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for the high-luminosity runs
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CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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MIDDLE

Over 6,000 ATLAS and CMS physicists operating the detectors; collecting and
analysing the data.
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MIDDLE

Over 6,000 ATLAS and CMS physicists operating the detectors; collecting and
analysing the data.
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The Nobel Prize in Physics 2013
Francois Englert and Peter W. Higgs
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"for the theoretical discovery of a mechanism that
contributes to our understanding of the origin of mass of
subatomic particles, and which recently was confirmed
through the discovery of the predicted fundamental
particle, by the ATLAS and CMS experiments at CERN's
Large Hadron Collider”



Higgs Boson Results

All observations from the LHC
consistent with a Standard Model
Higgs boson with mu~ 125 GeV.

Phys. Rev. D. 90, 0562004 (2014)
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Higgs boson with mu~ 125 GeV.
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Higgs Boson Results

All observations from the LHC 19.7 b (8 TeV) + 5.1 fb' (7 TeV)
consistent with a Standard Model Combined CMS m,, = 125 GeV
. o =1.00+0.13 . .
Higgs boson with my~ 125 GeV. ' Preliminary
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Higgs Boson Results

All observations from the LHC
consistent with a Standard Model
Higgs boson with mu~ 125 GeV.

= my measured in ZZ and yy final
states consistent with 125 GeV.

= |t decays like a SM Higgs boson

= |t’s produced like a SM Higgs boson

Phys. Rev. D. 90, 0562004 (2014)
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Higgs Boson Results

All observations from the LHC
consistent with a Standard Model

19.7 b (8 TeV) + 5.1 16" (7 TeV)
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Higgs Boson Results

All observations from the LHC

consistent with a Standard Model 19.7 fo" (8 TeV) + 5.1 16" (7 TeV)
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Run 1 was not all about the
Higgs boson

e We didn’t find supersymmetry...

e We didn’t find any other new physics...

e We did confirm the Standard Model and learn more about top
quarks



Standard Model Production Cross Section Measurements  siaius: July 2014
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e.g. Observed limits on stop and LSP mass
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Simplified models
with # — LSP + X




95% CL Limits on Masses of Exotic Phenomena in TeV
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Inclusive tt cross section [pb]

Run 1 Top Quark Properties
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Tevatron combination* L = 8.8 fo'
ATLAS dilepton L = 4.6 fb”
CMS dilepton L = 2.3 fb'
ATLAS lepton+ets* L = 0.7 fb"
CMS lepton+jets L= 2.3 fb’
ATLAS dilepton L =20.3 fb”
CMS dilepton L = 5.3 fb'
ATLAS lepton+ets* L = 5.8 fb”
CMS lepton+jets* L= 2.8 fb'

* Preliminary
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arXiv:1403.4427
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19.7 b (8 TeV) + 5.1 fb™ (7 TeV)

g=== NNLO+NNLL (pp) 150

s

1

1

&—— NNLO+NNLL (pp)

7

8

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

/ My, = 172.5 GeV, PDF@® a, uncertainties acc?rding to PDF4LHC
-"llllllllll?llllllll?llllllllllllll

2 3 4 5 6 7 8 9
Vs [TeV]

Much
more on top quarks at the LHC from
Andrey Loginov in top session on

Tuesday
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CMS 2010, dilepton
JHEP 07 (2011) 049, 36 pb”’

® 175.5 + 4.6 = 4.6 GeV

(value = stat + syst)

CMS 2010, lepton+jets
PAS TOP-10-009, 36 pb”

CMS 2011, dilepton
EPJC 72 (2012) 2202, 5.0 fb™

CMS 2011, lepton+jets
JHEP 12 (2012) 105, 5.0 fb™

CMS 2011, all-hadronic
EPJ C74 (2014) 2758, 3.5 fb™

CMS 2012, lepton+jets
PAS TOP-14-001, 19.7 fb™

CMS 2012, all-hadronic
PAS TOP-14-002, 18.2 fb™

CMS 2012, dilepton
PAS TOP-14-010, 19.7 fb™

CMS combination
September 2014
Tevatron combination
July 2014 arXiv:1407.2682

World combination March 2014
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173.1 = 2.1 + 2.6 GeV
(value = stat + syst)

1725 + 0.4 = 1.4 GeV
(value = stat + syst)

173.5 + 0.4 = 1.0 GeV
(value = stat + syst)

173.5 =+ 0.7 = 1.2 GeV
(value = stat + syst)

172.0 = 0.1 = 0.7 GeV
(value = stat + syst)

1721 + 0.3 + 0.8 GeV
(value = stat + syst)

172.5 + 0.2 + 1.4 GeV
(value = stat + syst)

172.38 = 0.10 = 0.65 GeV
(value = stat + syst)

174.34 + 0.37 = 0.52 GeV
(value = stat + syst)

173.34 + 0.27 = 0.71 GeV
(value = stat + syst)

+
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First Evidence for Weak Boson
Scatte ring arXi:1401.7610 arXiv:1405.6241

CMS-PAS-FS5Q-12-085 CMS-PAS-SMP-13-015

10 _CMS (preliminary) 19.4 o™ (8 TeV)
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° 5 -
production _
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q q
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20.3 fb”,15=8 TeV HLO;POWMEGBOK, OTI0
»ATLAS and CMS have also Cominaton :
observed Zjj production b e e e e

o oo [fb]

» consistent with W*W jj—Zjj
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First Evidence for Weak Boson
Scattering

— 280 ET [GeV]

u u*jj Candidate Event i
mji=2800 GeV |Ayii|=6.3

180 360
/

WATLAS
A EXPERIMENT

Run Number: 207490, Event Number: 33152138
Date: 2012-07-26 04:16:35 UTC
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Beyond Run 1



LHC — HL-LHC
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http://hilumilhc.web.cern.ch/about/hl-lhc-project
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LHC

today: LCWS’14 ;
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Physics Prospects for Run 2

Huge increase in cross section for many

interesting processes

» but life is harder for states lighter than #¢
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The Challenge of Pileup

e Pileup = number of proton-proton collision per bunch crossing

Simulated pileup in ATLAS tracker

Run 1
Pile up of 23

N X
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e el |
\\\ wy et | ,"',‘/ Rt il

SN NS g

7

HL-HLC
Pile up of 230
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C MS U p g I'a d e CMS PAS FTR-13-003

Upgrade
4 barrel layers

e Long Shutdown 1:
e Complete Muon coverage
e New HCAL photo-detectors
e Long Shutdown 2:
e New Pixel detector (2017)
e New HCAL electronics

Current
3 barrel layers

Greater trigger efficiency

CMS Simulation Ys=14 TeV, L=2.2 ¥x10¥ cms? 256 ns

e L1-Trigger upgrade —
e For HL-LHC: WH o5 | . !

.........................................................................................................................................

— uvbb | :
e Tracker replacement, L1 Track- R N— B e —
. H- 1, ' :
Tr gger " —— °""'-'"t ..... —
n=en
° N ew f orwar d ca l o) r..i m etry, Muons o e — w ........................
and tracki ng e ........................ VR ,, ........................

e High precision timing for pileup  #-ww- | ' ' ’ '

mitigation H o> WW > e |
e e
17 0o

Efficiency (%)



ATLAS Upgrades

e Long Shutdown 1
e New beam pipe at r=25mm
e New insertable b-layer at 31 <r/mm < 40
e Refurbished pixel readout

e More complete muon coverage: extended
endcap installation complete

e Fast Tracking for L2-trigger will come online
during run 2

e Long Shutdown 2

e New muon small wheel forward
spectrometer

e Topological L1-trigger processors
e New forward detectors
e For HL-LHC

e Completely new trigger architecture with
new hardware at LO/L1

e Completely new tracking detector

184 Calorimeter electronics upgrades



Run 2 and HL-LHC Analysis Techniques

0.22 - I T - , : . :
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Low top prt High top pt

Jet Substructure

e High mass final states and high collision
energy lead to highly boosted and close
objects e.g. W—yjj, Z—jj, t—Wb—jjb

e Jet substructure techniques will be key
to reconstruct some of these signals; More on LHC jet

may be crucial for new high-mass reconstruction in Djamel Boumediene’s
objects. talk
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Projection for Run 2 and HL-LHC

e Projections from refining current analyses or designing new ones

e Different systematic uncertainty scenarios often considered, in particular
the different theoretical uncertainties on the signal cross section.

e Results are presented for 300 fb~! (2022) and/or 3000 fb~! (2035?)
e Many results are presented in the context of specific models.

20



Higgs Boson Prospects

q

H® WW, ZZ fusion : HO°

q R
\ q
t
? t W,z
. . HO 9
ttfusion : W,Z
g : Decays of a 125 GeV Standard-Model Higgs boson
- Ho I
t q W, Z bremsstrahlung

tau/anti-tau
6%

charm/anti-charm

/ 3%

bottom/ Zf

anti-bottom 3%
57% 2 photons,
Z+photon

0.2% each



Higgs Boson Decay Sensitivity | .oion

ATL-PHYS-PUB-2015-014

i ATLAS Simulation Preliminary

E ted tainti — " at (s = 14 TeV Scenario . )
H)I(gpgeSCbeOS(I;ECSeI;I‘?IaT ;TI’Se;)gth — Zgg :21 at @:1:;9: zcenario; \S = 14 TeV det:SOO fb 1 ; _[Ldt=3000 fb 1
ooy : . |Scenario 2: H—up  (comb.)
TH unc. scaled by 1/2 (incl.)
H=ww | i EXP unc. scaled by V& (ttH-like) | —0. 4
H— 2z : : Hott (VBF-like) s )
. H—ZZ (comb) [
-1 (VH-like)
H— 1t | ! 300 1b (ttH-like)
| T (VBF-like) ' .
500 5 oF KT » 0.15t - (GaF-like) et s S
expected uncertainty
CMS Projection H->WW (Comb.)
— 77— (VBF-like)
Expected uncertainties on 1 3000 fb"at s =14 TeV Scenario 1 ( +1 ])
Higgs boson signal strength — 3000 fb"at (s =14 TeV Scenario 2 ( O) A A A A A
+U)
H—>vy I ! H—)Z’Y (incl.)
H—yy (comb.)
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H— 2z : | (ttH-like)
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http://arxiv.org/abs/1307.7135
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/

Higgs Boson Couplings Fit

arXiv:1307.7135

ATL-PHYS-PUB-2013-014

e Assuming I'n is sum of SM widths, calculate uncertainties on Higgs boson couplings.

e Deviations from the SM are quantified using k multiplier, in SM kx; =1, e.g./%';Q 9
(o-BR)(99 — H — v7) = osm(9g — H) - BRsm(H — 77) - =5~

CMS Projection

Higgs boson couplings

| T T T | T T T T
Expected uncertainties on

| 1 1 1 1 | 1 1
—— 3000fb"at {s=14TeV Scenario 1

I 3000fb™at {s=14 TeV Scenario 2
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ATLAS Simulation Preliminary
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K } <
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Still the Golden Channel:

: very clean signature and small backgrounds.

e Large statistics will allow a probe of all main production modes.

e Higgs boson production cross-section uncertainty constrained to O(10%)

e Allows measurement of CP properties of the Higgs boson.
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Higgs CP Studies

o H—~77Z—4¢t used to reconstruct the full angular decay
structure.

e Very sensitive to non-SM (CP = 0*) contributions.

AH — Z7) = v (almQqug agf;‘,ﬁl)f*@)’“” anZ,Sl)f*(Q)’W)

— — —
SM tree processes  loop CP-even CP.-odc.j
contributions contributions
(BSM)

e Fit fraction of event (f.) and phases (¢:) to observed decay:

; ‘ai QUi

. — ar — =
¢az g (04) faz ‘a1’20-1‘|_‘ai‘20_i
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H]ggs CP StUd]eS arXiv:1307.7135

ATL-PHYS-PUB-2013-013
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e Extra contributions constrained to |f| ~ 10 % with 3000 fb.
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ATL-PHYS-PUB-2014-012
ATL-PHYS-PUB-2014-011
ATL-PHYS-PUB-2013-014
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Higgs Boson Rare Decays



H—pp

e SM prediction is BR(H—uu)=2.19 x 104

e Observation of H—uu gives access to Higgs

coupling to 2" generation of fermions.
e Run 1 limit is 7 x SM

e With 3000 fb~!:

» Observation at ~7¢

» uncertainty of 20-25 % on signal strength

(”8% on Ku)
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H—Zy

e SM prediction is BR(H—Zy)=1.54 x 1073
e H—Zy sensitive to potential new particles in loop
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» Run 1 limits are 10 x SM

» At 3000 fb! a precision of 20-30% on the signal strength (~10% on kzy)
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Di-Higgs Boson Production

e We want to probe the shape of the Higgs potential

e Observation of di-Higgs production is a first step...
but very challenging

g g

t,b o arXiv:1401.7340

E
£ HH production at pp colliders at NLO in QCD
[ M,=125 GeV, MSTW2008 NLO pdf (68%cl)

e Production dominated by box diagram, .|
negative interference with self- i
coupling diagrams

onolfbl

MadGraph5_aMCENLO

31 8 1314 25 33 50 75 100


http://arxiv.org/abs/arXiv:1401.7340

H—yy, H—bb candidate event at Vs=8 TeV

arXiv:1406.5053

CATLAS
1A EXPERIMENT

uuuuuuuuu :
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Higgs beyond the Standard
Model



Additional Heavy Higgs bosons

e Additional Higgs doublets predicted in many models, including Supersymmetry.
e e.8. A two-Higgs doublet (2ZHDM) model includes four new Higgs boson:

125 GeV CP odd

e tanf is the ratio between the vev of the Higgs doublets
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Additional Heavy Higgs bosons

Events / 25 GeV
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Prospects for H’—ZZ—4{ production
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Supersymmetry Searches



SUSY production at the LHC

Standard particles SUSY particles
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37 The lightest neutralino (LSP) is candidate to explain dark matter.
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StOp and SbOttom SearCheS ATL-PHYS-PUB-2013-011

ATL-PHYS-PUB-2014-010
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Strong and Weak SUSY Production Limits wsesemisos

ATL-PHYS-PUB-2014-010
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Weak SUSY: Chargino and
neutralino decaying via WZ
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And More...



arXiv:1307.7135

Resonance Searches ATL-PYSPUB-2014:007

e New physics could appear anywhere!

» Look for resonances in di-leptons, yy, t¢, di-bosons (WW, WZ, ZZ) and extra
missing transverse momentum.

e With 3000 fb~! probe ¢ resonances up to 6.7 TeV and di-lepton resonances up to
7.8 TeV.
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W I M P Searc h es ATL-PHYS-PUB-2014-007

ATL-PHYS-PUB-2013-014

e WIMP = weakly interacting massive particle — look for large missing-Er signature

e e.g. with high-pr jet in SM-WIMP
e e.g. from invisible contact interaction model
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ATL-PHYS-PUB-2015-012

TO p Qu arlr k Ph yS'i CS CMS-PAS-FTR-13-016

CMS-PAS-FTR-13-017

e HL-LHC Measure top quark mass to 200 MeV.
» Endpoint method, which probes the pole mass, can measure m: to 500 MeV

e In SM BR(r—Wb) = 100% Many models predict enhancements, interesting range
starts at ~10~* = Observing decays to other modes clear sign of new physics

» HL-LHC will probe BR(t—¢Z), BR(t—¢y) at ~3x1075 at least and BR(t—cH) at ~107*
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Outlook

e We’ve come a long way, baby, but there’s still far to go...

e With 3000 fb~! the LHC will offer a comprehensive physics programme:

Precision Higgs physics: SUSY: Assuming light LSP (<1 TeV)
measure production rates discover squarks up to 1.1 TeV
to a few % discover gluinos up to 2 TeV

Sensitivity to generic
resonances and missing
energy up to O(7 TeV)

Measure m¢p to 200 MeV
Sensitivity to rare top
quark decays of <104

Observation of
H—Zy and H—-u"'u

Theory uncertainty dominant Discovery of additional Higgs
for many analyses bosons up to O (1 TeV)

e Some analyses do remain challenging at HL-LHC:

di-Higgs boson triple-Higgs boson
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