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Part 1 – Higgs boson discovery 
or How did we find it?  

And how sure are we about it ...
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Figure 4: Distribution of the four-lepton invariant mass for the ZZ ! 4` analysis. The
points represent the data, the filled histograms represent the background, and the open his-
togram shows the signal expectation for a Higgs boson of mass mH = 125 GeV, added to the
background expectation. The inset shows the m4` distribution after selection of events with
KD > 0.5, as described in the text.

Table 3: The number of selected events, compared to the expected background yields and ex-
pected number of signal events (mH = 125 GeV) for each final state in the H ! ZZ analysis. The
estimates of the Z+X background are based on data. These results are given for the mass range
from 110 to 160 GeV. The total background and the observed numbers of events are also shown
for the three bins (“signal region”) of Fig. 4 where an excess is seen (121.5 < m4` < 130.5 GeV).

Channel 4e 4µ 2e2µ 4`
ZZ background 2.7 ± 0.3 5.7 ± 0.6 7.2 ± 0.8 15.6 ± 1.4
Z + X 1.2+1.1

�0.8 0.9+0.7
�0.6 2.3+1.8

�1.4 4.4+2.2
�1.7

All backgrounds (110 < m4` < 160 GeV) 4.0 ± 1.0 6.6 ± 0.9 9.7 ± 1.8 20 ± 3
Observed (110 < m4` < 160 GeV) 6 6 9 21
Signal (mH = 125 GeV) 1.36 ± 0.22 2.74 ± 0.32 3.44 ± 0.44 7.54 ± 0.78
All backgrounds (signal region) 0.7 ± 0.2 1.3 ± 0.1 1.9 ± 0.3 3.8 ± 0.5
Observed (signal region) 1 3 5 9



Part 2 – Higgs boson property measurements  
or What did we really find?  

And how do we know that ...
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The Higgs boson
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quarks leptons 

. . . 

THE	  MYSTERY	  OF	  MASS	  

The reason could be the existence of a  
new particle, called the “Higgs boson” 



Standard model and Higgs boson

•  The Standard Model SU(3)×SU(2)×U(1) of electroweak and strong 
interactions extermly well confirmed and measured since ∼ 30 years 

–  But still incomplete and non-satisfactory … 

•  All particles acquire mass by interaction with scalar particle à Higgs 
boson 

•  Higgs mechanism 
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Brout, Englert, Guralnik, Hagen, Higgs, Kibble (1964) 

physical Higgs boson 

v 
modes	  “eaten”	  by	  W,Z	  



Basic Higgs Boson Properties

•  Spin = 0 particle 
•  Giving masses to all particles 

–  Coupling proportional to particle 
masses 

•  Self interaction 
–  Self interacting term in the Lagrangian 

9 



Higgs boson mass: theoretical constraints
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GeV2462 22 == vvMH ……λ
Ø  Problem:	  Higgs	  boson	  mass	  is	  a free	  parameter	  

Ø  TheoreFcal	  constraints	  

§  Unitarity	  (no	  probabiliFes	  >	  1)	  
	
§  Triviality	  	  

(Higgs boson self	  coupling	   ���
remains	  finite)	  

	  
§  Stability	  (of	  vacuum)	  
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•  Direct searches 
–  LEP: MH > 114.4 GeV 
–  Tevatron: 156 GeV < MH <176 GeV 

•  Indirect limits from electroweak searches 
–  MH= 96+31

-24 GeV, MH<169 GeV at 95% CL (standard fit) 
–  MH= 120+12

-5 GeV ,MH<143 GeV at 95% CL (including direct searches) 

•  SUSY prefers light Higgs boson (<~140 GeV) 

SM Higgs boson before LHC
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Without	  CMS	  i	  
ATLAS	  results	  



Higgs search at LHC
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Collisions in LHC

Particles 

Proton -‐  Proton 	   1300	  bunches/beam	  	   
Protons/bunch	   10 11 
Beam	  energy	   4 TeV (4x10 12 	  eV) 

Luminosity	   10 34 	  cm -‐2 	  s -‐1 	   

Bunch	  collision	  
frequency	  

20	  MHz	  

Proton	  collision	  	  
frequency	  

10 7 	  -‐	  10 9	   Hz 

Partons 
(quark,	  gluon)	  

Proton 

Event	  selecNon:	  
1	  u	  10	  000	  000	  000	  000 

	   l l 

jet jet 

Bunches	  

SUSY..... 

Higgs 
Z o 

Z o e + 
e + 

e -‐ 
e -‐ 

“New	  physics”	  frequency	  .00001	  Hz	  	  



Some of the physicists’ jargon
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•  Cross section (σ)"
–  A measure of a ‘frequency’ of the physical process"
–  Units: barns (10-28 m2)"

•  Typical values: femtobarns (fb), picobarns (pb)"

•  Luminosity (L)"
–  Or instantenous luminosity !
–  A measure of collisions ‘frequency’"

•  Typical at LHC: L = 1034 cm-2s-1"

•  Integrated luminosity (L = ∫Ldt)"
–  A measure of number of accumulated collisions after a certain time period"
–  Units: (cross section)-1  …. E.g. 1 fb-1 = 1000 pb-1"

•  Tipical at LHC: few fb-1"

•  Number of events (N)"
–  Number of (expected) events (N) after a certain time of running"

N = σ · L"
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High luminosity: multiple interactions 
PILE-UP
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Our main goal
•  Finding something new

•  But:
– New things are very rare
– Otherwise someone else would have 

found them already
18	  



Data analysis - general picture
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Physical  
phenomena 

Described by a theory 

Described by PDFs, 
depending on p  uknown 
parameters with true values 
 
For example:  
  ),,,( true

tot
true
s

true
H

true mm σ…Δ=θ

),,,( 21
true
p

truetruetrue θθθ …=θ

Experiment 

Data sample 
 ),,,( 21 Nxxx …=x

For example: 
 

In statistics x is a multivariate random variable ���
(each event has many properties, all potential variables) 
  
  

),,( 1 Neventevent …=x

Sampling a reality 

 
Results 

 •  parameter estimates 
•  confidence limits 
•  hypothesis tests 

1 

2 

3 

  D
ata  analysis 

4 
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Data analysis – another look

Events	  collected	  aWer	  
some	  Nme	  of	  LHC	  
running	  	  

Event	  1	  

Event	  2	  

...	  

Event	  N	  
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The main goal:  
learn more about NATURE 

Make an experiment and 
obtain a  

DATA SAMPLE 

For example, let’s suppose the  
TRUE state of nature is:  
Higgs boson exists with the mass  

of mH(true) = 134.26 GeV 
 

N ~ 100/s x 107 s/year   
N ~ 109 events per year 

Event	  1	  

Object	  1	  

Object	  2	  

...	  	  

Object	  k	  

Objects ≡ reconstructed objects 
 i. e. electrons, photons, jets, 
muons ... 

If	  Object	  1	  ==	  
electron	  

px	  

py	  

pz	  

E	  

...	  



Measured
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Measured + predicted/expected
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Measurements vs predictions 
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Event	  GeneraNon	  
Tools:	  MC	  generators	  	  (PYTHIA,	  ...)	  

Output:	  final	  state	  parFcles	  	  

Detector	  simulaNon	  
Tools:	  MC	  simulators	  (GEANT)	  

Output:	  simulated	  detector	  response	  

Collisions	  
Tools:	  Accelerator	  (LHC,	  Tevatron	  ...)	  

Output:	  final	  state	  parFcles	  	  

Data	  acquisiNon	  
Tools:	  Detectors	  (CMS,	  ATLAS,...)	  

Output:	  detector	  response	  

Event	  reconstrucNon	  
Tools: Detectors’ software packages (custom made; MC used in algorithms)"
Output: reconstructed physical objects (electrons, muons, jets ...)"

PredicFons/SimulaFon	   Measurements	  

Data	  analysis	  
Tools:	  StaFsFcs	  (ROOT,	  ...;	  MC	  used	  in	  algorithms;	  f.g.	  Toy	  MC)	  

Output:	  new	  knowledge	  (parameter/interval	  esFmates,	  hypothesis	  tests,	  arFcle,	  talks	  ...)	  



Data collected by CMS or ATLAS
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When we see something interesting

•  Is it something new?

•  Or it can be explain 
with what we 
already know ?

•  Use the Occam’s 
razor as a guideline
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What does it mean for our instruments?
•  We need to calibrate them

–  By mesuring something we know very well

•  Then when we see something interesting à chances 
that it is something new are much larger
–  With respect to chances that it’s a simple bug J

•  Be aware: 
–  we will never be absolutely sure

–  But we can be pretty sure

–  What does the “pretty” really mean?

26	  



Standard candle
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Type Ia Super Novae as standard candles"

•  They show a light curve shape - 
luminosity relation : brighter – slower 

•  They also exhibit a color-luminosity 
relation: brighter-bluer 

•  Standardisation : after empirical 
correction : 

•  16% dispersion on Lpeak 
•  8% precision on distance dL 

From Daniel Denegri’s talk @ SSHEP 2011	  

28	  
From D. Denegri	  



Standard candle at LHC

29	  
From D. Denegri	  
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40 pb-1 collected in 2010 

Re-‐discovery	  of	  the	  Standard	  Model	  	  

proton 

µ+	


µ-	
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Standard	  Model:	  	  Precision	  Jets,	  W,	  and	  γ*/Z	  	  

     

 

Inclusive	  jet	  and	  dijets.	  2-‐4%	  
JES.	  	  
Constrains	  gluon	  PDF	  up	  to	  
x=0.6	  

W	  electron	  charge	  asymmetry	  
measured	  to	  0.5-‐1%	  per	  bin	  of	  
0.1	  in	  Δη.  Constrains	  u/d	  PDF	  
ratio	  	  

Differential	  Drell-‐Yan	  
cross	  section:	  2.5M	  µµ	  
pairs	  tests	  NNLO	  cross	  
sections	  and	  PDFs	  	  

CMS-PAS-QCD-11-004 

CMS-PAS-SMP-12-001 

CMS-PAS-EWK-11-007 

See	  talk	  Maria	  Cepeda	  
Hermida	  
W	  and	  Z	  physics	  at	  the	  LHC	  

See	  talk	  by	  Darko	  Mekterovic	  
Direct	  photon	  and	  jet	  properties	  

See	  talk	  by	  Norbert	  
Neumeister	  
Measurement	  of	  Drell-‐Yan	  
Cross	  Section	  

31	  31 
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Standard	  Model:	  	  ‘rare’	  processes	  	  

4-‐fermion	  Z→llll	  	  decays	  
observed	  at	  a	  hadron	  collider!	  
(BR	  =	  4.4·∙10-‐6),	  σ ≈	  125±26	  \	  

800	  WW→	  lvlv	  events	  
observed	  in	  2011,	  ±10%	  xsec	  
precision.	  Constrains	  Higgs	  
backgrounds	  and	  anomalous	  
trilinear	  electroweak	  
couplings	  

CMS-PAS-SMP-12-009 

CMS-PAS-SMP-12-005 

 Z→	  µ+µ-µ+µ- 	  
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Top	  mass	  
CMS	  average:	  172.6	  ±	  0.4	  ±	  1.2	  GeV	  

CMS	  µ+Jets	  
analysis	  

TOP-‐11-‐015	  

Dilepton:	  	  
TOP-‐11-‐016	  

Lepton+jets:	  
TOP-‐11-‐015	  

Cross-‐check:	  44660	  
events	  

~1.3 (syst) GeV including color reconnection 
 Underlying Event expected to be small 
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W

1j≥

2j≥

3j≥

4j≥

Z

1j≥

2j≥

3j≥

4j≥

 > 30 GeV
 jet

TE

 | < 2.4
 jet
η| 

γW

 > 10 GeV
γ 

TE

,l) > 0.7γR(Δ

γZ

WW
WZ

ZZ

 ZZ→

(127)H

-136 pb -136 pb -11.1 fb -14.7 fb

JHEP10(2011)132

CMS-PAS-EWK-10-012
PLB701(2011)535 CMS-PAS-EWK-11-010 CMS-PAS-HIG-11-025

theory prediction

syst)⊕CMS measurement (stat

CMS 95%CL limit

Standard	  Model	  at	  7	  TeV	  2010-‐2012	  

§  Fabulous	  
agreement	  
§  Lot’s	  of	  data	  
	  …	  onto	  the	  Higgs…	  
	  

) (pb)t(tσ

0 50 100 150 200 250 300
-0.5

8.8

A
pp

ro
x.

 N
N

LO
 Q

C
D

N
LO

 Q
C

D

+jetsµCMS e/   7±  29
36 ± 14 ±173 

arXiv:1106.0902 (L=36/pb)  lum)± syst. ± stat. ±(val 

)µ,eµµCMS dilepton (ee,   7±  14
14 ± 18 ±168 

arXiv:1105.5661 (L=36/pb)  lum)± syst. ± stat. ±(val 

+jets+btagµCMS e/   6±  17
17 ±  9 ±150 

arXiv:1108.3773 (L=36/pb)  lum)± syst. ± stat. ±(val 

CMS 2010 combination   6±  17
17 ±154 

arXiv:1108.3773 (L=36/pb)  lum.)± tot. ±(val 

)τµCMS dilepton (   9±  26
26 ± 24 ±149 

TOP-11-006 (L=1.09/fb)  lum)± syst. ± stat. ±(val 

CMS all-hadronic   8±  40
40 ± 20 ±136 

TOP-11-007 (L=1.09/fb)  lum)± syst. ± stat. ±(val 

)µ,eµµCMS dilepton (ee,   8±  16
16 ±  4 ±170 

TOP-11-005 (L=1.14/fb)  lum)± syst. ± stat. ±(val 

+jets+btagµCMS e/   7±  12
12 ±  3 ±164 

TOP-11-003 (L=0.8-1.09/pb)  lum)± syst. ± stat. ±(val 

=7 TeVsCMS Preliminary, 

Theory: Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009
 PDF(90% C.L.) uncertainty⊗MSTW2008(N)NLO PDF, scale 
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Higgs boson (MH ~120 GeV) 
produced every ~10 seconds 
@ L=5x1033 cm-2 s-1

–  If it exists J

Higgs boson at LHC

35	  



Higgs boson: decay channels
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Signal	  at	  1	  ^-‐1	  

Decay channel Mass region

H à γγ	
 110-150

H à bb  110-135

H à ττ 110-140

H àWW à2l 2ν 110-600

H à ZZ à4l 110-600

H à ZZ à2l2τ 180-600

H à ZZ à2l2j 226-600

H à ZZ à2l2ν 250-600

 [GeV]HM
100 200 300 400 500

 B
R

 [p
b]

× 
m

-410

-310

-210

-110

1

10

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
1

SM = 7TeVs

µl = e, 
oi,µi,ei = i

q = udscb
bbi± lAWH 

bb-l+ lAZH 

-o+o AVBF H 

-o+o AH 

aa

qqi± lAWW 

i
-li+ lAWW 

qq-l+ lAZZ 

ii
-l+ lAZZ 

-l+l-l+ lAZZ 

Most sensitive channels for  
low mass Higgs:  

H à γγ	

H à WW à l-νl+ν, 
H à ZZ à l-l+l-l+
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H à ZZ à l-l+l-l+ 



Signal vs background(s) 

•  Signal: an event coming from the physical process under study"
–  Example: Hà ZZàe+e-e+e- "

•  Background: any other event"
–  ‘Trivial’ backgrounds are all other backgrounds and are easily rejected by a 

simple requirement of having at least 4 electrons in the final state 
–  ‘Dangerous’ background is any other process giving at least 4 electrons in the 

final state"

Signal:	  ppàHàZZà4e	  

Z	  

Z	  

e

e

e

e

‘Dangerous’	  background:	  ppàZZà4e	  

Z	  

Z	  

e

e

e

e

q

q
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Signal?	   Background?	  



40 

W + jets

Z + jets
 Z→ +−

 W → ν

tt

tt

t + X

t + X
(s-chan)

(t-chan)

tW W +W −

WZ

ZZ /Higgs

165 pb NNLO

43 pb

18 pb
5.9 pb

28000 pb NLO

2800 pb NLO

63 pb NLO

10.6 pb

4.6 pb

σ (pb)

Signal vs backgrounds



How to detect particles? 
Tracking + Ecal + Hcal + Muons for |η|<2.4 

Silicon	  Microstrips	

and	  Pixels	

Si	  TRACKER	
 CALORIMETERS	


	  	
ECAL	

	  ScinFllaFng	  	  
PbWO4	  crystals	


	  	
 HCAL	

PlasFc	  scinFllator/brass	  
sandwich	
 	  	


	  	

MUON	  BARREL	


Drij	  Tube	
	  	

Chambers	  (DT)	  	  	
 ResisFve	  Plate	
	  	
Chambers	  (RPC)	  



H à ZZ à l-l+l-l+ event selection

42	  

•  Best 4l candidate choice
–  Two lepton pairs of opposite 

charge, pT> 20, 10, 7, 5 GeV
–  Z hypothesis for at least on pair
–  M4l>100 GeV

•  Background rejection with 
isolation and impact 
parameter requirement

•  Mll>12 GeV requirement on 
2nd lepton pair

•  Event distribution consistent 
with SM ZZ*

•  Event count (example from 2011):
–   data: 72, expected background: 67.1±6.0
–   13 events below MH=160, 9.5±1.3 expected



Measured
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Measured + predicted/expected

44	  



 [GeV]4lm
100 150 200 250 300 350 400 450 500 550 600

Ev
en

ts
 / 

10
  G

eV

0

1

2

3

4

5

6

Signal Region  (WFC)

irreducible  (sim.):  2.6

reducible  (data):  11.3

observed:  12
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•  Irreducible background ZZ à 4l
–  Estimated using simulation

–  Phenomenological shape models

–  Corrected for data/simulation scale


–  Reducible background

–  Estimated from data

•  Measure probabilities for  
lepton misidentification

•  Extrapolate from control samples 
enriched with mis-identified leptons

–  Validation in data using  
“wrong flavors & charges” events

–  Total uncertainty ~50%

Background models

4l	  

4l	  

Wrong	  Flavors	  	  
&	  Charge	  

qq	  à	  ZZ	  à	  4l	   gg	  à	  ZZ	  à	  4l	  

4e	  

Z	  +	  same	  
flavor	  same	  	  
charge	  pair	  
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Situation in 2011

46	  

•  Event count:
•  Full mass range:

– data: 72 events
– expected background: 67.1±6.0 events

•  Below MH=160 GeV:
– data: 13 events
– expected background: 9.5±1.3 events



Accepting or rejecting theories? 

•  Image we make an experiment and obtain data 
–  Theory 1 agrees with data 
–  Theory 2 also agrees 
–  Theory 3 also agrees 
–  ... 
–  Theory n also agrees 
–  Than the statement that “Theory 1 is acceptable” is not so 

strong 
•  Not wrong either 

•  But imagine this scenario 
–  Theory 1 gives precise prediction 
–  Experiment doesn’t quite agree with that prediction 
–  Than the statement “Theory 1 is not acceptable” is rather 

strong 
–  Therefore we better reject than accept theories 

47 



Search	  for	  SM	  Higgs:	  limits	  from	  2011
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•  Higgs boson excluded everywhere except [114.5 - 127] GeV



Two options for 2012
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Blind analysis



H à ZZ à l-l+l-l+ events distribution
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The day we looked at signal region 
14 June 2012 @ 18h00
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H à ZZ à l-l+l-l+ events distribution
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H à ZZ à l-l+l-l+ events distribution



H à ZZ à l-l+l-l+ results
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From PDG: “... p-value is defined as the probability to find the 
test statistics in the region of equal and lesser compatibility with 
H0 than the level of compatibility observed with actual data ...” 
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H à ZZ à l-l+l-l+ results
76 10 Combined results
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Figure 35: The local p-value as a function of mH for the 7 and 8 TeV data sets and their combi-
nation for the ZZ ! 4` channel. The observed p-values for the combined 7 and 8 TeV data sets
are shown by the solid line; the median expected p-values for a SM Higgs boson with mass mH
are shown by the dashed line. The observed p-values for the 7 and 8 TeV data sets are shown
by the dotted lines. The horizontal lines show the relationship between the p-value (left y axis)
and the significance in standard deviations (right y axis).

10.3.2 Combined results

To quantify the inconsistency of the observed excesses with the background-only hypothesis,
we show in Fig. 36 (left) the local p-value p0 for the five decay modes combined for the 7 and
8 TeV data sets. The 7 and 8 TeV data sets exhibit excesses of 3.2s and 3.8s, respectively, for a
SM Higgs boson with a mass near 125 GeV. In the combination, the minimum local p-value of
pmin = 3 ⇥ 10�7, corresponding to a local significance of 5.0s, occurs at mH = 125.5 GeV.

Figure 36 (right) gives the p-value distribution for each of the decay channels. The largest
contributions to the overall excess are from the gg and ZZ ! 4` channels. Both channels
have good mass resolution and allow a precise measurement of the mass of the resonance
corresponding to the excess. Their combined significance is 5.0s, as displayed in Fig. 37 (left).
Figure 37 (right) shows the combined p-value distribution for the channels with poorer mass
resolution: WW, tt, and bb.

Table 21 summarizes the median expected and observed local significance for a SM Higgs bo-
son mass hypothesis of 125.5 GeV from the individual decay modes and their combinations. In
the tt channel, we do not observe an excess of events at this mass. The expected significance
is evaluated assuming the expected background and signal rates. The observed significance is
expected to be within ±1s of the expected significance with a 68% probability.

The LEE-corrected significance is evaluated by generating 10 000 pseudo-experiments. After
fitting for the constant C in Eq. (16), we find that the global significance of the signal at mH =
125.5 GeV is 4.6s (4.5s) for the mass search range 115–130 GeV (110–145 GeV).

The low probability for an excess at least as large as the observed one to arise from a statistical
fluctuation of the background leads to the conclusion that we observe a new particle with a



When do we claim a discovery? 

•  Claiming discovery is a serious issue 
–  It should stay with us for a long long time (if not forever J) 

•  So, when do we claim a discovery? 
–  When we are sure. 
–  But we are never sure! 
–  That’s right, but we can be pretty sure J 
–  ‘Pretty’ is not a scientific term!? 
–  That’s right, therefore we addopted some kind of a 

convention: 
•  Make a hypothesis that the result you obtain is due to the 

fluctuation of the background (i.e. already know processes) 
•  Calculate a probability for that hypothesis 
•  Reject the hypothesis if that probability is smaller than 

0.000000287 (significance > 5) 
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Converting p-values to 
significances 

59 

p-‐value	   Zscore	  /	  	  
significance	   Area	  ±nσ	   Probability	  of	  outcome:	  1	  

in	  ...	  

0.159	   1	   	  0.68268949	  	   3.15	  

0.023	   2	   0.95449974	   22.0	  

1.35E-‐03	   3	   0.99730020	   370	  

3.17E-‐05	   4	   0.99993666	   15,787	  

2.87E-‐07	   5	   0.99999943	   1,744,278	  



LHC prsten: 
Opseg od 27 km 

ALICE	  

LHCb	  

ATLAS	  
CMS	  
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ATLAS H à ZZ à l-l+l-l+ results



Search for light higgs: H à γγ	
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H à γγ: Search for a narrow mass peak 
with two isolated high ET photons 	


5.5 Signal and background modelling 21
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Figure 10: Comparison of the diphoton invariant-mass distribution from the parametric signal
model (blue line) and simulated MC events (open squares) for a Higgs mass hypothesis of
mH = 120 GeV for two (BDT 0 on the left, BDT 3 on the right) of the four 8 TeV BDT event
classes.

a mass resolution seff = 1.34 GeV, while the right distribution is for classifier values between
�0.05 and 0.50 and has seff = 2.77 GeV. This is the intended behaviour of the event class
implementation.

The uncertainties in the weighting factors for each of the production processes arise from varia-
tions in the renormalization and factorization scales, and uncertainties in the PDFs. They range
from several percent for associated production with W/Z to almost 20% for the gluon-gluon
fusion process. The detailed values for the 8 TeV analysis, together with all the other systematic
uncertainties discussed above, are summarized in Table 4. The corresponding uncertainties in
the 7 TeV analysis are very similar, with the exception of the already mentioned uncertainty on
the photon ID classifier, which was significantly larger in the 7 TeV analysis. The reason for this
is a worse agreement between data and MC simulation.

In addition to the per-photon energy scale uncertainties, that are derived in the eight h �R9 cat-
egories, additional fully correlated energy scale uncertainties are assigned in order to account
for possible non-linearity as a function of energy and for additional electron-photon differ-
ences. The uncertainty associated with possible non-linearities in the energy measurement as
a function of the cluster energy are evaluated by measuring the energy scale of Z ! ee events
as a function of the scalar sum of transverse momentum of the two electrons. The change in
energy scale due to possible non-linearities in the energy measurement is estimated around
0.2%; since this correction is not applied, a systematic uncertainty of 0.4% is assigned. An addi-
tional fully correlated uncertainty related to difference of 0.25% between electron and photon
is assigned, amounting to half of the absolute energy scale difference between electrons and
photons for non-showering electrons/photons in the barrel. Adding these two numbers in
quadrature results in the additional energy scale uncertainty of 0.47%, that is treated as fully
correlated among all event classes.

The modelling of the background relies entirely on the data. The observed diphoton invariant-
mass distributions for the eleven event classes (five in the 7 and eight in the 8 TeV analysis) are



H à γγ: Search for a narrow mass peak 
with two isolated high ET photons 	
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10.3 Significance of the observed excess 75
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Figure 34: The local p-value as a function of mH for the 7 and 8 TeV data sets and their com-
bination for the gg mode from (top) the primary analysis, (lower left) the cut-based analysis,
and (lower right) the side-band analysis. The observed p-values for the combined 7 and 8 TeV
data sets are shown by the solid lines; the median expected p-values for a SM Higgs boson with
mass mH, are shown by the dashed lines. The horizontal lines show the relationship between
the p-value (left y axis) and the significance in standard deviations (right y axis).

H à γγ results
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•  Background: direct QCD photons and fake photons from jets
•  pT> (40,30) GeV for two photon candidates
•  Photon identification based on categories and conversion probability: 

Isolation, shape of electromagnetic calorimeter to reject π0àγγ, electron 
veto



Combination and interpretation
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A new Higgs-like boson: CMS
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Significance = 5σ @ 125.5 GeV



A new Higgs-like boson: ATLAS
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Significance = 5.9σ @ 126.5 GeV
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Excess of data at 
about the same 

place ... in two years 



EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-PH-EP/2012-220
2012/08/01

CMS-HIG-12-028

Observation of a new boson at a mass of 125 GeV with the
CMS experiment at the LHC

The CMS Collaboration⇤

Abstract

Results are presented from searches for the standard model Higgs boson in proton-
proton collisions at

p
s = 7 and 8 TeV in the CMS experiment at the LHC, using

data samples corresponding to integrated luminosities of up to 5.1 fb�1 at 7 TeV and
5.3 fb�1 at 8 TeV. The search is performed in five decay modes: gg, ZZ, WW, t+t�,
and bb. An excess of events is observed above the expected background, a local signif-
icance of 5.0 standard deviations, at a mass near 125 GeV, signalling the production
of a new particle. The expected significance for a standard model Higgs boson of
that mass is 5.8 standard deviations. The excess is most significant in the two decay
modes with the best mass resolution, gg and ZZ; a fit to these signals gives a mass of
125.3 ± 0.4 (stat.)± 0.5 (syst.)GeV. The decay to two photons indicates that the new
particle is a boson with spin different from one.

This paper is dedicated to the memory of our colleagues who worked on CMS
but have since passed away.

In recognition of their many contributions to the achievement of this observation.

Submitted to Physics Letters B

⇤See Appendix A for the list of collaboration members
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EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

CERN-PH-EP-2012-218
Submitted to: Physics Letters B

Observation of a New Particle in the Search for the Standard
Model Higgs Boson with the ATLAS Detector at the LHC

The ATLAS Collaboration

Abstract

A search for the Standard Model Higgs boson in proton-proton collisions with the ATLAS detector
at the LHC is presented. The datasets used correspond to integrated luminosities of approximately
4.8 fb−1 collected at √s = 7TeV in 2011 and 5.8 fb−1 at √s = 8TeV in 2012. Individual searches in the
channels H→ ZZ(∗)→ 4ℓ, H→ γγ and H→WW (∗)→ eνµν in the 8TeV data are combined with previously
published results of searches for H→ ZZ(∗), WW (∗), b  b and τ+τ− in the 7TeV data and results from
improved analyses of the H→ZZ(∗)→ 4ℓ and H→ γγ channels in the 7TeV data. Clear evidence for the
production of a neutral boson with a measured mass of 126.0 ± 0.4 (stat) ± 0.4 (sys) GeV is presented.
This observation, which has a significance of 5.9 standard deviations, corresponding to a background
fluctuation probability of 1.7×10−9, is compatible with the production and decay of the Standard Model
Higgs boson.
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Evolution of the excess with time  

Energy-scale  
systematics 
not included 

F. Gianotti (CERN), July 4 2012 



 This was 
Part 1 – Higgs boson discovery 

or How did we find it? 
And how sure are we about it ...
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5.2 H ! ZZ 13
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Figure 4: Distribution of the four-lepton invariant mass for the ZZ ! 4` analysis. The
points represent the data, the filled histograms represent the background, and the open his-
togram shows the signal expectation for a Higgs boson of mass mH = 125 GeV, added to the
background expectation. The inset shows the m4` distribution after selection of events with
KD > 0.5, as described in the text.

Table 3: The number of selected events, compared to the expected background yields and ex-
pected number of signal events (mH = 125 GeV) for each final state in the H ! ZZ analysis. The
estimates of the Z+X background are based on data. These results are given for the mass range
from 110 to 160 GeV. The total background and the observed numbers of events are also shown
for the three bins (“signal region”) of Fig. 4 where an excess is seen (121.5 < m4` < 130.5 GeV).

Channel 4e 4µ 2e2µ 4`
ZZ background 2.7 ± 0.3 5.7 ± 0.6 7.2 ± 0.8 15.6 ± 1.4
Z + X 1.2+1.1

�0.8 0.9+0.7
�0.6 2.3+1.8

�1.4 4.4+2.2
�1.7

All backgrounds (110 < m4` < 160 GeV) 4.0 ± 1.0 6.6 ± 0.9 9.7 ± 1.8 20 ± 3
Observed (110 < m4` < 160 GeV) 6 6 9 21
Signal (mH = 125 GeV) 1.36 ± 0.22 2.74 ± 0.32 3.44 ± 0.44 7.54 ± 0.78
All backgrounds (signal region) 0.7 ± 0.2 1.3 ± 0.1 1.9 ± 0.3 3.8 ± 0.5
Observed (signal region) 1 3 5 9



Part 2 – Higgs boson property measurements  
or What did we really find? 

And how do we know that ...
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ATLAS – Final results with Run I data
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FIG. 13. Diphoton invariant mass m�� spectrum observed in
the sum of the 7 TeV and 8 TeV data. Each event is weighted
by the signal-to-background ratio in the dataset and category
it belongs to. The errors bars represent 68% confidence in-
tervals of the weighted sums. The solid red curve shows the
fitted signal plus background model when the Higgs boson
mass is fixed at 125.4 GeV. The background component of
the fit is shown with the dotted blue curve. The signal com-
ponent of the fit is shown with the solid black curve. Both the
signal plus background and background-only curves reported
here are obtained from the sum of the individual curves in
each category weighted by their signal-to-background ratio.
The bottom plot shows the data relative to the background
component of the fitted model.

Table XIV. They are determined from the di↵erence in
quadrature between the nominal uncertainty and change
in the 68% CL range on µ when the corresponding nui-
sance parameters are fixed to their best fit values. The
sums of the squares of the theoretical uncertainties linked
to the QCD scales, PDFs, and H ! �� branching ratio
account for approximately 50% of the square of the to-
tal systematic uncertainty. The dominant experimental
uncertainty is from the photon energy resolution, which
represents approximately 30% of the total systematic un-
certainty (as above in terms of its contribution to the
square of the total systematic uncertainty). In the fit
to extract the signal strengths, the post-fit values of the
most relevant nuisance parameters (those apart from the
ones of the background model), do not show significant
deviations from their pre-fit input values.
The compatibility of the combined signal strength pre-

sented in this article with the one published in Ref. [13],
µ = 1.55 +0.33

�0.28, is investigated using a jackknife resam-
pling technique [111, 112] in which variances and covari-
ances of observables are estimated with a series of sub-

TABLE XIV. Main systematic uncertainties �syst.
µ on the

combined signal strength parameter µ. The values for each
group of uncertainties are determined by subtracting in
quadrature from the total uncertainty the change in the 68%
CL range on µ when the corresponding nuisance parameters
are fixed to their best fit values. The experimental uncer-
tainty on the yield does not include the luminosity contribu-
tion, which is accounted for separately.

Uncertainty group �syst.
µ

Theory (yield) 0.09
Experimental (yield) 0.02
Luminosity 0.03
MC statistics < 0.01
Theory (migrations) 0.03
Experimental (migrations) 0.02
Resolution 0.07
Mass scale 0.02
Background shape 0.02

samples of the observations. The datasets used in the
two analyses are highly correlated: 142681 events are
selected in Ref. [13], 111791 events are selected in the
current analysis, and 104407 events are selected in both
analyses. The significance of the 0.4 di↵erence between
the combined signal strengths, including the e↵ect of the
74% correlation between the two measurements, is cal-
culated by applying the jackknife technique to the union
of the two datasets and is found to be 2.3�. An un-
certainty of 0.1� on the compatibility between the two
measurements is estimated by varying the size of the jack-
knife sub-samples. The decrease in the observed signal
significance (5.2�) with respect to the one published in
Ref. [13] (7.4�) is related to the reduction of the mea-
sured signal strength according to the asymptotic for-
mula Z = µ/�stat

µ , where �stat

µ is the statistical compo-
nent of the uncertainty on µ. In other words, the ob-
served reductions of the significance and signal strength
are consistent with each other and consistent with a sta-
tistical fluctuation at the level of ⇠ 2.3�.

As can be seen in Figs. 17 and 18, the observed sig-
nal strengths of the tagged categories, which are domi-
nated by production processes other than ggF, tend to
be lower than the signal strengths measured with the
untagged categories, which are dominated by ggF pro-
duction. This tendency, combined with the optimized
sensitivity of this analysis to production processes other
than ggF, results in a lower combined signal strength
than those measured using alternative analyses of the
same dataset (or where the datasets are largely over-
lapping) that are inclusive with respect to the produc-
tion process. The compatibility of the combined signal
strength obtained in this analysis with the signal strength
µ = 1.29± 0.30 obtained in the mass measurement anal-
ysis quoted in Ref. [9] for the diphoton channel (where
the diphoton events are sorted into categories that de-
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Figure 16: The observed local p0-value for the combination of the 2011 and 2012 data sets (solid black line) as a function of
mH ; the individual results for

p
s = 7TeV and 8TeV are shown separately as red and blue solid lines, respectively. The dashed

curves show the expected median of the local p0 for the signal hypothesis with signal strength µ = 1, when evaluated at the
corresponding mH . The horizontal dot-dashed lines indicate the p0 values corresponding to local significances of 1–8�.

inclusive 2D method.
At the combined ATLAS measured value of the Higgs boson mass, mH = 125.36 GeV, the signal strength

is found to be µ = 1.50 +0.35
�0.31 (stat) +0.19

�0.13 (syst). The scan of the profile likelihood, �2 ln⇤(µ), as a function
of the inclusive signal strength µ for each one of the four channels separately, as well as for their combination,
is shown in Fig. 17(b).

31

Table 11: The number of events expected and observed for a mH=125 GeV hypothesis for the four-lepton final states in a
window of 120 < m4` < 130 GeV. The second column shows the number of expected signal events for the full mass range,
without a selection on m4`. The other columns show for the 120–130 GeV mass range the number of expected signal events,
the number of expected ZZ⇤ and reducible background events, the signal-to-background ratio (S/B), together with the number
of observed events, for 4.5 fb�1 at

p
s = 7 TeV and 20.3 fb�1 at

p
s = 8 TeV as well as for the combined sample.

Final state Signal Signal ZZ⇤ Z + jets, tt̄ S/B Expected Observed
full mass range p

s = 7 TeV

4µ 1.00 ± 0.10 0.91 ± 0.09 0.46 ± 0.02 0.10 ± 0.04 1.7 1.47 ± 0.10 2
2e2µ 0.66 ± 0.06 0.58 ± 0.06 0.32 ± 0.02 0.09 ± 0.03 1.5 0.99 ± 0.07 2
2µ2e 0.50 ± 0.05 0.44 ± 0.04 0.21 ± 0.01 0.36 ± 0.08 0.8 1.01 ± 0.09 1
4e 0.46 ± 0.05 0.39 ± 0.04 0.19 ± 0.01 0.40 ± 0.09 0.7 0.98 ± 0.10 1

Total 2.62 ± 0.26 2.32 ± 0.23 1.17 ± 0.06 0.96 ± 0.18 1.1 4.45 ± 0.30 6p
s = 8 TeV

4µ 5.80 ± 0.57 5.28 ± 0.52 2.36 ± 0.12 0.69 ± 0.13 1.7 8.33 ± 0.6 12
2e2µ 3.92 ± 0.39 3.45 ± 0.34 1.67 ± 0.08 0.60 ± 0.10 1.5 5.72 ± 0.37 7
2µ2e 3.06 ± 0.31 2.71 ± 0.28 1.17 ± 0.07 0.36 ± 0.08 1.8 4.23 ± 0.30 5
4e 2.79 ± 0.29 2.38 ± 0.25 1.03 ± 0.07 0.35 ± 0.07 1.7 3.77 ± 0.27 7

Total 15.6 ± 1.6 13.8 ± 1.4 6.24 ± 0.34 2.00 ± 0.28 1.7 22.1 ± 1.5 31p
s = 7 TeV and

p
s = 8 TeV

4µ 6.80 ± 0.67 6.20 ± 0.61 2.82 ± 0.14 0.79 ± 0.13 1.7 9.81 ± 0.64 14
2e2µ 4.58 ± 0.45 4.04 ± 0.40 1.99 ± 0.10 0.69 ± 0.11 1.5 6.72 ± 0.42 9
2µ2e 3.56 ± 0.36 3.15 ± 0.32 1.38 ± 0.08 0.72 ± 0.12 1.5 5.24 ± 0.35 6
4e 3.25 ± 0.34 2.77 ± 0.29 1.22 ± 0.08 0.76 ± 0.11 1.4 4.75 ± 0.32 8

Total 18.2 ± 1.8 16.2 ± 1.6 7.41 ± 0.40 2.95 ± 0.33 1.6 26.5 ± 1.7 37
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Figure 13: The distribution of the four-lepton invariant mass, m4`, for the selected candidates (filled circles) compared to the
expected signal and background contributions (filled histograms) for the combined

p
s = 7 TeV and

p
s = 8 TeV data for the

mass ranges: (a) 80–170 GeV, and (b) 80–600 GeV. The signal expectation shown is for a mass hypothesis of mH = 125 GeV
and normalized to µ = 1.51 (see text). The expected backgrounds are shown separately for the ZZ⇤ (red histogram), and
the reducible Z + jets and tt̄ backgrounds (violet histogram); the systematic uncertainty associated to the total background
contribution is represented by the hatched areas.

signal strength at this value for mH is µ = 1.66 +0.39
�0.34 (stat) +0.21

�0.14 (syst). The other methods of Sec. 8.1,
1D and per-event resolution, yield similar results for the Higgs boson mass [9]. Figure 17(a) shows the best
fit values of µ and mH as well as the profile likelihood ratio contours in the (mH ,µ) plane corresponding
to the 68% and 95% confidence level intervals. Finally, the best fit value for mH obtained using the model
developed for the categorized analysis, described in Sec. 8.2, is within 90 MeV of the value found with the

28



CMS – Final results with Run I data

25

excess of events observed in the 4` mass spectrum is localized in a narrow region in the vicinity
of 126 GeV, the events expected in a narrower range, 121.5 < m4` < 130.5 GeV, are reported
in Table 4. Table 5 reports the breakdown of the events observed in data and the expected
background yields in the same m4` region in the two analysis categories, together with the
expected yield for a SM Higgs boson with mH = 126 GeV, split by production mechanism. The
m4` distribution for the sum of the 4e, 2e2µ, and 4µ channels, in the mass region 70 < m4` <
180 GeV, is shown in Fig. 10. Figure 11 shows the reconstructed invariant masses of the Z1 and
Z2 in a m4` range between 121.5 and 130.5 GeV.
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Figure 10: Distribution of the four-lepton reconstructed mass for the sum of the 4e, 2e2µ, and
4µ channels for the mass region 70 < m4` < 180 GeV. Points with error bars represent the
data, shaded histograms represent the backgrounds, and the unshaded histogram represents
the signal expectation for a mass hypothesis of mH = 126 GeV. Signal and the ZZ background
are normalized to the SM expectation, the Z + X background to the estimation from data.

The distributions of the Dkin
bkg versus m4` are shown for the selected events and compared to

the SM background expectation in Fig. 12. The distribution of events in the (m4`,Dkin
bkg) plane

agrees well with the SM background expectation in the high-mass range [Fig. 12 (right)], while
discrepancies in the two-dimensional plane are observed in the low-mass range 110 < m4` <
180 GeV [Fig. 12 (left)], indicative of the presence of a signal. Figure 13 (left) shows the same
data points as in Fig. 12 (left), but compared with the expected distribution from SM back-
grounds plus the contribution of a Higgs boson with mH = 126 GeV. A signal-like clustering
of events is apparent at high values of Dkin

bkg and for m4` ⇡ 126 GeV. Figure 13 (right) shows the
distribution of the kinematic discriminant Dkin

bkg in the mass region 121.5 < m4` < 130.5 GeV.

The distribution of the transverse momentum of the 4` system in the 0/1-jet category and its
joint distribution with m4` are shown in Fig. 14. The pT spectrum shows good agreement with
a SM Higgs boson hypothesis with mH = 126 GeV in the 0/1-jet category with few events
having pT > 60 GeV, where VBF and VH production are relatively more relevant. In order to
compare the pT spectrum in data with the SM Higgs boson distribution more quantitatively,
a background subtraction using the sP lot weighting technique [135] is performed. The event
weights, related to the probability for each event to be signal-like or background-like, are com-
puted according to the one-dimensional likelihood based on the m4` distribution, which shows
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cross section to the SM expectation. The expected 1s and 2s ranges of expectation for the
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Significance of the local excess with respect to the SM background expectation as a function of
the Higgs boson mass in the full mass range 110–1000 GeV. Results are shown for the 1D fit
(Lµ

1D), the 2D fit (Lµ
2D), and the reference 3D fit (Lµ

3D).
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with respect to using the average resolution.

The experimental resolution parameter of the double-sided CB function, used to model the
m4` line shape, is substituted with the per-event estimation of the mass uncertainty Dm. The
parameters describing the tail of the double-sided CB from simulation are also corrected on a
per-event basis.

The likelihood used for the mass and width measurements is defined in Eq. (15). By con-
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bands shown for the background component of the fit are computed from the fit uncertainty
in the background yield in bins corresponding to those used to display the data. These bands
do not contain the Poisson uncertainty that must be included when the full uncertainty in the
number of background events in any given mass range is estimated. The lower plot shows the
residual data after subtracting the fitted background component.
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Figure 19: Diphoton mass spectrum weighted by the ratio S/(S + B) in each event class, to-
gether with the background subtracted weighted mass spectrum.

Table 5: Values of the best-fit signal strength, µ̂, when mH is treated as a nuisance parameter,
for the 7 TeV, 8 TeV, and combined datasets. The corresponding best-fit value of mH, bmH, is also
given.

µ̂ bmH (GeV)
7 TeV 2.22+0.62

�0.55 124.2
8 TeV 0.90+0.26

�0.23 124.9
Combined 1.14+0.26

�0.23 124.7

section times the relevant branching fractions, relative to the SM expectation. In Fig. 20 the
combined best-fit signal strength, µ̂, is shown as a function of the Higgs boson mass hypothesis,
both for the standard analysis (left) and for the cut-based analysis (right). The two analyses
agree well across the entire mass range. In addition to the signal around 125 GeV, both analyses
see a small upward fluctuation at 150 GeV, which is found to have a maximum local significance
of just over 2 s at mH = 151 GeV—slightly beyond the mass range of our analysis.

The best-fit signal strength for the main analysis, when the value of mH is treated as a nui-
sance parameter in the fit, is µ̂ = 1.14+0.26

�0.23, with the corresponding best-fit mass being bmH =
124.7 GeV. The expected uncertainties in the best-fit signal strength, at this mass, are +0.24 and
�0.22. The values of the best-fit signal strength, derived separately for the 7 and 8 TeV datasets,
are listed in Table 5. For the cut-based analysis the corresponding value is µ̂ = 1.29+0.29

�0.26
at bmH = 124.6 GeV, and for the sideband background model analysis the value measured is
µ̂ = 1.06+0.26

�0.23 at bmH = 124.7 GeV. These values are shown in Table 6 together with the expected
uncertainty, and the corresponding values for the main analysis.

The uncertainty in the signal strength may be separated into statistical and systematic con-
tributions, with the latter further divided into those having, or not, a theoretical origin: µ̂ =
1.14 ± 0.21 (stat) +0.09

�0.05 (syst) +0.13
�0.09 (theo), where the statistical contribution includes all uncer-
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Measuring the properties
•  What kind of objects did we find?

–  Is this the Higgs boson of the Standard Model?
•  Or something else ...

•  Let’s call this particle “X particle”, for the moment
•  Now, with much more data, we can try to answer the 

following questions:
–  What is the mass of X?

–  Is X produced according to the SM Higgs boson predictions?

–  Does X decay according to the SM Higgs boson predictions?

–  Does X couple to other particles according to the SM Higgs 
boson predictions?

–  What are the spin and parity of X?
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Higgs boson (MH ~120 GeV) 
produced every ~10 seconds 
@ L=5x1033 cm-2 s-1

–  If it exists J

Higgs boson at LHC
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Higgs boson: decay channels
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25

excess of events observed in the 4` mass spectrum is localized in a narrow region in the vicinity
of 126 GeV, the events expected in a narrower range, 121.5 < m4` < 130.5 GeV, are reported
in Table 4. Table 5 reports the breakdown of the events observed in data and the expected
background yields in the same m4` region in the two analysis categories, together with the
expected yield for a SM Higgs boson with mH = 126 GeV, split by production mechanism. The
m4` distribution for the sum of the 4e, 2e2µ, and 4µ channels, in the mass region 70 < m4` <
180 GeV, is shown in Fig. 10. Figure 11 shows the reconstructed invariant masses of the Z1 and
Z2 in a m4` range between 121.5 and 130.5 GeV.
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Figure 10: Distribution of the four-lepton reconstructed mass for the sum of the 4e, 2e2µ, and
4µ channels for the mass region 70 < m4` < 180 GeV. Points with error bars represent the
data, shaded histograms represent the backgrounds, and the unshaded histogram represents
the signal expectation for a mass hypothesis of mH = 126 GeV. Signal and the ZZ background
are normalized to the SM expectation, the Z + X background to the estimation from data.

The distributions of the Dkin
bkg versus m4` are shown for the selected events and compared to

the SM background expectation in Fig. 12. The distribution of events in the (m4`,Dkin
bkg) plane

agrees well with the SM background expectation in the high-mass range [Fig. 12 (right)], while
discrepancies in the two-dimensional plane are observed in the low-mass range 110 < m4` <
180 GeV [Fig. 12 (left)], indicative of the presence of a signal. Figure 13 (left) shows the same
data points as in Fig. 12 (left), but compared with the expected distribution from SM back-
grounds plus the contribution of a Higgs boson with mH = 126 GeV. A signal-like clustering
of events is apparent at high values of Dkin

bkg and for m4` ⇡ 126 GeV. Figure 13 (right) shows the
distribution of the kinematic discriminant Dkin

bkg in the mass region 121.5 < m4` < 130.5 GeV.

The distribution of the transverse momentum of the 4` system in the 0/1-jet category and its
joint distribution with m4` are shown in Fig. 14. The pT spectrum shows good agreement with
a SM Higgs boson hypothesis with mH = 126 GeV in the 0/1-jet category with few events
having pT > 60 GeV, where VBF and VH production are relatively more relevant. In order to
compare the pT spectrum in data with the SM Higgs boson distribution more quantitatively,
a background subtraction using the sP lot weighting technique [135] is performed. The event
weights, related to the probability for each event to be signal-like or background-like, are com-
puted according to the one-dimensional likelihood based on the m4` distribution, which shows

Table 11: The number of events expected and observed for a mH=125 GeV hypothesis for the four-lepton final states in a
window of 120 < m4` < 130 GeV. The second column shows the number of expected signal events for the full mass range,
without a selection on m4`. The other columns show for the 120–130 GeV mass range the number of expected signal events,
the number of expected ZZ⇤ and reducible background events, the signal-to-background ratio (S/B), together with the number
of observed events, for 4.5 fb�1 at

p
s = 7 TeV and 20.3 fb�1 at

p
s = 8 TeV as well as for the combined sample.

Final state Signal Signal ZZ⇤ Z + jets, tt̄ S/B Expected Observed
full mass range p

s = 7 TeV

4µ 1.00 ± 0.10 0.91 ± 0.09 0.46 ± 0.02 0.10 ± 0.04 1.7 1.47 ± 0.10 2
2e2µ 0.66 ± 0.06 0.58 ± 0.06 0.32 ± 0.02 0.09 ± 0.03 1.5 0.99 ± 0.07 2
2µ2e 0.50 ± 0.05 0.44 ± 0.04 0.21 ± 0.01 0.36 ± 0.08 0.8 1.01 ± 0.09 1
4e 0.46 ± 0.05 0.39 ± 0.04 0.19 ± 0.01 0.40 ± 0.09 0.7 0.98 ± 0.10 1

Total 2.62 ± 0.26 2.32 ± 0.23 1.17 ± 0.06 0.96 ± 0.18 1.1 4.45 ± 0.30 6p
s = 8 TeV

4µ 5.80 ± 0.57 5.28 ± 0.52 2.36 ± 0.12 0.69 ± 0.13 1.7 8.33 ± 0.6 12
2e2µ 3.92 ± 0.39 3.45 ± 0.34 1.67 ± 0.08 0.60 ± 0.10 1.5 5.72 ± 0.37 7
2µ2e 3.06 ± 0.31 2.71 ± 0.28 1.17 ± 0.07 0.36 ± 0.08 1.8 4.23 ± 0.30 5
4e 2.79 ± 0.29 2.38 ± 0.25 1.03 ± 0.07 0.35 ± 0.07 1.7 3.77 ± 0.27 7

Total 15.6 ± 1.6 13.8 ± 1.4 6.24 ± 0.34 2.00 ± 0.28 1.7 22.1 ± 1.5 31p
s = 7 TeV and

p
s = 8 TeV

4µ 6.80 ± 0.67 6.20 ± 0.61 2.82 ± 0.14 0.79 ± 0.13 1.7 9.81 ± 0.64 14
2e2µ 4.58 ± 0.45 4.04 ± 0.40 1.99 ± 0.10 0.69 ± 0.11 1.5 6.72 ± 0.42 9
2µ2e 3.56 ± 0.36 3.15 ± 0.32 1.38 ± 0.08 0.72 ± 0.12 1.5 5.24 ± 0.35 6
4e 3.25 ± 0.34 2.77 ± 0.29 1.22 ± 0.08 0.76 ± 0.11 1.4 4.75 ± 0.32 8

Total 18.2 ± 1.8 16.2 ± 1.6 7.41 ± 0.40 2.95 ± 0.33 1.6 26.5 ± 1.7 37
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Figure 13: The distribution of the four-lepton invariant mass, m4`, for the selected candidates (filled circles) compared to the
expected signal and background contributions (filled histograms) for the combined

p
s = 7 TeV and

p
s = 8 TeV data for the

mass ranges: (a) 80–170 GeV, and (b) 80–600 GeV. The signal expectation shown is for a mass hypothesis of mH = 125 GeV
and normalized to µ = 1.51 (see text). The expected backgrounds are shown separately for the ZZ⇤ (red histogram), and
the reducible Z + jets and tt̄ backgrounds (violet histogram); the systematic uncertainty associated to the total background
contribution is represented by the hatched areas.

signal strength at this value for mH is µ = 1.66 +0.39
�0.34 (stat) +0.21

�0.14 (syst). The other methods of Sec. 8.1,
1D and per-event resolution, yield similar results for the Higgs boson mass [9]. Figure 17(a) shows the best
fit values of µ and mH as well as the profile likelihood ratio contours in the (mH ,µ) plane corresponding
to the 68% and 95% confidence level intervals. Finally, the best fit value for mH obtained using the model
developed for the categorized analysis, described in Sec. 8.2, is within 90 MeV of the value found with the
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FIG. 13. Diphoton invariant mass m�� spectrum observed in
the sum of the 7 TeV and 8 TeV data. Each event is weighted
by the signal-to-background ratio in the dataset and category
it belongs to. The errors bars represent 68% confidence in-
tervals of the weighted sums. The solid red curve shows the
fitted signal plus background model when the Higgs boson
mass is fixed at 125.4 GeV. The background component of
the fit is shown with the dotted blue curve. The signal com-
ponent of the fit is shown with the solid black curve. Both the
signal plus background and background-only curves reported
here are obtained from the sum of the individual curves in
each category weighted by their signal-to-background ratio.
The bottom plot shows the data relative to the background
component of the fitted model.

Table XIV. They are determined from the di↵erence in
quadrature between the nominal uncertainty and change
in the 68% CL range on µ when the corresponding nui-
sance parameters are fixed to their best fit values. The
sums of the squares of the theoretical uncertainties linked
to the QCD scales, PDFs, and H ! �� branching ratio
account for approximately 50% of the square of the to-
tal systematic uncertainty. The dominant experimental
uncertainty is from the photon energy resolution, which
represents approximately 30% of the total systematic un-
certainty (as above in terms of its contribution to the
square of the total systematic uncertainty). In the fit
to extract the signal strengths, the post-fit values of the
most relevant nuisance parameters (those apart from the
ones of the background model), do not show significant
deviations from their pre-fit input values.

The compatibility of the combined signal strength pre-
sented in this article with the one published in Ref. [13],
µ = 1.55 +0.33

�0.28, is investigated using a jackknife resam-
pling technique [111, 112] in which variances and covari-
ances of observables are estimated with a series of sub-

TABLE XIV. Main systematic uncertainties �syst.
µ on the

combined signal strength parameter µ. The values for each
group of uncertainties are determined by subtracting in
quadrature from the total uncertainty the change in the 68%
CL range on µ when the corresponding nuisance parameters
are fixed to their best fit values. The experimental uncer-
tainty on the yield does not include the luminosity contribu-
tion, which is accounted for separately.

Uncertainty group �syst.
µ

Theory (yield) 0.09
Experimental (yield) 0.02
Luminosity 0.03
MC statistics < 0.01
Theory (migrations) 0.03
Experimental (migrations) 0.02
Resolution 0.07
Mass scale 0.02
Background shape 0.02

samples of the observations. The datasets used in the
two analyses are highly correlated: 142681 events are
selected in Ref. [13], 111791 events are selected in the
current analysis, and 104407 events are selected in both
analyses. The significance of the 0.4 di↵erence between
the combined signal strengths, including the e↵ect of the
74% correlation between the two measurements, is cal-
culated by applying the jackknife technique to the union
of the two datasets and is found to be 2.3�. An un-
certainty of 0.1� on the compatibility between the two
measurements is estimated by varying the size of the jack-
knife sub-samples. The decrease in the observed signal
significance (5.2�) with respect to the one published in
Ref. [13] (7.4�) is related to the reduction of the mea-
sured signal strength according to the asymptotic for-
mula Z = µ/�stat

µ , where �stat

µ is the statistical compo-
nent of the uncertainty on µ. In other words, the ob-
served reductions of the significance and signal strength
are consistent with each other and consistent with a sta-
tistical fluctuation at the level of ⇠ 2.3�.

As can be seen in Figs. 17 and 18, the observed sig-
nal strengths of the tagged categories, which are domi-
nated by production processes other than ggF, tend to
be lower than the signal strengths measured with the
untagged categories, which are dominated by ggF pro-
duction. This tendency, combined with the optimized
sensitivity of this analysis to production processes other
than ggF, results in a lower combined signal strength
than those measured using alternative analyses of the
same dataset (or where the datasets are largely over-
lapping) that are inclusive with respect to the produc-
tion process. The compatibility of the combined signal
strength obtained in this analysis with the signal strength
µ = 1.29± 0.30 obtained in the mass measurement anal-
ysis quoted in Ref. [9] for the diphoton channel (where
the diphoton events are sorted into categories that de-
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Figure 19: Diphoton mass spectrum weighted by the ratio S/(S + B) in each event class, to-
gether with the background subtracted weighted mass spectrum.

Table 5: Values of the best-fit signal strength, µ̂, when mH is treated as a nuisance parameter,
for the 7 TeV, 8 TeV, and combined datasets. The corresponding best-fit value of mH, bmH, is also
given.

µ̂ bmH (GeV)
7 TeV 2.22+0.62

�0.55 124.2
8 TeV 0.90+0.26

�0.23 124.9
Combined 1.14+0.26

�0.23 124.7

section times the relevant branching fractions, relative to the SM expectation. In Fig. 20 the
combined best-fit signal strength, µ̂, is shown as a function of the Higgs boson mass hypothesis,
both for the standard analysis (left) and for the cut-based analysis (right). The two analyses
agree well across the entire mass range. In addition to the signal around 125 GeV, both analyses
see a small upward fluctuation at 150 GeV, which is found to have a maximum local significance
of just over 2 s at mH = 151 GeV—slightly beyond the mass range of our analysis.

The best-fit signal strength for the main analysis, when the value of mH is treated as a nui-
sance parameter in the fit, is µ̂ = 1.14+0.26

�0.23, with the corresponding best-fit mass being bmH =
124.7 GeV. The expected uncertainties in the best-fit signal strength, at this mass, are +0.24 and
�0.22. The values of the best-fit signal strength, derived separately for the 7 and 8 TeV datasets,
are listed in Table 5. For the cut-based analysis the corresponding value is µ̂ = 1.29+0.29

�0.26
at bmH = 124.6 GeV, and for the sideband background model analysis the value measured is
µ̂ = 1.06+0.26

�0.23 at bmH = 124.7 GeV. These values are shown in Table 6 together with the expected
uncertainty, and the corresponding values for the main analysis.

The uncertainty in the signal strength may be separated into statistical and systematic con-
tributions, with the latter further divided into those having, or not, a theoretical origin: µ̂ =
1.14 ± 0.21 (stat) +0.09

�0.05 (syst) +0.13
�0.09 (theo), where the statistical contribution includes all uncer-
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ATLAS H à γγ	




HàWWà2l2ν	
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•  Signal characteristics: 
–  Only 2 opposite sign, isolated 

leptons
–  significant METè No mass peak
–  No b-jets, no additional low PT μ
–  With additional 0, 1 or 2 jets 

(VBF)
–  Small ΔΦ (l+l-) ß Higgs scalarity

36

HÆWWÆlnln Analysis
2 opposite-sign e or µ + MET 
Separate Njets=0,1,2+

Nsig~5000, S/B~10-40%

Use Higgs m
T
 as main discriminating variable

Main backgrounds: SM WW, top, from 

control regions

µ=0.99±0.21(stat)±0.21(syst)±0.12(theory)

Also separate VHÆWW Search (ATLAS-CONF-2013-075)
Final Run1 paper in preparation



Hàττ	
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Search Hà ττ in two categories:
•  VBF: 2 jets (PT>30 GeV), Δηjj>3.5
       η1�η2<0,   Mjj > 350 GeV
•  Non-VBF: ≤ 1jet , or 2j failing VBF
•  In τe + τh , τμ + τh , τe +τμ final states
•  Background: top, EWK, Z à ττ (irreducible)

Francesco Pandolfi Higgs Production and Decay at CMS, 29.09.14

An Evidence is Found

❖ Excess observed around 120 GeV


• Corresponds to a 3-σ significance → evidence


❖ Best fit to all channels:   µ(mH=125) = 0.78 ± 0.27

15
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Figure 11: Combined observed and predicted mtt distributions for the µth, eth, thth, and eµ
channels. The normalization of the predicted background distributions corresponds to the re-
sult of the global fit. The signal distribution, on the other hand, is normalized to the SM pre-
diction (µ = 1). The distributions obtained in each category of each channel are weighted
by the ratio between the expected signal and signal-plus-background yields in the category,
obtained in the central mtt interval containing 68% of the signal events. The inset shows the
corresponding difference between the observed data and expected background distributions,
together with the signal distribution for a SM Higgs boson at mH = 125 GeV. The distribution
from SM Higgs boson events in the WW decay channel does not significantly contribute to this
plot.

95% CL upper limit obtained using the modified frequentist construction CLs [90, 91] together
with the expected limit obtained for the background-only hypothesis for Higgs boson mass hy-
potheses ranging from 90 to 145 GeV. The background-only hypothesis includes the expected
contribution from H ! WW decays for mH = 125 GeV. The difference between evaluating
this contribution at mH = 125 GeV or at the corresponding mH value for mH 6= 125 GeV is
less than 5%. An excess is visible in the observed limit with respect to the limit expected for
the background-only hypothesis. The observed limit is compatible with the expected limit ob-
tained in the signal-plus-background hypothesis for a SM Higgs boson with mH = 125 GeV
(figure 14 right). The excess is quantified in figure 15 which shows the local p-value as a func-
tion of mH. For mH = 125 GeV, the expected p-value is smallest, corresponding to a significance
of 3.7 standard deviations. The expected p-value is slightly smaller when including the ` + Lth
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Figure 15: Local p-value and significance in number of standard deviations as a function of the
SM Higgs boson mass hypothesis for the combination of all decay channels. The observation
(solid line) is compared to the expectation (dashed line) for a SM Higgs boson with mass mH.
The background-only hypothesis includes the pp ! H(125 GeV) ! WW process for every
value of mH.
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ee
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µµ
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µe
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h
τµ

0.41±1.01
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1.02±-0.33

ττ→H
0.27±0.78

 = 125 GeVHm

 at 8 TeV-1 at 7 TeV, 19.7 fb-1CMS, 4.9 fb
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0-jet
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Figure 16: Best-fit signal strength values, for independent channels (left) and categories (right),
for mH = 125 GeV. The combined value for the H ! tt analysis in both plots corresponds to
µ̂ = 0.78 ± 0.27, obtained in the global fit combining all categories of all channels. The dashed
line corresponds to the best-fit µ value. The contribution from the pp ! H(125 GeV) ! WW
process is treated as background normalized to the SM expectation.



VHàlνbb
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•  ggàHà bb and VBF are 
dominant production 
modes 

–  but overwhelmed by 
enormous QCD di-jet 
background

•  Best option:   
qqà VH; H à bb

•  Use 
–  VH topology : ΔΦ(V,H) > 3
–  PT(V)> 100-160 GeV 

(boosted W/Z)
–  Tight b-tagging & MET 

quality
–  Backgrounds estimated from 

control data


27

HÆbb Results
Check with VV 

background  not 

removed, mbb analysis

µ = 0.52 ± 0.32(stat) ± 0.24(syst) 
@ 125.36 GeV

Signi?cance 1.4s (2.6s expected) 

● Separate WH and ZH measurements

● Good agreement with SM



What is the mass of X?
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Measure the mass through high precision channels 

Hàγγ and HàZZà4l

mX = 	
 mX = 	


P. Sphicas 
What we have learnt from the LHC 

Last missing parameter of the SM: MH  
■  Measurement uses H → ZZ* → 4l and H → γγ 

Sep 29, 2014 
LHC Days in Split 2014 36 

Combined mH measurement 

@CMSexperiment @ICHEP2014 a.david@cern.ch 

150 [CMS-PAS-HIG-14-009] 

δMH/MH ~ 0.2% (!) 

MH
CMS( )    = 125.03 ± 0.27

0.26 (stat) ± 0.15
0.13  (syst) GeV

MH
ATLAS( )  = 125.36 ± 0.37 (stat) ± 0.18 (syst) GeV

MH ≈ 125 GeV (!???) 

2.0σ&1.6σ&

a farce or a deep message? P. Sphicas 
What we have learnt from the LHC 

Last missing parameter of the SM: MH  
■  Measurement uses H → ZZ* → 4l and H → γγ 

Sep 29, 2014 
LHC Days in Split 2014 36 

Combined mH measurement 

@CMSexperiment @ICHEP2014 a.david@cern.ch 

150 [CMS-PAS-HIG-14-009] 

δMH/MH ~ 0.2% (!) 

MH
CMS( )    = 125.03 ± 0.27

0.26 (stat) ± 0.15
0.13  (syst) GeV

MH
ATLAS( )  = 125.36 ± 0.37 (stat) ± 0.18 (syst) GeV

MH ≈ 125 GeV (!???) 

2.0σ&1.6σ&

a farce or a deep message? 

Nikos Karastathis Higgs Properties ATLAS

Mass: H→γγ & H→ZZ*

6

ATLAS higgs combined mass result:

mH = 125.36± 0.41 GeV

Francesco Pandolfi Higgs Production and Decay at CMS, 29.09.14

The Grand Combination

❖ Across all channels, no significant 
deviation from Standard Model

22

16 4 Results
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Figure 4: Values of the best-fit s/sSM for the combination (solid vertical line), for individual
channels, and for subcombinations by predominant decay mode or production mode tag. The
vertical band shows the overall s/sSM uncertainty. The s/sSM ratio denotes the production
cross section times the relevant branching fractions, relative to the SM expectation. The hori-
zontal bars indicate the ±1 standard deviation uncertainties in the best-fit s/sSM values for the
individual modes; they include both statistical and systematic uncertainties. (Top) Subcom-
binations by predominant decay mode and additional tags targeting a particular production
mechanism. (Bottom left) Subcombinations by predominant decay mode. (Bottom right) Sub-
combinations by analysis tags targeting individual production mechanisms; the excess in the
ttH-tagged subcombination is largely driven by the ttH-tagged H ! gg and H ! WW chan-
nels as can be seen in the top panel.

4.1 Mass of the observed state 11
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Figure 1: The 68% CL contours for the signal strength s/sSM versus the boson mass mH for
the gg (green) and 4` (red) final states, and their combination (black). The symbol s/sSM
denotes the production cross section times the relevant branching fractions, relative to the SM
expectation. In this combination, the relative signal strength for the two decay modes is set to
the expectation for the SM Higgs boson.
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Figure 2: (Left) Scan of the test statistic q(mH) = �2 D lnL versus the boson mass mH for the gg
(green) and 4` (red) final states separately and for their combination (black). Three independent
signal strengths, (ggH, ttH) ! gg, (VBF, VH) ! gg, and pp ! H ! ZZ(⇤) ! 4`, are profiled
together with all other nuisance parameters. (Right) Scan of the test statistic q(mgg

H � m4`
H )

versus the difference between two individual mass measurements for the same model used in
the left panel.

mH = 125.03 +0.26-0.27 (stat) +0.13-0.15 (syst) GeV❖ Combining H→γγ and H→ZZ:

µ = 1.00 ± 0.13

HIG-14-009

CEBBY



How does X decay?
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Nikos Karastathis Higgs Properties ATLAS

Couplings: Signal Strength

12

• 7+8 TeV: Η→γγ, Η→ZZ*, Η→WW*, Η→bb !
• 8 TeV : Η→ττ!
• Hypothesis testing and CL based on the profile likelihood ratio!
• Main theoretical uncertainty: cross-sections and BR

for mH=125.5GeV

µcombined = 1.30± 0.12(stat) +0.14
�0.11(sys)

µH!��,ZZ⇤,WW⇤
= 1.35± 0.14(stat) +0.16

�0.14(sys)

µH!bb̄,⌧⌧ = 1.09± 0.24(stat) +0.27
�0.21(sys)

3.7� evidence for fermionic decay

16 4 Results
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Figure 4: Values of the best-fit s/sSM for the combination (solid vertical line), for individual
channels, and for subcombinations by predominant decay mode or production mode tag. The
vertical band shows the overall s/sSM uncertainty. The s/sSM ratio denotes the production
cross section times the relevant branching fractions, relative to the SM expectation. The hori-
zontal bars indicate the ±1 standard deviation uncertainties in the best-fit s/sSM values for the
individual modes; they include both statistical and systematic uncertainties. (Top) Subcom-
binations by predominant decay mode and additional tags targeting a particular production
mechanism. (Bottom left) Subcombinations by predominant decay mode. (Bottom right) Sub-
combinations by analysis tags targeting individual production mechanisms; the excess in the
ttH-tagged subcombination is largely driven by the ttH-tagged H ! gg and H ! WW chan-
nels as can be seen in the top panel.
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16 4 Results
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Figure 4: Values of the best-fit s/sSM for the combination (solid vertical line), for individual
channels, and for subcombinations by predominant decay mode or production mode tag. The
vertical band shows the overall s/sSM uncertainty. The s/sSM ratio denotes the production
cross section times the relevant branching fractions, relative to the SM expectation. The hori-
zontal bars indicate the ±1 standard deviation uncertainties in the best-fit s/sSM values for the
individual modes; they include both statistical and systematic uncertainties. (Top) Subcom-
binations by predominant decay mode and additional tags targeting a particular production
mechanism. (Bottom left) Subcombinations by predominant decay mode. (Bottom right) Sub-
combinations by analysis tags targeting individual production mechanisms; the excess in the
ttH-tagged subcombination is largely driven by the ttH-tagged H ! gg and H ! WW chan-
nels as can be seen in the top panel.



How does X couple to other particles?
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Coupling Compatibility

12Higgs Properties - Moriond QCD3/7/2013

• 8 parameters describing all yields in 5 
channels
– ΓWW ,  ΓZZ ,  Γγγ ,  Γbb , Γgg , Γtt , Γττ ,  ΓTOT

– Note:  Γγγ , Γgg arise from loops 
• sensitive to BSM physics

• With present statistics, test 
compatibility
– Variations with respect to SM 

through scaling factors, 
e.g. κW, κZ, κb, κτ  

1

e.g.

1ARXIV:1209.0040

P. Sphicas 
What we have learnt from the LHC 

Coupling deviations summaries 

@CMSexperiment @ICHEP2014 a.david@cern.ch 
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!  Assuming no BSM 
particles. 

[CMS-PAS-HIG-14-009] [arxiv:1207.1693] [arxiv:1303.3570] 

BEH-ness III: 
non-universal couplings; in fact, ∝ mass… 

Sep 29, 2014 
LHC Days in Split 2014 34 

Main'Decay'and'ProducLon'Modes'

) µSignal strength (
-0.5 0 0.5 1 1.5 2

ATLAS Prelim.

-1Ldt = 4.6-4.8 fb∫ = 7 TeV s

-1Ldt = 20.3 fb∫ = 8 TeV s

 = 125.5 GeVHm
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0.7+ = 0.2µ
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<0.1
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Assumes'SM'branching'fracLons'
and'producLon'modes'
CompaLble'with'SM'(at'14%)''

All'channels'couplings'updated'soon'

Stay'tuned'!''

µ =1.30± 0.12 (stat) ± 0.10 (th) ± 0.09 (syst) 

32'

µ CMS( )    =1.00 ± 0.09 (stat)± 0.07
0.08(theo) ± 0.07(syst)

µ ATLAS( ) =1.30 ± 0.12 (stat)± 0.10(theo) ± 0.09(syst)

Mass power parametrization 

@CMSexperiment @ICHEP2014 a.david@cern.ch 
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!  Vev modifier and power 
of coupling to mass: 
!  Gauge bosons: 

κV = vev × mV
2�/M1+2� 

!  Fermions: 
κf = vev × mf

�/M1+� 

!  For SMH, M = vev = 
246.22 GeV and ε = 0. 

[CMS-PAS-HIG-14-009] [arxiv:1207.1693] 

Resolving SM contributions 

!  Individual coupling 
scaling factors: 
!  κW, κZ, κb, κt, κτ. 
!  All loops resolved: 

"  κγ(κW, κt) 
"  κg(κt, κb) 

!  SMH width scaled. 

!  “Reduced” couplings 
as function of “mass”: 
!  λf = κf (mf/vev) 
!  (gV

/2vev)1/2 = κV
1/2 

(mV/vev) 

@CMSexperiment @ICHEP2014 a.david@cern.ch 

162 [CMS-PAS-HIG-14-009] [arxiv:1303.3570] 

Mass power parametrization 

@CMSexperiment @ICHEP2014 a.david@cern.ch 
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!  Vev modifier and power 
of coupling to mass: 
!  Gauge bosons: 

κV = vev × mV
2�/M1+2� 

!  Fermions: 
κf = vev × mf

�/M1+� 

!  For SMH, M = vev = 
246.22 GeV and ε = 0. 

[CMS-PAS-HIG-14-009] [arxiv:1207.1693] 

SM:  
ε=0 

vev=250GeV 



What is the spin and parity of X?
•  Use kinematical discriminant (KD) to discriminate against different 

spin-parity JP) models
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03/12/2013
23

Si Xie
 

Spin and Parity

● Use kinematic discriminator to discriminate 
against diffcerent signal hypotheses:

● Use kinematic discriminator to discriminate 
against diffcerent signal hypotheses:

● A two-dimensional template fit in D
bkg

 and D
JP

 is used to perform 

hypothesis tests against the following alternative models :

JP	   Model	  

0+	   SM Higgs boson	  

0-	   Pseudoscalar	  

0+
h	   SM with higher dim. operators	  

1-	   Vector	  

1+	   Axial vector	  

2+
gg	   gg à graviton 	  

2+
qq	   qq à graviton	  



Scalar (SM) vs pseudoscalar

96	  



Scalar (SM) vs 
pseudoscalar
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Dbkg > 0.5



Scalar (SM) or pseudoscalar
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Scalar (SM) or pseudoscalar
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Scalar (SM) vs pseudoscalar
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Some other hypotheses
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What is the spin and parity of X?
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42 14 Summary
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Figure 26: (left) Distribution of the test statistic q = �2ln(L0�/L0+) of the pseudoscalar boson
hypothesis tested against the SM Higgs boson hypothesis. Distributions for the SM Higgs
boson are represented by the yellow histogram, and those for the alternative JP hypotheses are
represented by the blue histogram. The arrow indicates the observed value. (right) Average
expected and observed distribution of �2D ln L as a function of fa3. The horizontal lines at
�2D lnL = 1 and 3.84 represent the 68% and 95% CL’s, respectively.
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Figure 27: Summary of the expected and observed values for the test-statistic q distributions
for the twelve alternative hypotheses tested with respect to the SM Higgs boson. The orange
(blue) bands represent the 1s, 2s, and 3s around the median expected value for the SM Higgs
boson hypothesis (alternative hypothesis). The black point represents the observed value.

decay rate, is fa3 = 0.00+0.15
�0.00, and thus consistent with the expectation for the SM Higgs boson.

The hypotheses of a pseudoscalar and all tested spin-1 boson hypotheses are excluded at the
99% CL or higher. All tested spin-2 boson hypotheses are excluded at the 95% CL or higher.

The production and decay properties of the observed new boson in the four-lepton final state
are consistent, within their uncertainties, with the expectations for the SM Higgs boson.



Measuring the width
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Measuring the width
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Summary
•  What is the mass of X?

–  Arround 125 GeV

•  Is X produced according to the SM Higgs boson predictions?
–  Yes

•  Does X decay according to the SM Higgs boson predictions?
–  Yes

•  Does X couple to other particles according to the SM Higgs boson 
predictions?
–  Yes

•  What are the spin and parity of X?
–  We excluded (almost) all the tested options except the SM one

•  So, what is this particle?
–  Very probably the Higgs boson of the Standard Model
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Evolution of language
•  February 2012

–  Combined results of searches for the standard model Higgs 
boson in pp collisions at sqrt(s) = 7 TeV

–  By CMS Collaboration,Phys. Lett. B710 (2012) 26-48

•  July 2012
–  Observation of a new boson with a mass of 125 GeV with the 

CMS experiment at the LHC
–  By CMS Collaboration, Phys. Lett. B716 (2012) 30-61

•  December 2012
–  Study of the Mass and Spin-Parity of the Higgs Boson 

Candidate Via Its Decays to Z Boson Pairs
–  By CMS Collaboration, Phys. Rev. Lett. 110 (2013) 081803

•  July 2013
–  Measurements of Higgs boson production and couplings in 

diboson final states with the ATLAS detector at the LHC 
–  By ATLAS Collaboration, Phys. Lett. B 726 (2013) 88 106	  
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108	  P. Sphicas 
What we have learnt from the LHC 

Current Higgs questions 
■  It is a scalar (0+) particle, with couplings [to bosons 

AND fermions] that are proportional to mass.   
◆  It is fully consistent with being the SM Higgs. 

■  Is it the very Higgs of the Standard Model? 
■  Is it really an elementary particle or a composite one? 
■  Is it the first supersymmetric particle?  Perhaps the 

first of five Higgs bosons? 
■  Is it natural? 
■  Does it couple to Dark Matter as well? 
■  Is it [and the vacuum it pops from] stable? 
■  Is it related to the matter-antimatter asymmetry? 
■  Is it related to inflation – and the Universe-at-large? 
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CMS and ATLAS collaborations
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