


Events / 3 GeV

Part 1 - How did we find it?

And how sure are we about it ...
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Part 2 - What did we really find?

And how do we know that ...

CMS preliminary ys=7TeV,L=51f" ys=8TeV,L=1961b"
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The Higgs boson

HIGGS BOSON

The HIGGS BOSON is
the theoretical particle of
the Higgs mechanism,
which physicists believe
will reveal how
all matter in the
universe gets its
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"L 0} . .
“%aer | scientists hope that

mass. Many

w! the Large Hadron
Collider in Geneva,
Switzerland will detect

the elusive Higgs Boson

when it begins colliding

particles at 99.99% the

\ speed of light.
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Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model summarizes the current knowledge in Particle Physics. It is the quantum theory that includes the theory of strong interactions (quantum chromodynamics or QCD) and the unified
theory of weak and electromagnetic interactions (electroweak). Gravity is included on this chart because it is one of the fundamental interactions even though not part of the “Standard Model.”

tt tit t
FERMIONS inZ250. 50, ..

p_ electron | <1%10-8
neutrino

€ electron |0.0 511

p. mion <0.0002 0 C charm 13

M neutrino

. muon 0.106 -1 S strange 0.1

v, tau <0.02 0 175
neutrino

T tau 1.7771 -1 4.3

Spin is the intrinsic angular momentum of particles. Spin is given in units of i, which is the
quantum unit of angular momentum, where fi = h/2n = 6.58x10-25 GeV s = 1.05x10734 J 5.

U up 0.003
0.006

Electric charges are given in units of the proton’s charge. In Sl units the electric charge of
the proton is 1.60x10~19 coulombs.

The energy unit of particle physics is the electronvolt (eV), the energy gained by one elec-
tron in crossing a potential difference of one volt. Masses are given in GeV/c2 (remember
E = mc2?), where 1 GeV = 109 eV = 1.60x10~'0 joule. The mass of the proton is 0.938 GeV/c2
=1.67x107%7 kg.

" Structure within
the Atom

Quark

Size <1079m

Electron
Size <1078 m

Atom
Size =~ 107'0m
If the protons and neutrons in this picture were 10 cm across,

then the quarks and electrons would be less than 0.1 mm in
size and the entire atom would be about 10 km across.

force carriers
BOSONS spin=0,1, 2, ...

Color Charge

Each quark carries one of three types of
“strong charge,” also called “color charge.”
These charges have nothing to do with the
colors of visible light. There are eight possible
types of color charge for gluons. Just as electri-
cally-charged particles interact by exchanging photons, in strong interactions color-charged par-
ticles interact by exchanging gluons. Leptons, photons, and W and Z bosons have no strong
interactions and hence no color charge.

Quarks Confined in Mesons and Baryons

One cannot isolate quarks and gluons; they are confined in color-neutral particles called
hadrons. This confinement (binding) results from multiple exchanges of gluons among the
color-charged constituents. As color-charged particles (quarks and gluons) move apart, the ener-
gy in the color-force field between them increases. This energy eventually is converted into addi-
tional quark-antiquark pairs (see figure below). The quarks and antiquarks then combine into
hadrons; these are the particles seen to emerge. Two types of hadrons have been observed in
nature: mesons gq and baryons gqq.

Residual Strong Interaction

The strong binding of color-neutral protons and neutrons to form nuclei is due to residual
strong interactions between their color-charged constituents. It is similar to the residual elec-
trical interaction that binds electrically neutral atoms to form molecules. It can also be

viewed as the exchange of mesons between the hadrons.

PROPERTIES OF THE INTERACTIONS

_ Quarks, Leptons Electrically charged Quarks, Gluons m

B ricles medis Graviton

ey wWrw-20 By B Mesons |
0.8

1041

25 Not applicable

10-41 10-4 60 to quarks

Not applicable
to hadrons

10736 107 20

ete- — BO B0

Matter and Antimatter 4

For every particle type there is a corresponding antiparticle type, denot- L Z
hadrons /

ed by a bar over the particle symbol (unless + or - charge is shown).
Particle and antiparticle have identical mass and spin but opposite

charges. Some electrically neutral bosons (e.g., Z% v, and . = cc, but not ‘ % S
KO = d5) are their own antiparticles. o _~ gluons
¢ ]

070 +
pp—>2"2 assoftedihacions The Particle Adventure

Visit the award-winning web feature The Particle Adventure at
0 http://ParticleAdventure.org

This chart has been made possible by the generous support of:
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U.S. National Science Foundation

Lawrence Berkeley National Laboratory

Stanford Linear Accelerator Center

American Physical Society, Division of Particles and Fields

BURLE INDUSTRIES, INC.

hadro

Figures

These diagrams are an artist’s conception of physical processes. They are
not exact and have no meaningful scale. Green shaded areas represent
the cloud of gluons or the gluon field, and red lines the quark paths.

hadrons \

Two protons colliding at high energy can ©2000 Contemporary Physics Education Project. CPEP is a non-profit organiza-
An electron and positron > 50 produce various hadrons plus very high mass tion of teachers, physicists, and educators. Send mail to: CPEP, MS 50-308, Lawrence
(antielectron) colliding at high energy can B particles such as Z bosons. Events such as this Berkeley National Laboratory, Berkeley, CA, 94720. For informatign on charts, text
annihilate to produce B® and B% mesons one are rare but can yield vital clues to the materials, hands-on classroom activities, and workshops, see: g‘

via a virtual Z boson or a virtual photon. structure of matter.
http://CPEPweb.org

A neutron decays to a proton, an electron,
and an antineutrino via a virtual (mediating)
W boson. This is neutron B decay.




THE MYSTERY OF MASS

quarks leptons

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



Standard model and Higgs boson

* The Standard Model SU(3)xSU(2)xU(1) of electroweak and strong
interactions extermly well confirmed and measured since ~ 30 years

— But stillincomplete and non-satisfactory ...

» All particles acquire mass by interaction with scalar particle - Higgs
boson

* Higgs mechanism

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

physical Higgs boson

/

modes “eaten” by W,Z




The Higgs mechanism




Basic Higgs Properties

Spin = 0 particle
Giving masses to all particles
— Coupling proportional to particle

masses
w
m%/ "
sl
2 et/
w
’ m2
e
2 A1)
&
f
my
“TH v
f

Self interaction
— Self interacting term in the Lagrangian

Mass (giga-electron-volts)

FERMIONS* — BOSONS —
First Second Third
0’ Generation Generation Generation |
Top quark Higgs
® £
10° \3\9- .

w
10" Bottom quark

Charm quark )

10° 4 Tau
ﬁ Strange quark
10
Muon
Down quark
I
’ Up quark
10~ )
Electron
107 :
\/\/\/\ MASSLESS
P : BOSONS
Muon- _)
neutrino Tau- ) Photon
10°* - Electron- J neutrino
neutrino o Gluon
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Higgs mass: theoretical constraints

> Problem: Higgs mass is free parameter

M; =247 ... v =246 GeV

> Theoretical constraints 800

= Unitarity (no probabilities > 1)

600
M, <700-800GeV o
= Triviality 3
(Higgs self coupling remains finite) = 400
471v° =
Y ./"I'\"—
1"’1;/ < _
3In(A/v) 200
= Stability (of vacuum)
. 0
,  4m. o 10° 106 10° 102 10 108
M; > —=%In(A)v)
TV A [GeV]
cut-off scale
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95% CL Limit/SM

SM Higgs before LHC

P -1
Tevatron Run Il Preliminary, L < 8.6 fb neglects correlations

L L I B I o S N I B
] LEP Exclusmn Tevatron < 18 .
: ] PR EE———— = P
14 | —
12 —
10 | ‘ =
- - ”,"(‘ ”””” :;»‘: ””””””””””””””” . 30
8 YA -
6 =
Theory uncertainty .
4 . Fitincluding theory errors 20
B : 2t --- Fit excluding theory errors —|
........ <|—Tfevatron|Exclus1|onIII ||E 16
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII o L 1 1 1 1 1 1 1 1 1 1 1 1
100 110 120 130 140 150 160 170 180 190 200 100 150 200 250 300
m,,(GeV/c?) M, [GeV]

e Direct searches
— LEP: My> 114.4 GeV
— Tevatron: 156 GeV < My <176 GeV
* Indirect limits from electroweak searches
— My=96%31,,GeV, My<169 GeV at 95% CL (standard fit)
— My=120"125GeV ,My<143 GeV at 95% CL (including direct searches)

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

11
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Higgs search at LHC
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Some of the physicists’ jargon

Cross section (0)

— A measure of ‘frequency’ of the physical process
— Units: barns (1028 m?2)
« Typical values: femtobarns (fb), picobarns (pb)
Luminosity (L)
— Or instantenous luminosity
— A measure of collisions ‘frequency’
« Typicalat LHC:L = 10%* cm?s™!
Integrated luminosity (< = [Ldt)

— A measure of number of accumulated collisions after a certain time
period

— Units: (cross section)! .... E.g. 1 fb-"=1000 pb-"
« Tipical at LHC: few fb!

Number of events (N)
— Number of (expected) events (N) after a certain time of running

N=0o-4 v



Collisions in LHC

T
Bunchesﬁs“‘*“'

¢

Proton

Partons
(quark, gluon)

Particles

14

Proton - Proton
Protons/bunch
Beam energy
Luminosity

Bunch collision
frequency

Proton collision
frequency

1300 bunches/beam

10"
4 TeV (7x10" eV)

3 2 -
10*cm ?*s ™

20 MHz

10 ’- 10 *Hz

“New physics” frequency .00001 Hz

Event selection:
1 u 10 000 000 000 000




[nteractions of constituents of the colliding protons, the so called
partons (quarks, gluons)

proton 1 proton 2

Pp: ... momentum proton 1 Pparton: ... MOmMentum parton 1

Pp; ... momentum proton 2 Pparton: ... momentum parton 2

interaction vertex
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Ci jact Muon Sol

High luminosity: multiple interactions
PILE-UP
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Data analysis - general picture

Sampling a reality
Experiment

3
> Data sample
X =(X,Xy,.0sXy)

For example:

O

Q

& .
analysis

Results

®

» parameter estimates
« confidence limits
* hypothesis tests

@

B R S AP
Physical

" phenomena -
Described by,a theory

Described by PDFs,

depending on p uknown

parameters with true values
gtrue — (gltrue, eztrue, e 6;;“6)

For example:
true true true
0" =(my, ,Am“,...,

true
tot

x = (event,,...,event,)

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



Data analysis - another look

For example, let’s suppose the

The main goal: TRUE state of nature is:

Higgs boson exists with the mass
learn more about NATURE of my(true) = 134.26 GeV
Make an experiment and o
obtain a Qe w
DATA SAMPLE (e 10 e*?
sa‘“p
gav?
\)se / Px
_— P
Event 1 Object 1 y
Event 2 Object 2 &
E
Event N Object k
N ~ 100/s x 107 s/year Objects = reconstructed objects

I. e. electrons, photons, jets,
muons ...

N ~ 10° events per year



Events / 3 GeV
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Measured

CMS Preliminary Vs=7TeV,L=5.05f";\Ns=8TeV,L=5.26 fb"

I | ! I I l I I I I I I I | ! ! ! | ! ! ! |

B * Data ]
I | | - 1 1 I" 1 | I l l | |" | ) | I | el | "I ) |_

80 100 120 140 160 180
my, [GeV]
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Measured + predicted/expected

CMS Preliminary \s=7TeV,L=5.05f";\Ns=8TeV,L=5.26fb"
[ I I I I

> i I I I I I I I I | | | | | | | | |_
8 12 __ ] * Data __
® ) z+x

*UE) 101 l Zy .z B
a) -
> -

TR . ]

6F -

4 | 1

2 - ' ® o‘%

J- —

80 100 120 140 160 180
my, [GeV]
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Measurements vs predictions

Predictions/SimuIation Measurements
Tools: MIC generators (PYTHIA, .. Tools: Accelerator (LHC, Tevatron...)
Output: final state partlcles Output: final state particles

Detector S|mulat|on Data acqulsmon
Tools: MC simulators (GEANT) Tools: Detectors (CMS, ATLAS,..
Output: simulated detector response Output: detector response

<

L

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

<4
Data analysis

Tools: Statistics (ROQT, ...; MC used in algorithms; f.g. Toy MC)

Output: new knowledge (parameter/interval estimates, hypothesis tests, article, talks...)

23
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Data collected by CMS

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC

w2010, 7 TeV, 44.2 pb | == 2011, 7 TeV, 6.1 fb ' === 2012, 8 TeV, 23.3 b '
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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

;'9."

OCCAM SRAZOR

Sure there are simpler ways to catch that bird,
but the complicated ones kick ass.




What does it mean for our instruments?

 We need to calibrate them
— By mesuring something we know very well

 Then when we see someting interesting =
chances that it is something new are much
larger
— With respect to chances that it’s a simple bug ©

« Be aware:

— we will never be absolutely sure
— But we can be pretty sure
— What does the “pretty” really mean?

26



Standard candle

If we know how luminous the candle is and how bright it appears we can calculate how far away it is




Type la Super Novae as standard candles

B Band
20T
,‘__b\t.
/4 = \\'\G‘. as measured
-19 /i “\__» o
-18 S \;’:‘\
i RN
-8 e .. ’ *
Calan/Tololo SNe Ia
-15
-20 0 0 40
days
. Y \‘. ligcht-curve timescale
« They show a light curve shape - o A  light-curve timescale
. . . . ] % “stretch-factor” corrected
luminosity relation : brighter — slower i / '
« They also exhibit a color-luminosity < s s
relation: brighter-bluer 2 *»
« Standardisation : after empirical L he *
. = .
correction : "‘ o Loe
*  16% dispersion on Lpeak 16 | '
« 8% precision on distance d,
-1520 0 20 40

From D. Denegri days
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Standard candle at LHC . "

Z
q r
;| CMS Experiment at LHC, CERN
CMS :| Run 133877, Event 28405693
f Lumi section: 387 —
Sat Apr 24 2010, 14:00:54 CEST / N
\
Electrons p;=34.0,31.9 GeV/c 4 \
Inv. mass =91.2 GeV/c2 !
/
/
V4
N
o - =

29
From D. Denegri



CMS

July 42012 The Status of the Higgs Search J. Incandela for the CMS COLLABORATION

Re-djscayery of the Standard Madel|

P, ¢ J/(p

°
3
210° Y(1,2,38) |
> i
10¢ [9dl [cc] [bb] -t e toorh|
o[ ~1960 1974 1978
10°
CMS Preliminary
10
\s=7TeV, L =40 pb’
1 int

lll L 1 A llllll

1 10 10°
uw*u- mass (GeV/c?)

40 pb-! collected in 2010'
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CMS

July 4t 2012 The Status ofthe Higgs Search J. Incandela for the CMS COLLABORATION

s, WY and y*(Z

Standard Madel: Precisian de

10'5 CMS Preliminary L = 4.7 fb"' {s =7 TeV anti-k, R =0.7 CMS Preliminary
—~~ 1 1 1 I 1 1 [ | Lo | T T T T T T T T
> = e |y|<05(x10%) . ; 1 45" at\s =7 TeV
g - . 05<l< 10 1097 See talk Maria Cepeda 3 ‘”5* ¢
2 10"g 41015 (<109 Hermida = i Y*/Z = up
\Q; v 15<|y|<20(x 101)—_ A g_L 102 \ L
= 0 20<y<25 (<107 W and Z physics atthe LHC s .
E»—107 e 3 % 10°
B, oF 3 CMS-PAS-SMP-12-001 £
o 10°F 3 10°E 4 Data (i, 4.5 in 2011)
- = Aln) = do/dy(W* = €*v) —=do/dy(W™ = £79)
10_1 i E (’7) - d(T/di](W+ N f+l/) + d(T/d}](W_ N {,_17) o . NNLO, FEWZ+MSTWO08
C ] T ———
- - W electron charge asymmetry 0
10°EF "NPDF;SC‘;%T; =P 3 measured to 0.5-1% perbinof & '°f | JfATRA
C PR EE—— '1 2 0.1in An. Constrains u/d PDF g 05k
: : . 15 30 60 120 240 600 1500
Jet P, (TeV) ratio M(up) [GeV]
' CMS preliminary 840 pb” at \s=7 TeV f
T T T T | T T T T I T
. . s 025 | ] . .
Inclusive jet and dijets. 2-4% o [ pe)> 35 Gev 1 Differential Drell-Yan
= T s
JES. g [ awoe ] crosssection: 2.5M uu
C | e L £ 02r ] pairs tests NNLO cross
| <C - B .
X [ — e o | - sections and PDFs
$0.15|- .
N ] CMS-PAS-EWK-11-007
o'%.1 o2 03 0405 :‘Jet o (_re\,2) g - ek -
CMS-PAS-QCD-11-004 g s cn GLRAPDF1S ]
VID-FAD- D-11-UV4 QO 0L e MSTW2008NLO See talk by Norbert
o P sssss NNPDF2.2 (NLO) T .
B theory bands: 68% C.L. || INeumeister
See talk by Darko Mekterovic ; —_—— Measurement of Drell-Yan
Direct photon and jet properties Electron Pseudorapidity  [n| Cross Section
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July 4t 2012 The Status ofthe Higgs Search J. Incandela for the CMS COLLABORATION

N Events/2 GeV

Standard Madel: ‘rare’ precesses

Z— prupi u-
q

4-fermion Z—/lll decays
observed at a hadron collider!

(BR = 4.4-10°%), 0 =125+26 fb

CMS Preliminary fs=7TeV,L=4.7fb"
12; [Jzzr—a
i Bz
r ® Data
101 2
8_— .
6_
4*
2_
i J' 1
0_ | il e e S (SR R

60 80 100 120 140 160
M, (GeV)

events/bin

180 FF T T T T T T T T T T T T T T T T T T T T T T T T T T T
160 F  CMS preliminary 2012 —e- Data B
F (s=7TeV,L=4.9210" -w‘é" . b
140 |- Top -
- I Fakes -
120 | B ZHets A
r [ o (stats@syst) 7
100 - %ﬁ -
80 3
60 |~ :i =
40 - ﬁ % -
20 |~ _% =
C . ¥ d
0 L | %&6‘—'0” ;

g 2
& + Ps * 1
g#"‘m‘ﬁ 3 H’ﬁ% 11' bbbl

+ te a1

_ s ! 1

0

02040 60 80 100 120 140 160 180 200
p.

=

Tmax (GeV)

800 WW—lvlv events
observed in 2011, +10% xsec
precision. Constrains Higgs
backgrounds and anomalous
trilinear electroweak
couplings
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July 4t 2012 The Status ofthe Higgs Search J. Incandela for the CMS COLLABORATION

T I T T T | T T LI | T T T T I T T

ATLAS 2011 ( TJ), Hjets
ATLAS-CONF-2011-120, 0.7 fb"!

CMS 2010 (1), I+jets
CMS-PAS-TOP-10-009, 36 pb"!

CMS 2011 (1) ), u+jets
CMS-PAS-TOP-11-015, 4.9 fb .

CDF 2010 ( MJ ), I+jets
1, 5.6 b

Lepton+jets:
TO P'11'015 I, 3.6 fo!

2011 ( MJ ), I+jets

Tevatron average
Tevatron prel., July 2011

| I | [ | I | | | I I 11

1759+ 0.9 + 2.7 GeV
(value + stat + syst)

1731+ 2.1+ 2.7 GeV
(value + stat + syst)

1726 + 0.6 + 1.2 GeV
(value + stat + syst)

173.0+ 0.9 + 0.9 GeV
(value + stat + syst)

1749+ 1.1+ 1.0 GeV
(value + stat + syst)

173.2+ 0.6 + 0.8 GeV
(value + stat + syst)

165 170

Methods

T: Template, |: Ideogram, M: Matrix Element, J: with JES

Dilepton:

TOP-11-016

P EPETRTRT Y P PR B | EFEPETEE AR |
155 160 165 170 175 180 185

180
m, [GeV]

CMS 2011 dilepton KINb
1733228(212%26)

CMS 2010 dilepton
175.5265(246%46)

D2l dilepton
1740%31(x18%25)

CDF-ll dilepton
1703237 (x20%31)

D2 dilepton
16841 128(£123£3.6)

CDF-l dilepton
16742 11.4(£103%49)

TR Mass

CMS average:172.6 £ 0.4 £1.2 GeVI

CMS preliminary, 4.9 fb™, \/[s=7 TeV
T T | T T T T | T T T ] T

CMS preliminary, 4.9 fb™', \S=7 TeV

% - I correct () QCD ] () o

(O] [ tt wrong = ;v’;"‘s b % 1.03

o 1000 3 unmatched [ single top B

> L ttuncertainty ~ —s— Data (4.9 b7 20

= 800 : 1.02

D r

g [ ] 1.01 15

- 600

S i TOP-11-015

S L - 10

5 400_— b [

E L ] 0.99

8 200- ] '

©

£ - . 0.98

=

w 300ﬁt [GeV] 170 172 174 176 B
L m, [GeV]

CMS p+Jets ]

m = analysis  jgsce
JES = 1004+ 0.005(stat) + 0.012(syst)
~1.3 (syst) GeV including color reconnection
Underlying Event expected to be small

Cross-check: 44660

After applying the calibration, we obtain a top quark mass from 44660 events of m; = 172.6 +

0.2 (stat) £ 1.8 (syst) GeV which confirms the result obtained in the main analysis.
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Standard Made| at 77eY 2019-2Q12

CMS Preliminary \'s=7 TeV

CMS e/u+ets+btag B
TOP-11-003 (L=0.8-1.09/pb)

CMS dilepton (ee,uu,eu) .
TOP-11-005 (L=1.14/fb)

CMS all-hadronic
TOP-11-007 (L=1.09/fb)

CMS dilepton (ur)
TOP-11-006 (L=1.09/fb)

CMS 2010 combination = | =

arXiv:1108.3773 (L=36/pb)

CMS e/u+jets+btag T
arXiv:1108.3773 (L=36/pb)

e ] s

CMS dilepton (ee,uu,eu)
arXiv:1105.5661 (L=36/pb)

5

CMS e/u+jets
arXiv:1106.0902 (L=36/pb)

164+ 3+12+ 7

10 %
(val + stat. = sys%. + |lum)

170+ 410 + 8

(val = stat. + syst. + lum)

136+20x ;0 + 8

(val £ stat. = syst. + lum)

1492420 = 9
m)

(val + stat. = syst. + lu

154:]; + 6

(val = tot. = lum.)

150 = 9:}; + 6

(val £ stat. = syst. = lum)

168+ 1813 = 7

(val + stat. = syst. = lum)

AT 7321422 2 7

(val = stat. = syst. + lum)

Theory: Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009

MSTW2008(N)NLO PDF,‘scaIe® PDF(TO% cL) uncTrtainty

0 50 100 150 200 250

300

o(tt) (pb)

[pb]

Production Cross Section, o,

— — — —
o o o o
™ w N ”

—
o

—
Q

- “e CMS 95%CL limit ]
E- Z ; E |
E ‘ ! : O CMS measurement (stat@syst) 3
- 2] —o— —— theory prediction 3
L I <
= 2 o s ‘ -
I L 22 Wy 1 D]
E: =3j - l Ly | i
= — ; ; -
E . =0 o W | s
[ =4] 1 ; ; .
E — T wz 3
- / | : : 77 L
- -% : : I  H(127)
E o L : T . —ZZ 3
- E; >30GeV " E;>10GeV § ! L
|| I <2.4 ' ARG >0.7 3 3 7777
[ 36 pb” - 36pbt 1.1fo" 47
E ‘ ‘ ‘ 3
JHEP10(2011)132 PLB701(2011)535 CMS-PAS-EWK-11-010  CMS-PAS-HIG-11-025

CMS-PAS-EWK-10-012

= Fabulous
agreement

= Lot's of data
... ontothe Higgs...
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Higgs boson at LHC

R o 1= s

g \s=7TeV % 2 _\bb _§
=10k El S
T 810-1 )
g ] @
10"

g 102}
10'2:—

:l

100

200 300 400 500 Joo0 10°500° 200 300 500 1000

M, [GeV]
" M, [GeV]

w Higgs boson (My ~120 GeV)
produced every ~10 seconds
@ L=5x1033cm-2s-!

- F | W o q L . .
ttfusion: " *>H >\AVXI\ZA§ — If It exiIsts @
9
, ‘ ‘ Ho

W, Z bremsstrahlung

9 t q
g g fusion : t H® WW, ZZ fusion :
t
9

q

4
~1
Q]

35



o x BR [pb]

Higgs boson: decay channels

: : H - vy 110-150
1E WW — Fvaqg 3
; ' ; H > bb 110-135
"1 ‘ WW — vy N\ H-> T 110-140
5 27 - 1To8 1 H SWW >2I 2v 110-600
102F ‘ 77 — v E H-> 77 >4l 110-600
107 EA\VBPNG e | =e E H > 2Z >212j 226-600
- Helvb V = VeV |
-4 RN
10100 200 300 400 500
M, [GeV] Most sensitive channels for
Signal at 1 fb™ low mass Higgs:
mu, GeV | WW—212y | 224 - H - vy
120 127 1.5 43 H->WW> |_V|+V,
150 390 46 16 HS 77 S -1+
300 89 3.8 0.04




e e e O H = 72 > FITFTY
Run/E\fnt: 195099 / 137440354 R\ / ; )




Signal vs background(s)

« Signal: an event coming from the physical process under study
— Example: H> ZZ->et*eete
« 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

g e

Signal: pp2>H>7Z>4e ‘Dangerous’ background: pp—>77Z—>4e
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Signal vs backgrounds

o(pb) _
30000 ¢ W + jets 180  ff 165 pbNNLO
W — (v 160
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How to detect particles?

Tracking + Ecal + Hcal + Muons for |n|<2.4

| | | | 1 1 1 |
Oom m 2m im 4am 5m 6m /m
Key:
Muon
Electron

Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon
Tracker

\ Electromagnetic %

)kil "' Calorimeter g

Hadron Superconducting ‘;'

Calorimeter Solenoid '?5

Iron return yoke interspersed §

Transverse slice with Muon chambers s

through CMS IS
Si TRACKER CALORIMETERS MUON BARREL

ECAL CAL . .
Silicon Microstrips Scintiﬁgting Pfgstic scintillator/brass Drift Tube Resistive Plate
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« Event count (example from 2011):

H > ZZ - ['Itl']* event selection

CMS Preliminary 2011 Ns=7TeV L=4.711b"
f | I [ | [ |
= : s DATA
E F oo 4 Q_CD
| o 1 o tt
= 5 + Z+light jets
- : o ZbblcT
¢ WHejets
E ¢ o Single top
- = WwW
__ —-— A wz
=0, 8 v zz
- " i om m,=350 GeVIc
L 4 1 @ o -200 GeVIc
E : o mH-140 GeV/c? =
- v 4 ; ]
:EI i E —— : E:
- @ VT —e— o
- ] O H _
= R o o E = = m 3
;_ S “ 0 ]
E @ = C:va
- A
| | | | “ § & | & |
s B ° 7 3 3
= R N §
RS

Best 4| candidate choice

— Two lepton pairs of opposite
charge, pt> 20, 10, 7, 5 GeV

— Z hypothesis for at least on pair
— My>100 GeV

Background rejection with
isolation and impact
parameter requirement

M,>12 GeV requirement on
2nd lepton pair

Event distribution consistent
with SM ZZ*

— data: 72, expected background: 67.1+6.0
— 13 events below My=160, 9.5%+1.3 expected
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Events / 3 GeV
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Measured
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Measured + predicted/expected

CMS Preliminary \s=7TeV,L=5.05f";\Ns=8TeV,L=5.26fb"
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* Irreducible background ZZ > 4|

— Estimated using simulation :
— Phenomenological shape models o2

— Corrected for data/simulation %é?l’é ‘

— Reducible background

— Validation in data using

Background mode

Estimated from data

« Measure probabilities for
lepton misidentification

« Extrapolate from control samples
enriched with mis-identified leptons
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0.2 - 5; ]
L, [P il | . . . i . J
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Total uncertainty ~50%
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Situation in 2011

\s=7TeV L=4.7 fb
tol ot L
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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



Search for SM Higgs: limits from 2011

| —=— Observed

Combined, L. = 4.6-4.7 fb™ \ B Expected t 1o
RN 7292 AR |nt ....... Expected + 2g

1S53 LEP excluded
Tevatron excluded

' CMS excluded

—_
o

%
S
N
\

95% CL limit on c/cg,,

........

10400 200 300 400 500 600

Higgs boson mass (GeV/c?)
Higgs boson excluded everywhere except [114.5 - 127] GeV
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Two options for 2012

There’s =
nothing new
under the Sun

Or is there?







Blind analysis




H > ZZ - ['I*]']* events distribution

CMS Preliminary \s=7TeV,L=5.05f";\Ns=8TeV,L=5.26fb"
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The day we looked at signal region
14 June 2012 @ 18h00

,‘\\\ 2 i / j?;




H > ZZ - ['I*]']* events distribution

CMS Preliminary \s=7TeV,L=5.05f";\Ns=8TeV,L=5.26fb"
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H—> ZZ > [I'I*]']* events distribution

Events / 3 GeV
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10

CMS Preliminary ys=7TeV,L=5.05f";ys=8TeV,L=5.26fb"
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Events / 10 GeV

25
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10

H > ZZ - [t results

CMS Preliminary {s=7TeV,L=56.05fb";ys=8TeV,L=526f" g 1—
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100 200 300 400 500 600 700 800 100 200 300 400 5?30 300
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From PDG: "... p-value is defined as the probability to find t in
the region of equal and lesser compatibility with H, than the
level of compatibility observed with actual data ...”
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Events / 3 GeV
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H > ZZ > [t results
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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 ©)

S0, when do we claim a discovery?
— When we are sure.
— But we are never sure!
— That's right, but we can be pretty sure ©
— ‘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)



Converting p-values to
significances

Probability of outcome: 1in

Zscore /
significance Area £nO

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
i / I \1 980
. : 95% ofjvalues \

Probability of Cases

|
|
=01359
|

999 ofpvalues

in portions of the curve : : =0.3413 =0.3413 *0.1359
Standard Deviations 3 5 ) 0 . 2 3 +:
From The Mean - 20 el -0 : +.° +.° +.c' 1o
1] 1] 1 ] 1 ] 1] 1] 1 ]
Cumulative % 0.1 2.3 15.9% 50% 84.1% 97.7% 99.9%
} } } } } } }
Z Scores -4.0 3.0 -2.0 -1.0 0 +1.0 +2.0 +3.0 +4.0
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ATLAS H > ZZ > [I'I*['lt results

> B T | T T T T I T T T T I T T T T i o _l LB l L [ L ] L ] T 0 l LA l LI _
8 - Data * ATLAS . g 10°F — Qbs. combined ATLAS Preliminary
o 25 [ll Background 22 nozZ0oa 1 8 oo H— 22" 4 E
£ [ Background Z+jets, : = 10 Exp. 2011 Vs=7 TeV:[Ldt =4.8 fo*5
Q5o [[]Signal (m =125 CeV) B [ oo Exp. 2012 Vs=8 TeV:[Ldt =5.8 fb' ]
™" % syst.unc. . 1
i i P tyliemm s el s st s o e e 110
{5Is =7 TeV:|Ldt = 4.8 fo! N 10" V\~// e -
" s =8TeV:Ldt = 5.8 fb" g 102k 1%
10~ - ]
: 1 10% El
5__ 10-4 E_ ~~~~ —E
3 i : : 140
0 L 1 0-5 NN NN Y 1."1 IS AT S N
100 150 200 250 110 120 130 140 150 160 170 180
m,, [GeV] my, [GeV]

62



[}
™
LA |
%ﬂ
- sl
; ‘ﬂ %
e
4008 &l
£ - Y
- -
- L ]
|
o e
=, =

{c) CERN. All rights reserved.
i

for&""‘f'\éht higgs: H > vy




H - yy: Search for a narrow mass peak
with two isolated high E; photons
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Events / 2 GeV

H - yy: Search for a narrow mass peak
with two isolated high E; photons
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H - vy selection

Background: direct QCD —

photons and fake
photons from jets

pt> (40,30) GeV for two
photon candidates

Photon identification
based on categories
based on n, i conversion
probability:

— lIsolation

— Shape of
electromagnetic
calorimeter to reject
0> vy

— Electron veto
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p-value
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Combination and interpretation
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A new Higgs-like boson: CMS
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A new nggs—llke boson: ATLAS
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Excess of data at
about the same place

... In two years
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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 \/s = 7 and 8TeV in the CMS experiment at the LHC, using
data samples corresponding to integrated luminosities of up to 5.1 fb~! at 7TeV and
5.3fb~! at 8 TeV. The search is performed in five decay modes: vy, ZZ, WW, 7777,
r\nd 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 1s 5.5 standard deviations. lThe excess 1s most signiticant in the two decay
modes with the best mass resolution, vy 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.

arXiv:1207.7235v1 [hep-ex] 31 Jul 2012

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

Submitted to Physics Letters B 74



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~! collected at /s = 7TeVin 2011 and 5.8 fb~! at /s = 8 TeV in 2012. Individual searches in the
channels H— ZZ"— 4¢, H— yy and H— WW®"— evuy in the 8 TeV data are combined with previously
published results of searches for H—ZZ®, WW®, bb and t*7~ in the 7 TeV data and results from
improved analyses of the H— ZZ— 4¢ and H— yy channels in the 7 TeV 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 x 10~%, is compatible with the production and decay of the Standard Model
Higgs boson.

arXiv:1207.7214v1 [hep-ex] 31 Jul 2012
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Evolution of the excess with time
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Events / 3 GeV
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Part 1 - How did we find it?
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Part 2 - What did we really find?

And how do we know that ...

CMS preliminary ys=7TeV,L=51f" ys=8TeV,L=1961b"
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CMS - Final results with Run | data
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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 ...

Remember from the first part of this lecture: we
better reject then accept hypotheses

Let’s call this particle “X particle”, for the moment
Tests:

— 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 is the spin and parity of X?
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Higgs boson at LHC
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o x BR [pb]

Higgs boson: decay channels
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H>WW->212v

Signal characteristics:

Only 2 opposite sign, isolated
leptons

significant MEr=» No mass peak
No b-jets, no additional low Py
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S/ (S+B) Weighted dN/dm_ [1/GeV]

H->tt
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VH->Ivbb

gg~>H-> bb and VBF are
dominant production
modes

but overwhelmed by
enormous QCD di-jet
background

Best option:
qq~> VH; H 2> bb

Use
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What is the mass of X?

Measure the mass through high precision channels
H->yy and H>ZZ->4l

19.7fb" (8 TeV) + 5.1 fb' (7 TeV)
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How does X decay?

Combined
w=1.00=x0.13

H— bb (VH tag)

H — bb (ttH tag)
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How is X produced?

Combined
u=1.00=0.13

Untagged
u=0.87+0.16

VBF tagged
w=1.14x0.27

VH tagged
u=0.89=+0.38
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How does X couple to other particles?

ATLAS Preliminary \s=7TeV, |Ldt = 4.6-4.8 fb"
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What is the spin and parity of X?

« Use kinematical discriminant (KD) to discriminate against different
spin-parity JP) models

- 1
Pip(ml,m2,0|m4g) ]

Pone (M1, M2, Q|1m40)

, s medel

H zZ' O+  SM Higgs boson
4
I Zl 0 0 Pseudoscalar
/ 9"‘ 1 7
P — X «l- 3 - - - O*,  SM with higher dim. operators
|+ ,; - -
e s _ 1 Vector
2 1+ Axial vector
0

2%,; g8 > graviton
2t Qg = graviton
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Events

Events

10

Scalar (SM) vs pseudoscalar
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Scalar (SM) or pseudoscalar
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Scalar (SM) or pseudoscalar
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Pseudoexperiments

Scalar (SM) vs pseudoscalar
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Pseudoexperiments

Pseudoexperiments

Some other hypotheses
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21In(L, i£y)

What is the

spin and parity of X?
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Events/5GeV

Measuring the width
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Events/0.05

Measuring the width

Ys=8TeV,L=19.7 fb*
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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

March 2015

— Combined Measurement of the Higgs Boson Mass in pp Collisions at sqrt(s) = 7
and 8 TeV with the ATLAS and CMS Experiments
— By ATLAS and CMS Collaborations, Phys.Rev.Lett. 114 (2015) 191803
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Current Higgs questions

It is a scalar (0*) particle, with couplings [to bosons
AND fermions] that are proportional to mass.

+ ltis 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?

P. Sphicas LHC Days in Split 2014
What we have learnt from the LHC Sep 29, 2014



CMS and ATLAS collaborations
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