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The Standard Model of particle physics

Matter Particles
SJ311J1ed-92.104

Fermions Bosons
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The Large
Hadron Collider

LHC rmg / gk o
(= 27km circuniferenge 5/ _ s NS i

- ~100 m underground S e
. e PR — Mike Lamont’s talk on Tuesday
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1232 superconducting main dipoles Vacuum vessel
Two-in-one coil design Thermal shield
Maximum B field 8.4 T (E,.. =7 TeV)

Cooled to 1.9K with 90 tonnes of LHe

'?? ﬁm - — ‘_# Shrinking cylinder / Helium vessel

Superinsulation

Main quadripole bus-bar

Magnetic insert

Iron yoke

Non-Magnetic collars

Superconducting coils

Main dipole bus-bar

Thermal shield

Heat exchanger tube A 3 \ .I _ i ,
Beam pipe 4 1 : i ik ,-" .. e, WL |
Auxiliary bus-bar \ e W gt —_— A
3 2 — o A ;IR y

CryolLine (QRL)

Each beam: 2800
bunches each Bunchof 10" protons
holding 10" Beam 1, anti-clockwise

Bunch of 10" protons

p ro to ns Beam 2, clockwise







ATLAS detector

~100 M channels, with timing capable of separating particles from adjacent
proton-proton bunch-crossings (25ns spacing)

7000 t, 45m long x 25m diameter
Silicon+gas (transition radiation) tracker, 2T solenoid,
LAr + scintillator tile sampling calorimetry, large air-core
toroid muon spectrometer, peak field ~4 T
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ATLAS detector

Construction was a ten-year enterprise with also several years of R&D -
component production in the member institutions and in industry

7000 t, 45m long x 25m diameter
Silicon+gas (transition radiation) tracker, 2T solenoid,
LAr + scintillator tile sampling calorimetry, large air-core
toroid muon spectrometer, peak field ~4 T
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CMS detector
14000t, 29m long x 15m diameter

13m long 6m-bore solenoid, B = 3.8T Silicon Trackers

Superconducting
Solenoid

Muon Chambers

Preshower

Forward
‘Calorimeter

Steel
Return Yoke

Electromagnetic
Calorimeter

L\
V4

Hadron Calorimeter



Detector upgrades

The LHC experiments have staged
upgrade programmes

ATLAS and CMS will take data for
about 20 more years

Illustrated here: CMS replacement
pixel detector installed in 2017
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Detector principles

Om 1m Im 4im 5m &m im
KE].’: 2m
Mucn
Electron
Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
----- Photon

s

Silicon
Tracker

; Electromagnetic
}_|! ] '] Calorimeter

Hadran Superconducting
Calorimeter Solenoid

Iran return yoke intersparsed
with Muon chambers

Transwverse slice
thraligh TS

Multiple layers: measure charged particle momenta (tracks), EM and hadronic energies
(calorimetry), and provide particle identification from different signatures
Full event: transverse momentum balance — sensitive to invisible particles (v, ...?7)
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Global
Collaborations

* ASRT, Egypt,
1S @ member

Argentina Moro

Armenia Netherlands
Australia Norway \) g of CMS
Austria Poland \ ﬁ’-nm‘
Azerbaijan Portugal TS )
Belarus . Romania e
Brazil Russia w
Canada Serbia
Chile Slovakia
China Slovenia Vi z}?
Colombia South Africa '
Czech Republic Spain :
Denmark Sweden
France Switzerland

Taiwan c c c g o

ATLAS: 220 member institutes across 38 countries .GE__'

~3000 scientific authors, including ~1000 students




Global
Collaborations

Countries with
m ATLAS Institutes and People

H ATLAS People

Snapshot in 2014

Created with mapchart.net ©
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Breadth of LHC physics

While it is best known for the
Higgs boson, there is a huge
range of physics studied at the

LHC
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Breadth of LHC physics

While it is best known for the
Higgs boson, there is a huge
range of physics studied at the
LHC
» Higgs boson properties and
physics This talk
* Othe fundamental SM
parameters - masses, couplings
» Electroweak gauge bosons This talk
» Top quarks )
* b quarks £
* Measuring the CKM quark 5
mixing matrix, and CP violation
« Strong interaction, QCD, at the
high and low energies
» Study of hot dense hadronic — Z/hnle
matter (heavy ion collisions) fg’rtnlzji[reozv'v St
* Huge range of searches for
physics beyond the Standard
Model — Jory Sonneveld’s talk, next

D Charlton / Birmingham - ACP 2018

10°

10°

3 ggH
- _ M, =125 GEV{ Own
i o

0, (E; > s/20)

T Ow ~

F4

g'ajet{ETjﬂ > 100 GeV)

=

wWw
a

L WJsz2mz2
L

10/s -
10/hour

||.I||| I

10

34 -2 -1
events/secforr =10"" cm”“s




LHC pp data samples

1_:_' 60 [ 28.10.2018
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A high-mass dijet event, m(jj)=9.3 TeV
- SATLAS

ML EXPERIMENT

, Bvent Number. 857582452

7414 10:48:51 CEST




Detector performance examples
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o CMS Preliminary

35.9 fb™ (13 TeV)
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Modelling of response of

detector to hadronic jets

- not precisely 1, but

measured using data, and

corrected to ~1% level
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To compare theoretical predictions with real
data, we must map from the primary particles
we study through the response of the detector,
using Monte Carlo (MC) simulations
« Event generators — partons to particles
» Detector simulation with GEANT4

anti-k, R=0.4, EM+JES
Data 2016

" ATLAS Preliminary
\s =13 TeV, 27 b
n|<0.8

A 'f+jEt
o Z+jet
STAC(E » Multijet
Hadronic jet : ]
— Total uncertainty
energy scale [l Statistical component
L L i i gl L L RS TS RASY 1O T | L
20 30 107 2¢10° 107 207
P [GeV]
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Cross-sections - 15 orders of magnitude

Standard Model Production Cross Section Measurements

Status: March 2018
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Measurements of W and Z bosons

Clean experimental signatures and large P ¢
cross-sections
« High precision measurements
« Strong constraints on proton structure
» Tests of consistency of electroweak P v
(EW) sector of SM
E B LSSLELIEL ] P ERL R L ] [ D= e DR LSEELIE | [SRLEEL LR i
2 g50|— ATLAS )
= - \s=T7TeV, 46" -
g [
- | H 'y w‘ & Example: measurement of angular
= il distributions of leptons relative to beam
C WF sy direction in W—£v decays
I~ @ Data T L
5'3':.'_— & ABMIZ p”:ES GeV 7
- @ oT Bz eS b o Green errors are from the data - errors on
E HERAPDF2.0 m; = 40 GeV i . . .
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4501~ & mwiraons truct df) set hl
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S 1.05E | : ) ————————— ———+— :l.:_;
511'351]“-. - ;! f:_ Tl iL;J_¢+__ +!1.: t.l'-JT._-:
SoosErATHTHTHTY PR THTRIRTY T3
IRNRT TR TRNT TR N TN SN NN (NN [NNNST TRNNNY THNY THNNNY TN | PIRNRT TR TR [N THNNT YO NN T
2 D 0.5 1 15 2 2.5
b |

n = —Intan(f/2).
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W—uv event

ATLAS

EXPERIMENT AR N

Eun: 183081
Event: 101291517
2011-06-05 17:09:02 CEST

M= B2.9 GeV
pr muon = 32.8 GeV
Er "= 52.4 GeV

D Charlton / Birmingham - ACP 2018



Events / GeV

Data / Pred.

Measuring the W mass

84 L i E
W mass first measured directly back in the 1980’s s :
 History of precision (Particle Data Group) \ 8 5 =
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Precision electroweak fits

Within the SM framework, EW observables
can be predicted using just five parameters
 Many more than five observables have
been measured

« Requires theoretical predictions at as
high a level as possible (must include
loop diagrams!)

H t
wo £ _w W——@—-W

 We can fit all EW measurements for a
global EW precision test
Latest Gfitter fit: y*=18.6 for 15 d-of-f

—>

* We can re-interpret the other results
into a prediction of m, and m,

* We can try to predict the Higgs boson
mass using all the other measurements
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Precision electroweak physics
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Precision EW fits: "predicting” m
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Beyond the discovery of the Higgs boson
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Beyond the discovery of the nggs boson
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Eureka! Physicists celebrate evidence of particle

(d) by JOHN HEILPRIN

00 CILOODS

¥ weights - Bkg
=00 O B o

GEMEVA - To cheers and standing ovations from sclentists, the world's biggest atom

smasher claimed the discovery of a new sub-atomic particle yesterday, calling it _
'consistent' & with the long-sought Higgs boson - popularly known as the 'God —
particle’ - that helps explain what gives all matter In the universe size and shape. H

"We have now found the missing cornerstone of particle physics,' 2 Rolf Heuer,

Jmmrjﬂhﬁﬂmnmn Centre for Muclear Research rr."::rm told srientists. .
2 il
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Higgs boson interactions in the SM

In the Standard Model, the couplings of the Higgs boson to the other SM particles is
fully prescribed: But is it right?

W-. Z° .-
H 4’ H ¢”

Interactions with electroweak gauge bosons
Self-interactions H

Interactions with fermions - the Yukawa
interactions - there are twelve coupling strengths H H
(six quarks, six leptons [? neutrinos])

f H

H

=hl
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Higgs boson interactions in the SM

In the Standard Model, the couplings of the Higgs boson to the other SM particles is
fully prescribed: But is it right?

W:* ZO¢¢'

H g H -’ of
S ~~~ d\‘-ect\QQéy
wo o see® Z°

Interactions with electroweak gauge bosons

Interactions with fermions - the Yukawa
interactions - there are twelve coupling strengths
(six quarks, six leptons [? neutrinos])

H

wow sl

=h
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Higgs boson production

Multiple production mechanisms with different event characteristics

g q q
“ggF ”»
i e H “VBF” Ll H
g q q

(a) gg — H (b) VBF
g W/Z g
A {3 ttH ”
“VH ”» \\.
A
q H g
(c) VH (d) 7H

Main (single H)
production diagrams

H
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i

D

L\
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MSTW2008 3

w1 0 i |
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“ggF” dominates, but multiple
processes should be detectable

H production via ggF, VBF and VH
processes were established from earlier
data
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Three very massive particles: ttH

New results in the last few weeks: g P t

50 observation of ttH from CMS and ATLAS
Very sophisticated analyses, pushing detector t->---H
performance very far, many channels, multivariate q y
analyses... >
pp — ttHI_. CMS
Py T —» € +VetV +Tht+V,
CMS ttH ‘ | Alel it
candidate olimmuioar. o RNGEE £
event .- b-jet
jet | N 2
=
b-jet.‘
% &
) @ 1 \e-
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ttH observation

: g «
New results in the last few weeks: — 1
50 observation of ttH from CMS and ATLAS
. . . e — g = = H
Very sophisticated analyses, pushing detector
performance very far, many channels, multivariate ¢ R t
analyses...
511" (7 TeV) + 19.7 fb' (8 TeV) + 35.9 fb" (13 TeV) o) IErrrr et D e g el

0 : <1 aer 1806 004251
E CMS + Observed = 0.9 ATLAS

2 10°¢ . Supplementary %Eﬁgﬁgﬂf dI: 0.8F EE Theory (NLOQCD + NLO EW)
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. '|' “"""""I"“':':::
g 25 CMS 5 20 (4 20 exp) * 0.2 s =13 TeV, 36.1 - 79.8 fb"
~ e 0.1 fs= 8TeV,20.3fb"
@ 1.5. o
R SRR S R I B [
30 -25 -20 -15 -10 -05 0.0
“How signal-like is the event” log, (S/B) ATLAS: 6.30 (5.10 exp) Vs[TeV]
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https://arxiv.org/abs/1806.00425

Higgs boson decays

The Standard Model predicts the H decay branching ratios to known particles

(44
3% ’
H
3%
z
Other
1%
0.2% H - vyy

v
H

Predicted decay modes
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Higgs boson decays

The Standard Model predicts the H decay branching ratios to known particles

Discovery channels

0.2% H - vyy
i

Low branching fractions
BF(H—ZZ*—>4(e/u)) ~ 0.01%

i BF(H-yy) ~ 0.2%

Predicted decay modes
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H decays to bosons - precision era

Run-2 analyses including data from 2017 (with 80 fb-") were reported this
month, for the first time — higher precision is coming!

E i ATLAS Prelhmmary’ E - ] 7 220 ;MS . - E;M@W:]
21004 77 B s S 00 CMS-PAS-HIG-18-001 L0 3
v L TE,J ;F_im_ v, vy 2 180F } E‘g‘gfz’, z =
g 80 % Uncertainty h @ 160 B Z+X i
L% . ATLAS-CONF-2018-018 | g | N E
60 120 — =

100 E— —E

40 80 - =

60 E— —E

20+ “of- G
20— =

0 080 i ;

80 90 100 110 120 130 140 150 160 170 m,, (GeV)

m,, [GeV]
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H decays to fermions: t*t"

Dominant decays of the H to B
fermions are expected to be to bb,
1T (and cc)

Experimentally tt most significant -
both CMS and ATLAS have 50
significances (Run-1+Run-2)

« CMS 5.90 (5.90)

e ATLAS 6.46 (5.40) new
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35.9 fb' (13 TeV)
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H decays to fermions: bb

Results with 2016 data mainly released last year
 Difficult analyses with many tough points

Run-1+Run-2 signal strengths:

CMS __ 4+0.31
vy~ = 1.0675 %5

:"—LTXLLAS _ 0'904_—{].28

0.26

Both correspond to evidence at 3.6-3.80
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35.9 b’ (13 TeV)

ZH(bb)
u=09+05

WH(bb)
p= 17407

0 lept.
n=00x+05

1 lept.
= 19+06

2 lept.
n=18=*06

=T

" 'PLB 780 (2018) 501
pp—+VH;H—=1bb
Combined u = 1.2 £ 0.4

_1I .

Best fit u

New this month: ATLAS update on H—bb from
vector-boson fusion in 13 TeV data
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The LHC is delivering larger and larger data samples, enabling a very wide
range of studies

ATLAS and CMS are exploring the Brout-Englert-Higgs mechanism by
studying the Higgs boson in increasing depth

In the last year: we established that the H interacts with fermions (t
leptons and t quarks) - Yukawa couplings do exist in nature!

Latest step: observing ttH production at 50

Many high-precision measurements match or exceed uncertainties on
theory predictions, driving progress in higher-order calculations

Only one percent of the full LHC data sample analysed! Twenty years
of data ahead

The LHC is the world’s highest-energy particle physics
collider - with global collaborations including institutes
from all continents
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