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Where we start:
the Standard Model
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July 2012 - the new boson

Fully reconstruct H—-yy final state
Excellent yy mass resolution crucial, as
well as y-ID to reject jet/m® background

CATLAS

.*1 EXPERIMENT

Run Number: 191426, Eve:

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

i
fza 1
EXPERIMENT

= T T
§ 4500 ™ ATLAS [ ] Data

; 3000 ——— Sig+Bkg Fit (m =126.5 GeV)
e E 0 M ceeeeee Bkg (4th order polynomial)
£ 2500
w

2000

1500E" 5.7 TeV, [Ldt=4.81"
1000 =8 TeV, [Lolt=5.9"

500 H-yy
{a} | L 1 1 ]
g 200 '
2100
g ﬂ' = | *‘ + H # Il .
g 100" ' ¢t 3
200 .
ﬁ | ) L] 1 ] N v L] il
0 Fa 4  Data S/B Weighted 1
& 100 ——— Sig+Bkg Fit (m =1265 GeV) -
= ED:— -- Bkg (4th order polynomial) _:
=, n ]
= C ]
= B0 —
a0 —
Eﬂ:— Events weighted according to ~
C (¢} S/Bin selected event category ’

Tweights - Bkg




25,
July 2012 - the new boson ¥ ATLAS
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Fully reconstruct H=ZZ7*—4¢ final state
“Golden channel” - excellent mass resolution and signal/background-~1
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July 2012 - the new boson
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Overall significance (end July 2012) 5.90



July 2012 - the new boson
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1. Introduction

ABSTRACT

A search for the Standard Model Higgs boson in proton-proton collisions with the ATLAS detector at
the LHC is presented. The datasets used correspond to integrated luminosities of approximately 4.8 fh~!
collected at ,,,-"E =7 TeV in 2011 and 5.8 b~" at W5 =258 TeV in 2012, Individual searches in the channels
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.

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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Questions crystallise...

About the identity of the H(125) particle

e |s it a Higgs boson?

e Is it unique?

* Does it couple to the vector bosons with
the right coupling strength and
structure?

e |s it also responsible for giving mass to
the fermions?

* |Is the H(125) the only mechanism for
electroweak symmetry-breaking?
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the right coupling strength and
structure?

e |s it also responsible for giving mass to
the fermions?

* |Is the H(125) the only mechanism for
electroweak symmetry-breaking?

We can now study these questions via
precision measurements of the Higgs sector,
and of EWSB in general




Questions crystallise...

About the identity of the H(125) particle

e |s it a Higgs boson?

e Is it unique?

* Does it couple to the vector bosons with
the right coupling strength and
structure?

e |s it also responsible for giving mass to
the fermions?

* |Is the H(125) the only mechanism for
electroweak symmetry-breaking?

* Why is the H so light?

t Divergent corrections to the H mass from loops,
H H cut off only if new physics enters at a mass scale
—_— - close to the electroweak scale
t

“Hierarchy problem” / fine-tuning



...others are not addressed

Hard questions that we often forget to ask

 Why 3 generations of (light) fermions?
* Why such different fermion masses?

* The gauge theory descriptions of the
electroweak and strong (QCD) sectors of
the Standard Model are so similar
* Where is grand unification?

e Extra dimensions of space-time? Branes
?

e Baryon asymmetry?
e Dark matter & energy?
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 Why 3 generations of (light) fermions?
* Why such different fermion masses?

* The gauge theory descriptions of the
electroweak and strong (QCD) sectors of Lepians
the Standard Model are so similar
* Where is grand unification?

e Extra dimensions of space-time? Branes
?

 Baryon asymmetry? Searching for new physics at

* Dark matter & energy? the TeV scale may gain further

insight to these questions - and
to the hierarchy problem




The LHC and ATLAS
Coming of Age
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1232 superconducting main dipoles
Two-in-one coil design
Maximum B field 8.4 T (E,___=7 TeV)

Cooled to 1.9K with 90 tonnes of LHe
Ny Wbz ==r

Y \ . ." ! " .-'-‘-"-.' —

£
- ...*-{ .

Heat exchanger tube

Beam pipe

Auxiliary bus-bar

Each beam: 2800
bunches each Bunch of 101 protons
hOlding 1011 Beam 1, anti-clockwise

Bunch of 10" protons

p ro to nsS Beam 2, clockwise

Vacuum vessel

Thermal shield

Superinsulation

Shrinking cylinder / Helium vessel

Main quadripole bus-bar

Magnetic insert

Iron yoke

Non-Magnetic collars

Superconducting cails

Main dipole bus-bar

Thermal shield

CryoLine (QRL)
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Letter of Intent R&D in the 1990’s - construction
for a started in 1997

General-Purpose pp Experiment

at the Installation into cavern from 2003
Large Hadron Collider at CERN

Abstract

The ATLAS collaboration proposes to build a general purpose proton—proton detector for the ATLAS Collaboration
the Large Hadron Collider, capable of exploring the new energy regire which will become Members of

accessible. The detector would be fully operational at the startup of the new accelerator. LOI: 88 Institutions
The detector concept, the rescarch and development work under way to optimize the de-

jector design, and its proposed implementation arc described, together with examples of its \jérateur Linéaire, IN2P3-CNRS, Orsay, France

discovery potential. ‘eton, R.L.Chase, J.C.Chollet, P.Delebecque, V.Dubaois, A.Ducorps, C.de la Taille, L.Fayard,
D.Fournier, A.Hrisoho, L.Iconomidou-Fayard, Ph.Jean, B.Merkel, J.Noppe, G.Parrour, P.Petroff, J.P.Repellin,
A.Schaffer, N.Seguin, L.Serin, G.Unal, J.J. Veillet

Oslo University, Oslo, Norway
T.Buran, E.Nygaard, S.Stapnes

Physics Department, Oxford University, Oxford, United Kingdom
J.H.Bibby, 1.F.Harris, R.J.Hawkings, A.R.Holmes, P.B.Renton, A.R.Weidberg

Pierre & Marie Curie and Paris VII Universities and IN2P3-CNRS, Paris, France
S.Dagoret, D.Imbault, G.Hansl-Kozanecks, H.Lebbolo, P.Neyman, R.Zitoun
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182 institutions in 38 countries
~2800 scientific authors, including ~1000 students
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182 institutions in 38 countries
~2800 scientific authors, including ~1000 students
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7000t, 45m long x 25m diameter
ATLAS Detector | si:transition radiation tracker, 2T solenoid, LAr sampling

calorimetry, large air-core toroid muon spectrometer

~110 M channels, with timing capable of separating particles from adjacent
bunch-crossings (25ns)
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25,
The first decade of LHC operation Y ATLAS

2 x nominal luminosity 1
]

75% experiment nominal luminosity —] experiment upgrade |
nominal beam pipes phase 1
luminosity | l/_—

m 150 fb™ 300 fb™!

Run-1: little Run-2: 13 TeV, Run-3: 14 TeV,
data and low much more and doubled
energy! data data sample
{T | | Run 2 | | Run 3
RN = VETS 14 Tev ! O
splice consolidation injector upgrade .
A A T Mo e~
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 §
] £
e
X

Proton-proton centre-of-mass energy /s = 2 E
LHC design /s = 14 TeV
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Why we push /s

Partons (quarks, gluons) within the
proton carry only a fraction, x, of the
momentum of the proton

* Probability distribution described by
parton density function (pdf), f(x,Q%)

 Parton-parton centre-of-mass energy

\/§:\/x1x2SNQ

High Vs collisions are very rare

0.6
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0
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Why we push /s Y ATLAS

Partons (quarks, gluons) within the
proton carry only a fraction, x, of the o e
momentum of the proton

109 14 TeV
of o . . . . 108 3
» Probability distribution described by 107
° ° 2
parton density function (pdf), f(x,Q°) 106
E 10°
» Parton-parton centre-of-mass energy 2 ot
_ T 03
A ~. 10
S=VX{X, 8™ =
High Vs collisions are very rare 10!
100
e Parton-parton luminosity integrates 1o~ \\
over x, x, for a fixed s 1072 o o \
—a 1 1 1 1111 1 1 1 L 111 1 1 1 1
5 dL(a,b) 0001 0.05 0.10 0.50 1.00 5.00 10.00
ds Sqrt(s) [TeV]
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Why we push /s ATLAS

WJS2013

100 i T I LI |

T T I i

ratios of LHC parton luminosities: 13 TeV /8 Te 4

Ratio of parton-parton
luminosity for pp
centre-of-mass energy
13 TeV / 8 TeV

luminosity ratio
=




Why we push /s

Minimum bias
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stop pair (0.7 TeV)
gluino pair (1.5 TeV)
Z' SSM (3 TeV)

Q* (4 Tev)

QBH (5 TeV)

QBH (6 TeV)

1.2 All collisions - cross-section grows 20%

Known “rarer”

processes: yields
2'203 grow significantly

with energy

New physics

models -

search

sensitivity
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) 9000
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Total cross-section ratio: o(13 TeV) / o(8 TeV)
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Y

The main 2013-14 LHC consolidationé

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

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
v wliarwevil 7 UIIIIIIIISIIUIII lV\uy FAvE N, wvoeniiarnil LeueLuil ©
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25,
The first decade of LHC operation Y ATLAS

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 5 Tev 14 TeV I O
splice consolidation injector upgrade -
rrev STV | o e e | | 5
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 §
<
experiment . t d 2 x nominal luminosity . .20
I?gr:" Dasl . bﬂgf‘l"l pipes nominal luminos [y —] expe":'he:seu‘lpgm e | i I

- : ot
We are here

Half-way through the “standard lumi LHC” era in time,
still close to the start in terms of integrated luminosity
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2016 - a great production year ATLAR

Integrated luminosity fLdt drives the signal event yield N__

N =o € exp SLdt

obs - 45: I I I I I I I I I .
o cross-section “9: 40F- ATLAS Online Luminosity =
T . .. = - 2011 pp Vs=7TeV .
Eexp' experimental efficiency § 35F — 2012pp V5=8TeV -
I= - = 2015pp Vs=13TeV -
E 30 —2016pp Vs5=13Tev —
B 25 e
More integrated 2 oo =
luminosity in 2016 @ F ]
: : O 155 3
than in all previous - .
years together! 101 =
o—L 1L -

3o oS A\ oct

Month in Year
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2016 - a great production year ¥ ATLAS
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Peak Luminosity per Fill [10** cm2 s71]
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UONRIQIED L L/2

Peak luminosity well above design

Gradual and sustained increase in

luminosity over the year
* Good prospects to be get close to
2x10**cm™s™" (=twice design) in
2017, if LHC cooling can take it

Production operation: many days
with similar samples of 0.4-0.5 fb™

delivered
* With scheduled & unscheduled
stops “as usual”..!

33



2017 - hot off the press

LHC Pagel Fill: 5583 E: 450 GeV

o mEral 0.00e+00 JRICIAE 1.07e+10

BCT TI8: RSKSLERVVE |(B2): ISR

TED TI2 position: BEAM TDI P2 gaps/mm up: 19.91 down: 20.02

TED TI8 position: BEAM TDI P8 gaps/mm up: 19.96

down: 19.97

o
=
v
=
[
-
[

BIS status and SMP flags
Comments (29-Apr-2017 20:13:04) Link Status of Beam Permits
Global Beam Permit
Setup Beam
Beam Presence
Moveable Devices Allowed In
Stable Beams

Both beams circulating in 2017 !

AFS: alternating b1 buckl + b2 buck 2001 PM Status B1 SN EIRSPERPM Status B2

ENABLED




2017 - hot off the press

¥ % Projection

10 May - beams
colliding again at
13 TeV

Expect to match or
exceed 2016
sample in each of
2017 and 2018




The Higgs boson, beyond
the discovery



H(125) production & decay Y ATL

A 125 GeV Higgs boson is a convenient object experimentally - many
production and decay modes should be measurable

e Is it the Standard Model Higgs or not?

* Production and decay processes probe couplings of H to different particles

g q
“ggF ”»
-- H “VBF ””
g q
(a) g9 — H (b) VBF
gr W/Z g

[ ttH 9

\

“VH ”»” \
H
(c) VH (d) tH

Main (single H)
production diagrams

>

—
o=

o(pp — H+X) [pb]

Production cross-section (pb)

—
<

EI L 1L e s e e B B s B s B B By [ IE
E pp H iNNLU+NNLL QoD + MO B :
| ggF :
E VBF .

PP - v
pp - WH [NMLD QCD + MLGD EW? i \; -

pp - ZH ':NN'._D QCD - ML EW)
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7 8 9 10 11 12 13 14

\'s [TeV]

“ggF” dominates, but multiple
processes accessible
(inclusive rates are not tiny)

LHC HIGRE X5 WE 2014



(25

H(125) production modes  [meres =i 3
-+ CMS
B ' —t1c
Combined analysis of Run-1 data: H oo = =
H(125) production & decays -
HVBF —-l—v——
With assumptions about decays, we can probe N
the different production processes Hum —
(normalised rates “p” (=1 in SM)) . B
ZH * :
> [ATLASandCMS ~ [How | n ——
9 3__LHC Run 1 DH—)ZZ ] -
= [(JH->ww ;
DH—)‘E’E ] 48 __I___'_:_
2r Hobb | v bbb Lo b s i

-1-050 05 1 15 2 25 3 35 4
Parameter value

1 2 | » Able to separate statistically the ggF
I ] and VBF processes

i 1 * Not yet VH or ttH at 50
or U | » Observing ttH production is a key Run-2
! i goal

 _68%CL + Bestfit + SM expected : These are not yet precision measurements -
0 1 s but few percent errors should be
H gt obtainable with the expected LHC samples




25
H(125) production & decay ¥ ATLAS

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

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

H g
H
W

%o

Discovery channels

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

Main decay modes
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H(125) decay modes

Combining ATLAS and CMS Run-1

data, observed (at >50 significance)
* H-vy
e HZZ7Z*(—42 (2=e,M))
e H-WW*(—>2viv)
* Hott

Run-1 data not yet sensitive to the
dominant H—bb, or most rare,
decays, e.g. to second generation
fermions H—-py, cc, ss

CAT

EXPERIMENT

ATLAS and CMS -8 ATLAS+CMS
LHC Bun 1 = ATLAS
= CMS

—_ g

u"ﬂ' ———— — +2¢g

I JIllIl]IIIIiIlIIJlIll]J |. |

| Ll ILlJJILlIIJI Ll
-1 -05 0 05 1 15 2 2 3 35 4
Parameter value

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



H(125) coupling strengths

Combined analysis of Run-1 data:
H(125) production & decays

Recast coupling strength results in
terms of the strength of the couplings
of the H to each particle type

Characteristic of the Higgs is that it
couples to mass...

107°

1074 ¢

- LHC Run 1

- ATLAS and CMS

[ ]

¢ ATLAS+CMS I
------- SM Higgs boson

— [M, €] fit
1 68% CL

95% CL

J I:I.IJ

10 10°
Particle mass [GeV]
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H(125) - is it a scalar particle?

Spin-analysis of the decay product
angular distributions
e Is this a spin-parity J’=0" object?

ATLAS H— ZZ" — 4]
Test statistic q —e— Ohserved s=7TeV, 4.5t
sensitiveto | ---- Expected s=8TeV,20.3fb'
spin-parity B 0'SM=*1o %
(differs for each . 0" SM =20 H?WW G
. [ ]0'SM+*3¢ s=8TeV,20.31fb
i‘;ggft‘ﬁgx — et H = vy In all cases tested,
o/ JPt2¢ _ .1 +
tested) 130 SIS strong preference for O
a0 '; assignment
30F ;
o - I“l L. | ltis consistent with a 0
10| r E is consistent with a
0_: - B = = scalar particle, and not
ok I I _; with any other model
30} tested (at >>95% CL)
JP =0

JP-o JP=20 YP-2v gP-2v gP-2v gP-2f
Kq=Kyg Ky=0 k=0 K2y K=2Ky
P, <300 GeV p1<125 Gal P, <300 GeV p|<125 Gal

h
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Mass of the H(“125")

¥ AT

EXPERIMENT

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

1.005
E 1.004
1.003
1.002
1.001

MC
up

Data
meee /

0.999
0.998
0.997
0.996
0.995

+0.5%
- ™71 | -
= ATLAS °Z 5y 1A
E OB muons |<2.5 oY - pp :
= v Jy - E
i | 4+ -
— =
i— Data 2012, (s=8 TeV —E
- J.L=20.3fb'1 —;v
- L L =
10 10°
<p_> [GeV]

0.015

A Scale

0.01
0.005

-0.005
-0.01
-0.015

-0.02

0.02 L L

' A

Electrons, n|<0.60

ATLAS

IIIIII[III'IlIIII

Tr T I T rrr I T I ri
—— Jiy s e'e
—M—Z s e'e

Calibration uncertainty

IIII|III|IIIl|]IIJ;

+1%

IIlIIIII IIIII

\s=8 TeV, J-Ldf=20.:3 fo '3

s d o b by v b g

10 20

lJllIIJlIIJIlJl
30 40 650 60 70 80 90

100
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") ¥ ATLAS

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

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

ATLAS Hoyy F——e—— 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| 12451+ 0.52 (£ 0.52 £ 0.04) GeV
CMS H—ZZ -4l Pt 125.59+0.45 (2 0.42 £ 0.17) GeV
ATLAS+CMS yy I—EI—I 125.07 £ 0.29 ( £ 0.25 £ 0.14) GeV
ATLAS+CMS 4/ F—I-E—-l 125.15 £ 0.40 ( £ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l I—?—I 125.09 £ 0.24 ( £ 0.21 £ 0.11) GeV
1 1 | | I 1 1 1 1 | 1 1 1 1 I 1 1 1 | I 1 1 1 | I 1 1 1 1 I 1 1 1 1 I 1 [l
123 124 125 126 127 128 129
my, [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

=> LA | -
_8 200 +— Dala ATLAS Prellmlnary ~
@ s e Background 15=13TeV, 13317 _
£ - —— Signal + Background Hesyy, m = 12503 GeV ]
k= = Signal ! .
g 1e0f S/B weighted sum of
| 10 event categories =
120/ —
* 2015 + part 2016
100/— =
80
BO[
40—
20— -
1‘:__
e 'OF
5 o
" 5E
g % w0
it i
110 120 130 140 150 160
m.ﬁ [Ge‘.r']
| TTT | TTTT T T | T | H
35 - ] Data —
ATLAS Prehmll'laryl:l Higgs (m, =125 GeV)
* . 2z ]
3O_H—>zz -4 o et E
C 13 TeV, 14.8 b 1+, VWV n
#zzs Uncertainty .
ATLAS-CONF-2016-079 _:

10}

251
20} }

15

2015 + part 2016

90 100 110 120 130 140 150 160
m,, [GeV]

oo vl

170

Clear signals in yy and 4¢
— combined o(pp—H) at 13 TeV
— overall significance at 13 TeV ~100

e} R B T R e i
2 100 ATLAS Preliminary — O,y My =125.09GeV N
% [ AH-yy 0 H-ZZ'>4 QCD scale uncertainty 1
l::-& - ¢ comb. data syst.unc. ™ Tot. uncert. (scale ® PDF+u,) i
80 ' B -
- ATLAS-CONF-2016-081 T i
60} =
: 2015 + part 2016 ;
40} | ]
; ,_;f*ff i
20 -
i \s=7TeV, 45fb" i
- Ys=8TeV, 20.3fb" .
U_‘ Vs = 13Te‘u’ 13.3fb" (y}f} 14.8 fb” {zz*} 7
[T (NS SN AT NN TN (NN TR T S T [ ST T L 1 | L
7 8 9 10 Ei] 12 13
Vs [TeV]

o = 59.0 *97, (stat) *+4, . (syst) pb
(SM: 55.5 24, pb)



New: H—=4¢ full 2015+2016 statistics

Events / 2.5 GeV
RO

8

20

10

IIII|II[I|III[|IIII|IIII|1I1I|IIII|I[II]I1II

- ATLAS Preliminary

T H— ZZF — 4]
- 13 TeV, 36.1 fb™

90

¢ Data |
[ Signal (mH=125 GeV) _
I Background ZZ* -
[ ] Background tt+V, VVV 7]
I Background Z+jets, tt
w7 Uncertainty

100 110120 130 140 150 160 1/0

m,, [GeV]

S ATLAS

Results with full current
statistics of 13 TeV data in

H—4¢ channel
* Fiducial and differential
cross-sections measured
« Illustrate with p_(H)

distribution
e Statistics limited

= C T | T T | | T T
D 0.14|— ATLAS Preliminary —s— Data
(] L H=ZZ" =4 [ Syst. uncertainties
8 gq2-13Tev,36.11b" 00 HRes k=11, +XH
D .
— n = NNLOPSi=1.1,+XH .
E__ 0.1l I MGS FxFx & = 1.47, +XH A
o, F FEREEEE XH = VBFoWH+ZH+ttH +bbH ]
LS 0.0aF p-value NNLOPS = 25%
-8 : B p-value MGS5 FxFx = 42%
0.06 :_ I L p-value HRes = 21% _:
0.04 :_I- I - _:
- l . ]
0.02— I+‘ —]
- o -
o ek fosoantososttoanm Tt e TR
g‘ 25 —‘ —
(5} 2 s —
c i
£ 18 I | I | -
] 0.5 I —

0 10 15 20 30 45 60 80 120 200 350
p_ [GeV]
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AV AN

EXPERIMENT

Run Mumber: 304431, Event Number: 2206548301

Date: 2016-07-25 05:01:07 UTC

IE}{F‘EHIMENT

Candidate
H—>/Z.*— eepp
from 2016

Standard feature of
Run-2 data - very
high “pileup”,
typically 30 pp
interactions per
bunch crossing

47



Homing in on new H channels

ttH production 9 505000 ———— F
* Direct probe of ttH
vertex I

* 3 channels with
2015+2016 data

9 sooe—— 1

 Combined: 2.80
observed (exp 1.80)

ttH{H—=yy)
(i3 Tevi3sm™)

ttH(HWW/t1/ZZ)

ATLAS-CONF-2016-068

T T T I T T | T T T | T T T | T T T | T T T
ATLAS Preliminary 1s=13 TeV, 13.2-13.3 fb™

—total — stat. (tot. ) (stat., syst.)

[——@———] +1.2 +1.2 +0.2
: -0.3 -1.0 ( -1.0 02 ]

——8—=— 25 t-|3 (+D.? +1.1 ]

0.7 7 0.9
(13Tevi3zmi')
+1.0 +05 +09
{13 Tev13.2M0")
2015 T Laeae s 407 e 40p
inati -0-= * T &
+ [ttH ﬁoan%a!{:anon 1.8 b7 04 08 )
part

2016 111 combination

(7-8TeV,45203f")

0o 2 4 & 8 10
best fit u a for m =125 GeV
1t

Hunt for H-bb decay
in (W/Z)H assoc1ated

production
 H — bb dominant decay BR~58%
 Significance 0.40 (exp 1.90)

ATLAS Prellmlnary 1J'_—13TeV det 13.2fp"
| " 2015 + part 2016 |

[ — Tot.
Stat. Tot. ( Stat. Syst.)
i 5 02438 (145 138

1lepton |- K - 025+094 {+067 +0.67) .

0.92 0.64 -0.67
: +0.73 [+059 +0.44
0 lepton — F=i—A 0. 47" 0.69 i 0.55 -0.42 J =
oo || | RS +0.57 +0.36 +0.36) _|
Combination F-o-H 0.217 0 5 -0.35 -0.36 )
1 | | I | Lo 1 | L | || L
0 2 4 6 8 10

Best fit u=o/c_ for m, =125 GeV



Homing in on new H channels

ttH production 9 505000 ———— F
« Direct probe of ttH Hunt for H-bb decay
\éecrﬁgﬁnels " t->--H | in(W/Z)H associated
o Wi
g : production
2015+2016 data T —— { * H — bb dominant decay BR~58%

e Combined: 2.8c

observed (exp 1.80) « Significance 0.40 (exp 1.90)

ATLAS-CONF-2016-068 ATLAS Prellmlnary F—13 TeV, jL dt= 13.2 fo!
| & T3
[ 2015+part2016
—total ~ stat. (tot.) (stat., syst.) '
: , : +0.90 [+0.64 +0.63
“H(H—)",’T} [————] _0 3 +1.2 ( +1.2 +0.2 ] 2|ept0n —i——i- '0 24 -0.84 { —~0.58 —0.60) —
{13Tev133m") : . -1.0 -1.0 1 02
' ) . +0.94 [+0.67 +0.67
ttH(H-WW/t1/Z2) | =it .5 F ole i 1lepton |- F—e—H 0.257 oo (Zoga —067)
(13 Tev 132’}
1.0 +0.5 +09
{13szl:|1“3-_|z_r)|?1?} : et 21 Yo (%527 ) 0lepton -  p—e—i 047tg;§ {fggg tg:g) |
2015 T kmas | wa b7 pabk abE
¢ 5 5 +U. +u. +U.

il ﬁg@?\!’?atlon g 1.8 0.7 045 05 ) Combination |-  F-#-4 0. 21fgg1 ggg tggg) Bl
part L I | 1 ;'Il L 1 | 1 1 1 | ] 1 1 I
2016 1 combination 0 2 4 6 8 10

(7-8TeV,45203M") , |

D' '2' ' '4 = SI : '8' ' '10 Bestfltu:c/GSMformHﬂESGeV
best fit u g for m =125 GeV
it

Observing these two channels
remain key goals for Run-2




Event selected in ttH multilepton analysis

@K‘T—LAS

EXPERIMENT

Run: 300571
Event: 905997537
2016-05-31 12:01:03 CEST
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Events / 2 GeV

Data/MC

o hi® b b

H—pp - rare decay - 2" generation

1

Inclusive distribution

rryrrTryprrrryroTorTd rrrr[yrrrrrpyrrrrjprrrryrroTrTa LA B
I I I I I I I [ I

ATLAS Preliminary +-Data —ggF

\s=13Tev,36.1 fp!  LJDrel-yan  —VBF

2015+2016 B Top —VH
[[]Diboson

ATLAS-CONF-2017-014
M PRI EPEPET I

TT]III'[T

I'ITTT]II

10 115 120 125 130 135 140 145 150

dimuon invariant mass m(up)

[

CATL

EXPERIMENT

Full 2015+2016 data, look for a

peak in dimuon mass spectrum
» Analyse multiple event categories
— improves sensitivity (not shown)

No excess observed — place
limits on signal strength p

relative to Standard Model,
combining also with (weaker)
Run-1 results:

p, < 2.8 at 95% CL
(2.9 expected)

SM sensitivity requires a lot
more data



Beyond the Higgs




Beyond the Higgs

|. Precision measurements (W, Z, top, ... ... )
» Testing QCD predictions and event generator models
* Some cases probe for new physics in loops

ll. Direct searches for new particles, new
symmetries, and new interactions




YATLAS
Precise W, Z production measurements 57

Detailed studies performed with 2011 data at 7 TeV: W',W", Z in e, y decays

arXiv:1612.03016

I | | | T T I T T | I [ I | [ I | | T ;
ATLAS & Data i

6 1 N total (stat) _
10°EVs=7TeV,4.6fb D 2y o

5 [ i + single top
[ ] Dibosons

[ ] Multijet

Events / GeV

10

1 1 | | | | 1 I 1 1 | | 1 1 [ (=i P I I

60 80 100 120 140
m,, [GeV]
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High statistics data well
described by simulation

Backgrounds under excellent
control

><10
> 1T LI L N L L L L LB B L L B
E}]_‘ 500_ [s= V. 4.6 fb1 % ::ti:;itat) _:
£ Cw et [ Muttijet -
S I ] Worv _
L% 400__ Bl 7y ee ]

300}

200f

100}

—_— ™ -
40 50 60 70 80 90 100 110 120
my [GeV]

mr = \/EPTPT'“{I — cos Ag),
54


https://arxiv.org/abs/1612.03016

Precise W, Z production measurements

do/din| [pb]

Theory/Data

550 - -
[ + oty A
[ Y ou W —;IV vV
% ABMI2 Pr,>25Ce ]
500 = CT14 p;, >25GeV -
O HERAPDF2.0 m; > 40 GeV ]
L 9 JR14 Y int -
| ncorr. uncertainty |
450 - A MMHT2014 [ Total uncertainty .
| NNPDFIS*O Iumlnosﬂy excluded (+ 1. B;’) =
I T T PR | |
1 .05 - T T L] T I T T T I T T
.I I '¢ J_+ X \!-J i'\I '\/‘?. | *% Jﬂ
o.gs#w +"*++"‘*% 5 ‘“ﬂ ++M+“ URE
L L L 1 I 1 L 1 L L L L =
0 0 5 1 1 5 2 2.5

T T T T I T T T T I T T T T
650 __ ATLAS
- ys=7TeV, 461"

600(1 | |

.. n
- i
=t i
i
= ')— -

—_—
—— b

[ | | | 1

n = —Intan(8/2). "

Differential cross-section as
function of lepton scattering polar
angle 0 in lab frame - good
separation between pdfs
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Detailed studies performed with 2011 data at 7 TeV: W',W",Z in e, y decays

arXiv:1612.03016

T T | T T T T T | T T T | T
- ATLAS \s=7TeV,4.6f" T
52 L @ Data —
- % ABM12 -
B op  CT14 7
" (O HERAPDF2.0 ]
S o R4 N
/A MMHT2014 |
i | %% NNPDF3.0 ’,/‘" ]
B 8% CL ellipse area -
4.6+ / El stat @ syst uncertainty -
: - stat @ syst @ lumi uncertainty :

| 1 | 1 | 1 | 1 1 1 | 1 | 1 |

0.46 0.48 0.5 0.52
Gfgy « _ pp [NO]
Experimental errors better

than theoretical/modelling
uncertainties

55


https://arxiv.org/abs/1612.03016

W mass measurement

First LHC analysis, using well-
understood 2011 data (7 TeV)
~15M W—-2v decays

] EXPERIMENT @

o - (
F ‘* x
. N \
o t

Used both lepton transverse momentum,
pT((’.), and transverse mass, m_, as

variables sensitive to m,

* Lepton calibration using high statistics
L—2¢ sample |
- Hadronic recoil (—=p_.™) also calibrated

against Z—¢¢
 LEP Z mass crucial input (2 MeV error)
* Detailed analysis of modelling
uncertainties

mT = \/Ep%p?““{l — cos Ag),



W mass measurement

First LHC analysis, using well-
understood 2011 data (7 TeV)
~15M W—-2v decays

Used both lepton transverse momentum,

pT({’.), and transverse mass, m_, as

variables sensitive to m,

* Lepton calibration using high statistics
L—2¢ sample

« Hadronic recoil (—>me‘55) also calibrated
against Z—¢¢

 LEP Z mass crucial input (2 MeV error)

* Detailed analysis of modelling
uncertainties
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Events / 0.5 GeV

Data / Pred.

Events / GeV

Data / Pred.

X0 e
160~ ATLAS -e-Data
140F- \s =7 TeV, 4.6 fb’ WW - e'v

[]Background

120 x?/dof = 36/39

100
80
60
40
20

DT —
_]’.

0.99
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L —
140 - A TLAS -@ Data
- 1s=7TeV,4.1fb" WmW-uv
120 []Background

100 %2/dof = 48/59

9'0 160 110 120

my [GeV]
mr = \/Ep fr“'“{l — cos Adg),

57



W mass results

YATLAS

EXPERIMENT

Combining the e and p channels, charge signs and methods, overall:

my = 80370+ 19 MeV

+ 7 (stat.) £ 11 (exp. syst.) = 14 (mod. syst.) MeV

Measurement precision of 19 MeV (0.024%) equals best previous,

from CDF

ALEPH

DELPHI

ATLAS W*

ATLAS W~

ATLAS ®

® Measurement
= Stat. Uncertainty
—— Full Uncertainty ——

ATLAS W*

IIIIIlIIIIIlIIIIIIIIIIIIJIII
80250 80300 80350 80400 80450 80500
my, [MeV]

LEP

Tevatron

ATLAS



Electroweak precision test

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

2
2 My,
”’*w[“m—;]' V2G,

Ar includes radiative effects (loops), and so depends on m, and m,

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

Tevatron+LHC m,_; provides a
prediction of m

(“indirect measurement in the
framework of the SM”)

LEP Comb.

Tevatron Comb.

LEP+Tevatron

H
we £ _ w w--@t--w

op

ATLAS
C Electroweak Fit)

|
ATLAS

[ I

80376+33 MeV

[
® m,

= Stat. Uncertainty
— Full Uncertainty

80387+16 MeV

80385+15 MeV

8037

0£19 MeV

+
- 8035618 MeV
I

|
80320 80340

| |
80360 80380 80400 80420

my, [MeV]



25, 1
Electroweak precision test SV

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

zlm%v_ [\H t
My _m_%_\/_G W— __WW_-CIZD_-W

Ar includes radiative effects (loops), and so depends on m,_and m

top

= ettt U L L L L
Alternatively recast other E g0.5- ATLAS ; szjig'zzofooggjfv_:
results into a prediction of ';; T e T = 125.00 £ 0.24 GeV 1
m,vsm, (grey ellipse) 80.451 s 68/95% CL of m,, and mt__‘
Compare with direct 80.41—
measurements from ATLAS T : P
80.35[
Remarkable consistency - SM -
test at level of electroweak 80.3[ 25 T eneeT B of Hlectroealc
loop corrections B (Eur. Phys, 74 (2019 3089

1 I 1 1 1 1 | 1 1 I 1 1 1 1 I 1 | 1 1 | |
80.25——"965 170 175 180 185
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Massive diboson production Q= -W q'> e

Run-1 puzzle to describe inclusive diboson “—— - 9 z
cross-sections q’
8 TOTOO,
* Measurements tended to lie above next-to- — W W W
leading order (NLO) calculations 9 - 7 qu .7

NNLO calculations —» ~+20% corrections and
better agreement

T I I
Xiv:1606.04017 . . >
ﬂ;‘-‘:ﬁg e 7% precision
%

e ATLAS Vs=13TeV (m_ _ 66-116 GeV), 3.2 fb”
— A ATLAS Vs=8TeV (m__66-116 GeV), 20.3 fb"

50

o\ [pb]

E '. . 40[—m= ATLAS Vs=7 TeV (m, A 66-116 GeV), 4.6 b —:
Xampte. v DO Vs=1.96 TeV (m, _ 60-120 GeV), 8.6 fb NLO -
WZ le pto n-i C d ecC ayS 30 ¢ CDF Ys=1.96 TeV (corr.tom,  60-120 GeV), 7.1 fb” _:
NNLO calculations WZ-evee -
describe data much 20 o -
— MATRIX NNLO, pp—>WZ (m_ 66-116 GeV) ]

Z-ll

better than NLO

NNPDF3.0, i_=ji_=(m_+m,)/2

10 . == MCFM NLO, pp—WZ (mz_)" 66-116 GeV) _:
P - CT14nlo, uR=p_F=mwz!2 7
This run-1 puzzle o | o omumengemez
appears to be solved! - . 1 | |
1.2

FEpTrrfrenryl

T

.-' —
1

_—:—d}—q_

»—I -

’_I

1

| 1

1

[ ]

——
>—
lo—

||||||||||

Ratio to NLO



tt production

Single and double b-tagged tt->bevbuv events allow to measure tt
cross-section and b-tagging efficiency simultaneously

Precision +(3.9-4.4)% (7-13 Tev) betters NNLO+NNLL predictions (~5%)

Inclusive tt cross-section [pb]

—_
o
w

102

® ATLASep \s=13TeV, 3.2fb" 2015

I | I I I
ATLAS

arXiv:1606.02699

B ATLASep \s=8TeV, 20.3fb"

A ATLASeu \s=7TeV, 4.6 fb™

o(tt) x 3.3 from 8 to

NNLO+NNLL 13 TeV |

— NNLO+NNLL (pp)
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
My, = 172.5 GeV, PDF & og uncertainties according to PDF4LHC

| 1 | I 1 | 1 | | | | | 1 | |
8 10 12 14
\s [TeV]

36 fb' @ 13 TeV
~30M tt produced




Standard Model Production Cross Section Measurements

) m
Lzb.f'n-l-l n ™~
Status: March 2017

e~ I (x2)
o) 11 A Qtota T
o 10 O A'Q inelastic ATLAS Pre“mmary Theory
d
10° F o1<pr<2Tev
: dﬁ BOl Data 45-49fb! E
R ijets i
5 L 0.3 <mj<5TeV
O =
10 3 o LHC pp Vs =8 TeV 3
B pr > 25 GeV .
a [ AN Data 203fb! 1
10 E O-n;>0 E
n LHC pp Vs =13 TeV ]
3 ) n_,'ZO
10 E pr> 125 Gev N T A o ot Bl Data 008-148f7!
B . & ww .
pr>100GeV n;z2n; =1 o) t-chan O
10° O Akt Ao Wiy o 4
- 2322 Wt Yo C- O 3
i o T2 o oV a ]
O g o w < A -
101 n; =3 77 w2z ag
E i = W A O H—Ww W 3
a a T o A 7z 77 i W E
- = b= s-chan y -
25, ., O H_,,E O
1 F h N> 5108 nj‘2>6 N Zy 9 E
- J = -
s nfon n>7 VBF 8 my>500GeV -
i N>y o Ho>WW 4 o ]
10_1 E E n>8 |
3 J = | o | 5
E I"IjZ?ans u n u u E
N n [ o]} Hoyy m;>1TeV 4
) n;=7 baNl
E 77— iE|
10 3 n27 n Hozz-4e 0. o E
- pay W= W]
103 F . E
E wz 3
PP Jets ¥ W Z tt t \"AY; Yy H  Vy ttwatzZtty Wijj Zjjww Zyy Wyy Zyjj VVij
R—0.4 EWK  EWK Excl. EWK EWK
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ATLAS Exotics Searches” - 95% CL Exclusion

ATLAS Preliminary

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.

TSmall-radius (large-radius) jets are denoted by the letter | (J).

M|

1 L 1 1

1071 1

10 Mass scale [TeV]

Status: August 2016 JI dt = (3.2-20.3) b \Vs=8,13TeV
Model L,y Jetst E?ss JLdt[fb] Limit Reference
Ll Ll LI} I Ll T Ll Ll T Ll LI} I T T T T T Ll LI I T L] T L]
ADD Gkk +g/q - z1j Yes 3.2 6.58 TeV n=2 1604.07773
ADD non-resonant £ 2ep — - 20.3 n—3HLZ 1407.2410
ADD QBH — {q 1ep 1j - 20.3 n==6 1311.2006
ADD QBH - 2j - 15.7 My, 8.7 TeV n=6 ATLAS-CONF-2016-069
ADD BH high ¥ p1 zlepn z2]j - 3.2 My 8.2 TeV n—6, My — 3 TeV, rot BH 1606.02265
ADD BH multijet - >3] - 36 | My 9.55TeV n=6 Mp=3TeV rot BH 1512.02586
RS Gy — (( 2e.u - © 203 |GRRmASSI e 2iEE e K/ Mip = 0.1 1405.4123
RS1 Gy — ¥y 2y - - 3.2 Gk mass 3.2TeV k/Mp = 0.1 1606.03833
Bulk RS Gkix — WW — qqlv 1epu 1J Yes 13.2 Ggk mass 1.24 TeV k/Mp =1.0 ATLAS-CONF-2016-062
Bulk RS Gy — HH — bbbb - 4b - 13.3 | Gkk mass 360-860 GeV k/Mg; = 1.0 ATLAS-CONF-2016-049
Bulk RS gyx — tt e, 21b21J2) Yes 203 |ERETESS e BR=0.925 1505.07018
2UED/ RPP le,yg =2bz4] Yes 3.2 KK mass 1.46 TeV Tier (1,1), BRIA®Y — 1) = 1 ATLAS-CONF-2016-013
SSM 2’ — (& 2ep - - 13.3 Z’ mass 4.05 TeV ATLAS-CONF-2016-045
SSM Z" — 1t 27 - - 195 T zeTen 1502.07177
Leptophobic Z’ — bb - 2b - 3.2 Z’ mass 1.5 TeV 1603.08791
SSM W' — v lep - Yes 13.3 W' mass 4.74 TeV ATLAS-CONF-2016-061
HVT W' — WZ — gqvwmodel A O e, p 1J Yes  13.2 | W' mass 2.4 TeV 8y = ATLAS-CONF-2016-082
HVT W’ — WZ — gqqq model B - 2J - 15.5 W’ mass 3.0 TeV gv —3 ATLAS-CONF-2016-055
HVT V' - WH/ZH model B multi-channel 3.2 V' mass 2.31 TeV gv =3 1607.05621
LRSM Wy, — tb 1eu 2b,0-1]  Yes 20.3 1410.4103
. Cl qqqq - 2j - 157 |A 19.9TeV 1y =-1 ATLAS-CONF-2016-069
Cléfqq 2ep - - 3.2 A 252TeV nu —-1 1607.03669
Cl uutt 2(SS)=Bep=1b21j Yes 203 (IR e |Crrl =1 1504.04605
Axial-vector mediator (Dirac DM) O e, u =1j Yes 3.2 ma 1.0 Tev 84=0.25, g,=1.0, m(y) < 250 GeV 1604.07773
. Axial-vector mediator (Dirac DM) 0O e, 1y 1j Yes 3.2 mp 710 GeV £,=0.25, g,=1.0, m(x) < 150 GeV 1604.01306
ZZyy EFT (Dirac DM) Oepp 1J,<1j Yes 32 M, 550 GeV m(y) < 150 GeV ATLAS-CONF-2015-080
. Scalar LQ 1°* gen 2e =2j - 32 | LQmass 1.1 TeV p=1 1605.06035
Scalar LQ 2" gen 2p =2]j - 3.2 | LQmass 1.05 TeV p=1 1605.06035
Scalar LQ 3" gen lepu 21b23] Yes 203 _ =0 1508.04735
VIQTT = Ht+ X lepu >2b, >3] Yes 20.3 Tin (T,B) doublet 1505.04306
VLQ YY - Wb+ X le,0 =1b,=3] Yes 20.3 Y in (B,Y) doublet 1505.04308
VLQ BB — Hb + X lep =22b,23] Yes 20.3 isospin singlet 1505.04306
VLOBE = Zb+ X 2/z3 e, =2/21Db - 20.3 Bin (B,Y) doublet 1409.5500
VLQ QQ — WqWg 1ep =4 Yes 20.3 1509.04261
VLQ Ts/3 Tsyz — WitWit 2(SS)/z8euz1b 21| Yes 3.2 Tsj3 mass 990 GeV ATLAS-CONF-2016-032
Excited quark g* — gy 1y 1] - 3.2 4.4 TeV only u* and d*, A — m(q") 1512.05910
Excited quark g* — gg - 2j - 15.7 5.6 TeV only u* and d*, A = m(q") ATLAS-CONF-2016-069
Excited quark b* — bg - 1b 1] - 8.8 ATLAS-CONF-2016-060
Excited quark b* — Wt for2epuy 1b,20] Yes 20.3 fo—fi—fr—1 1510.02664
Excited lepton Jepn - - 20.3 A—3.0TeV 1411.2921
Excited lepton +* 3euT - - 20.3 A=16TeV 1411.2921
LSTC a7 —» Wy leply - Yes 203 1407.8150
LRSM Majorana » 2eu 2] - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
Higgs triplet H** — ee 2 e (SS) - - 13.9 DY production, BR(H[™" —» ee)=1 | ATLAS-CONF-2016-051
Higgs triplet H++ — {1 3eut - - 20.3 DY preduction, BR(H;* — f1)=1 1411.2921
Maonotop (non-res prod) 1epn 1b Yes 20.3 Anon res = 0.2 1410.5404
Multi-charged particles - - - 20.3 DY production, |q| — 5e 1504.04188
Magnetic monopoles - - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059



“Simple” search: two jet final state *ATLAS

arxiv:1703.09127
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https://arxiv.org/abs/1703.09127

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

ATLAS

EXPERIMENT <7

Run: 305777
Event: 4144227629
2016-08-08 08:51:15 CEST
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Dijet angular distributions ¥ ATLAS

Search for new physics in Vs=13 TeV, 37.0 fb ATLAS 2015+2016
dijet angular distributions ) m>54Tev | eDaa  —SM
%0.06 . 1 T Cln =-1,A=22TeV
_ 2y I +cos@” < Cln, =+, A=15TeV
X =¢ - 1 — cos 6* 0.04 [ ] Theoretical uncert.
B Total uncertainty
0.06 : 46<m <4.9TeV 4
SM 0.04
Loy = 2@y q)(@yug) o
qq9 = F”LL qry” qLAgLY udqL -
. 0.04
From high-mass angular
distributions, place 95% CL 003
lower limits on contact 0.05
interaction scale (for n =+1/-1)
0.04
A>13.1*/ 21.8 TeV -
*=also exclude 17.4-29.5 TeV 0.03 — . el |
(Run-1: 8.1/12.0 TeV) 1 2 34567 10 20 1 2 3 4567 10 20 ?3(0

X
Scattering angle



ATLAS EXxotics Searches* - 95% CL Exclusion ATLAS Preliminary

Status: August 2016 p: dt = (3.2-20.3) b \Vs=8,13TeV
Model L,y Jetst E?ss JLdt[fb] Limit Reference
Ll Ll LI} I Ll T Ll Ll T Ll LI} I T T L} T T Ll LI I T L] T T
ADD Gk +g/q - =1]j Yes 3.2 6.58 TeV n=2 1604.07773
ADD non-resonant £ 2ep — - 20.3 n—3HLZ 1407.2410
ADD QBH — {q 1ep 1j - 20.3 n==6 1311.2006
ADD QBH - 2j - 157 My, 8.7 TeV n=6 ATLAS-CONF-2016-069
ADD BH high ¥ p1 zlepn z2]j - 3.2 My 8.2 TeV n—6, Mp — 3 TeV, rot BH 1606.02265
ADD BH multijet - >3] - 36 | My 9.55TeV n=6 Mp=3TeV rot BH 1512.02586
RS Gy — (( 2e.u - © 203 |GRRmASSI e 2iEE e K/ Mgy = 0.1 1405.4123
RS1 Gy — ¥y 2y - - 3.2 Gk mass 3.2TeV k/Mp = 0.1 1606.03833
Bulk RS Gkix — WW — qqlv lep 1J Yes 13.2 Ggk mass 1.24 TeV k/Mp =1.0 ATLAS-CONF-2016-062
Bulk RS Gy — HH — bbbb - 4b - 133 | Gk mass 360-860 GeV k/Mp = 1.0 ATLAS-CONF-2016-049
Bulk RS gk — tt Tep 21b 2102 Yes 203 |ERCmESSEaee BR = 0925 1505.07018
2UED/ RPP le,yg =2bz4] Yes 3.2 KK mass 1.46 TeV Tier (1,1), BRIA®Y — 1) = 1 ATLAS-CONF-2016-013
SSM 2’ — {f 2e,p - - 13.3 Z’ mass 4.05 TeV ATLAS-CONF-2016-045
SSM Z' — 17 27 - - 195 T zeTen 1502.07177
Leptophobic Z* — bb - 2b - 3.2 Z' mass 1.5 TeV 1603.08791
SSM W' — v lep - Yes 13.3 W' mass 4.74 TeV ATLAS-CONF-2016-061
HVT W' — WZ — qqvvmodel A Oe, 1J Yes 132 | W’ mass 2.4 TeV 8y = ATLAS-CONF-2016-082
HVT W' — WZ — ggqq model B - 24 - 15.5 W’ mass 3.0 TeV gv —3 ATLAS-CONF-2016-055
HVT V' - WH/ZH model B multi-channel 3.2 V'’ mass 2.31 TeV gv =3 1607.05621
LRSM Wy, — tb 1eu 2b,0-1]  Yes 20.3 1410.4103
. Cl gqqq - 2j - 157 |A 19.9TeV i =-1 ATLAS-CONF-2016-069
Cléfqq 2ep - - 3.2 A 252TeV nu —-1 1607.03669
Cl uutt 2(SS)z8epu=1b21j Yes 203 [N erTe |Crrl =1 1504.04605
ial-vector mediator (Dirac DM) O e, u =1j Yes 32 | ma 1.0 TeV 84=0.25, g, =1.0, m(y) < 250 GeV 1604.07773
i tor mediator (Dirac DM) O e, pu, 1y 1j Yes 3.2 ma 710 GeV 2,=0.25, g,=1.0, m(y) < 150 GeV 1604.01306
(Dirac DM) Oe,u 1J4,<1j  Yes 32 | M, 550 GeV my) < 150 GeV ATLAS-CONF-2015-080
2e =2 - 3.2 LQ mass 1.1 TeV p=1 1605.06035
2 =S EES e 35

Scalar LQ 3" g

VLQ TT — Ht
VLA YY — W
VLQ BE — HH

waee-21 Searches for Dark Matter are ongoing in Run-2

VLQ Te/3 Teja

» Generic production with other objects i

Excited quark 4

et * Model-specific searches in SUSY models
Excited lepton
Excited lepton

LSTC ar —» W

LRSM Majoran q X
Higgs triplet H
Higgs triplet H*
Maonotop (non-
Multi-charged
Magnetic monopoles - - - 7.0 DY production, |g| — 1gp, spin 1/2 1509.08059

L L1 1 I L ' 'l 'l 1 L1 1 I 1 1 ' 1 L L0 1 I 1 L 1 L
Vs=13TeV _
- 107 1 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.
TSmall-radius (large-radius) jets are denoted by the letter | (J).




SUSY Searches

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: March 2017 \V5=7,8,13TeV
Model &uTY Jets EP [raqm™) Mass limit Vi=7,8Tov (WEA8TRY Reference
r T . : = ——
MSUGRA/CMSSM 03eu/1-27 2-10jets/3b Yes 203 |&E 1.85TeV  m(g=m(z) 1507.05525
i, @..qg" o l f:: !EIS Yes 361 me??}qzougfsev. m{1* gen. =m(2¢ gen. §) ATLAS-CONF-2017-022
33, §—4¥) (compressed) mono-je jets  Yes 32 m(g)-m(¥})<5 GeV 1604.07773
zE, g-.q;;x?( 0 26jets  Yes  36.1 miF])<200 GeV ATLAS-CONF-2017-022
78, E—qghs —qqW*E) 0 26Bjets  Yes  36.1 mi¥])<200 GeV, m{¥*}=0.5(m(¥])+m(z)) ATLAS-CONF-2017-022
e @ F—rqq(Et/v)F) 3ep 4 jets - 13.2 miE])<400 GeV ATLAS-CONF-2016-037
® &, B—ragWZE) 2ep(SS) O3jets  Yes  13.2 mi¥1) <500 GeV ATLAS-CONF-2016-037
GMSB (£ NLSP) 127+01¢ O2jets Yes 3.2 1607.05979
GGM (bino NLSP) 2y - Yes 3.2 cr(NLSP)<0.1mm 1606.09150
GGM (higgsino-bino NLSP) Y 15 Yes 203 miE]) <850 GeV, er{NLSP)<0.1 mm, u<0 1507.05493
GGM (higgsino-bino NLSP) L4 2jets Yes 133 mi¥])=680 GaV, cr(NLSP)<0.1 mm, u=0 ATLAS-CONF-2016-066
GGM (higgsino NLSP) 2eul(Z) 2jets  Yes 203 m(NLSP)>430 GeV 1503.03290
Gravitino LSP 0 mono-jet  Yes  20.3 miG)=1.8 x 10~ eV, m{z)=m(g)=1.5TeV 1502.01518
% 2B, g—'bb’h 0 3b Yes 36.1 miE1)<B00 GeV ATLAS-CONF-2017-021
2z, g_.;ﬁl 0-1e,p 3b Yes 361 miE])<200 GeV ATLAS-GONF-2017-021
T w0 3z gobit; 0-1e,p 3b Yes  20.1 miE))<300 GeV 1407.0600
BBy, By —shE] 0 2b Yes 32 miE})<100 GeV 1606.08772
§. BBy, By —uxf! 2 Oe.; (85) 1h Yes 132 | B n ~ 325-685 GeV mg’?}aso?;}v. mg‘f}: miE])+100 GeV ATLAS-CONF-2016-037
fify, f—bET -2 e, 1-2b Yes 4.7/13.3 | & 17470GeV [ 200-720 GeV| miE]) = 2miE]), miE])=55 GeV 1209.2102, ATLAS-CONF-2016-077
i, 11—»%0(? or ¢t} 0-2e,p 0-2jets/1 e—: b Yes 203 |#  80-198 GeV 205-950 GeV miEY =1 uu;_:.a\.r 1506.08616, ATLAS-CONF-2017-020
By, ii—el] ] mono-jet  Yes 32 |&  90-323GeV m(,)-m(¥1)=5 GeV 1604.07773
ﬁ 1) (natural GMSB) 2eul(Z) 1b Yes 203 i 150-600 GeV miE])=150 GeV 14035222
T Ry, o +Z 3eplZ) 1b Yes  36.1 A ~ 290-790 GeV miE])=0 Gev ATLAS-CONF-2017-019
fafa, b= + h 1-2epu 4b Yes 361 |& 320880 GeV miE})=0 GeV ATLAS-CONF-2017-019
frlir, Fex] 2ep 0 Yes 203 |7 90-335 GeV miE))=0GeV 1403.5294
XTXT, KT —Bv(e7) 2ep 0 Yes 133 m(E])=0 GeV, m(?, #)=0.5(m(¥ )+m{E])) ATLAS-CONF-2016-096
"'/\7‘ BT 2T - Yas 148 mEY)=0 GeV, m(#, #)=0.5(m(F] Jem(E))) ATLAS-CONF-2016-093
BE DTN S ol e ms [ s o, i s s isron
. x. -3 e lets . - miE7 )=m(¥z), m(¥7)=0, f decoupled . + .
% —WEhT), h—bbWW/Trjyy €M Y 0-2b Yes 203 ?,23 270 GeV mET)=m{¥3), m(E})=0, 7 decoupled 1501.07110
21& By —lrf dep 0 Yes 203 R‘,_, 635 GeV miES=miEd), miE])=0, m(Z, #=0.5(m(¥2)+m(E)) 1405.5086
GGM (wino NLSP) weak prod. Teu+y - Yes 20.3 W 115-370 GeV er<1mm 1507.05493
GGM (bino NLSP) weak prod. 2y - Yes 203 W er<1mm 1507.05493
Direct X% prod., long-lived ¥;  Disapp. trk 1 jet Yes  36.1 mET FmiE])~160 MeV, 7(¥7)=0.2 ns ATLAS-CONF-2017-017
Direct ¥ ¥ prod., long-lived ¥7  dE/dx trk - Yes 184 miF] )-miE])~160 MeV, r(¥] <15 ns 1506.05332
'E Stable, stopped # R-hadron 0 1-5jets  Yes 279 miE])=100 GeV, 10 ps<7(7)<1000 5 1310.6584
= Stable # R-hadron trk - - 32 1606.05129
. Metastable g R-hadron dE/dx trk - - 3.2 m(E})=100 GeV, =10 ns 1604.04520
§ 8 GMmss, stable 7, Moz parten) 124 - - 19.1 10<tang<50 1411.6795
GMSB, x. —y(3, long-lived A/' 2y - Yes 20.3 1<ri¥])<3 ns, SPS8 modsl 1409.5542
g2 %] —veevenv ey displ. eefepufpp - - 20.3 7 <eT(F])< 740 mm, m(z)=1.3 TeV 1504.05162
GGM gz, | =26 displ. vix + jets - - 203 [ <c‘r(ﬂ}c 480 mm, m{g)=1.1TeV 1504.05162
LFV pp—¥ + X, Vr—ep/fer/ur epeT T - - 32 =011, dzapiaan=0.07 1607.08079
Bilinear RPY CMSSM 26,u(S5)  038b Yes 203 migh=mi(@), erpsp<l mm 1404.2500
B R WE ) eev, epvupy e - Yes 133 mE))>400GeV, 112#0 (k = 1,2) ATLAS-CONF-2016-075
o HEL K oWEL st ery, 3epsT - Yes 203 mE])=0.2xmiET), A135#0 1405.5086
o £, é-’ew 0  4-5large-R jets - 14.8 BR(#)=BR(5)=BR(c)=0% ATLAS-CONF-2016-057
N 7z, ﬁ—'qz}’fh B gaq 0 4-5large-Rjets - 14.8 m(F})=800 GeV ATLAS-CONF-2016-057
2, g—@r.,x? - qqq 1ep 810jets/0-4b - 36.1 miE)= 1 TaV, ;1220 ATLAS-CONF-2017-013
i3 s—mt f1—bs 1eu 810jets/0-4b - 36.1 mif; )= 1 TeV, dz:#0 ATLAS-CONF-2017-013
fiiy, ij—bs 0 2jets+2b - 15.4 ATLAS-CONF-2016-022, ATLAS-CONF-2016-084
i, i —=bt 2epu 2b - 20.3 i 0.4-1.0 TeV BR(f, —+beu)>20% ATLAS-CONF-2015-015
Other Scalar charm, et} 0 2¢ Yes 203 |& 510 GeV m{F])<200 GeV 1501.01325
*Only a selection of the available mass limits on new states or 1 1
phenomena is shown. Many of the limits are based on 10 Mass scale [TeV]

simplified models, c.f. refs. for the assumptions made.
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A look to the future

e
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CATLAS

<—— “Run-2"13TeV —pp» <4—— “Run-3” 14 TeV —p-

2015 2016 2017 2018 2019 2020 2021 2022 2023

A[M[1|T]A|S|O|N|D] I [FIM]AIM[I]|I|A|S|O|N|D}I|F[M|AM|][][A|S|O|N|D}I|F|M]A{M|]]|I]|A|S|O|N|D]I|FIM]AIM|[I]|I|A|S|O[N|D}I|F[M|A|M|]|I|A|S|O|N|D]I|F|M|A[M]1|]1|A|S|O|N|D]I|F|M]A|M| ]| I|A|S|O|N|D] I [FIM]A[M[]]]|A|S|O|N|D|

Shutdown/Technical stop

Protons physics

Commissioning

Ions

“LS-2” in 2019-2020

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




Gy
Phase-l upgrades Y ATLAS

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 trigger
performance (better selectivity in hardware
within ~3 us), and also provide better
tracking close to the interaction point

Main ATLAS Phase-l upgrades:
* New inner pixel layer installed already in 2014
* New track & calorimeter trigger electronics
 New “small muon wheel” (9.3m diameter)

Big international hardware & electronics projects in

their own right (total capital cost 35 MCHF) NSW design
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Protons physics

Commissioning

Ions

Shutdown/Technical stop

HL-LHC 14 TeV

2024 2025 2026 2027 2028 2029 2030 2031 2032
AMII1I|A|S|OIN|Dy I [F{MIAIM]I| I A AlM[]I]|]|A|S AIMIIII|A|IS M|]|I|A|S A[M[ ]| I|A|S|O|N|D}I|F[M|AIM]I|I|A|S|O|N[D]I|FM|AIM|I]|I|A|S|O|N(D]I|FIM|A[M|I|I|A|S
LS3 LS4
> HL-LHC: “levelled” luminosity
2033 2034 2035 2036 2037

5-7 times the original design,
until ~2035

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

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

high precision, and very high
pileup!

Must upgrade detectors!




HL-LHC physics programme

AT AS

B ATLAS éihﬁlatiénﬁreﬁminary t .
= hoyy, hsZZ' -4l hsWW*Siviv Z.E 3
“Known goals” |t b 2y W

« High-precision studies of the Higgs 0 o E
boson production and decay = o -

« Rare Higgs boson decays 10 i AT Ne=laTeV -

e HH (di-Higgs) production ok w _}3:322:;-1 -

3 0 | .

« High precision studies in other areas - & gg [

vector-boson scattering, top decays ... 107 1 10 102
m. [GeV]
“Unknown goals” §E e,

* Measure and study properties of o o e
any/whatever new physics which was ey = 30% " ATLAS Simulation
already discovered in Run-2/3 oo o7 Freiminay

e Continue search programme: ~30% 400 7
increase in mass reach 00—

200%—
1005—,'
%30 l 10100 I e 1200

m( %, x} ) [GeV]



Current ATLAS
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Phase' I I New central tracker (ITk) EXPERIMENT

B . ——a—
.—rﬁ

High-granularity timing

New muon chambers (inner layer RPC) detector option, in
front of LAr at high-|n|

Major readout electronics rework (~all detectors)
New trigger/readout architecture Total capital cost ~250 MCHF
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11111

All silicon-sensor tracker:
* inner layers pixel sensors - B
* outer layers strip sensors ==\ |}
Sensor and systems R&D ongoing for some years L ey
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10 TeV scale, way beyond LHC
D Op '|0nS

arge community developing reular workshops large attendances
2 .J\-‘;a*“e\“’ ——r °', s B : R =

—— T -~




.

to ~10 TeV scale, way beyond LHC
e~ and e-p options
could start operation around 2040
~ » large community develc ping, regular workshops, large attendances

Detector concept

Bl LT -
sl § e obliinitind S
T



Closing words

The ATLAS and CMS collaborations are 25 this year
« After a long gestation and now eight years since first collisions

The LHC is in “mature production” phase
* Energy close to design
e Luminosity beyond design, and increasing still

With the large Run-2 samples being collected, the physics

programme is also changing to a more mature phase
* Luminosity doubling time becoming longer (1-2y)
» Simpler search topologies are being explored, results out or
coming soon from 2015+2016 data
e Beyond that, the focus is shifting to more complex searches and
precision measurements
e But - we only have about 2% of the final statistics from the LHC!



Closing words

The ATLAS and CMS collaborations are 25 this year
« After a long gestation and now eight years since first collisions

The LHC is in “mature production” phase
* Energy close to design
e Luminosity well above design, and increasing still

With the large Run-2 samples being collected, the physics
programme is also changing to a more mature phase
* Luminosity doubling time becoming longer (1-2y)
» Simpler search topologies are being explored, results out or
coming soon from 2015+2016 data
e Beyond that, the focus is shifting to more complex searches and
precision measurements
e But - we only have about 2% of the final statistics from the LHC!

The LHC remains the world’s discovery - and precision -
particle collider at the energy frontier
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Dark matter search - Photon+p ™ ¥ AlIL

Many signatures in which one can
search for dark matter production at
LHC

Many rely on producing it (and not
observing it) with other particles —
missing-momentum signature

One example: y+p ™ | M |

9

Comparison with direct DM search

experiments is model-dependent, but is

possible in specific models

< Collider

production

=
>

Direct
detection

m, [GeV]

o4, (x-proton) [cm?]

50071 =
- ATLAS Preliminary 3
450F |s=13 TeV, 36.1 fb" E
400E- Vector mediator =
— Dirac DM 3
350E- g =0.25,g =1,g=0 =
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6, (DM-neutron) [cm?]
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Dark matter searches

107% DM Simplified Model Exclusions ATLAS Preliminary March 2017
' N ! R R ! A

10°%°

IIIIIII IIIII|_|_|,| 1 II|_|_||,I IIIIII_II IIIII|_|_|,| L

\\ Dijet TLA
Dijet 8 Te

-45
10 oM
ATLAS limits at 95% CL, direct detection limits at 90% CL
—46 . TR | ) y il paal
10 > 3
1 10 10 10

DM Mass [GeV]
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— Dijet TLA

fs=13TeV,3.4fb"
ATLAS-CONF-2016-030
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