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[ 3x 1h lectures |

Yesterday:
 Basicintroduction

* Overview of the LHC experimental programme and methods

Today:
« Areview of Run-1 physics highlights
*  SM results from the LHC Run-2

Tomorrow
« BSM searches from the LHC Run-2

» Qutlook to future projects



The LHC Run-1:7 & 8 TeV pp, 5 & 20 fb

A brief history of selected highlights



Inclusive and differential jet cross section vs. jet pr and rapidity
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Precision measurements & theory developments (includes nonperturbative and
electroweak corrections) — new quality of QCD tests at hadron colliders



Harvest of Run-1 results (> 500 papers /exp) confirming predictive power of SM

Standard Model cross-section measurements
Status: August 2016
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Run-1 allowed critical first electroweak studies

Higgs boson acts as “moderator” to unitarise high-
energy longitudinal vector boson scattering

If only Z and W are exchanged, the amplitude of

(longitudinal) W, W, scattering violates unitarity
+ - + - 1
A, (WW =WW)x—(s+t)
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Top quark production has been studies with unprecedented experimental precision

tt cross-section measurement
[ ATLAS, EPJ C 74, 3109 (2014) ]

Precision test of NNLO QCD,
used to derive the top mass
and new physics limits

Many top properties measured

Luminosity and centre-of-mass
energy open phase space to
observe rare tt + vector-boson
production

tt+W/Z: 7.10 combined significance
[ ATLAS 1500.05276 ]

g Z

|

Inclusive tt cross section [pb]

W
o
o

250/— @ tidilepton L =20.3 fb™

T T | T T T T T T T T
"ATLAS Preliminary
Mt dilepton L = 4.6 fb"
_ M tt lepton+jets* L =0.7 fb™
@ tt lepton+jets L = 20.3 fb™

* Preliminary

| T T
May 2015

200—
150~
B NNLO+NNLL (pp)
| Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
- m,,= 172.5 GeV, PDF ® ag uncertainties according to PDF4LHC
1 00 1 1 | 1 1 1 1 | 1 1 1 1 1 1
7 7.5 8
(s [TeV]
2 FATLAS 320
% 10°E{s =8 TeV, 203 10" CR 2LSS 3L 4L_
% @ Data  Total unc. 118
<10° [Top  [Charge misiD
2] v [l Fake leptons
L% 104 =ZRareSM 25
10°
10?

10

1

Z noZ noZ z ee ew o z Z
Ob 12b 1-2b 2b 2b+ 2b+ 2b+ 1b  2b+ 2b+ 2b+
3 4 5+ 5+ 4+ 3 4+ 2-5

z

Ob 1b  2b+

noZ 0 DF DF DF SF  SF
b 2b+



Single-top production and property measurements

Electroweak single top production ATLAS fs=8Tev, 2030

Measured fiducial Wt+tt cross-section
[ Total uncertainty

Top cross-sections st ety _
. . Predicted fiducial cross-sections:
significantly enhanced POWHEG-BOX +PYTHIA DR CT10
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W mass

No LHC resulit yet

World average value dominated by Tevatron measurements : 80.387 + 0.016 GeV

No W mass
measurement
from LHC yet
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The Higgs boson had been
vainly searchedfor at many
accelerators

Best non-LHC 95% CL limits
from LEP (CERN, 1989—2000)
and Tevatron (Fermilab,
1990—2011):

my > 114 GeV

147 GeV < my > 179 GeV

EW fit: my < 153 GeV




Higgs boson production at the LHC

At the LHC, the Higgs boson is dominantly produced via Vector boson fusion (Owz. ~ 1.6 pb):

gluon fusion for Oy tota) ~22 pb at 8 TeV for my = 125 GeV q"’

Cross section steeply falling with Higgs mass
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Total production of ~470 thousand SM Higgs bosons of 125 GeV
in 2012 in each ATLAS and CMS




Higgs boson decay

Because of the coupling to the
mass of the decay particles:

... the Higgs will decay with
preference to the heaviest
particles allowed

... the Higgs does not
couple directly to photons
and gluons, but only via
“loops” involving
preferentially heavy
particles (e.g., top, W)

ggo 0.23%  0.16% branching
8.52% fractions:
27*
2.76%

0.012% to
4(e/y)

ww*
22.3%

1.0% to
2(e/p)2v

bb
56.9%

uu
0.02%

TT
6.24% cc
2.87% Uncertainties 3~12%




Higgs boson decay

Leptonic (e/u) and photonic
final states provide best
discovery significance

H(125 GeV)

H—vyy /[ ZZ*(— 4¢) have Decay channel Mass resolution
best mass resoluton

H— vy 1-2%
H — WW* — 2£2v good H— ZZ st 1-2%
trigger, sustainable -
background level, and H—= WW" —2f2v — 20%
large branching fraction H — bb 10%

21T 15%




H(125 GeV)

Higgs boson production at the LHC
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At my = 125 GeV, many decays
experimentally accessible!

The phenomenological aspects of that
mass might seem less appealing

The dominant H — bb mode is only
exploitable in association with W/Z or
tt, also with strong Higgs boost
Associated leptons provide trigger signal as they

help to reduce huge QCD background, o(bb) ~
O(100 pb)
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No doubt on Hy,5 discovery in the bosonic channels
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Very different experimental challenges in each of these discovery channels.

All analyses significantly improved since July 2012 16



Combined Higgs analysis and a flurry of property measurements

ATLAS & CMS
Combinations of Higgs
mass and coupling
measurements

[ 1503.07589, 1606.02266 |

My =125.09 % 0.21 4, £ 0.1, GeV
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Quarks Also:
» Differential cross-section measurements
« Limiton 'y from off-shellto on-shell coupling ratio

+ Limit oninvisible Higgs branching ratio of < 25%
[1509.00672, 1404.1344 ]

+ Constraints on anomalous off-shell coupling or
spin/CP, forbidden decays (FCNC) and other
scalar particles (BSM Higgs)

Higgs decay processes
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Combined Higgs analysis and a flurry of property measurements

ATLAS & CMS ! (500000Y
Combinations of Higgs
mass andcoupling = @ 47 & ¥ & 0| Nl "
measurements
[ 1503.07589, 1606.02266 ]
4 \200000
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The Higgs boson as a portal to beyond the SM physics

Higgs as BSM portal

Higgsis narrow: 4.1 MeV

For comparison:

My =2.1GeV
r, =25GeV
Mop = 1.3 GeV

Even small couplings
to new light states can
measurably distort
branching fractions

My =4.1 MeV
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20

Flurry of results from LHCb |
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Beautiful flavour and low-pt physics measurements

CMS and LHCb (LHC run )

~300 papersto date ]
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CMS & LHCb: observation of By — pu

[ Nat. 522 (2015) 68 ]

ATLAS Run-1 result ~20 below SM

[1604.04263 ]

=l

B, — puis loop process (no tree-level FCNC)
thatis in addition CKM & helicity suppressed

Does the Higgs boson has brothers and sisters?
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Beautiful flavour and low-pt physics measurements

Flurry of results from LHCb [ -300 papersto date]

Precision measurement of ¢ DO 6 b
0.14} HFAG @
[ PRL 114, 041801 (2015): ¢pg =—0.010 £ 0.039 ]
— 0.12 Czhg?b . 68% CL contours
. I (Alog £ = 1.15)
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. . S ) L =1
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: excluded area has CL>0.95 | %} :
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Beautiful flavour and low-pt physics measurements

p

2.0

Long-term effort to overconstrain
CKM matrix continues (phase value
itself “accident” of nature?).

Huge contributions from LHCb:

« Measurements of y, sin(2p),
|V, Amg,qfrom LHCb

 World’s best constraints on CP
violation in B%g) mixing (a.¢, a
in agreement with SM (DO sees
3.60 deviation)

Is the CKM phase an “accident of
nature”?

‘)
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Flavour anomalies ?

B-factories and LHCb measure ratios of semileptonic B decays. Robust SM predictions

0.45

R(D*)

04

0.35

0.3

0.25

Latest measurement by Belle using semileptonic tagging of recoil B (Moriond EW):

BR(B® —» D™ v)
BR(B® —» D™ ¢v)

— BaBar, PRL109,101802(2012) )

— Belle, PRD92,072014(2015) Ay*=1.0
LHCb, PRL115,111803(2015)

== Belle, arXiv:1603.06711

= HFAG Average, P(?) = 67%

= SM prediction

S

R(D), PRD92,054510(2015)

R(D*), PRD85,094025(2012)
N B R |
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0.3 04 0.5 I
R(D)

Ro = 0.302 % 0.030,;,, = 0.011,,; [SM: 0.252  0.003, 1.60]

6

_ BR(BT - K" up)

Ry =
K™ BR(B* - Ktee)

--LHCb -m-BaBar —a—Belle

2_ LI B B B B S B A L AL L
- LHCDb
1.5 ~ - ]
! + SMo
05F .
0_ ] N N N B

0 5 10 15 20

q* [GeV?/c4]

World average by HFAG: Ry = 0.316 £ 0.016 + 0.010 (3.30 from SM, combined Ry & Ry is 4.00)

http://www slac.stanford.edu/x org/hfag/semi/winter 16/winter16 dtaunu. html
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Since the LHC Run-1 the Standard Model is complete

It is a triumph for the It is a triumph for the greatest
imagination and rigour of experimental undertaking ever:

the scientific endeavour
* Frontier of accelerator &

detector technologies

* Global data sharing, analysis
& collaboration
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Two beautiful, extremely precise theories

The Standard Model of EW
and strong interactions

Predicting the anomalous magnetic
moment of the electron to a relative
precision of 10-19in agreement with
experiment

General relativity — theory of
gravitation

Tested up to an accuracy of order 10-°
(Cassini probe)

Unfortunately, the SM and general relativity don’t work in regimes
when both are important (ie, at very small scales)
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D e =
Scalar sector

* Single doublet or more

* Elementary or composite

« Form of potential

* Origin of Yukawa couplings

Dark matter

» Composition: WIMP, axions, sterile
neutrinos, hidden sector particles,
gravitational effect only

« Single or multiple sources

Expansion of Universe

» Primordial expansion via inflation;
which fields, role of quantum gravity?

» Accelerated expansion today:
cosmological constant problem

Strong CP problem

Many open guestions remain...

Quarks and leptons

« Origin of families, mass, mixing, CPV
* Matter—antimatter asymmetry

« Baryon and lepton number
conservation (proton decay)

Neutrinos

» Origin and values of neutrino masses
* Nature: Majorana or Dirac

+ CP violation

» Sterile neutrinos

High-scale physics

* Hierarchy problem and new physics
at TeV scale

» Grand unification of forces
« Unification with gravity
* Quantum gravity, string theory
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It therefore seems that

the SM isn’t all there is

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

Status: July 2015 Vs=7,8TeV
Model & uTY Jets Ep™ [dam™) Mass limit [\5=7TeV| 5=8Tev Reference
T
MSUGRACMSSM 03127 210j0t53b Yes 203 |@E TETRIn-n) 1507.05525
4. 3-4%, 0 26jels  Yes 203 850 GeV. GV, m(1* gen. §)=m(2" gen.3) 1405.7875
@ 2,947 (compressed) monojet  13jets  Yes 203 100440 GeV. @ miE<10Gey 150705525
V t t f B S M h 5 .,ﬂ,uw/wﬁ‘; 2epu(off-Z) 2jets  Yes 203 780 GeV GeV 1503.03290
Foaat 0 26jels  Yes 203 1.33 TeV 14057875
ast amount O sSearcnes | M= ol S w % o
38, 3—qq(LL] /vy 2eu 03jets - 20 1.32TeV. miid)= 1501.03565
2 GusB (I NLSP) 120401¢ 02jets  Yes 203 QEREE] v 1407.0603
S GGM (bino NLSP) 2y - Yes 203 1.20TeV Cr(NLSP)<0.1 mm 150705493
. . ‘g (GGM (higgsino-bino NLSP) v 1h Yes 203 1.3TeV m(F})<900 GeV, cr(NLSP)<0.1 mm, u<0 1507.05493
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-2 at 13 TeV and beyond

The LHC Run
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Huge milestone achieved in 2015 with record
proton—proton collision energy of 13 TeV

After a rocky start, the LHC delivered L;,, = 4.2 fb~1

That luminosity already surpassed the Run-1
new physics sensitivity of many searches

During 2016 reached peak 1.2x10% cm—2 s~
and expect 35~40 fb-" total delivered

Excellent machine efficiency!




The LHC Run-2: 13 TeV / 8 TeV inclusive “parton luminosity” ratio

WJS2013
100 T T T T T T T L L ! ' oo
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1 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1
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Larger cross section increase for gluon induced than for quark induced processes
Early Run-2 puts emphasis on searches



The LHC Run-2: 13 TeV / 8 TeV inclusive pp cross-section ratio
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Heavy flavour cross section
scales = linearly with +/s

At 103 cm=2s1@ 13 TeV
pp the LHC produces:
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19Hz Z — ¢¢
8 Hz top pair
0.5 Hz Higgs
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2015 LHC proton—proton luminosities

Most results reported by ATLAS & CMS use total 2015 and summer 2016 dataset

= 35— | | | | | | N
‘0 o . L ]
= ~— ATLAS Online Luminosity :
2 30 2011pp Vs=7TeV ]
® [ [ o ]
8 - =——2012pp Vs=8TeV 2016 .
= 25— = 2015pp Vs=13 TeV ]
3 - = 2016pp Vs=13TeV ]
3 20— peak luminosity (> design): =
o E Lpm= 1.2 x 10%cm2 s -
= 151 L =
O - 12-16fb™! for ]
[ - results so far .
10— -
5[ v
O: | | | .

yan Xe) A\ oct

Month in Year

uofeiqied 91/

Delivered Luminosity [pb™/0.1]

g0 T T T T T
E ATLAS Online, Vs=13 TeV ILdt=22.4 fb‘1z
120~ —
L 0 2015:<u>=13.7
100 [0 2016:<u>=232 —]
80; Bl Total: <u>=21.4 é
60 —
40F =
201~ =l
0:....I. .......... ol by 1°
0O 5 10 15 20 25 30 35 40 45 50

Mean Number of Interactions per Crossing

2015and 2016 pileup profile in ATLAS & CMS
(LHCb mean pileup of ~1.7 due to levelling)

LHCb after luminosity levelling: 1.3 (1.5) fo~! recorded (delivered)

Current luminosity precision from van-der Meer scans: 2.9% (ATLAS), 2.3% (CMS), 3.8% (LHCb)
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Standard Model and top physics results

Soft QCD: particle spectra
pr < few GeV, > 99.999% of collisions

Probe LO matrix, parton shower models, generator tunings, pileup modelling

Hard QCD: jets
pr > tensof GeV up to TeV, ~10-° of collisions
Probe NLO QCD, running a4, PDF, parton showers

Hard QCD & electroweak: W, Z, H, top — identified particles
pr > tens of GeV, 106 ~ 10-8 of collisions
Probe NLO, NN(N)LO QCD, soft gluon resummation, PDF, electroweak physics



Standard Model and Higgs precision measurements
Key to the LHC programme up to the High-Luminosity LHC (HL-LHC)

Scientific perspective. No matter what BSM the LHC will unveil in the next years, improving
the knowledge of Higgs properties is a must, which by itself requires and justifies the largest
possible LHC statistics — stopping after 300 fb~' will not be satisfying!

Pragmatic perspective. Higgs and SM physics are the only guaranteed deliverables of the
LHC programme. Need to exploit this part of the programme to its maximum extent!

Utilitarian perspective. Elements of the SM, besides the Higgs, require further
consolidation, control and improved precision, both in the EW and QCD sectors

« They hold a fundamental value (e.g. the precise determination of fundamental parameters),
or are critical to fully exploitthe BSM search potential (e.g. the knowledge of
backgrounds, production rates and production dynamics)

Spinoffs. The study of SM processes at colliders s typically much more complex than that
of BSM signatures (requires higher precision, larger final state multiplicities, etc), and in the
years it has been the main driver of fundamental theoretical innovation

Taken from: Michelangelo Mangano @ SEARCH 2016 35



Inclusive inelastic cross-section measurement at 13 TeV

Fundamental initial measurement, based on forward scintillators

Measurement in fiducial region E = MXQ /s>10° (Mylargest mass of two proton-dissociation systems)

« Use Minimum Bias Trigger Scintillators (MBTS) with acceptance 2.07 < |n| < 3.86, 4.2M selected events

* Systematic uncertainty fully dominated by luminosity
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Measured inclusive inelastic cross
section:

013 TeV — 793 + 08 + 13 (|Uml)
+ 2.5 (extr) mb

Best measurement of total cross
section via elastic scattering and
optical theorem:

Otot ocm felastw’c“ - O)

using dedicated forward devices
(up to 1.4% precision in Run-1,
dominated by luminosity error)
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Measurement of jet cross section at 13 TeV
Primary test of QCD at highest collision energy

Double differential cross section measured by CMS

<71 pb* (13 TeV)

CMS 1605.04436
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Z and W production at 13 TeV — examples: 0, (1376v) ~ 1.9 nb, Gyars (13TeV) ~ 19.71b

Expectincrease of cross section by factors of 1.7 and 1.6, respectively

Pure channels. Leptonic decays of Z & W are also standard candles to calibrate e/u performance
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/Z and W production at 13 TeV

Expectincrease of cross section by factors of 1.7 and 1.6, respectively

Inclusive cross sections shown, also fiducial cross sections measured

Comparison of measured cross-sections with NNLO QCD & NLO EW Drell-Yan predictions (FEWZ 3.1):
good agreement found within uncertainties
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Cross-section ratios quite precise (< 1-2%)

Powerful tools to constrain PDFs: W+ / W~ sensitive to low-xu & d valence, W / Z constrains s

——
ATLAS

13 TeV, 81 pb™

_ fid / ~fid
Ry =0l 7/ oy

P data = total uncertainty

data = stat. uncertainty

———
ATLAS
13 TeV, 81 pb™
Ry, =old /o

PN data = total uncertainty
data = stat. uncertainty

| |
A ABM12 A ABM12
v CTi4nnlo v CT14nnlo
m NNPDF3.0 m NNPDF3.0
e MMHT14nnlo68CL e MMHT14nnlo68CL
A ATLAS-epWZ12nnlo A ATLAS-epWZ12nnlo
0O HERAPDF2.0nnlo O HERAPDF2.0nnlo
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1
1.2 122 124 126 1.28 9.4 9.6 9.8 10 10.2 104 10.6 10.8
fid fid
Oyy- / oY
%A T T T I [T
? ATLAS
L 13 TeV, 81 pb’’
. . D 1.05 68% CL ellipse area
Lepton universality test -
&
Lepton universality in charged currentwas T
measuredto the 0.14% level at LEP in tau DE 1
lepton decays, however at low energy (off- Y geu Data
IsheII), SO less sensitivity to new physicsin > B== R, PDG average
00ps T (95 Il R, PDG average

* Standard Model

! | ! ! ! ! | ! ! ! ! | ! ! ! ! ! ! ! ! !
0.85 0.9 0.95 1 1.05




Events

DIbOSOI’] pl’OdUC’[IOﬂ — example: Oww, no Higgs (13 TeV) ~ 120 pb

Highly important sector of LHC physics, intimately related to electroweak symmetry breaking

ATLAS & CMS performed inclusive, fiducial and differential cross-sectionanalyses at 8 TeV.
First 13 TeV results. Theoretical predictions at NNLO needed to match data.
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Top-antitop production at 13 TeV

Extraction of top-pair cross section (expect: 13TeV /8 TeV ~ 3.3)

ATLAS 1606.02699, similar for CMS

Apply robust data-driven method that provided most precise Run-1 measurements (7 & 8 TeV)

Following relation allows to simultaneously

determine o, and g, from data MC normalised to SM expectation
® L L L L L L L L L L B
S 20000 ATLAS @ Data 2015 -
—/ . . . (1_ bkg o - _ -1 [ tt Powheg+PY -
N1 =L O €qp 2£b (1 Cbgb) + N1 18000 = Is=13TeV, 3.2fb = W =
2 bkg 16000 = Biason E
N,=L-0- Eou’ Ce +N, 14000 - mm Mis-IDlepton
- — Powheg+PY -
12000_—:':'= ---- aMC@NLO+HW++
e Powheg+HW++ 3
Where: 10000 == Powheg+PYradHi_:
) 8000 — -= Powheg+PY radlLo_]
Ny2  — numberof selectedevents with 1(2) b-tags C . e 3
6000 -
Ny9®*9 — number of background events with 1(2) b-tags 4000- E
L — luminosity of data sample 2000 - E
Eey — (tt =) ep selectioneff& acc (~0.9%) incl. BR Oi_g . 3
& — probability to b-tag g from t — Wq g 1-55— ' ' " 3 Stat Uncert,
Cb = €up/ & is NoNn-factorisation correction 8 15 , e
(1.002 + 0.006 from MC) = C e .
0.5 . L L —
0 1 2 =3
N -ta
Observe: N, = 11958, N, = 7069 s

Expect: N,k = 1370 + 120, N,°9 = 340 = 88,
dominated by Wt (MC, approx. NNLO), then mis-id. e/u (MC & data)
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Top-antitop production at 13 TeV

Extraction of top-pair cross section (expect: 13TeV /8 TeV ~ 3.3)

ATLAS 1606.02699, similar for CMS

Solving the equation gives the following 13 TeV pp — tt + X cross section

Total relati
oy (13 TeV) = 818 = 8 (stat) = 27 (syst) = 19 (lumi) = 12 (beam-E) pb Fﬁoaerii;it'y:ifvz;.zl%
4.3% at8 Te

0:[SM] (13 TeV) = 832449 pb (at NNLO + NNLL accuracy, m; = 172.5 GeV, Top++ 2.0)
46

Systematic uncertainty (3.3%) dominated by

- 1t parton shower & hadronisation (2.8%)

- 1t NLO modelling, ISR/FSR radiation & PDF (1.1%)
- Single top modelling (0.8%)

- Electron ID + isolation (0.5%)

-  Muon ID + isolation (0.5%)

- Lepton mis-identification (0.6%)

Also find: g, = 0.559 + 0.004 + 0.003, in good agreement with simulation: 0.549
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Top-antitop production at 13 TeV

Extraction of top-pair cross section (expect: 13TeV /8 TeV ~ 3.3)

ATLAS & CMS studied top production in many ways at 13 TeV — very prompt analyses turn around

Inclusive tt cross section [pb]
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LHC combined eu 8 TeV (L = 5.3-20.3 fb'1)

ATLAS en 13 TeV (L= 3.2 fb)
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Robust ey final state gives most precise inclusive results at all CM energies
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Differential cross-section measurements at 13 TeV show reasonable modelling, though some
deviations at large jet multiplicity. Known modelling problems from Run-1 not all solved!
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Single top quark production

Increase of cross section by factor of 2.5 (t-channel) over 8 TeV, roughly 1/31 of tt cross section

ATLAS & CMS have so far released preliminary t-channel
measurements at 13 TeV (100 x cross-section of Tevatron)

102

Inclusive cross-section [pb]

10

13 TeV: ATLAS-CONF-2015-079, CMS-PAS-TOP-16-003

June 2016
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PRD82 (2010) 054018, PRD81(2010) 054028

Wi: tt contribution removed

scale ® PDF @ o

NLO NPPS205(2010) 10, CPC191(2015) 74

W= 1= Mgy,

CT10nlo, MSTW2008nlo, NNPDF2.3nlo

uncertainty

Wt: P, veto for tt removal=60 GeV

scale uncertainty

scale ® PDF ® o

Myp= 172.5 GeV

and w= 65 GeV

uncertainty

13

s [TeV]

“t-channel”
(“4 flavour
scheme”)

9 b

“Wt-channel” W-
g b
q t
%%
q b
“s-channel”

(not easierat 13 TeV)
Tevatron: 6.30, ATLAS Run-1: 3.20
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Events

Top-antitop production and a vector boson at 13 TeV

First results on important ttV process, init's own right, and as background to ttH and searches

ATLAS & CMS have preliminary 13 TeV

results

1400
1200

=X tZ theory
444 {tW theory

Z
Analyses combine several multilepton final
states, difficult mis-ID background )
t
At 8 TeV, both processes observed, and
found to agree with SM prediction ¢
(tW ~1o upin both ATLAS & CMS) p
13 TeV tt+W/Z results from ATLAS and CMS in agreement with SM:
ATLAS: 1609.01599, CMS-PAS-TOP-16-017 CMS Preliminary 12.9 fb'1 (13 TeV)
10° = ATLAS ‘ ‘ ‘ ‘ ‘ =Da1a;015 ‘=ﬁz ‘ 3 %2200; B %2 2? | I B ‘-I-‘Z-‘D‘be‘st‘fit‘ 5
Vs =13TeV, 321" W wz 3 = o Vi _ 68% contour
Post-Fit 2z Woter ] © 2000 Z —g:"; conIour
Fake leptons ~ Uncertainty 1800? ég —1-D tEGSt fit
1600F- = 1D £ Te

1000
800

7
AT
IAT
7

7,

400
200
3L‘4L‘?u L2, 3L L SL“M WU g Hpp 9L %
W2 b2 G Ss Z2tg; L Ty Z 235 02 S 7S5 DR 110k 0

\\‘\\\‘\\V A 11 I 11 | I 11
200 400 600 800 1000

1 I ) - ‘ L1 ‘ L1
1200 1400 1600 1800
O [T0]

Different
production
processes and
thus 13/8 TeV
cross-section
ratios for ttZ &
ttW: 3.6 &2.4

ATLAS (3.2b1,2015):
ttW: 1.5+ 0.8 pb
ttZ: 0.9+ 0.3 pb

CMS (12.9 b1, 2016):

ttW: 0.98 955 055 pb

“015 _0.12 Pb

SM (NLO):
ttW: 0.60 £ 0.08 pb
ttZ: 0.84 £ 0.09 pb
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Re-observation of Higgs boson at 13 TeV

13/8 TeV cross
section ratios of
2~2.4 for VH, ggH,
VBF, and 3.9 for ttH

2015 & 2016
statistics combined
achieves better
significance and
precision thanin
Run-1

Display of H — eeppu candidate
from 13 TeV pp collisions. The
electrons have a transverse
momentumof 111 and 16 GeV,
the muons 18 and 17 GeV, and
the jets 118 and 54 GeV. The
invariant mass of the four
lepton systemis 129 GeV, the
di-electron invariant mass is 91
GeV, the di-muon invariant
mass is 29 GeV, the
pseudorapidity difference
between the two jetsis 6.4
while the di-jet invariant mass
is 2 TeV. This eventis
consistent with VBF
production of a Higgs boson
decaying to four leptons.



ATLAS and CMS studied H4,5 In bosonic channels

Preliminary fiducial and total cross-section and coupling measurements (ggF and VBF significant)

H—-2Z* - 4¢

CMS Preliminary 12.9 fo™' (13 TeV)
> il TT I TTTT I TTTT I.l T |-| I TTTT I TTTT I TTTT I TTTT I TT |: Q > 45__ T T I T T T T T T I__ g
& 35 ATLAS Preliminary > i m ~125Gev) 2 s E o Data 12
To) T H—s 77* — 4] sz 15 < 40 [] H(125) s N0
; - Z+ets, — 0 ~ - q * 4+
« 30 - 13 TeV, 14.8 b -ﬁJ\‘/e,tsv\t/tv 1z %) = ] qea->2Z,Zy* 1)
2 F W Uncerta 13 c 35F W 99222
= _ % Uncertainty 10 Py - 1
o 251 —H o > - Bl Z+X 12
> C 15 w 30 =

W B ] < — .

20 - . 25 —

151 = 0F E

: : 15 E

10+ — - ]

C ] 10 =

SF ; 5 =

0 AR ol uE

80 90 100 110120 130 140 150 160 170
m,, [GeV] m,, (GeV)
+18 +0.33
Otot,data = 81 -16 pb U = Ogata / Ogm = 0'99—0.26
Ot sm = 05 = 4 pb Expected significance (SM): 6.50

CMS also measured: my, = 124.50 0% GeV

(dominated by statistical uncertainty, compare to 125.09 + 0.24 GeV from ATLAS & CMS Run-1 combination) 48



ATLAS and CMS studied H4,5 In bosonic channels

Preliminary fiducial and total cross-section and coupling measurements (ggF and VBF significant)

H—vyy

> weights / GeV

> weights - bkg

200

180

160

140

120

100

80

60

40

20

-1 T T
—e— Data ATLAS Preliminary
------ Background Vs=13TeV, 13310
—— Signal + Background H—yy, m =125.09 GeV
—— Signal o

S/B weighted sum of
event categories

ATLAS-CONF-2016-067

.
.
.
.
.
B

oleedt e b b o b e e b e e b

110 120 130 140 150 160
m,. [GeV]
+0.22

Expected significance (SM): 5.4¢0

CMS Preliminary 12.9 fo (13 TeV)
> FT T 17T I LI I LU I LI I LI I LI I LI I 1114 8
0] C o~ ~ All categories ]e
S 0 M=126.0 GeV, 1=0.95 g cipd oy 1o
T 40001y ¢ Data T2
|.?>j - —— S+B fit 1%
S 3000 e B component 12

2 : I +lo ]

i 42 ]

'% 2000~ L J#20 —

= C ]

@ 1000} —

o F i

S~ _ .

w | | | | | | | i

200 i_ B component subtracted_i

100 [ =

0 mmma J

-100 ;— % % —i

100 110 120 130 140 150 160 170 _ 180

m,., (GeV)

u=0.91+0.20

Expected significance (SM): 6.20 49



ATLAS and CMS studied H4,5 In bosonic channels

Preliminary fiducial and total cross-section and coupling measurements (ggF and VBF significant)

H — yy andH — ZZ* — 47/ (rightcombined)

Y [fo/GeV]

dogg/dp

data / prediction

ATLAS-CONF-2016-067

15—
- ATLAS Preliminary my = 125.09 GeV
"4 data, tot. unc. [] syst. unc. = 99—>H NNLOPS + XH;
FH—yy, Vs=13 TeV, 133 fb" Kog>+=1.10
L ==+ XH=VBF + VH + ttH |
‘1_ -
0.5F _
i el RPN fan |.-; docrrbtran
0 T T T T T T T T L T
L [
2 i
$} —
o'...l...|...|...|...|...|...|...|...|...
0 20 40 60 80 100 120 140 160 180 200
P}/V[GG‘V]

Differential fiducial cross-section
measurement in H— 4¢ compared
to NNLO+PS theoretical prediction

ATLAS Preliminary m_=125.09 GeV
's=13 TeV, 13.3 b (yy), 14.8 fb™ (Z2)

-8 Observed 68% CL SM Prediction

Combination of
OgoF | H— yyandH —4¢ L

F80-9L0¢-ANOO-SY' 1LV

Oyge ——

SVHhad ®

GVHIep ——

Gtop R N

54 3-2-10 12 3 45

Parameter value norm. to SM value
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ATLAS and CMS studied H4,5 In bosonic channels

Cross section versus centre-of-mass energy

H—yy andH — ZZ* — 47 (eft)

CombinedH — 4¢, yy

ATLAS-CONF-2016-081

G,y [Pb]

L L B L R B B AL B
100~ ATLAS Preliminary — O,y My=125.09GeV ]
L AH-yy 0 H—-ZZ*—4l QCD scale uncertainty )
¢ comb. data syst.unc. '™ Tot. uncert. (scale ® PDF+a) 1
8or ]
=
40 —
20 —
i Vs=7TeV, 45" ]
- (s =8TeV, 20.3fb" -
0 N Vs=13TeV, 13.3fb" (yy), 148 b (ZZ*) ]
| P | S S N S S S S I S S S S N S SR S S R
7 8 9 10 11 12 13
Vs [TeV]

g [fO]

H — 42, fiducialcross section

5.1fb" (7 TeV), 19.7 fo™ (8 TeV), 12.9 tb™ (13 TeV)

T 1T I T 1T I T TT I T 1T I T TT I T TT I T 1T I T TT I LI
- CMS Preliminary .
- + Data (stat. ® sys. unc.) ]
- = Systematic uncertainty 1
i |:| Model dependence ]
— S$5553 Standard model (m, =125 GeV, N°LO gg— H) 7
n pp > (H—>4l)+X
__II 1 I 111 I | I I 111 I 111 I | I I 111 I | I I 1 II__

7 8 9 10 11 12 13 14
/s (TeV)

Expected rise of cross-section observed in data

CMS-PAS-HIG-16-033
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ATLAS studied Hq,5 In bbb decay channel

Associated production, challenging final states

H->W/Z+H-—=4?¢v/£4¥¢, vw+bb

. _ _ -1
LS CONE2016 00 ATLAS Preliminary (s=13TeV, [Ldt=13.21b
Lq 108 I TTTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTTT I'I% T T I T T I T T T I T T T I T T T I T T T
o 3
~ ATLAS Preliminary -e-Data s —— Tot
2 10"E 5 13Tev [Ldt=132 " W VH(bb) (u=1.0) "5 B o ) |
= = JLdt =13, == Diboson = Stat. Tot. ( Stat. Syst.)
T 10° tt —
mm Single top E
5 [ ] W+(bbsbc1cc!bl) 1 + 0.67 + 049 + 045
10 B Z+(bb,be,cc,bl) 5 ZH | p—e—d 0.15" 0.64 (* 047 - 0_44) _
10* ———o— =
e 3
10° E WH L e 0.33+095 (+0.68 +068) |
> : "UY_092 ‘'-064 -067
10 E
10 -
= 3 Combination —  F=e=4 0.21+0-51 (+ 0.36 +0.36 ) 7]
1 E T -0.50 -0.35 -0.36
11 1111 I 111 111 1111 111 11 1 1 I 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
:: 2£ T I TTTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTTT TTTT I T ]__ O 2 4 6 8 10
] e =
L o4 ] Best fit u=o/c_ for m =125 GeV
3 - :I_I I 11
0- 4

Slightly lower yield than expected in SM,
similar for Run-1 (u= 0.7 + 0.3, ATLAS & CMS)
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Searches for rare Higgs decays

Beyond SM reach at present, but could have new physics contributions ?

H— HH [expected branchingfraction: 0.02%]

Strongly resolution dependent, improve sensitivity by categorising events (low/high p, central/forward, VBF)

ATLAS-CONF-2016-041
. -—_,———
10 ATLAS Preliminary —— Data
108 oz
{s=13TeV, 13.2 b @ EWK Z+jets
107 [ Top Quarks
[ Diboson

108 —— ggF [125 GeV] x 10
10° —— VBF [125 GeV] x 50
10*
10°
107
10

1
10"
10

ATLAS Preliminary — Observed

Events / GeV

{s=13TeV, 13.2 fb™ ---- Expected
(I ES e

H-pu (]2 0o
----SM Higgs

95% CL Limit on & x BR(H->py) [pb]

1 1 1 1 1 | 1 1 1 | 1 1 1 I 1 1 | 1 1 1 11 I | — I | I ) I ) I I 1111 I 111 1 I 11
E ' ' ' ' ' 11

s 120 125 130 135 140 145

B8 I —tmeacas m,, [GeV]

(628

Data / MC

Observed limit 4.4 times SM (3.5 combined with
m,, [GeV] Run-1). Need about 300 fb~' of data to reach SM

Can already exclude universal Higgs coupling to fermions !
(Would have observed H— pp if same BR as H — T71)



Tomorrow:

a fresh restart at 13 TeV

Searches
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Extra slides



The Standard Model is the legacy of 20th century particle physics

Standard Model (36+1 particles, 3 forces)

Wiczek — Gross , Saiam Glashow Weinberg  Veliman

‘t Hooft

Politzer

Friedman

Rubbia van der

Meer

Englert & Higgs

Hofstadter

Cronin  Kendall

Steinberger

Selected
Nobel Prizes
since 1957
(incomplete!)

Schwin\ger Richter Gell-Mann

Alvarez  Taylor

Feynman

Gauge group = SU(3)cx SU(2 Lx U(1
SU(3)x ) EWSB

Courtesy: Pascal Pralavorio
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Broad search coverage — not only the standard signatures

Run-1 “tour de force” analysis of pMSSM

[ ATLAS, 1508.06608, CMS 1606.03577 ]

Combined use of 22
separate ATLAS SUSY
searches in addition

to external constraints
(my, EWPO, flavour, LEP
searches, dark matter)
to probe 19 parameter
PMSSM

Distinction of LSP types:
bino, wino, higgsino

Analysis overall reproduces
simplified models picture

Higgsino/wino scenarios
biggest challenge

Analysis All LSPs | Bino-like | Wino-like | Higgsino-like
0-lepton + 2-6 jets + E'%ﬁss 32.1% 35.8% 29.7% 33.5%
0-lepton + 7-10 jets + Exiss 7.8% 5.5% 7.6% 8.0%
0/1-lepton + 3b-jets + Fxiss 8.8% 5.4% 7.1% 10.1%
1-lepton + jets + B 8.0% 5.4% 7.5% 8.4%
Monojet 9.9% 16.7% 9.1% 10.1%
SS/3-leptons + jets + EMIss 2.4% 1.6% 2.4% 2.5%
7(7/0) + jets + Exiss 3.0% 1.3% 2.9% 3.1%
0-lepton stop 9.4% 7.8% 8.2% 10.2%
1-lepton stop 6.2% 2.9% 5.4% 6.8%
2b-jets + Emiss 3.1% 3.3% 2.3% 3.6%
2-leptons stop 0.8% 1.1% 0.8% 0.7%
Monojet stop 3.5% 11.3% 2.8% 3.6%
Stop with Z boson 0.4% 1.0% 0.4% 0.5%
tb—l—E%liss, stop 4.2% 1.9% 3.1% 5.0%
Lh, electroweak 0 0 0 0
2-leptons, electroweak 1.3% 2.2% 0.7% 1.6%
2-7, electroweak 0.2% 0.3% 0.2% 0.2%
3-leptons, electroweak 0.8% 3.8% 1.1% 0.6%
4-leptons 0.5% 1.1% 0.6% 0.5%
Disappearing Track 11.4% 0.4% 29.9% 0.1%
Long-lived particle 0.1% 0.1% 0.0% 0.1%
HJA 5 7= 1.8% 2.2% 0.9% 2.4%
Total 40.9% 40.2% 45.4% 38.1%




Broad search coverage — not only the standard signatures

All experiments looked for various types of long-lived massive particles

g R-hadron — g/qq 7(? ;mz° =100 GeV
1

Status: June 2015

< 2000 - -

> C Dlsplacgd vertices arXiv:1504.05162 - O - Expected limits

G, | —@— Jets+ET"*®  arXiv:1405.7875,ATLAS-CONF-2014-037 -

1800 — Pixel dE/dx arXiv:1506.05332 5 o Ots);srveq limits
£ ” @ Stablecharged  arXiv:1411.6795 95% CL I'm':s 'Phew not included

S = Stopped gluino  arXiv:1310.6584 18.4-2031b | {s=8 TeV

~ 1600 — ATLAS Preliminary

£ I

& 1400 [® |

2 PN :

o 1O : :

- | [
1200 [—
1000 [—

800 = e
[ - 3
9 i3
600 _D_ 1 1 | i sS=EET =D @
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TN = 7 7 W] Status: July 2015
< 1000 —
8 . Pixel dE/dx arXiv:1506.05332 - O - Expected limits
o 900 - —— Disappearing track arXiv:1310.3675 ®— Observed limits
c r 95% CL limits.
= 800 = ® SMP (Full Detector) arXiv:1411.6795 o3USY ot included
= = = X = 1 1 1 :
£ 700 18.4-20.3 fb™', Vs=8 TeV | ; ; O
= - ATLAS Preliminary ! ! !
$ 600 : i Lo e
o - 1 1 1 1
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102 10 1 10
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SM predictions in

Monte Carlo
simulations

Parton level examples (often require “hadronisation” and soft “parton shower” corrections):

MCFM: fixed-order NLO — vector bosons etc.

« BLACKHAT+SHERPA: NLO fixed order pQCD (up to 4p) — vector bosons etc.
« Jetphox: fixed-order NLO QCD — photons

* PeTeR: resummed NNLO ( NNNLL accuracy) — photons, etc.

* NLOjets++: fixed-order NLO QCD — jets

« FEWZ, DYNNLO, Njetti etc. — NNLO calculations for vector bosons

Event generators at hadron/particle level, examples:

PYTHIA8, HERWIG++: LO ME with parton showers (PS) —
general-purpose generator, hadronisation and PS tools

 ALPGEN: LO matrix element (ME) multipartons (up to 5p) B

*  SHERPA: LO/NLO multipartons (up to 5/2p) + PS (internal) . Hadron level: NLO + PS,

MadGraph/MG5_aMC@NLO: LO/NLO MEmultiparton (5/2p) LO multiparton + PS

« POWHEG, MC@NLO: NLO

State of the art is:
 Parton level: NNLO with
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Striking phenomena observed,
e.g. in lead-lead collisions and "= |
soft pp physics \\

Run 168795, Event 7578342
Time 2010-11-09 08:55:48 CET

SUSUMARTEEE
OO

T

e
ﬂ“W“QMV -
(057

e %%

=z
N

i

\ N

“"\““‘“ \,¢",,‘/ S
XS 2R

% m&“o’

[ ATLAS, PRL 105, 252303 (2010) ]



Particle physics at the

dawn of the LHC Run-2
N

Confirmation of mass generation through spontaneous symmetry breaking "
in BEH potential. Scalar sector SM-like so far (but lacking precision)

QED tested to parts per million accuracy (slight anomaly in muon g-2) ?
@ It
Asymptotic freedom in strong interactions verified at % level A
JN 09 (e*e"-based)
-301+65 o
Electroweak unification tested to high precision DHMZ 10 (cbased) L
. . . . DHMZ 10 (e*e)
Quark sector: CKM picture for quark mixing & CP violation oo e
confirmed HLUNT 11 (e'e) e
Lepton sector: massive neutrinos, unknown masses, nature, dnes e ——
CP violation, sterile v's ? No flavour violation in charged 200 00 so0 400 so0 "z o o
lepton sector. Lepton universality tested to per-mil level a, - ao® x 107"

No compelling sign of new physics found at high mass scales, or anywhere else, eQ:
no electric dipole moments (EDM), no dark matter particles (only gravitational hints),
no axions (strong CP problem), no proton decay (GUT)
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