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Practicalities

mauro.donega@cern.ch

nadezda.chernyavskaya@cern.ch

Moodle will store slides, exercises, papers and references
https://moodle-app?.let.ethz.ch/course/view.php?id=4849

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?

| 1 | | |

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 ??

10 30

3000 10° 3.10°  10°

Higgs Boson Mass (MeV)

ETH VMauro Donega: Higgs physics



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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Higgs below 5 GeV
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Accelerators and Detectors:
basic concepts
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Review of basic concepts

Detector coordinates:

Y A

Z
LHC <
=0
oo /n=0.88
0=45°

Pseudo-rapidity

n=—In
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Review of basic concepts

Decay: A—> B C

(integrated over all the possible kinematic configurations)

Partial width I';. = decay rate of A to B C (slang “in the B C channel”)
The sum of all the partial decay rates is the total width of A.

The total width is the inverse of the lifetime: [ = 1/ T.

Branching ratio of A—> B Cis [5¢/
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Review of basic concepts

Cross section
-2 2
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LHC luminosity - Pileup

(intime) Pile up
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LHC luminosity @ CMS

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2018-10-01 02:52 UTC
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Review of basic concepts

#events = G°- L
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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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Magnetic fields for detectors

The arrangement of the magnetic fields is what defines the fundamental design of the full
detector
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Fig. 1 - The ALEPH Detector
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L3
Magnet Yoke

Magnet Cail
Magnet Paole
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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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“Detection principle”
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Detectors
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Passage of particles through

Momentum range of particles to be detected for Higgs physics:

| O(1 GeV) -

lonization energy loss

O( hundreds GeV) |

(for “heavy” particles i.e not electrons)
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Passage of particles through matter

Electrons E>1 GeV only bremsstrahlung
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loder b b5t Ale of h Ny

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

Electromagnetic shower development
~ bt

a-1
&F . 8. 8. Gt e

=t (a)
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l b L + 0.5 d"
Shower wox R

chower M*\.\\ dzgeq& on Z ond energy
- p21He

Molig e Radoon  Ry= Xo - Es
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Simu Loy onA

Hadronic shower:
- hadronic interactions
(fission, cascades, spallation, ...)
- more penetrating
- e.m. and hadronic components

N(a:) = Noexp(—z/Aint)
1 A

— ~ A
Otot * T GppA2/3-NAp

/\int —
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Trackers and e.m. calorimeters

TRT e/hadron separation
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Trackers and e.m. calorimeters
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Secondary vertices

jet

jet

ETH VMauro Donega: Higgs physics

displaced

tracks charged

lepton

heavy-flavour
jet

heavy flavours and tau decays
can be distinguished from

jets by looking for secondary
vertices (SV)

Several variables are fed into a
multivariate discriminator to
distinguish light flavours jets from
b/c-jets (BDT or NN)
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Particle flow

Optimal combination of the information from all subdetectors
—> returns an “interpretation of the event” in terms of all reconstructed particles

‘M HCAL
: ‘ Clusters

|| detector

P

panicle-flow ﬂl
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electrons: tracker / calorimeter
muons: tracker / mu-spectrometer

CMS Simulation Vs =8 TeV
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Photon energy resolution

19.7 o' (8 TeV 19.7 fb" (8 TeV
w 0.06 —— N DR YT s " T ( v : w 0.06—— N I T ' '@ T ( ™ )
S F ~Mc,R =00 CMS - S F " MC,R <094 CMS -
0.05 e 0.05 S | ~
-~ Data,R 2094 i [~ Data,R <094 . el +
E 5 : : ot ] B 5 5 = 3
0.03[- : : + T e 0.03[ R r
: N : g . :
N ] : - § ' ] N : i ]
0.02f : g ) 0.02 fouscasis | weu= ]
PP, DS : : 2 0
0.01 : = 0.01F .
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0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
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RO = ratio of the energy in a 3x3 crystal matrix around the supercluster maximum
and the total energy of the supercluster

Loosely speaking high(low) R9 are unconverted(converted) photons
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b-tagging performance

probability
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Jets

Applied to data

\ \
MC

Applied to simulation

CMS 19.7 fb™' (8 TeV)
50-3."'1 ' L AL ]
o - Antik, (R=0.5) PF+CHS Jets ]
. o 0.25" oo0<m<0s5 :
The jet energy resolution is 0.of ~*Data E
measured in data and simulated L oame .
events and is studied as a 015" --PLicorrection :
fUﬂCtiOﬂ Of p”eup, Jet Size, and Jet 0.1; PLI = particle-level simulation -
flavor. Typical jet energy 0.05! ' T e, 5
resolutions at the central rapidities R — ]
are 15-20% at 30 GeV, about 10% o 13 HH ] 3
at 100 GeV, and 5% at 1 TeV. = O s et
© 3 3
£ 88 1

o 3
10° 10 GeV
pT ave ( € )
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Missing transverse momentum

—
Momentum imbalance in the plane perpendicular to the beam direction ET'
- pr(l7)
: : : T : P
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Electroweak fits
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Electroweak precision fit

Why high precision study of EWC (electroweak corrections) 7
- check the consistency of the gauge / Higgs sectors of the SM: not only a good
model at low energies but that as a QFT describes experimental observations up to
much higher scales.
- Infer the presence of new particles (fields) through quantum corrections (loops) on
observables (top, Higgs, BSM)

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

Observables Loop corrections

masses
coupling constants
Branching ratios
production cross sections

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

at vertices

on propagators

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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e*e- @ LEP/SLC

e’ e’ f
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e e f
310 S | | 1 ¢ " *] | |
i
=
2
B
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2 e ¢ —hadrons :
o
03 solid line theory
f prediction 5
10 2500 E
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e'e"@ LEP

beam energies at ~mZ/2 (LEP 1)
beam spot 150 um x 5 um
45kHz (4 bunches —> then 8)
125 MeV loss /turn because of
bremsstrahlung
Fantastic beam energy resolution:
2 MeV (~2 10-° relative unc)

While the beam orbit length was constrained by the
RF accelerating system, the focusing quadrupoles
were fixed to the earth and moved with respect to
the beam, changing the effective total bending
magnetic field and the beam energy by 10 MeV over
several hours. Sensitive to earth tides generated by
the moon and sun, local geological deformations
following heavy rainfall or changes in the level of
Lake Geneva, electric trains

LEP: 7°000'000 Z (1000 Z bosons/hour x 4 experiments when running at 2 1031 cm-=2s-1)
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e @ SLC
e'e" @ SL
SLC: 600000 Z (longitudinal polarization)

Spin Rotation

o Solenoid‘s J— Spectrometer
. . / \ . AR 2y, m-
\ [ et e— Spin 2
ik \. fEIR ) Source Vertigal &
ghermionic , / Solenoid) | N |
ource -~ — \
> i ) X Collider Final | 1p
Polarized ~ J ‘\\ Arcs Focus
o~ Source \ o et w Linac N
Electron Spin ﬁ \ Hetum Line
Direction . v
e+ \ e~ Extr. Line ~
Damping Ring Spectrometer

1 km

Repetition rate 120 Hz

Beam spot 1.5 um x 0.7 um (better selection of heavy quarks)
Polarized beams !
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Basic measurements

Cross sections

Neel — Nig Esel = efficiency x acceptance
esclc

g =

The Z couples with a mixture of vector and axial-vector couplings.
81 VeV (1 — Vs)ve = 81 VeLY,, Vel
81€7,(1 — 7s)e + gzey, (1 + 7s)e = grery,er + gxery,er
811, (1 — ps)u + gguy, (1 + ps)u = grury,ur + grUry, Ur
g}{c_iy#(l — 75)d + ggdy, (1 + 75)d = 8§3L}’ﬂdL + grdry,dr.

This results in measurable asymmetries in the angular distributions of the final-state
fermions, the dependence of Z production on the helicities of the colliding electrons
and positrons, and the polarisation of the produced particles.
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Basic measurements

Asymmetries

Ny — Np
Arp = N. + Na Forward / Backward

“forward” means that the produced fermion (as opposed to anti-fermion) is in the hemi-
sphere defined by the direction of the electron beam (polar scattering angle 6 < 11/2).

N, —Nr 1
N+ Na(P) @SLC

ALR —

N (Ng) is the number of Z bosons produced for left(right)-handed electron bunches,
(Pe> is the magnitude of luminosity-weighted electron polarisation
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Example: number of (light)

neutrino families

Determination of the number of light (i.e.
kinematically accessible in Z decays) obtained
by measuring the partial widths :

=
c
I'z = Fee + Fuu + I'rr + Fhad + Liny E
@)
[haa = Z qu.
g7t
Finv — NVFVD
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SM tree level relations

T
Relation between weak and e.m. couplings: Gp = :
PING V2m?, sin? 6tee
po = iy
. o 0 = .
Relation between neutral and charged weak couplings: m2 cos? Giee

(o is determined by the Higgs structure of the theory:
with only one Higgs doublet p = 1)

Tree level relations are modified by radiative corrections to both the propagators and vertices

, w
Nz i
v MVWWE 2 B 0
VW N’ 3 ZW WZW UNS 1, ZW w
i Wh.2 |
i v w
H l” \\l
- e b
AV, MWW WWWAAAMAM
ZW YUY W Z/W ZW
ZW

The effect of the corrections is O(%). If one can get both theoretical and experimental
precisions to this level the effects of the loops can be tested.
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Fit structure

5 input parameters from the Standard Model:

aimz) as(mz) mMz Mip 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.
2

Build a X2fit from all the observables: K2 =(Observed : pre.diCted)
uncertainty

O1(a, As,Mz, Miop,MH ; X1)
O2(a, as,Mz, Miop,MH ; @ a X2
O3(a, Os,Mz, Miop,MH ; X3)

ON(Q, Os,Mz, Miop,MH ; XN
N( s,Mz, Miop,MH ; XN) H: (Q, as,Mz, Miop, MH)

Based on the best fit values of the input parameters, predict the “SM expectation”
for any observable and compare it with the measured values
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Mtop MH

AT TREE LEVEL (Tk. Lectore '\3

y A
L= _'f\_z‘ﬁ,-——-—- = | (Cons?qdueng:letqf uSsli;g only
2
M, CoS R oublet in SM)
f W
f/f WH,Z
H

H ',’"\‘
oGS o
ZW

AT ONE LOOP

With Av: Ax + Dvy
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I\ & 'ewrom RUNNING ©OF THE &N OLPLING

s eruions h L00PS  aaan aans
Ax (s 5 Ao(eﬁe* ) Ab(toe ! Ao(ﬁoa

from theory  from experiment
(low energy non-perturbative)

z T "M
A, (M M) & X 3 @B e ('»'&3\
Tswedy, | 16 swtdn Ww
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Observables

EP1 eZeason  wg
. (),o( e'e —> ;\ZQ

o RATIO OF FERMIONMC WIBTHS To THE

RADROMIC  WINTH Rop ] _\%;_ 2=, c, Legtons
34

o FUD - BWD  ASYMWHETRY OF 2° DECAYS

X X
Ao,‘ U - Og x=b ¢ Le ghons
e ¢X v 0
— / v
2 X )
- & e
¢ >oe/ > = >® <
L A
FoRW ARD RACK WARD
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Observables

LEP 1 e POLAR\ZATIONS z
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 Roson W w /\-‘w

TeVatron . By et S
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Measurements summary

Measurement with | Systematic
Total Error Error
Aal” (m2) [59] 0.02758 + 0.00035 0.00034
myz [GeV) 91.1875+0.0021 | ©0.0017
Iz [GeV] 2.4952 +0.0023 | (90.0012
op.a [nb] 41.540 + 0.037 @0.028
R} 20.767 £ 0.025 @0.007
Ads 0.0171 £0.0010 | (“0.0003
4+ correlation matrix |
Table 2.13
A (P)) 0.1465 + 0.0033 0.0015
A; (SLD) 0.1513 4 0.0021 0.0011
R 0.21629 + 0.00066 0.00050
R? 0.1721 4 0.0030 0.0019
Ay 0.0992 + 0.0016 0.0007
Aps 0.0707 + 0.0035 0.0017
Ay 0.923 +0.020 0.013
Ac 0.670 + 0.027 0.015
4 correlation matrix |
Table 5.11
sin? 0/ (Qhyd 0.2324 + 0.0012 0.0010
m, [GeV] (Run-I [212]) 178.0 + 4.3 3.3
my [GeV] 80.425 + 0.034
Iy [GeV) 2.133 + 0.069
+ correlation given in
Section 8.3.2 |
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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(m3) 0.1190-£0.0027 ~0.04  1.00

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

m, [GeV] (17341 )\ ~003 019 —0.07 1.00
logyo(mu/GeV) | (20538 YN —029 025 —0.02 0.89 1.00
mu [Gev] | (111280 ) |\ -029 025 —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 mw = 80.363+0.032 GeV  PDG Mass m = 80.385 + 0.015 GeV



Mtop

Frrr T
Top-Quark Mass [GeV] 200 - -
CDF —o— 176.1 £ 6.6
DY - 179.0 = 5.1 S’ 150- -
o ¢ Tevatron
Average 178.0 + 4.3 O B SM consiraint -
+2/DoF: 2.6 / 4 B 68% CL
+ 13.2 E .
LEP1/SLD 172.6 * 132 100 -
+ 123
LEP1/SLD/m,/T,, 181.1 7 2
. R — Direct search lower limit (95% CL)
e 01990 1995 2000 2005
m, [GeV]

Year

ETH Mauro Donega: Higgs physics



Mw VS. mtop

{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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my @ LEP

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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Aoy g =
— 0.02758+0.00035
=== 0.02749+0.00012

-+ incl. low Q° data
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Pulls

Measurement Fit |O™&_0M/meas
o 1 2 3

Aa®® (m,) 0.02758 = 0.00035 0.02767 m
m,[GeV] 91.1875+0.0021 91.1874 |
r,[GeV]  24952:0.0023 24965 wmm
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
r,[Gev]  2.133=0.069 2,093 M

m, [GeV] 178.0 = 4.3 178.5
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