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The Scalar boson

Makes the SM work

allows massive W & Z

allows fermion masses

Testable prediction of Electroweak
theory

Scalar Higgs Boson




SM Higgs bosons

Identifying a SM Higgs boson or “how
to get Peter Higgs (and others) a Nobel
prize” ©

Neutral
Mass consistent with EWK fits

Spin-0
Correct couplings
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Production at the LHC
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Indirect Constraints on the Higgs

6 March 2012
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How to find a Higgs

Lots of energy to make them

Sensitive detector(s)

Some smart people to make it work and
analyze the data

Look everywhere you can



Total Integrated Luminosity (fb ')

18/
v CMS Recorded: 15,29 fb™
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Large Hadron Collider

Proton-proton collider
Designed to run at Vs=14 TeV

CMS Total Integrated Luminosity, 2012, p-p, 's=8 TeV
Data included from 2012.04.04 23:57:30 to 2012.10.08 04:00:14 UTC

_ I LHC Delivered: 16.42 fb™
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. About 10fb! data in results here
Another 10fb! already recorded
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Compact Muon Solenoid

1 1 | |
om im m im
Key:
Muon
Electron

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

Silicon
Tracker

3 Electromagnetic
}lll Calorimeter

Hadron Suparconducting
Calorimeter Solenoid

_ Iran return yoke interspersed
Transverse slice with Muon chambers
through CMS

T Baurnay, CERM, Felwacary 3004
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Triggering

Event rates of Higgs several
orders of magnitude smaller
than total cross section

Reading out every event
would be TB/s !

Need a good trigger system to cut
the rate down and reject
backgrounds

Two level solution at CMS
L1 fast decision, factor 1000 reduction
HLT down to about 100 Hz
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¢ (nb)

10 ETTTT

107

10°

10° |
10! [

1070 E

107

1073

Ot

Tevatron LHC

3 Ow 410°

= 0, (E¢™ > 100 GeV)

410°

4107
L 0B > s 4
[ Giggs(My = 150 GeV) 110
= Gygge(Myy = 500 GeV) E
[l Ll N 1076
0.1 1 10
Vs (TeV)

12

events/sec for L=10 ©m s



photo M.Hoch

12/10/2012 Over 4000 collaborators now on CMS!



Channel Overview
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Higgs Discovery?
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Higgs? Discovery

Local p-value
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h—bb

_ , 2 wE et g
Associated production pp->VH 2 1605 (3ogtevio s Y s
. . . o pp — WV + bb w
Leptonic (e,u,v) decays give clean signature G 0" %
120 Ew:ﬁgscg
1 OO | S_lngle top

''''' .

Events classification: lepton species and Higgs boost

Require:
isolated leptons
missing transverse energy (neutrinos)
2 b-tagged jets
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Boosted Decision Tree used to discriminate between
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h—bb
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Not quite sensitive to SM yet, next update should achieve that
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Select events with one or more leptonic
tau decays: categorize according to

flavour: ey, et, pt,

dN/dm.,, [1/GeV]
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Further subdivide into 3 categories:

VBF : + 1 forward, 1 backward jets
Boost : +1 high pT jet
O-jet: remaining events

CMS Preliminary,»/s = 7-8 TeV, L = 10 ' TeTy,
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Dominant backgrounds estimated from control samples in data
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CMS Preliminary\'s =7-8 TeV,H— 11, L =10 fb"’
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Close to SM sensitivity and no sign of a Higgs — though be aware of the size of the
bands! Next updates should prove interesting!
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(W/Z)h—>WW(W/Z)

Four basic channels: 212v, lvujj, 313v, 212vjj Main backgrounds come from diboson
production, top pairs and W+jets -
depending on category.

Data driven for major contributions

Classify events according to lepton flavour
and charge and jet multiplicity

Select events with isolated leptons, missing
transverse energy and up to 2 jets
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h—>WW-—-2]2v

Sensitivity dominated by 212v
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SM like Higgs excluded across much of the mass range.
Broad excess in low mass region compatible with SM Higgs
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Golden channel: h—»ZZ—4]

4 isolated leptons give extremely clean signature
Excellent energy resolution gives narrow signal peak

CMS Preliminary ¥5=7TeV.L=505f";{s=8TeV,L=526 "
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Angular analysis using matrix-element
likelihood approach enhances sensitivity
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95% CL limit on o/og,,

Golden channel: h—»ZZ—4]
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Other ZZ channels

Look for two leptons and large
missing transverse energy

Table 33; Expected number of signal and background events for an integrated huminosity of 5.0 fb™! at 8TeV after applying the full higgs
selection compared to the rumber of observed events in data. Uncertainties for ZZ/WZ/Z+Jets and non-resonant backgrounds as well as
for signal include the statistical and sy stematic compeonents.

channel ZZ WZ = 3lv Z = ljdata) Top/ WW /W data) Total 2gHI200] JqH{200] Dala
ee = [ jets 70£02 4401 JICEEES N a1+ 15+ 15 191+15+212 0003 £ 0,003 0.005 £ 0.006 13
pp=0jets | 12.0+03 7.2+02 320632 NO0+£26x27 333427442 0012 £0008 | 0.0004 00003 [ 27
ee = 1jets 702 ad4x0l FAX0TEFTA 1N2+£20£28 57422470 04+£02 0.08 £ 0.01 3z
pp = 1jets 6202 51zx01 123+£12+123 013650 4381384133 ae+02 014002 49
ee = Qjds L3xal | Lo2% 006 [AESLE A FAES-ESE:] 154117162 [EEN 018+ 0.03 23
pp = 2jels | 23201 L57 £ 0,7 1.3+ 10103 128+£28+32 7.0+ 301108 a5+0.1 023+0.03 31
eevhf QA4 £0.02 | 0od £ 001 021+ 0,08 £0.21 M+ 034 20,09 0604402 0010 + 0007 011 £0.02 o
m 004+ 0.02 | 004 £+ 001 04+01+04 O6£06E02 1140604 0.0006 £ 0.0006 018+ 0.02 1
T ZZ WZ — v Z = Wdata) | Top/ WW /Wi data) Tofal R LIE] [ BE
| ee = Ujels TOELT EX0T OEEX0IE08 ATELIEDTD BIEX1IE1T TELE OITE0.00 11
pp=0jets | 11.3+03 51zx01 Lex04+1le AFE£21£17 2494214123 E60.5 018+ 0.01 14
ee =1 jefs 4202 28zx01 26+03+26 A7 1007 123411427 5304 074002 14
pp = 1jets 63+£02 4101 44+05£44 49+17+12 196 +18145 7405 098+ 0.03 23
ee =2jds [ L18+0.08 | 071005 1L2+02+12 OF£05+£02 38t+05+12 2003 0239+ 0.02 12
pp = 2jels | 20+£01 L14 £ 006 21+03£21 12£09+£03 a5+ 09+21 2803 047 £0.02 12
eevhf 004+£0.02 | 004001 021+ 008021 M+ 0342009 06+ 04402 017 006 050+ 0.02 o
Hpobf 004+ 0.02 | 004 001 40104 060602 L1406 +0.4 014 £ 006 066+ 0.03 1
channel ZZ WEZ — v Z — [ data) Top/WW /W data) Total ggH(300) qH [200) Data
ee = U jets 2301 | 071005 Q15+ 005015 17 £ 0.17 = 0.04 33t 02402 2102 0.045 £ 000 2
= Ujets 29£02 | L4007 040104 030 £ 031008 48104104 alx03 0.067 £ 0.008 3
ee = 1jets Ls£01 | 071005 AFE01+07 017 £ 017 2 0.04 31t 03+07 3803 031 +£0.02 3
Hp = 1jets 23£01 [ L4008 Ll£02xll 030 £ 0312008 48104111 5504 049£0.02 L
ee = 2jds | U55E0.06 | 0.25+ 003 049+ 0.0B £ 049 LI7 £ 0.17 2 0.04 15102405 lex0l 0.119 £+ 0010 o
Hp oz Zjets [ Q79007 | 037 +0.04 0A+01+08 030 £ 0.31£0.08 22103108 22+02 021+ 0.01 5
eevhf 004+£0.02 | 004+ 001 021+ 008021 LM+ 0342009 06+ 04402 007 £0.08 031 +£0.02 o
HpoBf 004 £ 0.02 | 00 £ 001 04+01+04 06+ 06+02 L1+ 06404 016 £ 0.0% 045+ 0.02 1
channel ZZ WZ — 3lv Z — ljdata) Top/ WW /W data) Total 2gHIE00] JH{600] Dala
ee=10jels | OEIE£0.08 [ 0LI5+002 | 0O0S£00B£0.008 | 017017 +£0.04 | 0081 £ 019 £ 0.0 028 £ (.08 0.018 £ 0.002 [1]
pp=0jets | QBE0.00 | 022+ 003 0L04 £ 0.08 £ 0.04 030+ 031008 | 1451+ 0.33 £ 0.09 046 £ 006 0.029 £+ 0002 o
ee=1jefs | 0E3+0.06 | 015+ 002 022+ 005 +0.22 017 £ 0.17 £ 0.04 1L1+02+02 095 £ .08 0.134 £+ 0.006 1
pp=1ljets | 085 £0.08 | 0.26 £ 003 03 £0.09+£0.57 030+ 031008 18+ 03404 L9 £0.09 0171 £+ 0006 2
ee =2jde [ 027004 | 005001 010+ 004 £0.10 017 £ 0.17 £0.04 0e+024+01 039 £ 0.06 0.049 £ 0.003 o
By o= Djels | 033E0.04 | 005+ 001 017 £ 006 £0.17 030+ 031008 0940302 06l £0.06 0.059 £+ 0003 1
ee ohf 004 £0.02 | 004 £ 001 021+ 0,08 £0.21 LM+ 034 0,09 0604402 005 £ 001 0.130 £ 0.006 o
By vbf 004002 | 004+ 001 04+01+04 O6£06E02 11+ 0604 006 £ 002 0172 £+ 0,006 1
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Golden Low Mass Channel: h—yy

Tiny branching ratio but very clean
signature
Two isolated high pT photons

Narrow resonance — performance
completely driven by the detector

Was the benchmark channel for the
ECAL design

ECAL TDR

Table 12.7: Signal significance for H — yy (my = 100 GeV)

Integrated luminosity Signal
significance

30fb7! taken at 1077 em™2s71 5.0

100fb7! taken at 10°% em 2571 83

12/10/2012
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In principle a simple analysis:

look for a bump in diphoton mass spectrum

accumulate data and wait for it to appear!
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EM Cluster
(RAW Energy,

Shower Shape,
Local/Global
Coords)

Reconstructed
Tracks

ECal and HCal
Deposits

h—yy

Slightly more complicated than making a mass plot and waiting for a signal!

Per-Photon

Y

Estimate
Regression

Photon
Energy
Regression
(Cluster
Corrections)

Primary
Vertex
Reconstruction

Conversion

Reconstruction | |

Primary
Vertex
Probability
MVA

A

Primary
Vertex
Selection
MVA

Photon ID
MVA

(Photon/Jet
discriminator)

Di-photon MVA

Categorized
Mass
Fits

l

Results

Results

Categorize

and Count
MVA
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Event selection

Select events with 2 isolated > 900 =
- @ 2 CMS preliminary + Data -

photons, with cuts on pt/M O g0 S=7TeVL=51fp- [ 2prompty E
; E' ) [ 1 prompt y 1 fake y -

-— o [ 2fakey =

QCJ 700 :gi—g 1 Drell-Yan 3

I.I>J 600 = ";." ) [ Hoyy (120 GeV) x5 =

2 hlgh_pt jetS plus hlgh Jet ’i_{l, MC k-factor uncertainty -
500 £ Ik -

mass for VBF search - -
400 & =

- _ . 300 & =
Split events into different 200 = / E
categories to optimize - ki B, NI -
g . . p 100 :_ w"'ﬂ&“#ﬁk:;k:ﬁ T WAL —
sensitivity - ‘ __HJJTLLm | | | | S

150 160 170 180
m,, (GeV)

900 110 120 130 140

Look for a bump on a smoothly
falling backgound

Pretty good agreement between MC and data



Photon ID

Boosted decision tree trained to separate prompt photons from mt°

Use isolation, shower shape and related

20000 20000
 CMS preliminary - CMS preliminary
T ys=8TeVL=53fb" 18000~ ys=8TeVL=53fb"
60000 C i
- . 16000 ) y
o Data (electron veto inverted) ] [ —— Data (electron veto inverted) ‘ﬁ
50000~ 14000 :
B . Drell-Yan MC C
40000 E§§§§§§§ Drell-Yan MC +0.01 12000 E
C 10000
30000 :— 8000 :_
20000 6000~
- 4000~
10000(— C
C 2000
0 0.2 0 0.2 0.4 0 0.2 0 0.2 04
photon ID MVA output (barrel) photon ID MVA output (endcaps)

Efficiency measured in Z—ee with corrections to photons derived from MC
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Vertexing

Correct vertex needs to be
identified precision < 10mm

a.u.

L CMS preliminary 1
0.1 Ns=7TeVL=51f" |
0.08~- MCZ-uu |
i -e— Data Z—ppu
0.06} |
- 7\I\\||\\‘\I\\‘||||‘\|\\
I : NN
0.04f o \
0.02} ] \
% 3 \
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CMS preliminary
{s=8TeV L=5.51b"

MC Z—puu
—e-DataZuu

number of vertices

BDT based vertexing algorithm
based on event kinematics

Gives vertex + event-by-event
error estimate
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Vertexing

Methods validated on Z—pp events 2 e
by throwing away muon tracks % i
o L
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Energy Reconstruction

Number of corrections applied to ECAL
cluster energies:

shower containment
conversion recovery
pile-up mitigation

BDT based regression algorithm
used trained on MC

MC tuned to data in Z—ee events
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Signal Extraction

3 procedures used:
simple categorisation with mass fit

used for earlier results now dropped

BDT categorisation with mass fit
“mass factorised”

BDT categorisation with “sideband
method”

0.35 GeV/c?)

Events / (

x10°
B CMS preliminary
i ﬁ‘%ﬁ Simulation Simulation
400
| — Parametric Model
F BDT >= 0.89
300 B o= 1.17 GeV/c?
P
FWHM = 2.59 GeV/c?
200
[l
100
0 N = TH : |
100 110 120 130

m,, (GeV/c?)



“Mass factorized” : Categorisation

—— MC Background

Train a BDT with photon-ID 0.12 Mo zioe CMS Prolminary
and kinematic information oy

fraction of events/0.04
o
o)

0.08
Choose carefully to avoid sl
dependence on mass hypothesis :
0.04}
< Xo S 0.02
g 20 ;_. = D?ei—\"an + Wy L
2 18f e e 0097 -05 0.0 0.5 1.0
% 16 == Prompt-Prompt di-photon MVA output
5 148 B
H* 12: I .
R Use BDT output value to define
[ . ..
o categories — optimised for best
________ Lo expected sensitivity from
SR e e W B simulation
12/10/2691@ -0.5 0.0 0.5 1.0 34

di-photon MVA output



“Mass factorized” : Signal Model

x10°

o n . _ CMS preliminary
§ : # Simulation Simulation
o 400 ]

(_I) : —— Parametric Model []

s i BDT >= 0.89
m = _ 2
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130
(GeV/c

Sum of gaussians fit to tuned Monte-
Carlo in each category

Systematics mapped onto variations
in model parameters

MC generated at 5 GeV intervals in
mass — parameters interpolated
inbetween

Caogry 10 a2 2 Ve vers

12/10/2012 Resolution / GeV

1.34 1.44

1.82 296 1.87 2.13
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“Mass factorized” : Background Model

Problem: how to chose a
parameterised model?

Solution: compare performance
with many classes of functions in
simulation

Generate with one function — fit
with another

Pick the function with the best
performance with respect to
biases in the signal extraction

Both photons in barrel, R'g"i" >0.94

>250[-
& % CMS Preliminary =+ oo
= ¥ is=8TeVL=5.3b" — Blalled
> RS
£200}*
] <2
m [ } } [ 1xsmm, = 125 Gev

150 *

100\~

501
1 l 1 J__rrr-l-l-._l | I 1 | 1 | l 1 |
100 120 140 160 180

m,, (GeV)

Separate fit in each category

Polynomials give smallest bias, order
ranges from 3 to 5 depending on cat.
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Sideband Method

Alternative approach designed to avoid some pitfalls of pure parametric approach

—e— Data (4.7fb )
GluGlu120 x10
[0 DYee+z

[ QCD fake-fake
[ QCD prompt-fake
1 GJet prompt-fake

I Pythia Box

[ Madgraph DiPhotonJets

For each mass hypothesis:
Split mass spectrum into
windows +/-2% wide

Use data from sidebands to
constrain a model of the
background in the signal window
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Sideband Method

240 —
220 i_ - 37.:?;5:’33 K Data in signal region
200— [ DYee+Z MC in signal region
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Sideband Method

©0.85 : 5 5
Assume that variation of -§ . ' CMS Preliminary
fractional yield in a category = 08 ! | :
from one sideband to another % - |
approximately constant L2075 |
Follows from approximate 0.7 ?
independence of diphoton B f
BDT to mass hypothesis 0.65 .

06 —F00 7o 20 1% 140
m,, (GeV)

Fit a straight line and parabola to
extract relative yield in the signal
region

Uncertainties propagated forward from fit and
systematic variation from comparing parabola and
straight line fit



Sideband Method

CMS Preliminary

. -1
Fit “double-power-law” across Ns=7TeV,L=4.76fb

Events/(0.5)
()
a
=]

sum of all categories to 300
estimate total yield in signal o50F-
region -
200

150

100

In practise can do all fits in one =
o 50—
big simultaneous method =

IIIIIIIII|IIII|IIII|IIIIIIIIIIIIIIIIIII
foo 110 120 130 140 150 160 170 180

m,, (GeV/c?)

Add uncertainties to yield in each category based on global fit uncertainties
and estimate of bias from MC studies similar to those in the “mass factorised”
method



Sideband Method

Advantages:

each assumption has an
associated systematic
uncertainty

no need to re-determine
polynomial order as data
accumulate

constraints on
background yields across
categories

Disadvantages:
complexity
non-parametric
less smooth variation of

results

10°
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CMS preliminary,Ns = 7 TeV

—+— Data
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Background
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— e
_¢_
ﬂ t
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BDTBin1 BDTBin2 BDTBin3 BDTBin4 BDTBin5 BDTBin6 BDTBin7 Di-jet




VBF Tagged Categories

- CMS Preliminary —4— Data
—is=8TeV,L=531b" S+B Fit
------ Bkg Fit Component
[I+1e
[ +20

BDT >= -0.05 Tight Di-jet Tag

Events /(1 GeV)

-

/Ijj > 500 GeV

N WA~ 0000 N 0 O

960 120 140 160 180
m,, (GeV)

Events /(1 GeV)

20F-cMs Preliminary —e— Data
- ys=8TeV,L=5.31" —— S+BFit
18 - -====- Bkg Fit Component
165 =B
1 4 _ BDT >= -0.05 Loose Di-jet Tag
120 ||
10 ;—]} 'y | JJ > 250 GeV
8
6
4 Hhin
o ll l Bt
s R
900 120 140 160 180
m,, (GeV)

2 Categories for 2012, 1 cat categories for 2011 running

2-jets well separated in rapidity, select for high dijet mass to further enrich VBF content

Large systematics from jet modelling and “category migration” (large on ggH)
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Results

Results of inclusive + VBF searches

o_* n
“Mass factorised” sideband
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Both methods give consistent results
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Results
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Higgs Properties: Mass

M,, [GeV]
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Eur. Phys. J. C 60, 543 (2009)

127102012 2D likelihood scan. Approach using 2D Feldman-Cousins also underway 45



Higgs properties: Cross section

CMS Vs=7TeV,L=51f Vs=8TeV,L=5.3fb"

CMS fs=7TeV,L=5.1f" ys=8TeV,L=5.31f"
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Best fit /0, For the moment everything looks
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Higgs Properties: Couplings

w 2.0 20 |
O CMS Preliminary c
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parameter extraction rather
than discovery
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Systematic uncertainties will 0.2
become increasingly important 8
0.0
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Higgs Properties: Spin and CP

arXiv:1208.4018
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Background

Might start to see some separation with 2012
data but likely nothing conclusive until 14TeV
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Prospects and Summary

After nearly 60 years the easy bit is done!

A good candidate for a Higgs boson has been discovered
at ~125 GeV

2012 Data may yet reveal some surprises! But probably
not conclusive on SM nature of the boson

Post-shutdown era will hopefully be Higgs Physics instead
of Higgs searches!
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Polynomials

Toy simulations generating a mass spectrum with different models and then fitting it
(NB not the actual stuff used in CMS)
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F-prob = probability to falsely claim model 2 better than model 1
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