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Practicalities

mauro.donega@cern.ch

pasquale.musella@cern.ch

Moodle will store slides, exercises, papers and references

Detailed bibliography will be given at each class
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Early days

Ellis, Gaillard, Nanopoulos, 1975
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“at the time of writing the discovery of the charm has not been confirmed”
...let alone beauty ('77), gluon ('79) and top ('95)
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Early days

Ellis, Gaillard, Nanopoulos, 1975

M, <07 MeV
excluded by neutron -electron scattering

M, <13 MeV

J

M, <18 MeV

excluded by neutron - nucleus scattering

excluded by nuclear 0°—0" transitions

] M,<211 Mev
accessible in t"p~Hn at low energies ?

M, <350 MeV

accessible in K-mn+H decay?

M, <590 MeV

accessible in 3.7~ 31+H decay?
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500 MeV <M <1500 MeV
accessible in moderate

energy (u'pw) experiment ??
1500 MeV<M <4000 MeV
accessible in pp~{uw)+X
at high energies ??
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Early days

Ellis, Gaillard, Nanopoulos, 1975

Many people now believe that weak and electromagnetic

interactions may be described by a unified, renormalizable, Standard Model
spontaneously broken gauge theory [l]. This view has not been

discouraged by the advent of neutral currents, or the Gargamelle @ CERN
existence of the new narrow resonances [2]. J/p resonance Richter/Ting

We should perhaps finish with an apology and a caution. We
apologize to experimentalists for having no idea what is the
mass of the Higgs boson, unlike the case with charm [3,4] and
for not being sure of its couplings to other particles, except that
they are probably all very small. For these reasons we do not
want to encourage big experimental searches for the Higgs
boson, but we do feel that people performing experiments
vulnerable to the Higgs boson should know how it may turn up.
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Review of basic concepts

Cross section
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LHC luminosity Run 1

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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Review of basic concepts
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Higgs below 5 GeV
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Colliders
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Colliders
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Map of CEPM citae and | MM arrace nainte
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Detectors
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Detectors
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Passage of particles through matter

Momentum range for Higgs physics
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Passage of particles through matter
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Electrons E>1 GeV only bremsstrahlung

Electrons E>1GeV only pair production
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Passage of particles through matter

Electromagnetic shower development
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“General” HEP collider detector
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Fig. 1 - The ALEPH Detector
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L3
Magnet Yoke

Magnet Cail
Magnet Paole

ETH Mauro Donega: Higgs physics

21



CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0m Pixel (100x150 ym) ~16m* ~66M channels
Overall ]ength :28.7m Microstrips (80!180 [,lm) ~200m?* ~9.6M channe
Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A 4 Te S I a

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers

Endcaps: 468 Cathode Strip, 432 Resistive Pl bers

PRESHOWER
Silicon strips ~16m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels
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ATLAS

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

\

SCT Tracker Pixel Detector TRT Tracker

Toroid Magnets Solenoid Magnet
2 Tesla
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Secondary vertices

- - -
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4

heavy flavours and tau decays
can be distinguished from S'V )
jets by looking for secondary . .
vertices (SV)
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electrons: tracker / calorimeter
muons: tracker /| mu-spectrometer
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electron muons

o 0.2 g=1.005 —— . . y V— —
3 3 —— iy - e'e k - ATLAS E
2 - El X = £ o7 3
:,J, 0.015:_ Electrons, n|<0.60 -2 et : = 1.004 CB muons hi<2.5 0% _)L:llill :
0.015_ Calibration um:ortalnty_é< 3 Eii 1.003 v Jy - uu E
0.005F E E
o M E +—+4—
0.005F x E
0.01F- = E
: - 0.997F Data 2012, \s=8 TeV =]
00155 aTLas \5=8 TeV, J-Ldt=20.3 o' 3 0.996 IL -2031b" =
. I PPE IS PP PPIPE IS PP PPl PP PP el -
002™70"20 30 40 50 60 70 80 90 100 M E— 102
E, [GeV] <> [Gev]

ETH Mauro Donega: Higgs physics



Electroweak fits

Two ways to discover new physics:
“direct” observation or observing deviations from theory

Infer the presence of new particles (fields) through quantum corrections on observables

Quantum corrections = loops (high oders)

Observables Loop corrections
masses
coupling constants vertices
Branching ratios propagators

production cross sections

Examples:
Take an observable whose high order corrections depend on Miop, MHiggs
= can infer those masses even before observing the particles |

Flipping the argument, combined fits of of several observables
are very stringent test of the theory/model producing the corrections

(we will go into more details about (pseudo-)observables when fitting the Higgs properties)
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Example

Hieu ORDER CORRECTIONS  AFFECTING

T™ME Z->bb
0 b
ey 1 ¢ 2y
W
e t . W

b
Tuese  corREcTions ARE o(17 )
=) To ORTAN INBIRECT ONSTRAINTS

WE nNeed  RoTM
W6M SRECISIoN PREDLCTIONS
WGk PRECIS1oN NEASLRENENTS

ETH Mauro Donega: Higgs physics



5 input parameters from the Standard Model:

aimz) as(Mz) Mz Miop MH

In practice all the other parameters are either ~constant at the Z-pole
or can be derived from these

Collect a (large) number of observables that depend on these inputs
and fit them simultaneously to check if there is a (unique) set of values
that can accommodate all measurements.

Build a X2fit from all the observables:

2
X2 = (observed - measured)

uncertainty

O1(a, As,Mz, Miop,MH ; XT)
O2(a, Qs,Mz, Miop,MH ; X2)
03(0., Qs,Mz, mtop,mH : X_S’)

Q)

X2
p

H: (Q, Gs,Mz, Mtop, mH)

On(Q, as,mz, Mtop,MH ; >?r\l) =0

Q)
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Mtop MH

AT TREE LEVEL (Tk. Lectore '\3
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2
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f W
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AT ONE LOOP

With Av: Ax + Dvy
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Observables
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Observables
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A
A\‘ = SLX B 39\‘1 X= b, c, e@bn{
T
fx * Y

ASYMMETRY IN THE ovPLINES 1O

JEET —HANRED / Q6T - WANDED FEANIONS

SIAC SLC[SLd  Doarizen REANS
JEO  ULE T FR LEPTONS

® FFFECTWNE EW -M\x\NGE AN GLE

sz 9:}
LEP 2/ e \N RosoM W /\-‘w

TeVatron .y YoM S

ETH Mauro Donega: Higgs physics



Observables

Low Energy cross checks
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Input summary

ETH Mauro Donega: Higgs physics

Measurement with | Systematic
Total Error Error
A (m2) [59) 0.02758 4 0.00035 0.00034
mz [GeV] 91.187540.0021 | (©0.0017
Iz [GeV] 2.4952 +0.0023 | (90.0012
oy, [nb] 41.540 % 0.037 @0.028
R} 20.767 £ 0.025 @0.007
Adg 0.0171 +£0.0010 | “0.0003
correlation matrix |
Table 2.13
A (P)) 0.1465 + 0.0033 0.0015
A; (SLD) 0.1513 + 0.0021 0.0011
R 0.21629 + 0.00066 0.00050
R 0.1721 + 0.0030 0.0019
Ap 0.0992 + 0.0016 0.0007
Aps 0.0707 + 0.0035 0.0017
A, 0.923 4 0.020 0.013
Ac 0.670 + 0.027 0.015
correlation matrix IL
Table 5.11

sin? 6\%" (Qhyg 0.2324 + 0.0012 0.0010
m, [GeV] (Run-I [212]) 178.0 £ 4.3 3.3
my [GeV] 80.425 4 0.034
Iy [GeV) 2.133 4 0.069

+ correlation given in

Section 8.3.2




Dependence

The stronger the dependence on the observable on a parameter the more precise its
determination

(5)
Aay g

A(SLD)
sin®057(Q,)
my"

Iy*

Mt

Q,(Cs)
sin“Bgz(ee’)
sin“6,,(vN)
ge(vN)

2
Ga(vN) *preliminary

0 02 04 06 08 1
100"*%/9M, §(M,)/c™e2S
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The most amazing results ever!

Take the high precision Z-pole measurements and fit simultaneously all 5 inputs:

X2/ndof = 16/ 10 (probability 9.9%)

Parameter Value Correlations
Aoyy(m3) oas(m)  mz  my logye(mu/GeV)

Aa® (m2) | 0.02759+0.00035 1.00

as(m2) 0.11900.0027 ~0.04  1.00

mz [GeV] | 91.1874+0.0021 ~0.01 —0.03 1.00

my [GeV] (17383 ) ~0.03 0.9 —0.07 1.00
logyo(mu/GeV) | (20538 |\ —029 025 —0.02 0.89 1.00
my [GeV] L1110 ) [N\ -0.29 025 —0.02 0.89 1.00

N

PDG m=173.21 + 0.51 + 0.71 GeV
Today we discovered both:

my = 125.09 £0.21(stat.) = 0.11(syst.) GeV
From these values we can extract all other SM parameters:

ETH Mauro Donega: Higgs physics mwy = 80.363+£0.032 GeV  PDG Mass m = 80.385 + 0.015 GeV



Mw VS. Miop

{1 —LEP1, SLD data
80.5- - LEP2 (prel.), pp data

68% CL T

S
()]
O, 80.4-
2
&
80.3 -
150 175 200
m, [GeV]
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MH

Use the same inputs as before and add mt, mw, ['wfrom LEP2/TeVatron results

X2/ndof = 18.3/ 13 (probability 15%)

Parameter Value Correlations
Aoyh(m3) as(m3)  mz  my logy(mu/GeV)

Aa® (m2) | 0.02767+0.00034 1.00

as(m2) 0.1188-0.0027 ~0.02  1.00

my [GeV] 91.1874+0.0021 —0.01 —0.02 1.00

ms [GeV] 178.5+3.9 ~0.05  0.11 —0.03 1.00
log,,(my/GeV) | 2.1140.20 —0.46  0.18 0.06 0.67 1.00
my [GeV] 129475 —0.46 0.18 0.06 0.67 1.00
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0
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(5) _
Aoy g =
— 0.02758+0.00035

=== 0.02749+0.00012
-+ incl. low Q¢ data

30




Measured vs. expected

Measurement Fit  10m**-Q"/g™

o 1 2 3

Aa®® (m,) 0.02758 = 0.00035 0.02767 m

m,[GeV] 91.1875+0.0021 91.1874 |

r,[GeV]  2.4952:0.0023 24965 W

op.s[Nb]  41.540+0.037  41.481 ——

R, 20.767 +0.025  20.739 mm—

AL 0.01714 = 0.00095 0.01642 =

A(P) 0.1465+0.0032  0.1480 mm

R, 0.21629 + 0.00066 0.21562 Mm—

R, 0.1721+0.0030  0.1723 }

AY° 0.0992 +0.0016  0.1037 —————

AL 0.0707 +0.0035  0.0742 M—

A, 0.923 = 0.020 0.935

A, 0.670 = 0.027 0.668 [

A(SLD) 0.1513+0.0021  0.1480

sin“07'(Q,) 0.2324 +0.0012  0.2314 M=

my [GeV] 80.425:0.034  80.389 M

r,[Gev]  2.133=:0.069 2,093 wmm

m, [GeV] 178.0 = 4.3 178.5 1
o 1 2 3
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