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July 2012 - the new boson

Excellent yy mass resolution crucial, as
well as y-ID to reject jet/m° background

CATLAS

JA EXPERIMENT

Run Number: 191426, Event Number: 86694500

Date: 2011-10-22 15:30:29 UTC

Inclusive signal/background S/B ~3%
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July 2012 - the new boson
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July 2012 - the new boson 52,9 L

EXPERIMENT
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July 2012 - the new boson
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Observation of a new particle in the search for the Standard Model Higgs boson

with the ATLAS detector at the LHC ™ ) )
>7700 citations!
ATLAS Collaboration™*

This paper is dedicated to the memory of our ATLAS colleagues who did not live to see the full impact and significance of their
contributions to the experiment.

ARTICLE INFO ABSTRACT

Article history: A search for the Standard Model Higgs boson in proton-proton collisions with the ATLAS detector at
Received 31 July 2012 the LHC is presented. The datasets used correspond to integrated luminosities of approximately 4.8 fh~!
Receved in revised form § Aunguer 2012 collected at /=7 TeV in 2011 and 5.8 fb~! at /5 =8 TeV in 2012. Individual searches in the channels

Accepted 11 August 2012
Awvailable online 14 August 2012
Editor: W=D. Schlatter

H—ZZ™ » 4i, H— yy and H - WW™ — pupv in the 8 TeV data are combined with previously
published results of searches for H — ZZ'*), WW™ bb and t+t~ in the 7 TeV data and results from
improved analyses of the H — ZZ'*) — 4f 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 59 standard deviations, corresponding to a background
fluctuation probability of 1.7 x 1072, is compatible with the production and decay of the Standard Model
Higgs boson.

© 2012 CERN. Published by Elsevier B.V. Open access under CC BY-NC-ND license.

1. Introduction 120-135 GeV; using the existing LHC constraints, the observed lo-
cal significances for my =125 GeV are 2.7¢ for CDF [14], 110 for
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The end Of phySiCS? %EXPEF!TMENT

With the H discovery, we can
identify all the particles in the
SM with known states

But many questions are raised:
* Is it the SM Higgs boson?
* Is there only one scalar?
 Is the H(125) solely responsible
for electroweak symmetry-
breaking (EWSB)?
* Why is the H so light?

And we almost learned to stop
asking the harder questions

 Why 3 generations of fermions?
Why such different masses?
Where is grand unification?
What is dark matter & energy?
Matter-antimatter asymmetry?
Extra dimensions? Branes?
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The end Of phySiCS? %EXPEF!TMENT

With the H discovery, we can
identify all the particles in the
SM with known states

But many questions are raised:
 Is it the SM Higgs boson?
* Is there only one scalar?
 Is the H(125) solely responsible
for electroweak symmetry-
breaking (EWSB)?
* Why is the H so light?

Precision measurements of the
Higgs sector, and of EWSB in
general, are mandated

Searches for new physics are
required to try to resolve these
- but we do not know the

And we almost learned to stop
asking the harder questions
 Why 3 generations of fermions?

« Why such different masses? energy scale of such beyond-SM
 Where is grand unification? physics, except for general

* What is dark matter & energy? | indications that it should be in
* Matter-antimatter asymmetry? the TeV-scale range

« Extra dimensions? Branes?
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The LHC and experiments
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1232 superconducting main dipoles
Two-in-one coil design
Maximum B field 8.4 T

Cooled to 1.9K with 90 tonnes of LHe
;;- T R

Vacuum vessel

Thermal shield

Superinsulation

Shrinking cylinder / Helium vessel

Main quadripole bus-bar

Magnetic insert

Iron yoke

MNon-Magnetic collars

Superconducting coils

Main dipole bus-bar

Thermal shield

Heat exchanger tube

Beam pipe Y : N : _I"I.._ L Cf" ~
Auxiliary bus-bar kN, A W A b

CryoLine (QRL)

Each beam: 2800
bunCheS eaCh Bunch of 10'" protons
hOld]ng 1011 Beam 1, anti-clockwise

Bunch of 10" protons
p rOtO ns Beam 2, clockwise
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14000t, 29m long x 15m diameter CMS DeteCtOr

13m long 6m-bore solenoid, B = 3.8T N
All-silicon tracker Silicon Trackers

PbWO, crystal EM calorimeter

Superconducting
Solenoid

Muon Chambers

Preshower

Forward
‘Calorimeter

Steel
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Electromagnetic
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L\
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Detector principles

Om im 2 im 4m 5m &m Jm

Key:

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

. | _ __ .
T Bevrnay, CERN, Felwioney 2004

Multiple detector layers measure charged particle momenta (tracks), EM and hadronic
energies (calorimetry), and provide particle identification from different signatures
Full event: missing transverse momentum balance can be used — sensitive to invisible
particles (v, new physics - dark matter?)
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7000t, 45m long x 25m diameter
ATLAS Detector Si+transition radiation tracker, 2T solenoid, LAr

sampling calorimetry, large air-core muon system

~110 M channels, with timing capable of separating particles from adjacent
bunch-crossings (25ns)
Physical size allows precise momentum measurements and provides material
depth to absorb TeV-energy jets of hadrons
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183 institutions in 38 countries

~2900 scientific authors, including ~1000
students
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The first decades of LHC operation

Run-1: little
data and low

energy!
Run 1 |
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21ey  8TeV | “Bution collmators.

R2E project

Run-2: 13 TeV,
much more
data
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data again
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75% experiment
nominal beam pipes
luminaosity I

2015 2016 2017 2018
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experiment upgrade
phase 1

radiation
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2 x nominal luminosity 1
]

—
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Why we went to 13 TeV
“Interesting” processes come from hard _%F?,'

scattering of partons
» Colliding partons carry a fraction of the proton

momentum, x , according to a parton density proton
function (“pdf”) -p
* The partonic centre-of-mass energy is a,b: q, q,
Va=x, x,s=M,
100 WJS2013
o= Z J' G(a,b) M ds [ ratios of LHC parton luminosities: 13 TeV / 8 TeV ';"'
parton flavours a ,b d S [ l
i f
 Parton-parton luminosity - a9 /
- /
dL(a,b) % ----XqQq /v/
ds . ~==-qg 2
2 10t 7 1
w
@)
£
=
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Ratio of parton-parton
luminosity for pp centre-
of-mass energy (/s) STWA008NLO
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Why we went to 13 TeV

Minimum bias 1.2 All collisions - cross-section grows 20%

W(ln)
Z(l)
77

t (s-channel) Known “rarer”

t (t-channel) 2.5 processes: ):Lields

WH grow significantly
H (ggF) ' with energy
H (VBF) 2.4
tt 3.3
ttZ 3.6

ttH
A(0.5 TeV, ggF+bbA)

stop pair (0.7 TeV) ) 8.4 New physics
gluino pair (1.5 TeV) : J 46 models -
Z' SSM (3 TeV) 110 search
Q* (4 Tev) 1 )56 sensitivity
QBH (5 TeV) [ : J 370 grows hugely
QBH (6 TeV) R— —. — — ......1.9000
1 10 100 1000 10000

Total cross-section ratio: 6(13 TeV) / o(8 TeV)
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The main 2013-14 LHC consolidatioh;

1695 Openings and Complete Consolidation of the Installation of 5000 300 000 electrical 10170 orbital welding
final reclosures of reconstruction of 3000 10170 13KA splices, consolidated electrical resistance of stainless steel lines
the interconnections of these splices installing 27 000 shunts insulation systems measurements

s

— - ,—-/
P
18 000 electrical 10170 leak tightness tests 3 quadrupole magnets 15 dipole magnets to be Installation of 612 Consolidation of the
Quality Assurance tests to be replaced replaced pressure relief devices 13 kA circuits in the 16
to bring the total to main electrical feed-
1344 boxes
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The first decades of LHC operation

2 x nominal luminosity 1
L}

75% experiment nominal luminosity —] experiment upgrade |

nominal beam pipes phase 1
luminosity I/_—

Run-1: little Run-2: 13 TeV, Run-3: 14 TeV,
data and low much more and doubling
energy! data data again
Run 1 | | Run 2 | | Run 3
LS1 13 Tev 14 TeV O
lice consolidation injector upgrade -
rrev BTV | Begpcotoner e e | | 5
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 §
Camae £
I

We are here
Half-way through the “standard lumi LHC” era in time,
~ a third of the way in terms of integrated luminosity
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The first decades of LHC operation

Run-1: little Run-2: 13 TeV,
data and low much more
energy! data
Run i | | Run 2

LS1 EYETS
st [N e vETS

splice consolidation
7 TeV 8 TeV button collimators
— RzE prolect

et
201 2012 2013 2014 2015 2016 2017
R —

75% experiment nominal luminosity

2018

nominal beam pipes
luminosity 1 /—

We are here

injector upgrade
cryo Point 4
Civil Eng. P1-P5

2019 2020

experiment upgrade
phase 1

Run-3: 14 TeV,
and doubling
data again

Half-way through the “standard lumi LHC” era in time,
~ a third of the way in terms of integrated luminosity
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Run 3
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2015 - the restart at 13 TeV 5259 TL

EXPERIMENT

Integrated luminosity fLdt drives the signal event yield N__

N =0 € exp SLdt

obs

— 25
2 [
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Eexp experimental efficiency @ 20—
o <Ur
E L
=
° ° J B
Almost like startinga | 3 50
brand new ©
o
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start in the year, and = r
various problems after -
the two-year stop 5l ‘
A slow year... i
y - 2015
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2016 - a great production year
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Integrated luminosity fLdt drives the signal event yield N__

N =o € exp SLdt
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More integrated
luminosity in 2016
than in all previous

years together!
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2017 - another good year S?L

Integrated luminosity fLdt drives the signal event yield N__

Nobs= o Eexp JLdt = 1 e I B R e =
. 45 ATLAS Online Luminosity -
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- i ]
3 305 -
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tot

10° | c
= C i : X 3
LS Tevatron LHC =

PP PP - Jw

10°

10° <€— Total event rate ~ 1 billion

but only ~30 million bunch-crossings per
second — pileup! (next)

Rates are for LHC
design luminosity
of 10** cm? s

F
10 3

Rate of events per second at 10** cm? s
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W and Z ~1 kHz

H ~ 0.5 Hz (produced!)

Output rate to disk:
Run-1 ~ 400 Hz
Run-2 ~ 1 kHz

Online trigger crucial: factor
few x 10* reduction
— Billions of events, PB of data

33
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“Pileup” is a

constant issue - but
the detector copes
very well, with

ingenuity in its
design, and in
trigger and

reconstruction



The trigger challenge

Complex trigger menu designed to meet
varied physics, monitoring and performance

requirements

» Typically ~2000 active menu items

« Key is to keep stable, well understood,
main primary triggers

* Use as low energy thresholds as possible to
keep efficiencies as high as possible

* Small and active community manages
trigger menus to optimise physics output

Trigger Efficiency

A few, example, trigger thresholds (GeV)
. E (e) >24-26

p_(u) > 24-26

- E™>90-110

(Je ) > 380

E_(y) > 140

p.(u1,p2) > 6,6 + topo/mass selections
E_(y1,y2) > 35,25

T

T

}ATLAS

A ™ RA T R T

" T | T T ‘ T T |
1 2: ATLAS Prelimmary ]
““I Data2016, Vs=13Tev, 2.7fo" Single electron
" trigger ]
C ——— ~ _
0.8__ -A-‘:“*'*:‘:‘— __
0.6 _ , —
C HLT_e26_lhtight_nod0_ivarloose ]
0_4; e Data _
] . L+ ZseeMC :
0.2 * -
L 26 GeV E_threshold -
_.‘L__“‘.\...J..J|...T\.‘.|.J.|_
0 20 40 60 80 100 120 140
Offline isolated electron E; [GeV]
3 = L L e e
S | ATLAS Preliminary  pata2016, is=13TeV, 127pb" |
;g - Z-oup, 1.05<m <24 .
m 1— RSP AR
L QMW*M“.MWH‘ P S,
- . T Single muon trigger -
i 24 GeV p_ threshold i
05— , . Pr -
L + L1 MU20 4
| » HLT mu24_ivarmedium |
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What we’ve learned so
far about the new boson
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H(125) production & decay ¥

EXPERIM
A 125 GeV Higgs boson is a convenient object experimentally - many
production and decay modes should be measurable
* Production and decay processes probe couplings of H to different particles
e |s it the Standard Model Higgs or not?
5‘102E| LI T | 1T T 1 | L | 1T T 1 | L | LI | L IE
g q 7 = F -
“ggF 9 < [ op—> H (NNLO+NNLL QCD + NLO EW) i
. aTr F ggF -
—_ {3 ”» - ~
VBFr-- H [ =1 | -
sg E g
5% F VBF .
g ! 1 § i _, qaH (NNLO QcD + NLO EW) m
(2) g9 — H (b) VBE o) i = VR —
7 W/z g ‘ S g powauoqchiMoEM =
'43 K " or (NNLO and NLO QCD :
“ttH” -- H -§ | - tH a
“yH” ' o 10" op - tH M t My = 125 GeV_:
q H g r_ :I 11 (- | L1 1 1 | | I I | | | | | L1 1 1 | 1 I“IASI-I]WI2IO(I)8I ;
(c) VH (d) iiH 7 8 9 10 11 12 13 14
\'s [TeV]
Main (single H) “ggF” dominates, but multiple SM
production diagrams processes accessible
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Are there non-SM production modes?
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37



(€)= .

H(125) production modes @& 2™
=+ CMS
i —+1c
Combined analysis of Run-1 data: Hoor el
H(125) production & decays B
lJ‘VBF __n_v__
With assumptions about decays, we can probe B
the different production processes ol —
(normalised rates “p” (=1 in SM)) E
Han s =
: Tamasacoms  Dwon | . S=s
.2 3[LHC Run1 Bz s : : n
2 CJHoww ]
DH—)’C‘C . 48 ".;__
2— Hﬁbb i lllllIIIIIII|II_I-I*l-I_IIIIIIIIIIlIIIIIIIIIIII]IIII
-1-050 05 1 15 2 25 3 35 4

Parameter value
+

e : i » Able to separate statistically the ggF
I ] and VBF processes
o U | * Not yet VH or ttH at 50
- 1 * Observing ttH production is a key Run-2
I ] goal

" —68%CL + Bestfit * SM expected . These are not yet precision measurements -
[y L | L L ! | ! 1 1 L | ]

0 1 2 3 but few percent errors should be
HogF obtainable with the expected LHC samples




H(125) production & decay Y ATL

A 125 GeV Higgs boson is a convenient object experimentally - many

production and decay modes should be observable
* Production and decay processes probe couplings of H to different particles
e |s it the Standard Model Higgs or not?

H T
H
W

%o

Discovery channels

Low branching fractions
BF(H—ZZ*—4(e/u)) ~ 0.01%
BF(H—yy) ~ 0.2%

Main decay modes in SM
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H(125) production & decay Y ATL

A 125 GeV Higgs boson is a convenient object experimentally - many

production and decay modes should be observable
* Production and decay processes probe couplings of H to different particles
e |s it the Standard Model Higgs or not?

Discovery channels

Low branching fractions
BF(H—ZZ*—4(e/u)) ~ 0.01%
BF(H—-yy) ~ 0.2%

Are there non-SM decay
modes?
H(125) is a completely new type
of particle coupling to mass -

Main decay modes in SM may be new “light” particles we
have not yet seen
D Charlton / Birmingham - October 2017 - Beyond the Higgs Boson Discovery 40




H(125) decay modes

Combining ATLAS and CMS Run-1
data, observed (at >50
significance)

* H-yy
H-ZZ(—4¢ (£=e,n))
H->WW
H-1t

Run-1 data not yet sensitive to
the dominant H—bb, or rarer,
decays, such as to second
generation fermions y, c, s

No direct evidence of Higgs
coupling to (any) quarks from
Run-1 data
Coupling to only one lepton
species (1) observed

YATLAS

EXPERIMENT

ATLAS and CMS -®- ATLAS+CMS
-+ CMS
A —tic
YY ——— — +2¢
o i
_|+_
7z ————
22 .
_+—
wWw ———
2 e
_*I_
1T e ——
l’t . s
_*I—
u -
e
IIII|IIII|IIII|IIIIlIIIIlIIII|IIII|IIII|IIII|IIII

Parameter value

Decay signal strengths relative to
Standard Model “p” (=1 in SM)



H(125) - is it a scalar particle?

Spin-analysis of the decay product

angular distributions
e |s this a spin-parity J’=0" object?

H—>Z7Z-4¢

ATLAS H— ZZ* — 4l
Test statistic q L Obiared ls=7TeV, 4.5 fo'
sensitiveto | ---- Expected 's=8TeV, 20.3fb'
spin-parity B 0'SM+1c .
(differs for each B 0 SMt20 T = o
. 0*SM+3oc s = ev, 0.
alternative L] e
; [ ESE H— vy
hypothesis B 20 RS
tested) [ ]JP+30 z:ﬂzv’ iy In all cases tested, strong
‘T 4o0f ‘ =y preference for 0
30F ; ; assignment
20} I I i 5
i F r .— It is consistent with a 0
o l . . . scalar particle, and not
';Og l I ; with any other model
'33;_ tested (at >>95% CL)

JE—ohe JEged IR OB R o gl oele IR oR R o
Kq=Kg Kq=0 Kq=0 Kq=2Kg Kq=2Kg
pT<300 GeV pT<125 GeV pT<300 GeV pT<125 GeV
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Mass of the H(“125")

Recall that m_ is a free parameter in the Standard Model
- Tomeasure m_, we use Yy and 4¢ decays, where we can reconstruct

the mass event-by-event with high resolution
* Requires excellent understanding of energy scales for lepton/photons

MC
up

=

Data
mgs /

1.005
1.004
1.003
1.002
1.001

0.999
0.998
0.997
0.996
0.995

+0.5%
:AITILAS i : y ' :A Q0-02_"l""I""I""I""I""I""I""I""I"".l
=i °«Z- = SIE - —4—Jiy e :
g_ CB muons n|<2.5 oY —Jtt%l _g ﬁ 0.015:— Electrons, n|<0.60 . 7 o =
= v Iy - = 0.01E Calibration uncertainty
= E 0.005F =
- + + 3 C 3 o
§ I i i g 0:'—'+ """""""" ‘." "."‘."".""""".' """"""""""" '—: i1 /o
- = -0.005F ]
— Data 2012, 1s=8 TeV _i -0.01F =
Ee i -1 = i E -
g J She : 0.015E A4S \s=8 TeV, JLdt=20.3 o'
i ; I |2 i _O 02:| T S BN [ (e T e e e DR i |-_T
10 10 ' 10 20 30 40 50 60 70 80 90 100
<p.> [GeV]
E, [GeV]

Calibrate detector performance relative to simulations using very large and
clean samples of decays of particles of known mass, here:

JIp,TY,Z - ee/uu



Mass of the H(“125”) 5259 ATL

RIMENT

Recall that m_ is a free parameter in the Standard Model
- To measure m_, we use Yy and 4¢ decays, where we can reconstruct

the mass event-by-event with high resolution
* Requires excellent understanding of energy scales for lepton/photons

1 I I I I 1 1 I 1 I 1 1 I I I 1 1 I I I 1 1 I I I 1 T | I I 1 1 I 1 1
ATLAS and CMS —— Total Stat. 1 Syst.
LHC Run 1 Total  Stat. Syst.

ATLAS H-yy —— 126.02 £ 0.51 (£ 0.43 £ 0.27) GeV
CMS H—yy ——— 124.70 £ 0.34 (£ 0.31£ 0.15) GeV
ATLAS H—ZZ -4l I - i 124.51+£ 0.52 (£ 0.52 + 0.04) GeV
CMS H—ZZ—4l ——= i 125.59 £ 0.45 (£ 0.42+0.17) GeV
ATLAS+CMS yy I-—EI—I 125.07 £ 0.29 (£ 0.25 £ 0.14) GeV
ATLAS+CMS 41 I_l-E—I 125.15 £ 0.40 (£ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l I—E—I 125.09 + 0.24 ( = 0.21 £ 0.11) GeV
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 L I 1 1 1 1 I 1 1
123 124 125 126 127 128 129
m,, [GeV]

Already a precision measurement: 2 per-mille relative error -
dominated by statistical not systematic uncertainties



Events/2.5 GeV

Measurmg H(125) at 13 TeV in Run-2

140

120

100

80

60

> LI S B B e T
° E

G« pam ATLAS Prellmlnary 3
8 qgol e Background \s=13TeV, 13317 -
5 F  —— Signal + Background H-yy, m =125.09 GeV ]
‘© 160— — Signal .

2 S/B weighted sum of

N event categories

ATLAS-CONF-2016-067
2015+2016

‘||_III|IIIllllllllllll‘llll\ﬂ‘l

¥ weights - bkg

110 120 130

140 150 160

7IIII|I\II‘\\!\‘TIIIIIIII[\II\‘\II\‘II\IIIIII7
35 ATLAS Preliminary .* oo, (- 125 Gev) ]
- * [ A ]
300 CH— ZZ* > 14| — - E
[ 13 TeV, 14.8fb tt+V, VVV ]
“ Uncertainty ]
25 ATLAS-CONF-2016-079
20 2015+2016
15

\‘\I\\Illllllll‘\f\\llll
————

0
80 90 100110120 130 140 150 160 170

\{\IL\IIIIJIIIII‘\L

m, [GeV]

Clear signals in yy and 4¢

TLAS

PERIMENT

EX

— combined o(pp—H) at 13 TeV
— overall significance at 13 TeV ~100

o) _'|""|-.v.--|.
&I 100 ATLAS Preliminary
7 [ AH—yy 0H—ZZ*>4
Q -
o 8oL ¢ comb. data  Syst. unc.
- ATLAS-CONF-2016-081
60_—
40}~
20
O_
L | |

T T T T T T
—_— O

2015+2016

Vs=7TeV, 45fb
Vs=8TeV, 20.3fb"
Vs=13TeV, 13.3fb™ (y;/) 14 8 fb™ (ZZ*)

PR

m,, = 125.09 GeV

QCD scale uncertainty
B Tot. uncert. (scale ® PDF+a)

\\|.|I|||I|:

1 I 11 1 | 1 11 I 1 11

10

TRV EEE)
Vs [TeV]

o = 59.0 *97, (stat) *+4, . (syst) pb

(SM: 55.5 2« ,



First evidence for H=bb

_ q
Hunt for H-bb decay, produced with a W or
a Z boson
« H —» bb dominant Higgs decay in SM: BR~58%

q
12_|||||||l|||||||I[|||||||||l|||||||l_
— ATLAS —eo— Data i
- {5-13TeV, 36.1 b [ V!'l — Vbb (u=1.30)-
10— 0+1+2leptons ‘ BIbOS(t)r! t
2+3 jets, 2 b-tags it
Weighted by S/B Dijet mass analysis . .
g e : 4 Signal strength relative to SM
2015+2016

expected value:

0.90 + 0.18(stat.)* 075 (syst.)

H-bb

IIIIII'[IIlIIIIII

Significance 3.50 (expected 3.00)

IlI|IIIIIII|III|III|I

\\:\\.\‘: “\\\\““_._‘. s SERRR .

First evidence for H decay to

e e i = UarkS'ObserVingthisatSG
0 100 120 140 160 180 200 quark

remains a key goal for Run-2

m,, [GeV]

|
N
([ bt

Events / 10 GeV (Weighted, backgr. sub.)
AN

|III|III
40 60 8




Events / 2 GeV

Data/MC

H->pp - rare decay: 2" generation! 5259 TLAS

EXPERIMENT

o Inclusivedistribution _ With full 2015+2016 data, look for a
E  ATLAS 4+paa  —goFx100 1 peak in dimuon mass spectrum
10°  (s=13TeV,36.1 fo’ LJDrel-Yan —VBF x 100 e Event categories improve sensitivity
E 2015+2016 [ Top —VHx100 3
B [[]Diboson i .
10° - 3 No excess observed — place limits on
L 1 signal strength p_ relative to Standard
10* =8 = . .
= = Model, combine also with (weaker) Run-
. _ 1 results:
2 . p, < 2.8 at 95% CL (2.9 expected)
10° ’_H E
14; ||! P e BN ||||||||||||||||||||_E E 35:_";4'1I.l'-;4'él""I'"'I""I'"'I""I""I""I""_:
1'2;_ _; é 30f- VBF tight \s =13 TeV, 36.1 b
= - FRI R 005 206
0.6F \ A . . . . . . . _i = HED g:z:akground model ]
110 115 120 125 130 135 140 145 150 155 160 o . 20 —— Signal x 20 =
m,, [GeV] Distribution .
PRL 119 (2017) 051802 " in one of the 2 E
eight event 10 E
categories - -
S —
4 | E
Els 2F 3
ofs o?-++--+-+-+-++++¥+-+¢;-+++-+----H+¢+—;—W#H-ﬂﬂ;--+--x§
Sle —2;—+ ¢ §e $é 2
_141% 115 120 125 130 135 140 145 150 155 1_:60

m,, [GeV]



Events / 2 GeV

Data/MC

H->pp - rare decay: 2" generation! 5259 TLAS

EXPERIMENT

o Inclusivedistribution _ With full 2015+2016 data, look for a
E  ATLAS 4+paa  —goFx100 1 peak in dimuon mass spectrum
10°  \s=13TeV,36.4 fo' [LJDrell-Yan —VBF x 100 » Event categories improve sensitivity
E=2015:2016: - WL Sl E A0
10° - e 4 No excess observed — place limits on
- 1 signal strength p_relative to Standard
10* =8 = . .
= = Model, combine also with (weaker) Run-
- ﬁ 1 results:
Z‘—"ﬁﬁ : p, < 2.8 at 95% CL (2.9 expected)
107 = E
§|r—|£|_|—|7\||||§ HEETEH R s
1.4 == & - ATLAS R
1.2E —; 3 30[= VBF tight \s =13 TeV, 36.1 b
‘1 _; E 25; x2/ndof = 30.7/48 _.2_0D1t515+201 6 é
oI5 T30 T3 T30 T35 T40 145 15055 10 o 20F i T
m,, [GeV] Distribution a .
PRL 119 (2017) 051802 in one of the "
eight event 10f
Still a way to go here - precise categories o
measurements of Higgs couplings to s e e i
any second generation fermion will Sl | } | £
require much more data (= HL-LHC) g _‘2’gﬁﬁ"*ﬂﬂ**ﬂ*ﬂ“**‘l'“**w“*‘%ﬁ‘*‘;*'g*%

m,, [GeV]



A panoply of measurements
(QCD and Electroweak)




W-boson mass

poWsty [T T T T T T G YRk Golg,)
pl, W—Tv ATLAS - = Stat. Uncertainty
PLWolv | 5=7TeV, 414677 ——e=— = E:ll i
mp, W I'v ® Stat. Uncertainty
m;, W—Tv ° Full Uncertainty
my, W= v ®
A SR e e
MeWieev: id il i -
p', Wi uty ®
o D S T I s
mT-p'T, W= v ==
mT-p'T, W v ——
me-pl, W Fv | L T, | I
80280 80300 80320 80340 80360 80380 80400 80420 80440 80460
my, [MeV]
Combining the two channels, davih
charges and methods, find overall: DELPHI
my = 80370 + 19 MeV &
+ 7 (stat.) = 11 (exp. syst.) £ 14 (mod. syst.) MeV E)_Pﬂ‘ ______
CDF
Measurement precision of 19 MeV .
equals best previous measurement,  -----------
from CDF at the Tevatron ATLAS W
ATLAS W~
This is just the start for m at LHC  sraswe

25,
%E PEI!TMENS

Consistency between results using

« W-ev or W-puv decay mode
Different mass-sensitive
variables p_(€) or m_

Different £-charge signs

@
L
L
+
__‘__
® Measurement
. s
Stat. Uncertainty
—— Full Uncertainty —?—
] 1 I 1 1 1 1 I 1 1 1 I 1 1 1 I I

ATLAS -

80450 80500
m,, [MeV]

80250 80300 80350 80400



Electroweak precision test

| T
ATLAS ¢ my
=u Stat. Uncertainty

— Full Uncertainty

LEP Comb. 80376+33 MeV

80387+16 MeV

Tevatron Comb. °

80385+15 MeV

LEP+Tevatron PS 8ot 1

ATLAS 80370+19 MeV

Electroweak Fit 8035618 MeV

80320

|
80400 80420
m,, [MeV]

| 5 |
80340 80360 80380

Fits to precision electroweak data
from LEP/SLD and others, plus the
LHC m , provide an indirect

prediction of m and m
w top

(“indirect measurement in the

framework of the SM”)
Compared here to ATLAS
measurements of W and top masses

25,
¥ ATLAS

Within the SM framework, the precise value of m , is
related to other quantities via:

2 [1 m‘z"’] e (1+Ar)
mw — | = .
m% \/EG#

Where Ar includes radiative effects (loops), and so
depends on (e.g.) m_and m_

P
;“ B T T T | T T T T T T T | T T T T I T T T T I T H
o) - ATLAS s M, = 80.370 £ 0.019 GeV 4
O, 80.5~ Bl -172.84+070GeV
E; o e . m, = 125.09 + 0.24 GeV
80.45 we= 68/95% CL of m,, and m, -
80.4 5
80.35F = -
803 L == 68/95% CL of Electroweak]
E Fit w/o m,, and m, i
B (Eur. Phys. J. C 74 (2014) 3046) -
B 1 1 | | | | | | I | | 1 | | | 1 1 | | | 1 | I | |

SY e osmen s im0\ i 7S e B oo ME O

m, [GeV]



Massive diboson production

Run-1 puzzle to describe inclusive diboson cross-sections Y
* Measurements tended to lie above NLO calculations ]

NNLO calculations = ~20% corrections and better agreement

M - NeXt-to-leading Order — - 1 | T 1 T | 1 T T I 1 T T I T T 1 | T 1 1 | T 1 T ]
calculations - include first ﬁ.— —  ATLAS i 160604017 ] - >
order of QCD corrections 5% 5o Wzowll 7% precision
iti i T — e ATLAS Vs=13TeV (m_ 66-116 GeV), 3.2 fb™

(additional gluons in o — . d
diagrams) — A ATLAS Vs=8TeV (m,_ 66-116 GeV), 20.3 fb™ .
NNLO - Next-to-next-to- 40— m ATLAS Vs=7 TeV (m,  66-116 GeV), 4.6 fb" —
ﬁ d — Vv DO Vs=1.96 TeV (m, 60-120 GeV), 8.6 b .
eading oraer s0F & CDF {s=1.96 TeV (corr. tom__ 60-120 GeV), 7.1 fb™ NLO —
Example: 20— WZos 2y 02 ]
. — == MATRIX NNLO, wz 66-116 GeV) ~]
WZ leptonic decays - NNPDFS0, 1 on ctm a2
NNLO calculations 10— .- — MCFM NLO, pp—~W2Z (m, , 66-116 GeV) __
o B PR - CT14nlo, p.H=p,F=mWZ/2 ]
describe data much — e - =MCFM NLO, pp>WZ (m__ 60-120 GeV)  _
better than NLO o)—"", | | e —
9 14 — I [ | | [ T =
This run-1 puzzle appears = = J( )
o 1.2 A A—
to be solved! = = =
o l===f======- -
"(_U' — | 1 | 1 ] ] 1 | | 1 1 —_

o 2 4 6 8 10 12 14



Standard Model Production Cross Section Measurements

F €Y
Status: July 2017

Q R ATLAS Prelimi
11
Q. 10 O AQ inelastic ety Theory
| S )
5 Lof o Run1,2 v/s=7,8,13 TeV LHC pp V5= 7 TeV
: AR s BBl Data 454907 =
5 B dijets e
E =
10 E = A LHC pp Vs =8 TeV =
B pr>25 GeV ) i
i A Data 20.3fb~ i
].04 _F S S anO ?_
- O 5
i : LHC pp Vs=13 TeV .
anO
10 Al iy S e B Data 008-36.1f0! ]
, - pr>100 GeV niozlznﬁ1nl>1 7 o I:'tchan lA-I/:‘l/-v i
10° F n;>1 o= = B MY ww total =
E n,>3n122 Wt r O O E
5 A R ) A Wz p AN 9
o n; =2 0 J " O A -
j O o) wz F
101 e A n;>3 7z wz 99 =
E n:>3 nj24ﬂn->3 n>4 Ao H—-WW 0 E
m i (o] fi 'O A Zz 17 AN 2 (7, n
B n; > 47108 n; 25 s-chan A\ o c -
WELS = S g pbo o
1 = n; > n;>6 H-tr 7 Q N -
E n; > 5-108 o | z A . E
o q) n;>6 'm | Ja\ o =
i .> n>5 nj>7 VBF K A e .
= A n; 26 oy (o} H->ww AN o | e
1055 5 o n>8 b E
: S > 7728 o] oy 2 O r— 3
1077 F a QCD n21 I dibosons,_zz . al, - I E
E a jetS 4P o . 4> - ‘ e Wé
103 - > -t Bnp
Y, W, Z top quark ttv ol L
- e H A
PP Jets Y wW 7 tt t VV 7Y H WWyaw iz tty Wjj ZjjwwZyyWyywwy ZyjjVVijj
R=0.4 EWK EWK Excl. EWKEWK
fid. fid. fid. fid. tot. tot. fid. fid. fid. fid. tot. tot. fid. fid. fid. tot. fid. fid. fid. fid. fid.



Searching for (more) new
physics

a.k.a. Beyond-the-SM, BSM, searches

There are far too many to describe (hundreds of results) - | pick just
one of my favourites




Dijet resonance search

Search for new physics in
dijet invariant mass
spectrum

q g

Examples (at 95% CL):

m(q*) > 6.0 TeV
(Cf Run-1: 4.1 TeV)

m(W*) > 3.4 TeV and not
within 3.77-3.85 TeV

Events / Bin

—
<

|
N O N

Significance

MC

Data-MC

|
o

25 ;
arxiv:1703.09127 EXPERIM

ENT
% T T T T T T I | (S RS S S S [N IS | I IA*L‘A%‘IIlIIIIII”II””I”“I”“I“””“‘I““””g
= + =
E 2015+2016 (s=13 TeV, 37.0 fb™ =
- e Data -
Background fit =
- ——— BumpHunter interval -
ER G- a . m =adiey e
- e 5 mz* =5.0TeV =
E E
- =
2 =
:g q*, o x10 g;
= p-value = 0.63 =
- Fit Range: 1.1 -8.2 TeV =
—  |y*| < 0.6 -
EI ] | [ { e limm e fasess | I | e S el BT | IIIIIIIIIIIIIIIII 11 lIIlIIIIIIIIIIIIIII i
1 1 I 1 1 1 1 1 I L L L L L L I rrrri IIIIIII Trprrrprrrrrrrrrpreetd

= IR
s JES Uncertainty | Py
= L =
[ 1 1 1 1 1 1 1 I | e (6 el ) ) 15 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII+ IIIIIIIIIIIII ﬂT
2 3 4 O

m. [TeV]

Dijet mass i


https://arxiv.org/abs/1703.09127

Highest-mass central dijet event (2016) - m(jj)=8.2 TeV

~

EXPERIMENT <

Run: 3057°A7
Event: 4144227629
2016-08-08 08:51:15 CEST

D Charlton / Birmingham - October 2017 - Beyond the Higgs Boson Discovery



ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: July 2017 [£dt = (3.2-37.0) fb? V5=8,13TeV
Model £y Jetst ET [rdiffb7] Limit Reference
A T AL ! ! coor TR ! ! oo
o ADD Gk +£/4q Oep 1-4]j Yes 36.1 Mp 7.75 TeV n=2 ATLAS-CONF-2017-060
_S ADD non-resonant yy 2y - - 367 |Ms 8.6TeV  n=3HLZNLO CERN-EP-2017-132
€ ADDQBH - 2j - 370 | My 89TeV n=6 1703.09217
g ADD BH high ¥ pr >lepu >2j - 3.2 My 8.2 TeV n=6, Mp = 3 TeV, rot BH 1606.02265
5 ADD BH multijet - > 3j - 36 M, 9.55TeV n=06,Mp =3TeV,rot BH 1512.02586
g RS1 Gk — yy 2y - - 36.7 Gkk mass 4.1 TeV k/Mg; = 0.1 CERN-EP-2017-132
x Bulk RS Gy — WW — qqlv Tep 1J Yes 36.1 Ggk mass 1.75 TeV k/Mp; = 1.0 ATLAS-CONF-2017-051
= 2UED / RPP lep 22b,23j Yes 13.2 KK mass 1.6 TeV Tier (1,1), B(ALD — tt) =1 ATLAS-CONF-2016-104
SSM Z' - (¢ 2e,pu - - 36.1 Z’ mass 4.5 TeV ATLAS-CONF-2017-027
%] SSM Z’ — 1t 2T - - 36.1 Z’ mass 2.4 TeV ATLAS-CONF-2017-050
S Leptophobic Z" — bb - 2b - 3.2 Z’ mass 1.5 TeV 1603.08791
§ Leptophobic Z’ — tt 1e,u0 >1Db,2>1J/2) Yes 3.2 Z’ mass 2.0 TeV r/m=3% ATLAS-CONF-2016-014
© SSMW -ty Teu - Yes  36.1 W’ mass 5.1 TeV 1706.04786
D  HVT V' - WV - gqqgmodelB O e, p 2J - 36.7 |V mass 3.5 TeV av CERN-EP-2017-147
8 HVT V' — WH/ZH model B multi-channel 36.1 V’ mass 2.93 TeV &v ATLAS-CONF-2017-055
LRSM Wy, — tb 1epu 2b,0-1j Yes 20.3 1410.4103
Cl gqqq - 2] - 37.0 A 21.8TeV 7 1703.09217
() Cl ttqq 2e,p - - 36.1 A 40.1 TeV 7, | ATLAS-CONF-2017-027
Cl uutt 2(SSyz3ep=1b21j Yes 203 (I erTev] |l =1 1504.04605
Axial-vector mediator (Dirac DM) Oe, 1-4j Yes 36.1 Mmed 1.5 TeV 84=0.25, g,=1.0, m(y) <400 GeV | ATLAS-CONF-2017-060
g Vector mediator (Dirac DM) Oeu, 1y <1j Yes 36.1 Mined 1.2 TeV £4=0.25, g;=1.0, m(x) < 480 GeV 1704.03848
VVyy EFT (Dirac DM) Oe,u 1J,<1]  VYes 3.2 M, 700 GeV m(y) < 150 GeV 1608.02372
Scalar LQ 15t gen 2e >2j - 3.2 LQ mass 1.1 TeV g=1 1605.06035
9 Scalar LQ 2™ gen 2pu z2j - 3.2 LQ mass 1.05 TeV =1 1605.06035
Scalar LQ 3 gen le,u  21b623] Yes 203 |ICHESerocew p=0 1508.04735
@ VLQTT — Ht + X Oorten 22b,>3j Yes 13.2 T mass 1.2 TeV B(T - Ht)=1 ATLAS-CONF-2016-104
= VIQTT > Zt+ X leg 21b23] Yes 361 |Tmass 1.16 TeV B(T - Zt) =1 1705.10751
g VIQTT - Wb+ X leu >1b,>1J/2] Yes 36.1 T mass 1.35 TeV B(T - Wb) =1 CERN-EP-2017-094
s, VLQBB - Hb+ X 1e,u 22b,>3j Yes 20.3 B(B — Hb) =1 1505.04306
& VlQBB—Zb+X 223eu  »2/>1b - 20.3 B(B— Zb)=1 1409.5500
% VLQ BB — Wt+ X 1ep 21Db,>1J2) Yes 36.1 B mass 1.25 TeV B(B— Wt) =1 CERN-EP-2017-094
VLQ QQ — WqWg 1eu >4j Yes 20.3 1509.04261
Excited quark g* — qg - 2] - 37.0 6.0 TeV only u* and d*, A = m(q") 1703.09127
E 2 Excited quark g* — qy 1y 1j - 36.7 5.3 TeV only u* and d*, A = m(q") CERN-EP-2017-148
= O Excited quark b* — bg - 1b,1]j - 13.3 ATLAS-CONF-2016-060
I_l>_<| qu Excited quark b* — Wt lor2e,u 1b,2:0] VYes 20.3 fp=fi=f=1 1510.02664
= Excited lepton ¢* Seu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* 3eput - - 20.3 A=16TeV 1411.2921
LRSM Majorana v 2epu 2] - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
Higgs triplet H** — ¢¢ 234e,u(SS) - - 36.1 870 GeV DY production ATLAS-CONF-2017-053
&  Higgs triplet H*= — (1 3eu,T - - 20.3 DY production, B(H* — fr) =1 1411.2921
< Monotop (non-res prod) 1eu 1b Yes 20.3 Anon_res = 0.2 1410.5404
QO Multi-charged particles — - — 20.3 DY production, |q| = 5e 1504.04188
Magnetic monopoles - - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059
L L Ll I L L L Il L L Ll I L L L L

1071 1
*Only a selection of the available mass limits on new states or phenomena is shown.
+tSmall-radius (large-radius) jets are denoted by the letter j (J).

10 Mass scale [TeV]



ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: July 2017 [£dt =(3.2-37.0)fb™? Vs=28,13TeV
miss _ ..
Model £y Jetst ET [rdiffb7] Limit Reference
T T T ‘ T T T T T LI | T T T T T T I T T T T
® ADD Gkk +g/q Oe,p 1-4j Yes  36.1 Mp 7.75 TeV n=2 ATLAS-CONF-2017-060
S  ADD non-resonant yy 2y - - 367 |Ms 8.6TeV  n=3HLZNLO CERN-EP-2017-132
2  ADDQBH - 2j - 37.0 | My 89TeV n-=6 1703.09217
g ADD BH high ¥ pr >le,pu >2]j - 3.2 M, 8.2 TeV n=46, Mp =3 TeV, rot BH 1606.02265
5 ADD BH multijet - > 3j - 36 M, 9.55TeV n=06,Mp =3TeV,rot BH 1512.02586
g RS1 Gk — yy 2y - - 36.7 Gkk mass 4.1 TeV k/Mg; = 0.1 CERN-EP-2017-132
m Bulk RS Gy — WW — qqlv Teu 1J Yes 36.1 Gkk mass 1.75 TeV k/Mp; =10 ATLAS-CONF-2017-051
2UED/ RPP fepu 22b,23] Yes 132 |KKmass 1.6 TeV Tier (1,1), B(AUD — 1) = 1 ATLAS-CONF-2016-104
SSM Z' — &t 2e,pu - - 36.1 Z’ mass 4.5 TeV ATLAS-CONF-2017-027
g SSM Z’ — 1t 2T - - 36.1 Z’ mass 2.4 TeV ATLAS-CONF-2017-050
S Leptophobic Z" — bb - 2b - 3.2 Z’ mass 1.5 TeV 1603.08791
-8 Leptophobic Z" — tt Tepu 21Db,>1J/2) Yes 3.2 Z’ mass 2.0 TeV r/m=3% ATLAS-CONF-2016-014
© SSMW -ty Teu - Yes  36.1 W’ mass 5.1 TeV 1706.04786
g’ HVT V/ - WV — gqqqqg model B O e, u 2J - 36.7 V’ mass 3.5 TeV &v CERN-EP-2017-147
g HVT V' — WH/ZH model B multi-channel 36.1 V’ mass 2.93 TeV &v ATLAS-CONF-2017-055
LRSM Wy, — tb 1epu 2b,0-1j Yes 20.3 1410.4103
LRSM W}, — tb Oe, 21b1J - 20.3 1408.0886
_ Cl gqqq - 2] - 37.0 A 21.8TeV 7 1703.09217
O Cl tlqq 2epu - - 36.1 A 40.1 TeV 7, ATLAS-CONF-2017-027
Cl wutt 25823 ep 210 21] Yes 203 (AN Gl = 1 1504.04605
Axial-vector mediator (Dirac DM) Oe i 1-4j Yes 36.1 Mmed 1.5 TeV 84=0.25, g,=1.0, m(y) < 400 GeV | ATLAS-CONF-2017-060
‘ector mediator (Dirac DM) Oep, 1y <1j Yes 36.1 Mped 1.2 TeV 84=0.25, g,=1.0, m(y) < 480 GeV 1704.03848
L EFT (Dirac DM) Oe,u 1J,<1]  VYes 3.2 M, 700 GeV m(y) < 150 GeV 1608.02372
2e >2j - 3.2 LQ mass 1.1 TeV p=1 1605.06035
a e = i 06035
Scalar LQ 3"% B.04735
@) VLQTT - H . NF-2016-104
E VLQ TT — Zi 5.10751
© Usioi  Searches for Dark M ing in Run-2
S vass- earches 10or var atter are ongoing 1n Rkun- 504306
© VLQ BB — ZK 9.5500
D viaBB W ° 7 7 . - P-2017-094
= G duct th other object o
ViQ QQ — W eneric proauction with other opjects ¥ pe
Model ifi hes in SUSY model
[ J -
5 @ Excited quark odel-Speciric searcnes in odelts p.2017-148
L8 Excited quark PNF-2016-060
L%l § Excited quark D.02664
L Eycited lepton 1.2921
Excited lepton q X 1.2921
LRSM Majoran 5.06020
Higgs triplet H NF-2017-053
o Higgs triplet H r1.2921
g Monotop (non-I&& proa) e [ ™0 Ves 0.3 - T—— T2710.5404
Multi-charged particles — - — 20.3 DY production, |q| = 5e 1504.04188
Magnetic monopoles - - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059
L Ll l L L L L L L Ll I L L L Il L L Ll I L L L L

*Only a selection of the available mass limits on new states or phenomena is shown.

10 Mass scale [TeV]

tSmall-radius (large-radius) jets are denoted by the letter j (J).



USY Searches

ATLAS SUSY Searches” - 95% CL Lower Limits

%"zm

.\

CATLA

EXPERIMENT

ATLAS Preliminary

May 2017 Vs=7,8,13TeV
Model &MT,Y Jets ET™ [Laqm™ Mass limit Vs=7,8TeV ﬁ Reference
MSUGRA/CMSSM 0-3eu/l-27 2-10jets/3b Yes 203 |42 1.85TeV.  m(@=m(z) 1507.05525
a3 q—"i)?o 0 26jets  Yes  36.1 mEP2)<200 GeV, m(1* gen. §)=m(2™ gen. q) ATLAS-CONF-2017-022
@ 43 G—4q¥) (compressed) mono-jet  1-3jets  Yes 3.2 m(g)-m(©})<5 GeV 1604.07773
= A g—>qu 1 0 2-6jets  Yes 36.1 m(¥})<200 GeV ATLAS-CONF-2017-022
% 28, -q9%7 —>qu*)(1 0 2-6jets  Yes  36.1 m(P})<200 GeV, m(¥*)=0.5(m(¥})+m(z)) ATLAS-CONF-2017-022
Ol 22, g—*qq(fé’/wm 3epu 4 jets - 36.1 m(£?)<400 GeV ATLAS-CONF-2017-030
2 88, §—qqWZR 0 7-11jets  Yes  36.1 m(P?) <400 GeV ATLAS-CONF-2017-033
>  GMSB (ZNLSP) 1-27+0-1¢ 0-2jets  Yes 3.2 1607.05979
S GGM (bino NLSP) 2y - Yes 32 cr(NLSP)<0.1mm 1606.09150
Q  GGM (higgsino-bino NLSP) Y 1b Yes 203 |% 1.37 TeV m(¥})<950 GeV, cr(NLSP)<0.1 mm, <0 1507.05493
=  GGM (higgsino-bino NLSP) 14 2jets  Yes 133 m(¥))>680 GeV, cr(NLSP)<0.1mm, ;>0 ATLAS-CONF-2016-066
GGM (higgsino NLSP) 2e,u(2) 2 jets Yes 20.3 4 900 GeV m(NLSP)>430 GeV 1503.03290
Gravitino LSP 0 mono-jet  Yes 20.3 F'2 scale 865 GeV m(G)>1.8 x 107 eV, m(g)=m(g)=1.5TeV 1502.01518
3% @ g—>bb¥ 1 0 3b Yes  36.1 m(¥})<600 GeV ATLAS-CONF-2017-021
OE gz, 50 1, 0-1eu 3b Yes  36.1 m(¥?)<200GeV ATLAS-CONF-2017-021
T w0 2 goobit; 0-1e,u 3b  Yes 201 |g 1.37 TeV m()<300 GeV 1407.0600
biby, by —>ij 0 2b Yes  36.1 m(¥?)<420 GeV ATLAS-CONF-2017-038
g S b1by, by—>tty 2e,u(SS) 1b Yes  36.1 [ 275-700/GeV| m(¥})<200 GeV, m(¥;)= m(¥})+100 GeV ATLAS-CONF-2017-030
S8 nn, 5ot 0-2e,pu 12b  Yes 4.7/13.3 117-170GeV =~ 200-720 GeV m¥;) = 2m(E), m(¥})=55 GeV 1209.2102, ATLAS-CONF-2016-077
8"5 i, 11—>Wb)(1 or &} 0-2e,u 0-2jets/1-2b Yes 20.3/36.1 90-198GeV. 205-950 GeV m(¥})=1GeV 1506.08616, ATLAS-CONF-2017-020
S S an, ook 0 mono-jet  Yes 3.2 m(f)-m(¥])=5 GeV 1604.07773
S8 i (natural GMSB) 2e4(2Z  1b  Yes 203 150-600 GeV. m(E)>150 GeV 14035222
Y5 hhhoh+Z 3eu(2) 1b Yes  36.1 ~ 290-790 GeV m(¥})=0GeV ATLAS-CONF-2017-019
b, - +h 1-2epn 4b Yes  36.1 ~ 320-880 GeV m(E))=0 GeV ATLAS-CONF-2017-019
eL ReLR, e-wx, 2e,pu 0 Yes  36.1 mEd)=0 ATLAS-CONF-2017-039
Xm ,)(1 —>ev(ev) 2eu 0 Yes  36.1 m(E))=0, m(Z, »)=0.5(m(¥; )+m(¥)) ATLAS-CONF-2017-039
TR 10, Xt —7v(19), X9 —71(v7) 27 : Yes  36.1 mE)=0, m(7, 7)=0.5(m(¥;)+m(E})) ATLAS-CONF-2017-035
= § )2?)2 qEngLf(gv), EBLE(v) 3eu 0 Yes  36.1 mE;)=m(B3), m(#})=0, m(Z, )=0.5(m(¥; )+m(E})) ATLAS-CONF-2017-039
oS )?1)? — WX Z¥ 2-3eu  02jets  Yes  36.1 m(¥;)=m(¥3), m(¥1)=0, £ decoupled ATLAS-CONF-2017-039
O piy —>W)(1 XY, h—bb/WW/tT/yy (%% 0-2b Yes  20.3 270 GeV m(¥5)=m(¥3), m(¥})=0, Z decoupled 1501.07110
X3, X553 —lrt dep 0 Yes 203 23 635 GeV mE3)=m(B3), m(¥})=0, m(Z, )=0.5(m(¥9)+m(¥})) 1405.5086
GGM (wino NLSP) weak prod., bt —yG lep+y i Yes 20.3 |4 115-370 GeV cr<imm 1507.05493
GGM (bino NLSP) weak prod., ¥]—»yG 27 3 Yes 203 |w 590 GeV cr<imm 1507.05493
D|rect)2,i{ prod., long-lived 21 Disapp. trk 1 jet Yes  36.1 m(¥;)-m(E})~160 MeV, 7(¥;)=0.2 ns ATLAS-CONF-2017-017
Direct ¥1%] prod., long-lived ¥i dE/dx trk 5 Yes 184 m(¥;)-m(E))~160 MeV, 7(¥)<15 ns 1506.05332
'§ o Stable, stopped g R-hadron 0 1-5jets  Yes 279 m(7})=100 GeV, 10 us<r(z)<1000 s 1310.6584
= % Stable g R-hadron trk E - 3.2 1606.05129
&E Metastable g R-hadron dE/dx trk 3 = 3.2 m(¥})=100 GeV, r>10 ns 1604.04520
S 8 GMSB, stable 7, ¥{—7(2, i)+1(e, ) 124 : = o 10<tang<50 14116795
~ = GMSB, ¥?>yG, long-lived &) 2y . Yes 203 1<7(#)<3 ns, SPS8 model 1409.5542
28, 1—»eev({epv/uuv displ. ee/ep/pp - = 20.3 7 <cr(¥))< 740 mm, m(z)=1.3TeV 1504.05162
GGM gg, X —ZG displ. vix + jets - . 20.3 6 <cr(¥)< 480 mm, m(z)=1.1TeV 1504.05162
LFV pp—¥: + X, ¥z —ep/et/ut epeT,uT 3 = 3.2 31,2011, A132/133/233=0.07 1607.08079
Bilinear RPV CMSSM 2e,u(SS) 03b Yes 20.3 m(@=m(g), crzsp<1 mm 1404.2500
XL, X WX >eev, epv, v dep : Yes 133 MEE2)>400GeV, A12#0 (k = 1,2) ATLAS-CONF-2016-075
XiXT, X WX, X —>trve, etve Bep+t 5 Yes  20.3 m(E))>0.2xm(¥5), A133#0 1405.5086
n>_ 88, 8—qqq 0 4-5large-Rjets - 14.8 BR(7)=BR(b)=BR(c)=0% ATLAS-CONF-2016-057
€ 3z 5oqet0, X — qqq 0 4-5large-Rjets - 14.8 m()=800 GeV ATLAS-CONF-2016-057
23, g1, &) - qqq fep 810jets/0-4b - 36 mEE)= 1 TeV, A112%0 ATLAS-CONF-2017-013
88, g—hit, h—bs lep 8-10jets/0-4b - 36.1 m(@i)= 1 TeV, A33#0 ATLAS-CONF-2017-013
i1, fi—bs 0 2jets+2b - 15.4 1450-510 GeV ATLAS-CONF-2016-022, ATLAS-CONF-2016-084
7171, fi—bt 2eu 2b : 361 | & BR(f —be/u)>20% ATLAS-CONF-2017-036
Other Scalar charm, Z—c¥] 0 2ic Yes 203 |@& 510 GeV m(¥})<200 GeV 1501.01325
. R R PR 1 . . . P
*Only a selection of the available mass limits on new states or g
10 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
D Ci s:mphf:ed models, c f refs for the assumptlons made

—_—— -
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The future
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<—— “Run-2"13TeV —pp»

25,
AT
<—— “Run-3” 14 TeV E§j

2016

2017

2018

2020 2021 2022 2023

AM[I|]|A|S

D|J|F[M[AM]I[][A|S

AM[J[J]|A|S

AIM[J[J|A]S[O[N|DJI|F[M[AIM] ]| I[A[S|O|N[D]J|F|M]A[M] ]| J|A|S[O|N|D}J[FIM]A[M]][J]|A]S[O[N|D

EYETS LS2
Shutdown/Technical stop
Protons physics
Commissioning
Ions
HL-LHC 14 TeV \; -
2024 2025 2026 2027 2028 202&\ 2030 2031 2032
A[M[J]J|AlS M|J|I|A|S|ON|D}I[F[M|AM[]I]I]|A|S|O M|J|J|A|S|O M|I[I|A|S AIM[II[A|ISR(N|DI[FMIA[M[I]|I|A[S|OIN|D}I|F|M|A[M[I]I|A[S|OIN|D}I|F|M[AIM]|I|][A|S|O|N|D|
LS3 \N LS4
{3 ” =
2033 2034 2035 2036 2037 LS-2" in 2019-2020
AM|J|J|A|S A|M|J|J|A|S|O|N|D] J|F|M|A|M|J|I|A|S|O A|M|J|J|A|S AM|J|]|A

Upgrade of the LHC injectors
Training of LHC magnets to the
field needed for 14 TeV operation
Significant upgrades to the
experiments - “Phase-|”




LHC luminosity (collision rate) has
exceeded LHC design already by 40%

Could exceed design luminosity by a
factor ~2.5 in “Run-3”

— Phase-1 upgrades give us better first-level
trigger performance (better selectivity in
hardware within ~3 us), and also to provide
better tracking close to the interaction point

Main ATLAS Phase-l upgrades:
* New inner pixel layer installed already in 2014
* Having impact e.g. for H-bb analysis
* New track & calorimeter trigger electronics
 New “small muon wheel” (9.3m diameter)

NSW design
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<—— “Run-2"13TeV —pp»

AT AS

<—— “Run-3” 14 TeV E§j

2016

2017

2018

2020 2021 2022 2023

N{DJJ[FIM]A[M]J|]]A]S

D|J|F[M[AM]I[][A|S

AM[J[J]|A|S

AIM[J[J|A]S[O[N|DJI|F[M[AIM] ]| I[A[S|O|N[D]J|F|M]A[M] ]| J|A|S[O|N|D}J[FIM]A[M]][J]|A]S[O[N|D

Shutdown/Technical stop
Protons physics
Commissioning

Ions

HL-LHC 14 TeV >
2024 2025 2026 2027 2028 2029 2030 2031 2032
AM[I]|I|AlS DlI|{F[M[A|M|I|J|A[S|O|IN|DyI|F|M|A|M[I[I|A|IS|O M[I[J|A[S|O M[I[J|A|S

2033 2034 2035 2036 2037
AM|J|J|A|S D] J|FIM|AIM| ]| J|A|S|O|N|D} J|F[M|A[M| ]| J|A|S|O A|M|]|J|A|S AM|J|]|A

HL-LHC accelerator upgrade was
approved by CERN Council in
June 2016 (cost: 930M CHF)

HL-LHC: “levelled” luminosity

5-7 times the original design,
until ~2035

Accumulate 10x more data than
in Runs 1-3 combined - era of
high precision

Must upgrade detectors!




YATLAS

EXPERIMENT

HL-LHC: precision Higgs physics
All measurements in Higgs sector will
benefit strongly from more statistics,
right through HL-LHC programme
« Start measuring rarer decays (SM, BSM?)
» Higher precision measurements
* Probe Higgs couplings at ~percent level

to look for sign of new physics in loops
» Search for anomalous production etc etc

3000 fb' (14 TeV)

! lIIIIII] T

LT
- CMS
Projection t
7
Ve

’

lIIIIII|

| e R
IIIIIIIIT\ s ]

A or (g/2v)"?

= 68% CL

|[EEE II|III|
IS IIIIII|

CMS Projection P i
| | | | | | | | | ! | | ! | | | | ! | 1 O
Expected uncertainties on F— 3000 b at f5 =14 TeV Scenario 1

H|ggs boson goup”ngs — 3000 at fs= 14 TeV Scenario 2
Two different models of uncertainty

A

evolution with luminosity

SR K N NN R IR NN R s B BN N

| | | | | |
0.10 0.15
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HL-LHC: di-Higgs production 5259 ATL

RIMENT

The Higgs potential V is fundamental to the “Brout-Englert-Higgs mechanism”
— non-zero scalar field in vacuo

Essential to explore shape of the potential - beyond quadratic term - m
— also to throw light on electroweak phase-transition in early universe

13
Voss (6,T) TI10 GeV
A T3x10" GeV
Then?
|4
<€ T<IO GeV
1 : 1
—mih* + =Ah> + ... — ; > ¢
2 , 8 W
T T

Mass selt
Interaction Matthew McCollough



HL-LHC: di-Higgs production iéL

H pair production provides this S
sensitivity, in principle
Range of studies going on to
assess A sensitivity

* Many channels

» High backgrounds - will need
to be measured from the data AN

TOO ——-H

Indications we can measure HH rate

Q090 ---H at ~30-50% level with the full HL-LHC
data sample - maybe better

OO H
H oz — sensitivity to anomalous large A
A - e
000 D - Studies continue...



HL-LHC: extended search reach S?EXTLAS

With ten times the luminosity,
mass reach for new particles
increases by roughly 30% for
many processes

For new processes with lower § “°F —— scanensiont-a0" im0
cross-sections, the sensitivity o sof 77 2o st ane o
gain can be much higher B 700f < 95% CL excusion (= 3000 " <un=140) -
« e.g. weakly-coupled dark S0 O = 30% s AlLassimuiation
matter models = Al
4003—
Example shown: Electroweak ~ F
production of SUSY partners of *F
electroweak bosons '™F
%(1)—0 | 400 SN 600 I 800 SR 10|00l § I1200

m( %, %) [GeV]



25
Current ATLAS SséL
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25
Phase-ll New central tracker (ITk) &yg XPE I!TM ENT

-'r'_r—'_‘_
-—r-—l"'i_'r'—'
===

.__ '_ -_.-“. . .

LI A
el s

o -

&
S o N . ~..:.,,a.._....

E

High-granularity ~30ps

New muon chambers (e.g. Bl RPC) timing detector option,
around beam directions

Massive readout electronics rework (LAr, Tile, Muons)
New trigger/readout architecture
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I
ATLAS

EXPERIMENT

» mmowm

All silicon-sensor tracker:
* inner layers pixel sensors
 outer layers strip sensors

Sensor and systems R&D ongoing for some years

D Charlton / Birmingham - October 2017 - Beyond the Higgs Boson Discovery



Closing

The LHC is delivering well-beyond-design luminosity, at 13
TeV pp collision energy in Run-2
» Rich and diverse physics programme (also LHCb, ions ... ... )
* Many searches for new particles and interactions in progress
* [rrespective of new discoveries, there is a broad precision
physics programme at ATLAS and CMS

The Higgs boson discovery was just the start of the programme of
study of the scalar sector at the LHC
 We know now that it is a Higgs scalar, with broadly SM-like properties

* Huge scope for new physics in the scalar sector - we have just
scratched the surface so far

e Only the LHC will address these questions for the next two decades

The LHC is, and will remain to the mid-2030’s, the
world’s energy frontier particle collider
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