
•  19.7/d	  at	  √s	  =	  8TeV	  
•  	  	  3.3/d	  at	  √s	  =	  13TeV	  (2015)	  
•  12.9/d	  at	  √s	  =	  13TeV	  (2016)	  

	  

CMS	  publicaAons	   √s	  [TeV]	  
CMS-‐PAS-‐EX0-‐16-‐027	  (new)	   8	  /	  13	  

PRL	  117,	  051802	  (2016)	   8	  /	  13	  

PLB750	  (2015)	  494–519	   8	  

	  
@750GeV:	  	  
σ(13TeV)/σ(8TeV)	  =	  4.5	  spin-‐0	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  =	  4.2	  spin-‐2	  
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Local	  excesses	  around	  750GeV:	  	  
2015	  only:	  	  	  	  2.9σ	  	  	  	  	  	  	  	  	  	  	  	  	  	  2015+2016:	  <1σ	  
8TeV+2015:	  3.4σ	  	  	  	  	  	  	  	  	  	  	  	  	  	  8TeV+2015+2016:	  <2σ	  

19	  

Run1+Run2	  significance	  

Spin-‐0,	  Γx/mx	  =	  1.4	  x	  10-‐4	  hypothesis	  

2015+2016	   8+13	  TeV	  



20	  
A	  signal	  with	  cross-‐secAon	  as	  the	  largest	  	  
excess	  in	  2015+8TeV	  would	  look	  like	  this	  

	  

CompaAbility	  among	  results	  
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CompaAbility	  of	  data	  	  
at	  mX=750GeV	  tested	  
with	  a	  likelihood	  raAo	  test.	  
	  
CompaAbility	  at	  the	  level	  of	  
•  13TeV	  data	  only:	  	  	  	  2.7σ	  	  
•  8TeV+13TeV	  data:	  	  2.4σ	  
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Run1+Run2	  limits	  
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Γx/mx	  =	  1.4	  x	  10-‐4	  

Γx/mx	  =	  5.6	  x	  10-‐2	  

SensiAvity	  driven	  by	  2016	  dataset	  
	  

13TeV	  
	  
	  
	  
	  
	  
	  
	  
	  
8TeV	  contribuAon:	  
~10%	  at	  low	  mass,	  negligible	  at	  high	  mass	  

Coupling	   Exclusion	  
0.01	   mG	  <	  1.95TeV	  	  

except	  for	  [1.75,	  1.85]	  	  
0.1	   mG	  <	  3.85	  TeV	  
0.2	   mG	  <	  4.45	  TeV	  



Conclusions	  
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Search	  for	  new	  resonances	  decaying	  to	  di-‐photon	  pairs	  presented,	  
based	  on	  12.9/d	  of	  13TeV	  CMS	  2016	  data	  
•  Mass	  region	  between	  0.5	  and	  4.5	  TeV	  
•  Tested	  hypothesis:	  spin-‐0	  and	  spin-‐2	  resonances	  with	  different	  widths	  
	  
Data	  consistent	  with	  Standard	  Model	  expectaAons	  
Modest	  excess	  presented	  based	  on	  2015	  (+	  8TeV)	  data	  in	  the	  region	  	  
around	  750	  GeV	  not	  confirmed	  by	  the	  new	  data	  
•  Results	  at	  750GeV	  compaAble	  at	  level	  of	  2.4σ	  
	  
2016	  data	  combined	  with	  2015	  and	  8TeV	  data	  
Limits	  set	  on	  the	  producAon	  cross	  secAon	  Ames	  di-‐photon	  branching	  raAo	  	  
•  Negligible	  contribuAon	  of	  the	  8TeV	  dataset	  
•  2016	  data	  dominaAng	  limits	  and	  significances	  



Backup	  
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Energy	  calibraAon	  
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§  SimulaAon	  
§  CalibraAons	  used	  here	  
	  	  	  	  	  	  applied	  to	  2015	  data	  

2015	  data	  



Background	  puriAes	  
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Dominant	  contribuAon:	  2	  prompt	  photons	  
	  

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

2015	  plots.	  Consistent	  puriAes	  measured	  this	  year	  



Background	  composiAon,	  closure	  test	  
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Data	  driven	  predicAon	  for	  the	  prompt-‐prompt	  component	  compared	  with	  theory	  
ü  Sherpa	  generator	  rescaled	  to	  2γNNLO	  
	  
	  
	   2015	  plots.	  Consistent	  puriAes	  measured	  this	  year	  



Vertex	  determinaAon	  
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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

InteracAon	  vertex	  idenAfied	  using	  
recoiling	  tracks	  and	  conversions	  when	  present:	  
Sum(pT2),	  pT(γγ)	  vs	  pT(tracks),	  Z(conv)	  
	  
Combined	  in	  a	  BDT	  
	  
Same	  as	  in	  H-‐>γγ	  analysis	  



Vertex	  ID	  performance	  
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Probability	  to	  assign	  the	  correct	  vertex	  in	  H-‐>γγ	  analysis	  
	  	  	  

2015	  data	  



23/05/2015 High mass photons EA report - P. Musella (ETH)

Background shape mismodellingBackground shape mismodelling

Goodness of Jt of background model assessed locally (as a function 

of mgg) using MC.

Study pull of mean number of background 
events in several mass windows.

Acceptable model if b = |median(p)|<0.5 for all windows.

If not, increase error by “bias term”.

Stat. Uncertainty on the fit Extra uncertainty (“bias term”)

Background	  model	  

30	  

Parametric	  1dim	  fit	  to	  data	  in	  the	  2	  categories,	  f(m)	  =	  m	  a+b	  log(m)	  

•  Model	  coefficients	  treated	  as	  unconstrained	  nuisance	  parameters	  	  
	  	  	  	  	  	  in	  the	  hypothesis	  test	  
	  

Goodness	  of	  background	  fit	  assessed	  locally	  in	  mγγ	  using	  MC	  
	  

•  Study	  pull	  of	  mean	  number	  of	  background	  events	  	  
•  Model	  ok	  if	  b	  =	  |median(p)|<0.5	  for	  all	  windows	  

•  Uncertainty	  on	  mean	  number	  of	  B	  events	  underesAmated	  by	  <	  10%	  
•  If	  not	  =>	  error	  increased	  with	  a	  bias	  term	  
	  

Bias	  term	  =	  signal	  like	  component	  	  
added	  to	  the	  model	  
•  negligible	  impact	  on	  sensiAvity	  



SystemaAcs	  
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Signal	  model:	  
•  Luminosity:	  6.2%	  	  
•  Trigger	  and	  photon	  selecAon:	  6%	  	  
•  Photon	  energy	  scale:	  1%	  
•  Photon	  energy	  resoluAon:	  0.5%	  
•  PDF:	  6%	  
	  
Background	  model:	  
•  Bias	  term	  only	  
•  [	  Parameter	  coefficients:	  unconstrained	  nuisance	  parameters	  	  
•  contribute	  to	  staAsAcal	  error	  ]	  

	  



 (GeV)Sm
210×5 310 310×2 310×3

) (
fb

)
γγ

→
 S

→
(p

p
σ

95
%

 C
L 

lim
it 

0

2

4

6

8

10

12 , J=0-210×1.4=
Xm
XΓ

Expected limit
 1 s.d.± 
 2 s.d.± 

Observed limit

 (13 TeV)-112.9 fbCMS Preliminary

 (GeV)Sm
210×5 310 310×2 310×3

) (
fb

)
γγ

→
 S

→
(p

p
σ

95
%

 C
L 

lim
it 

0

2

4

6

8

10

12

14

16

18 , J=0-210×5.6=
Xm
XΓ

Expected limit
 1 s.d.± 
 2 s.d.± 

Observed limit

 (13 TeV)-112.9 fbCMS Preliminary

 (GeV)Sm
210×5 310 310×2 310×3

) (
fb

)
γγ

→
 S

→
(p

p
σ

95
%

 C
L 

lim
it 

0

1

2

3

4

5

6

7

8

9
, J=0-410×1.4=

Xm
XΓ

Expected limit
 1 s.d.± 
 2 s.d.± 

Observed limit

 (13 TeV)-112.9 fbCMS Preliminary

32	  

2016	  exclusion	  limits	  

Γx/mx	  =	  1.4	  x	  10-‐4	   Γx/mx	  =	  1.4	  x	  10-‐2	  

Γx/mx	  =	  5.6	  x	  10-‐2	  
Spin-‐0	  
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2016	  exclusion	  limits	  
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2015	  +	  2016	  exclusion	  limits	  
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2015	  +	  2016	  exclusion	  limits	  

Spin-‐2	  

Γx/mx	  =	  1.4	  x	  10-‐4	   Γx/mx	  =	  1.4	  x	  10-‐2	  

Γx/mx	  =	  5.6	  x	  10-‐2	  
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8TeV	  +	  13TeV	  exclusion	  limits	  
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8TeV	  +	  13TeV	  exclusion	  limits	  
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Γx/mx	  =	  1.4	  x	  10-‐4	   Γx/mx	  =	  1.4	  x	  10-‐2	  

Γx/mx	  =	  5.6	  x	  10-‐2	  

Spin-‐2	  



2016	  p-‐value	  (intermediate	  width)	  
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2015	  +	  2016	  p-‐value	  
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2015	  +	  2016	  p-‐value	  

Spin-‐2	  
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Spin-‐0	  

8TeV	  +	  13TeV	  p-‐value	  
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Spin-‐2	  
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Γx/mx	  =	  1.4	  x	  10-‐4	  ,	  spin-‐0,	  mX=750GeV	  

2016+2015+8TeV:	  σ	  likelihood	  scan	  
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8TeV	  analysis	  
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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



2015	  data	  spectra,	  3.8T	  
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2015	  data	  spectra,	  0T	  
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8TeV	  data	  spectra	  
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8TeV	  +	  2015	  limits	  
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8TeV	  +	  2015	  pvalue	  
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Γx/mx	  =	  1.4	  x	  10-‐4,	  J=0	   Γx/mx	  =	  5.6	  x	  10-‐2,	  J=0	  
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Crystals	  transparency	  


