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Title: “Searches for BSM physics at the LHC”

Tentative agenda:

« Experimental program at the LHC (today, 3pm)

« SM, and Top quarks as probe to New Physics (Wed. 10:30am, 3pm)
* Higgs boson and beyond (Thu. 10am)

» Searches for New Physics (Thu. 4pm) - seminar
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Evaluation

Seminar (Friday morning at 10am)
Review and present a seminar from one of these topics:

* di-Higgs production, CMS-HIG-17-002:
https://cds.cern.ch/record/2256096/files/HIG-17-002-pas.pdf

* inclusive Z measurement, JHEP 01(2011)080:
http://arxiv.org/pdf/1012.2466

 charged Higgs, JHEP11(2015)018:
https://arxiv.org/pdf/1508.07774 .pdf

» Higgs observation, Science 338(2012)1569:
http://science.sciencemagq.org/content/338/6114/1569.full.pdf
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Experimental particle physics

Particle physics is a modern name for century-old effort to
understand the basics laws of physics
Edward Witten

Questions:
*What are the elementary constituents of matter?
 What are the forces that determine their behavior

Experimentally
* Get particles to interact and study what happens
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Constituents of matter

Different Kinds of Basic Matter
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The Standard Model

Over the last ~100 years: combination of Quantum Field Theory and
discover of many particles led to

the Standard Model of particle physics
as a new “periodic table” of fundamental elements

One of the greatest
achievements of 20t
Century Science

1

2cos’ 6,

_1 2 ) 3h482 + 2 2 m- m,_ m,_,,
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Standard Model interactions

The interaction of gauge bosons with fermions is described by the SM

STRONG EM WEAK CC WEAK NC
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Only quarks All charged All fermions All fermions
Never changes fermions Always changes Never changes
flavour Never changes flavour flavour
flavour
o ~ 1 o~ 1/137 Oty jz ~ 1/40
Gluons Photon W+, W- Z0
massless massless very massive  very massive
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Quantum Field Theory

A particle-antiparticle pair can pop out of empty space (“vacuum?”)
and vanish back into it t

» These are virtual particles O Vacuum fluctuations

involving top quarks

» Other examples

* |t has far-reaching consequences

 Structure of the Universe depends on particles that do not exist in
the usual sense
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mass -
charge -

spin -

name —

Quarks

Leptons

SM confirmed by data

2.4 MeV/c? 1.27 GeV/c? 171.2 GeV/c?
s s %)
Y u ¥ C 2 t
up charm top

4.8 MeV/c? 104 MeV/c? 4.2 GeV/c?
-4 d -5 -1/3b
Y2 %3 S RZ3

down strange bottom

<2.2 eV/c?

0
Ve

electron
neutrino

muon
neutrino

<15.5 MeV/c?

0
A%

tau
neutrino

0.511 MeV/c?

€

electron

1.777 GeV/c?

-1
v L

tau

Gauge bosons

STANDARD MODEL

OF ELEMENTARY PARTICLES

/

3

Measurement Fit  10™@s_Q/gmeas
0 1 2

m,[GeV] 91.1875=0.0021 91.1874
I,[GeV]  2.4952:0.0023  2.4959
Opaq[ND]  41.540-0.037  41.479
R, 20.767 = 0.025  20.742
A 0.01714 = 0.00095 0.01645
A(P) 0.1465 + 0.0032  0.1481
R, 0.21629 = 0.00066 0.21579
R, 0.1721=0.0030  0.1723

o 0.0992 = 0.0016  0.1038
AYS 0.0707 = 0.0035  0.0742
A, 0.923 = 0.020 0.935
A, 0.670 = 0.027 0.668
A(SLD) 0.1513=0.0021  0.1481
sin“0r(Q,) 0.2324=0.0012  0.2314
m,, [GeV] 80.399=0.023  80.379
Iy[GeV]  2.085=0.042 2.092
m, [GeV] 173.3 = 1.1 173.4
July 2010 6 2

Confirmed at sub 1% level!
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What is missing?

* On the way to the modern theory of quarks, leptons, force
fields, and their quanta

* The equations only made sense if all the bosons, and all
the quarks and leptons, had no mass and moved at the
speed of light!
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The Higgs

In the simplest model, the interactions are symmetrical and particles
do not have mass

Symmetry between electromagnetic and weak interactions is
broken:

 Photons are massless
 W,Z have mass ~80-90 GeV

Higgs mechanism:
mass of W and Z results from the interactions with the Higgs field

M. Gallinaro - "The experimental program at the LHC" - Bari Univ. - May 16, 2017 11



Added bonus

* Non-zero average value of the Higgs field can also give masses to
quarks, electrons, muons, and all point-like particles

» Old theoretical problem affecting quantum theory of weak force:
Probability of two Ws interacting becomes >1 at high energies (>1TeV)

* This is solved by the Higgs field

lim A x E? lim A o const.

E—oo E—oo

M. Gallinaro - "The experimental program at the LHC" - Bari Univ. - May 16, 2017 12



Terascale

* The SM would fail at high energy without the Higgs particle or
other “New Physics”

* Based on the available data and on general theoretical insight
it was expected that New Physics would manifest at an energy
of about 1 TeV

=This is accessible at the LHC for the first time
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Beyond the Standard Model

The SM answers many of the questions about the structure of
matter. But SM is not complete; still many unanswered questions:

a) Why do we observe matter and almost no antimatter if we
believe there is a symmetry between the two in the universe?

b) What is this "dark matter" that we can't see that has visible
gravitational effects in the cosmos?

c) Are quarks and leptons actually fundamental, or made up of
even more fundamental particles?

d) Why are there three generations of quarks and leptons? What is
the explanation for the observed pattern for particle masses?

e) How does gravity fit into all of this?

M. Gallinaro - "The experimental program at the LHC" - Bari Univ. - May 16, 2017
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Forces and expansion of the Universe

E=k-T k=8.62 10°eV K

Temperature

of universe 103%K 107K 10K 1013K 3K

Strong force
-« I

Electromagnetic force
Rl -

Weak force
Gravity
Time after 107%3s 1073%s 107125 10°%s 5x 101
Big Bang (= now)
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Dark side of the Universe

* We know that ordinary matter is only ~4% of matter-energy in
the Universe

« What is the remaining 96%?

observed . +

ﬂ_‘wﬂg, !H+~‘# i

i ; : expected The LHC may help to
| e discovering dark matter

e R (kpc)

M33 rotation curve
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Higgs and hierarchy problem

In the SM, the Higgs mass is a big problem

* Virtual particles in quantum loops contribute to the Higgs mass
 Contributions grow with A (upper scale validity of the SM)

A could be large — e.g. the Planck scale (10" GeV)

* Miraculous cancellations are needed to keep the Higgs mass <1TeV

Classical SM
| |

1
mﬁ =(mﬁ)0— m)\z/\zi'

This is known as the hierarchy problem
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New Physics at the TeV scale?

600
Trivial Naturalness implies
o0 | Supersymmetry or another
' ‘New Physics’ below ~ 2 TeV
3
@_ 400 - &
0 Vi
é 2 Electroweak
300 - 2
8) ooty
S o
T 200 | 7?% _
Z e Excluded to avoid fine-tuning
125 G%\g - P ::: : 3 R :
P = Vacuum Stabili
1 2TeV 10 10°
A (TeV) A — Scale of New Physics
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Many possible theories

There are many models that predict New Physics at
the TeV scale, accessible at the LHC
* Supersymmetry (SUSY) S —
« Extra Dimensions A —
« Extended Higgs sector, e.g. in SUSY models
» Grand Unified Theories, SU(5), O(10), EG, ... R
 Leptoquarks
* New Heavy Gauge bosons
« Compositeness

You were right: There's a needle in this haystack...

=And it could be found at the LHC

M. Gallinaro - "The experimental program at the LHC" - Bari Univ. - May 16, 2017 19



SUSY

A new fundamental symmetry was proposed in the attempt to unify
gravity with other fundamental forces

 Every fermion should have a massive “shadow” boson

* Every boson should have a massive “shadow” fermion
=This relationship between fermions and bosons is called

supersymmetry (SUSY) —
i\%, i

J 9 P>

No supersymmetric particle has yet
been found, but LHC experiments
could detect SUSY particles

Supersymmetric “shadow” particles

M. Gallinaro - "The experimental program at the LHC" - Bari Univ. - May 16, 2017 20



Double the table with a new type of matter?
Standard particles SUSY particles

Higgs Higgsino
~ D
|
\Yy\)
Quarks @ Leptons @ Force particles Squarks () Sleptons Q) ril;JmS:;‘f;;rce

Heavy versions of every quark and lepton
Supersymmetry is broken
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Could DM be SUSY particles?

« For every “normal” force quanta (boson), there are SUSY partners

photon photino
W, Z bosons Wino, Zino
gluon gluino
Higgs boson higgsino

* These “...In0s” are prime suspects to be the galactic dark matter
* Relics from the Big Bang!

M. Gallinaro - "The experimental program at the LHC" - Bari Univ. - May 16, 2017 22



Unification?

Energy (GeV)
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SUSY and the Higgs mass

Classical SM SUSY
| I | |
I | -~ 1
I I g S
o - X 4 + T, f, ixz
1 I \ 7
| | S e
| I | |
' 1
2 2 272
mh — ( mh)o - _L)\ N+ ’ .
. 612
nggs mass: Cancellation
« Correction has quadratic divergence! l

* A a cut-off scale — e.g. Planck scale

u

SUSY can fix this:
* Need superpartners at mass ~1-2TeV /

» Otherwise the log term becomes too large, which would
require more fine-tuning
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Extra Dimensions

» Space-time could have more than 3 space dimensions. Extra
dimensions could be very small and undetected until now

 How can there be extra, smaller dimensions?

« Acrobat can move forward/backward
along the rope: 1-dim
* Flea can move forward/backward
and sideways: 2-dim
— One of these dimensions is a small
closed loop
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Timeline of the Universe
13.7 billion years

LHC recreates the conditions one
billionth of a second after Big Bang

A/WMAP Science "cam



History of the Universe Telescopes

Accelgrators

Te‘la

LHC A\“E«nergﬁl Fl;-platler

Key: W, Z bosons N\/\, photon
q quark &) meson w’ galaxy

g gluon T) @ ® baryon )
star
€ electron &% ion *

L muon Ttau

o] F-Te ¢
V neutrino @atom ? o




Cosmological Inflation

* In the very early Universe, space undergoes a dramatic exponential

expansion

« Explains why Universe has uniform temperature (~3K) and flat
space-time geometry

10-50
(= 1040

Time (year)
10-40 10-30 10-20 10-10 1 1010

mete

(
S
3
|

Radius of observable Universe

/ Inflationary period

Radius of observable Universe
o
NN
o

10735 10-25 10-15 10 109 1015
Time (second)

The inflation theory was
developed independently
in the late 70’s by Alan
Guth, Alexey Starobinsky,
and others
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Higgs-like field and inflation

* While the energy density of the Higgs field is positive, the Universe
expands at accelerated rate (inflation)

* Inflation stops when the Higgs field decays to the real vacuum
* The energy released by the Higgs field is converted to matter particles

False vacuum | Energy barrier

.ol
v

At the origin of the Universe,
the energy density of a

Higgs-like field is positive Higgs f.ﬂ/ﬁerﬁ;gt)y/ /

vacuum

M. Gallinaro - "The experimental program at the LHC" - Bari Univ. - May 16, 2017 29



The Large Hadron Collider
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Accelerators and experiments

27 km cnrcumference
100 m underground
4 caverns fer

'
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Accelerator and experiment layout

4
4
S
AN ¥
A ©
LHC - B CERN
=7=" ATLAS ALICE

., Point 1 “=z Point 2 >

.......
UL I}

| .’-,

Tiny bunches of counter-circu Iatlng protons
Colliding head-on 40 million times each second..,
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Proton collisions at the LHC

LHC collisions in 2011-2012: 7-8 TeV, 2015-2017 at 13TeV

6 LHC Vs=14TeV L=10*tcm’s’ Event Rate

barn
. 0 .
inelastic

mbK—bB

fb 0
Hgy22%
® ZipdY scalar Q Z72

5

jet Er or particle mass (GeV)

GHz

MHz

kHz

/ mHz

nHz
ns
0-°

7x102 eV Beam Energy
10% cm2s'  Luminosity
2835 Bunches/Beam
101 Protons/Bunch

7 TeV Proton Proton
colliding beams

Bunch Crossing 4 10" Hz

M Proton Collisions 10°Hz

Parton Collisions

New Particle Production 105 Hz
(Higgs, SUSY, ....)

Select 1 event in 10,000,000,000,000
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Accelerator challenges

Relative to the Tevatron (Fermilab, USA)
« Energy (14 TeV) X 7
 Luminosity (10%* cm—s-1) x30

« Superconducting dipoles 8.3 T
» Operating temperature 1.9K (-271 C)
* More than 2000 dipoles

100 tons of liquid Helium

 Stored energy per beam: 350 MJoule
« Energy of a train of 400 tons at 150 Km/h

* LHC power consumption 120 MW
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Superconducting magnetic dipole

Heat Exchanger Pipe

Beam Pipe
Superconducting Coils

Helium-Il Vessel

Spool Piece . 4
Bus Bars » e o Superconducting Bus-Bar

Iron Yoke

= 4
| Non-Magnetic Collars
-,
i ¥/ Vacuum Vessel
Quadrupole

Bus Bars Radiation Screen

Thermal Shield

The
15-m long

Bus Bar Tube

LHC cryodipole

. Instrumentation
Prot%ciggg Feed Throughs
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In the tunnel

eraction po'irﬁ

&
>
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In the tunnel
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It Is empty!

* Air pressure inside the two 27Km-long vacuum pipes (10-13 atm)
Is lower than on the Moon
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It 1S cold!

« 27 Km of magnets are kept at 1.9K, colder than outer
space, using over 100 tons of liquid Helium
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It IS hot!

* In a tiny volume, temperatures one billion times hotter than the
center of the Sun

CMS Experiment at the LHC, CERN

Datasecorded: 2009-Dec-14 03:51:28.667244 GMT
Run 124120
Event 6613074
Lumi‘section: 22
* °
Qi 22369724
Crossings 51

(c) CERN 2008, All rights reserved
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The Experiments
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General purpose experiments

» Advanced detectors with many layers, each designed to perform a

specific task

* Together, these layers allow to identify and precisely measure the
properties of all stable particles produced in collisions

* Photons, electrons, muons,
quarks (i.e. jets of particles),
neutrinos (i.e. missing energy),
etc.

* Design guided by physics
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ATLAS and CMS

ATLAS: A Toroidal LHC Appara’[uS CMS: CompaCt Muon Solenoid
: I

Hight: 15 m
Length: 22 m
Weight: 12500 t
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CMS DETECTOR

STEEL RETURN YOKE C M S D t t
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS e e c o r

Overall diameter :15.0 m
Overall length  :28.7m
Magnetic field :3.8T

Pixel (100x150 ym) ~16m* ~66M channels
Microstrips (80x180 pm) ~200m? ~9.6M channels

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS

PRESHOWER

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCATL)

Brass + Plastic scintillator ~7,000 channels

Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels






Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

24m<

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker
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Particle detection

.y
Muon
= Electron
=== (Charged Hadron (e.g.Pion)
- = = - Neutral Hadron (e.g. Neutron)
""" Photon

Silicon
Tracker

N/ / z :
Hadron V Superconducting
Calorimeter Solenoid

Iron return yoke interspersed
Transverse slice with Muon chambers
through CMS Uo
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What can we detect?

* Directly observable particles must: ;, r«s fyff NTi ;
—Undergo strong or EM interactions 0O
— Be sulfficiently long-lived to pass the detectors

« We can directly observe:
— Electrons, muons, photons
— Neutral or charged hadrons
—Pions, protons, kaons, neutrons,...

—analyses treat jets from quark hadronization
collectively as single objects

— Use displaced secondary vertices to identify jets
originating from b-quarks
* We can indirectly observe long lived weakly
interacting particles (e.g. neutrinos) through
missing transverse energy
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What can we detect? (cont.)

« Short-lived particles decay to long-lived ones

* We can only ‘see’ the end products of the reaction, but not
the reaction itself

* In order to reconstruct the production/decay mechanism

and the properties of the involved particles, we want the
maximum information
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Particle properties

Which properties do we want to measure? ? \ ]

* Energy (calorimeter) ~ P, | (E]
» Momentum (tracking) P=1P p

» Charge (tracking) \Ps) |

—Direction, bending in magnetic field _J/’

. " -
- Life-time (track RN
.I\/Ilaes,s,l-me(raC n9) \ =>q- B- R=m-v=|p|
) E? _ 5202
E2=m2-c4+P262:>m=\/ czp
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Passage of particles

« “Onion”-like structure
« Each layer measures E and/or p of particles

« Redundancy of measurements

Tracking Electromagnetic Hadran Muon
chamber calonmeter calorimeter detector
neutrinos oo EEEEEn S Missing ET
photons ‘éé undetected
electron positron s \""%‘( neutrinos...
muons e+ NS
pions proion - Q
Energy measurement
total absorption of showers
momentum measurement Muon detection
(curvature in magnetic field) measure momentum
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Fixed target vs Collider

Collider geometry

Fixed target geometry

“4mv multi purpose detector”

ATLAS

interaction tracking muon filter \
POINY s/ o=\l O
LHCb I \\ \ 0 AL
= / M\ \}

ALICE T barrel

(both geometries)

“Magnet spectrometer”

beam magnet calorimeter

¢ ‘ L, L ‘ ’
Ns= FE., = [mf + mé + 2E1111..2] 2 E.., =2E

- Bari Univ. - May 16, 2017 54
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Detector layers

* Inner tracking
— Measure charged particle (momentum)

* Magnetic field:
— Measure momentum
» Calorimeters
— Measure energy of all particles

 Quter tracking
— Measure muons

Heavy materials
eg. Iron or Copper +
active media

hadrons (h)

Charged tracks
eii “’i’ h*
tracker

e.m. calo
hadron calo

u detectors

High Z materials
eg. lead tungstate
Lightweight Zone in which only crystals

materials v and p remain

~jSn
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Electromagnetic
Calorimeter

Hadran Superconducting

Calonimeter Solenoid

Iron return yoke interspersed
with Muon chambers
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From Picture to Reconstruction

BOTTOM/
ANTIBOTTOM

z
e
z
o
3
2

ANTIBOTTOM

FERMINATIONA L ACCELERATOR

3 METERS
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Detector R&D, construction:1993-2008




Superconductor solenoid at 3.8 Tesla

|t weighs 12,000
tons

*100,000 times
stronger the the |
Earth’s

*Cooled to
-268.5C (as in
outer space)

Stores energy to /&
melt 18 tons of &
gold

\yo+
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ATLAS Toroidal System




Silicon Tracker

Diameter 2.4m

Length 5.4m

Volume 24.4m A
Running temperature 100 A

Dry atmosphere for 10 years _ <

et >
s %%,

%
o350, OO
o C A/
"7 ' 1
_7»0 BlOB ,00’
; I
) 7 /

Pixel detector

A iy
A —_— A I —

214m?2 silicon sensors
11.4 million silicon strips
65.9 million silicon pixels




ECAL Endcap
1 crystal shape

ECAL Barrel

Preshower

based on Si sensors

17 xtal shapes I

[
i

AAAAAA

EEEEE jb:‘—— —ﬁ
HH"‘\|I}|\'|‘|"\'I|"|' i 0007707
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Design Goal: Measure the energies of
photons from a decay of the Higgs

ECAL Electromagnetic Calorimeter

boson to precision of = 0.5%

Parameter Barrel Endcaps
# of crystals 61200 14648
Volume 8.14m3 2.7m?3
Xtal mass (t) 67.4

22.0

62




HCAL Hadronic Calorimeter

* Detection of hadrons:
—Protons, neutrons, pions, etc.

« CMS HCAL (barrel, endcap, forward)
» Plastic scintillator and brass
e Quartz fibers and steel
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Muon detectors

1 s rift ubes n=m 1.2
e Drift tubes (DT) m‘u- A
» Cathode Strip Chambers (CSC) “gg%!— 1L
- wo N I ||
 Resistive Plate Chambers (RPC) . T
a— /// ,//// _‘ n=21
" e = ,lJ::Z:;HW
/ / / / / / i !////
, /'""/“}"’/'7 RPC | _ReC
/’,//// | \ |
/) w" 1|
737\
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Trlgger and electronics

Underground caverns

29560

T L
Global Trlgger %

~e

* Electronics systems in the Service Cavern
» About 150 racks occupy two floors

* Most electronics is custom-built |
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LHC accelerator/detectors







2004: CMS detector cavern
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2007 lowering the detectors

A Compact Solenoidal Detector for LHC

AN
i I e
=

———

=
e —— ==

S —
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Sept. 2008: Ready for beams

LI\ , @ ]L\ ‘\
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Trigger

6 LHC Vs=14TeV L=10"cm’s’ Event Rate
barn . . .
L. Eventrate g GHZI _._S Trigger system decide if the
inelastic Level-1 inpu 5 GVD event Is intereSting to be
™ — b TN recorded
MHz 5 —.—’
~ Level-2 input * ®
Y His Gadr R Two-step process:
oW z - . I
2 Selhcted events ap [ + e Level 1: dedicated
o 2, _to\archive 1 hardware processors
- - High level: computer farm

jet Er or particle mass (GeV) —
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Trigger computer farm
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High radiation levels

Length [cm]

1000

800 |-

600 |

400 r

200

Length [cm]

2.13E+07 1.00E+03 1.00E+02  1.00E+01 1.00E+00 1.00E-01 1.00E-02 0.0

Radiation Dose [Gy/year]
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How did we prepare for discoveries?

Simulation of proton-proton collision
making two dark matter particles

R .
&

Qﬂl\mm’é’ﬁ‘
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From partons to jets

From partons to Fragmentationor D
Parton Shower 7, D
color neutral hadrons: o Ko, N, By
: 4 . e 355‘\:&@,
Fragmentation: o, ol | S
Co . o 5—},\{@/‘ e
Parton splitting into other partons 0 P
[QCD: re-summation of leading-logs] 555\5%;%556@ |
[“Parton shower”] OO
Hadronization: g8
Parton shower forms hadrons - =
[non-perturbative, only models] . / | H /
o S0
Decay of unstable hadrons ./ %% " @ .
[perturbative QCD, electroweak theory] .‘ 1| o
o j ¢ ‘
®e Hadronization &
Decays
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Detector simulation

GEANT
Geometry And Tracking

Detailed description of
detector geometry

[sensitive & insensitive volumes]

Tracking of all particles through
detector material ...

> Detector response

Developed at CERN since 1974 (FORTRAN)
[Today: Geant4; programmed in C*]
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Monte Carlo simulation

Simulation Event Generator
. : : simulate physics process
Numerical process generation based on (quantum mechanics. probabilities)

random numbers
» Very powerful in particle physics

* Event generation
— Pythia, Herwig, Isajet, Sherpa ...
— Hard partonic subprocess + fragmentation,
hadronization, decay Digitization

* Detector simulation translate interactions with

— Geant ... detector into realistic signals

— Interaction, response of all particles produced ...

Reconstruction/Analysis
as for real data
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Total weight

Overall length

14000 t The CMS Detector

Overall diameter 15 m 76k scintillating
3 ECAL PbWOQ, crystals
28.7m . MUON ENDCAPS
HCAL Scintillator/brass 473 Cathode Strip Chambers (CSC)
Interleaved ~7k ch 432 Resistive Plate Chambers (RPC)

Pixel
Tracker
ECAL
HCAL

Muons
Solenoid coil

3.8T Solenoid

=

Si Strips ~16 m2
~137k ch

P

~
N/
Steel + quartz
Fibers ~2k ch

Pixels & Tracker
* Pixels (100x150 um?)
~1 m2 ~66M ch

*Si Strips (80-180 um)
~200 m? ~9.6M ch

MUON BARREL

250 Drift Tubes (DT) and

480 Rasistive Piate Charnkers (RPC,) Bet



Detector commissioning

"i“oii“&‘f'i.“v‘s?i °
"Rediscovery"”
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LHC Page 1: stable beams

Fill: 1729 E: 3500 GeV 22-04-2011 00:02:58

Energy: 3500 GeV I(B1): 5.50e+

r 4000 .

-
-
~
e
13
=
-
-

Wlenurny

Lumisouny

|

AT At o L

1409 1600 LS

1430 1o 100

Comments 22-04-2011 00:02:52 : BIS status and SMP flags
xx Stable Beams ** Unk Status of Beam Permits
Global Beam Permit
Setup Beam
Beam Presence
Moveable Devices Allowed In
Stable Beams

AFS: S0ns_480b+1small_424 12 468 36bpl1Sin] PM Status B1 PH Status B2

World record for luminosity for
hadron machine
Automatic LUMI LEVELING in IP8
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Experiment’s control rooms

Fermilab: Remote Operations Center

y Monitoring Center Any Internet access

CMS Experiment
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2009: first collisions at LHC

November 23, 2009 December 14, 2009 March 30, 2010
First collisions at 900 GeV First collisions at 2.36 TeV First collisions at 7 TeV

t/Crossing: 32261678 / 1

Rho

First collision at 7 TeV in CMS
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Tracking

Jet

Variables relevant for b-tagging
- Lifetime: t,~1-2 psec

Secondary vitx %
*Reduction of backgrounds

dizplaced trach .
«Secondary vertex tagging

Primary vtx P, s
T \ E Impact parameter ( b—/ v, X )
6 CMS Prelim. 19.8 fb™ at Vs = 8 TeV
@ 10
D . .
BT Secondary|vertices compatible
. with heavy flavor production
10
10° \/
10°

10
1

d/o
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Photons and electrons

0
Tansl CMS 2010 Preliminary : :
010" pr(e*) = 1.75 GeV, 11 TRT high-threshold hits
a F EM CIUSter energy p;(€) = 0.79 GeV, 3 TRT high-threshold hits
1055 D MC N
104 ;_ M S _ Data
1 03;_ ECAL Barrel
102é—
104
1k D\L
10.1 :L L I Ll I Ll I Ll l Ll l L l Ll Ll L ’1-1:1
2 4 6 8 10 12 14 16 18 20
energy (GeV)
CMS Preliminary Data \s=7 TeV
> 9000 L I I IR B I
8 r ] ltN3200:""l“"l""l""l""l':
© 8000+ M = 537.37 £ 0.53 MeV - S 180F e Data 2009 \ s = 900 GeV) =
oy - - o . o - — Non-diffractive minimum bias MC 3
o E 06=6.1+£01% . >~ 160F [ Hadrons -
o 7000 L S/B =0.34 - ﬁ ~ 3 Electrons from conversions 3
» [ 2o e 140F ATLAS Preliminary E
®© [ Y y20F =
Q- 6000~ : . : -
s /% 100f- TRT high-threshold hit fraction
S so00] oo ATLAS
a -
60—
4000} 25 5K - 400
} —} -
: -y pairs | ook
0. 4 0 5 06 07 08 09 1 0
Invariant Mass of Photon Pairs [GeV] 0 0.1 0.2 0.3 0.4 0.5
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Jets and missing transverse energy

Jet 2 Py : 557 GeV 2

—. 10CMS preliminary, L = 4.9 fb'  (s=7TeV
Xk % Total uncertainty -

9F Absolute scale -
z % :
£ 8k * Relative scale -
© g ~ Extrapolation -
5 7F « Pile-up, NPV=8 -
= 6k Jet flavor 3
S5 + Time stability :
O 5 =
o f Anti-k, R=0.5 PF -
7 4F I'nml=0 r

3f :

2t

if .

¥ 100 200

7000
P, (GeV)
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number of events / 15 GeV
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CMS Preliminary 2012

YIIIII]IIIIIIIFTIIVII
11.5fb"at \s =8 TeV

B Z->w

B W-—=iv(i=e w1
Bl Z-l(l=en7T
[ top

[] QCD multijets

—— data (before 2012 cleaning)
—»— data (after 2012 cleaning)

CMS preliminary 2012
— — —

1221b" at Vs=8TeV

6|
107k ssidela
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10° I EWK d
B top 7
[ Juncertainties

10*
PF E,

10°
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Particle Flow event reconstruction

« Particle Flow (PF) combines information from all subdetectors to
reconstruct particles produced in the collision
—charged hadrons, neutral hadrons, photons, muons, electrons
—use complementary info. from separate detectors to improve performance
—tracks to improve calorimeter measurements

* From list of particles, can construct higher-level objects
— Jets, b-jets, taus, isolated leptons and photons, MET, etc.

T HCAL

T— Clusters
hadron : : |" detector

Tracks

—
]

<}mrticle-ﬂow

M. Gallinaro - "The experimental program at the LHC" - Bari Univ. - May 16, 2017 92



0 300

N
(42
o

Events/ 0.0
N
S

-
(%))
o

Rediscovery of resonances

|||||||||||

g s CMS prellminary 900 GeV Dataq S
N o) r
§ 251 ] = 500
= M= 011622+ 0 0 = |
~ 2f o= 0.01519+0. ] D 400
ik 11 ET
t woor
0 151 DATA 300~
w i
1 e 200}
NG = 149671224 :

0.5 100

- SIB,, =126+0.02 | ;

Connc oo b b oo b b b b r

&05 0.1 015 0.2 0.25 0.3 0.35 04 045 05 1%80

900 GeV and 2.36 TeV
Yield: 3334 + 68
Mean: 1116+ 0.1 MeV/c?
Core o: 1+ 0.3 MeV/c?

Tail 6: 3.2+ 0.1 MeV/c?
Core fraction: 0.15+ 0.05

po v v Py Py

Invariant Mass of Photon Pairs (GeV)

1100

LA L L L L L L LB L B L

CMS preliminary 900 RaV/ Data’

n |

8

M= 0.4890+
o= 0.0529 +

g

8

TV]I'II[I"'II‘IYIY

IIIllIllll]lllllllPl

g

B.

B
P
o
.

CMS Preliminary
900 GeV pp collisions

1120

1140 1160 1180
pr (+ c.c.) invariant mass (MeV/c?)
$1200f S prms o s
© - 00Gevand236TeV [ Mean: 497.7+ 0.1 MeV/c*-
= I Core 6:4.5+ 0.1 MeV/c? |
~1000  PDG K mass: Tail 6: 11.1£ 0.4 MeV/c? |
U\) [ 497614+ 0022 MeV/c? Core fraction: 0.58 £ 0.03
0o [ | ]
[
= o00- ]
u L J
600/~ K$ ]
- -4
o =1-(0.741.4):10
i Mppg
200 .
1 | 111 | 111 | |-I-.;ulul.‘;"I—-l--[--lu;"\"l- 11 \ 111 \ 111 Il

F " 1318 4/-95 ¢ candidates

- Nsig =295+49 1 208 M= (1.01937 +/- 0.00030) GeV

o 3 [ o= (169 +/-0.50) MeV

- SIBizo =0.32+0.05 1 10 Width fixed to PDG value

_lAlllllIllllJllJlllllllllllllllllll— :

2 04 .0.6 08 1 12 14 1_.6 18 2 [ ! 1 1 1
Invariant Mass of Photon Pairs (Gevicy 0= T T TR ) T

KK m (Gevicy

M. Gallinaro -

112

"The experimental program at the LHC" -

07420 440 460 480 500 520 540 560 580
T*7 invariant mass (MeV/c?)

Bari Univ. - May 16, 2017



Re- dlscovery of the SM at the LHC

Original
discovery

1995

1983

1947

L 1964 N\ 1974 1977
—— AV———] i i —_—t———t—
1 1
2006 Dec Jan Feb Mar Apr May Jun Jul
I . 2009 2010 N i % _vCMS eliminary 2010 2010
] : } ol 2,::,’,,:‘:?, 2 _[r. dt=289pb’ !
kS !\ ==
e || i 3 .
-1 q ) ?:“_ T {', CMSPreﬂmler 7::;;‘:‘;"::v
Y e aianass =t W<t
"Rediscovery" bt JL
in CMS (dates N | e I
- NIRRT M(u* w) [GeV]
approximate) s gt \‘m:g
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The standard model at the LHC

e Hadron interactions

* Monte Carlo generators

* Luminosity and cross section measurements
* Minimum bias events

* Jet physics

* W and Z physics
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Hadron interactions: pp scattering

Proton

P1 Product

X1 Hard Process

[calculable]

P2

Product

Proton
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Proton-proton scattering at LHC

» Hard interaction: qq, gg, qg fusion
* Initial and final state radiation (ISR,FSR)
« Secondary interaction [‘underlying event’]

M. Gallinaro - "The experimental program at the LHC" - Bari Univ. - May 16, 2017 97



Cross section measurement

Number of
Number of background events
observed events (from data, calculated

" /’ from theory)

0

O; =
E tr * Ldt
/ \ Luminosity
Acceptance (determined by amount of data,
(experimental: detector, efficiencies) accelerator, triggers, etc)
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Luminosity determination

Absolute: / accuracy: ~10%
 From LHC parameters: van-der-
Meer scans, standard candles: - acouracy: ~5-10%
— pp—Z/W—ll/lv (needs cross section)

— pp—yy—un/ee < accuracy: ~1%?

— Optical theorem: needs fwd det.
g : : O { )K accuracy: ~2-3%
— Elastic scattering —
Relative:

 Particle counting (i.e. Cherenkov
counters): needs calibration to
absolute luminosity

Goal: accuracy of 2-3%

accuracy: ~2-3%
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Cross section and Luminosity

W TR N=L-o

N=oc-|[|Ldt oc=N/L

—— ——

integrated luminosity

SRy — Collider experiment:

Bymrat Ny b N,  Ny-n-v/U Ny-n-f

N, “T AT T a4 T a

Pa =g T Nate NN NN
- I — fm _ fm

Na : density of particle beam
va : Vvelocity of beam particles A 471-0-56 Jy
N =®, - Ny - op ’ Na: number of particles per bunch (beam A)
, LHC: Np: number of particles per bunch (beam B)
N : reaction rate N, ~ 10 U : circumference of ring
Np: target particles within beam area AX ~ 0005 mm2 n : number of bunches per beam
Oa: effective area of single N~ 2800 v : velocity of beam particles
scattering center [ revolution frequency
f  ~ 11kHz A b .
. beam cross-section
L=%®&,-N, L~ 10% cm2s Ox: standard deviation of beam profile in x
Oy: standard deviation of beam profile in'y

L : luminosity
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Van-der-Meer separation scan

5 e b | Bunch 1 '\1\ Bunch 2
etermine beam size ... m C \ 3_

measuring size and shape of the N1 , - No
interaction region by recording relative interaction Effective area At
rates as a function of transverse beam separation ... Interaction region
[LHC Project Report 1019: H. Burkhardt et al.] y
LumO 1914+ 0.6501E-01
’ <6y> -1121+ 0729 [IPAC 2010, S. White et al ]
‘é 25F oy 1683+ 0.5181 T T T X
5 % 200 f TP2 ——
g £ P8 ——
z 2 Pl ——
E T A — WW\N\/\WM
215 niAnam
£ w\vwwfwﬂq
£ 100 |
z) 1
2
T:j 0.5 50 |
NVMNWWL avlial
0 | | | | | | | | | O L | | |
-50 -40 -30 -20 -10 0o -10 -20 -30 -40 -50 . . . . .
by in um 01:34 01:49 02:04 02:19 T'02.34
ime
2 2
L _ exp | — 0z \~ [ Oy First optimization scans at LHC performed for
Lo 20, 20y squeezed optics in all IPs [November 2009].
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Minimum bias events

* Particle density in minimum bias events
 Soft QCD (pT threshold on tracks: 50 MeV)

I I ..i T T I T T L LR ll
i CMS 7 % UAINSD O NAL B.C. inel. CMg—_
s |® L P P o ® ® o - ¥ STARNSD ¢ ISR inel.
7 TeV [ I ] 6 r A UASNSD A UAS inel. ]
I T -~ W CDFNSD o PHOBOS inel. § ]
: © % ALICENSD ¢ ALICE inel. 4
I Ble @ e 55 -
_ _ o ~  ® CMSNSD ]
s 2.36 TeV AB\NS L .
4 & — - :
= GW@%%@W& "'W‘g 5§ 4r -
} - -
Z | 0.9TeV 5 - .
© % 3 .
oL ®  CMSNSD N r
2 - —
A ALICE NSD . F
| i P s A ~ 0.161 + 0.201 In(s)
- UAS NSD ] F e 2.807 - 0.315 In(s) + 0.0267 In(s)
C 1.54 - 0.096 In(s) + 0.0155 In’(sr .
0 1 l 1 L L l 1 1 1 l 1 -I 1 | RN | 1111l | 1 1 1111l
-2 0 2 0
10 10° 10° 10¢
n Vs [GeVl

Tuning of MC generators needed
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Charged particle p+ spectrum

<pr>=0.54510.005(stat.)+ 0.015 (syst.) GeV _

T Illlll[ T T lllllll T T T

5 o10? p. >100 MeV, In1<2.5, n_, = 2
D T ch
o 10 \s =7 TeV
0_65J T IIIIII| T T T TTTTT T T TTTTT i ‘_‘I— 1 . .
B CMS S 10" ATLAS Preliminary
C % ISR inel. ] 5 0
0.6~  * uA1NSD _ ;’5 10_3
- A E735NSD ] . 10
- B CDF NSD - ~ 107
_ 0.55 - @ cMsNsD * (%" 10°
Q - - = 10°
> 05F . % 107 == Data 2010
) C ] E 1043 = PYTHIA ATLAS AMBT1
(_D. - ] - 9F ==+PYTHIA ATLAS MC09
~ 045 ] 10 & —. PYTHIADW
o . 10" -.- PYTHIA 8
~ N . 10 M1E PHOJET
0.4 __ —_ 2; | 1 - !! ;
C ] - Data Uncertainties T iy IR
- B 1.5E === MC/Data =T (-
0.35¢ —— 0.413-0.0171In s + 0.00143 In’ s . 2 - .
C i L 1E o e
0-3—1 1 1 1 Illlll 1 1 1 IIIIII3 1 1 1 IlIlll 0'5:_-_-— -3
10 107 10 10* s
\'s [GeV] 10" 1

0
p, [GeV]
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Jet production at LHC

Proton
P1 —— \ ——————
Jet1 p 7 T e
Zip1 ISR
S P p\ Particle Jet Energy depositions
GOV Q2 ~R000000 in calorimeters
f N (aj ) O > “\ CMS Experiment at LHC, CERN
I\
000000Q 77
PDFs f (.CC )
FSR
k k "(.’ ol
On 00000
’
()
LP2
Jet 2
p2 —
Proton
\/ v W p
LO partons NLO partons parton shower hadron level
Jet | Def" Jet | Def" Jet | Def" Jet | Def"

Available up to NLO, first NNLO jet1 etz jet1  jet2  jet1  jet2  jeti  jet2

calculations becoming available v
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Jet production at LHC (cont.)

* Processes creating jets are complicated
i

—Parton fragmentation, with electromagnetic or
hadronic showering in the detector

e Jet reconstruction is difficult

 Jet energy scale and reconstruction is
large source of uncertainty

1ol J9jdWwiI0eD

Y

out of cone

Parﬁde k\\ffij

* Measure energy ina cone undcrlging.

event
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Jet energy calibration

- jet \ Relative

Absolute \_calibration
calibration |
. 22010 CEST Photon
jet W ﬁT==O.706.1 GeV/c ot
", jet @=19rad
/ ‘

Z (ory)

e,M
Anti-kt 0.5 PFJet

pr =72.0 GeV/c
n=0.0
SH Y @=-12rad
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Inclusive jet distribution

arXiv:1106.0208, arXiv:1410.6765

Cross section is huge
(~Tevatron x 100)

Very good agreement with
NLO QCD over nine orders
of magnitude

P, extending from 20 to
2000 GeV

Main uncertainty:
 Jet Energy Scale (3-4%)

1012 EMS 5.0 fb” (7 TeV
> _ —POWHEG+Pythia6 (Z2*) x EW
(5 10" F e lyl <0.5 (x 10%)

S - 00.5=<1yl <1.0 (x 10%)
a 10° b *1.0=<lyl <1.5(x 109
~ _ D1.Sslyl<2.0(x1g“)))
B 107 Bee v2.0=<lyl <25 (x 1
- o o e
Q. 5 - -O-'O"'-o-_o:‘-"‘...
% 100 F ==, '9"0‘-0-*""""%-‘.
= i -I-_.‘..- o
10 e e, *"::0'0"":.:.“"-\.
T —— "Q'-Q-.Q_ ""..... 0'0'00 ey,
10 BT i Wi
101 *-'..-. QDOQ ."'.'. 0U-e-_el
iy (]
"'"_'_ ﬂg =
103 . Y —e—
5 _ _ - ==
10~ Fanti-k; R=0.7 ==
10-7 1 1 1 1 1 || |
2x10° 10° 2x10°
Jet P, (GeV)
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Inclusive cross section: 3-to-2 jet ratio

arXiv:1304.7498

o 045
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-~ cMs «  Data (Int. Lumi. = 5.0 fb")

= NLO & NPC

- fs=7TeV ——— CT10-NNLO

= ay(M,) =0.118

— antik, R=07 77| Scale uncertainty

E_ PDF uncertainty

E | | | E — ’ PR—— ! | ;‘

- e *lf ______ i O

S T ‘]. R ER

200 400 600 800 1000 1200 1400
(P, (GeV)
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Dijet mass

arXiv:1611.03568

Very early search for
numerous BSM resonance
searches:

string resonance, excited

quarks, axi-gluons, colorons,

EG diquarks, W and Z', RS
gravitons, DM

(Data-Fit)
Uncertainty

do/dmij [pb/TeV]

= = o — — —
S 9 o - o o o
w N - — o ) w 'S
[ 1||I'I'I'I'| |n|||1 1|m|'|1'| IlIl|'|'|T| |||||n] llllln‘ IIIII|T|'| TT1T

—t
°.
o

12.9 b (13 TeV)

CMS ¢ Data

— Fit
----- g9 (2.0 TeV)
~-qg (4.0 TeV)
--qq (6.0 TeV)
Wide PF-jets
= m,>1.06 TeV
ml <2.5,1Anl < 1.3

2 34 5 6 78
Dijet mass [TeV]
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W and Z bosons

 Leptonic decays (e/u): very
clean, small branching fractions

« Hadronic decays: two-jet final
state, large QCD background

® ev ® ce
: KV ®
™v ® T

@® hadrons @® hadrons
o v

* Isolated high-p; leptons: starting point of
many analyses
— Good rejection of QCD backgrounds
— Jets reconstructed as “leptons”: fakes
— “Tracking” vs “calorimeter” isolation
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W and Z bosons (cont.)

.| CMS Experiment at LHC, CERN !

i| Run 133875, Event 1228182

Muon p;=38.7 GeV/c
MEr=37.9 GeV
M= 75.3 GeV/c?

CMS Experiment at LHC, CERN
‘ _ Run 133877, Event 28405693
il Lumi section: 387 —— N
Sat Apr 24 2010, 14:00:54 CEST / N
J
Electrons p;=34.0,31.9 GeV/c y \\
Inv. mass =91.2 GeV/c2 \/—~ I
4
\ N — o
"
Z—ee. [
!

I~ 1 +

Mass=912GeV 7 .,

Run Number: 152409, Event Number: 5966801

Date: 2010-04-05 06:54:50 CEST

W-ev candidate in

7 TeV collisions
p,(e+) =34 GeV

s = 26 GeV
M, =57 GeV
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Di-muon mass spectrum

arXiv:1206.4071

o trigger paths
= 2011 Run, L=1.11b" | 51, .
% : CMS \s=7TeV W)y
9 10 B, — u'w
" Y
E 10 W low p_ double muon
2 high p double muon
K
10 ;
10°
10
1
10"

|
1 10 10
dimuon mass [GeV]
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W/Z production

arXiv:1402.0923, arXiv:1510.07488

CMS
> 700 ‘ . — — I — . cMS
o L=182pb" \s=8TeV | 8 10f L=182pb",\5=8TeV —
S 600 = o - E
C = F - ;a‘a t# ] Y i —— data # ]
. £ 500 e = @ 081 Z-pyu =
» Select isolated O : & ; g % ', |
- . w '_ _‘
electrons and muons ) H ;
- ] I b4 ]
O 200 [ + + 3 04 + ]
F + + ] 3 g + .
[ - Q F ol * B 021~ i L 7]
* W: investigate E —____ 1 ' r N ]
— o - ]
5
transverse mass m; N ottt it it N SO OEOVNTORINCTOUONR
. [ . L -5 N ¢ 4
« Z: dilepton invariant 2 e 160 720 g - e}
m aSS M(e*e) [GeV] M) [GeV]
. ¢electrons .. muons
10 ><1, — — — — — > L L L LA R R L AL R
C E [ | | Let82 pb‘1,\l§l=8TeV 1 é - R L=182pb",Vs=8TeV -
g sl \ —— data ] ~ B __ )/ X —— 3\?3 —_
S i W-ev P [ [ EWKu-:;f
‘OEJ i =SVC\:I5+“ ] EJ : * - B8 QCD :
w LE 6 — w 4 - 1 ]
o | i -
4 —_ N + \ |
2 A - [ A S ]
A j h ]
.I"o.’m‘ ! “ 1 ’.“&. 0
+ 5 ' [ } 4, ¢t
2 0 Q¢Q¢¢'..Q'!"‘".A'.'Q..“'¢"‘ N"””‘“.‘“”‘ = 0.’A’Au';b'.;.'655000’.#'”;";'0 + ‘¢AL. Ay 0.
0 20 : 20 60 80 100 0 20 40 60 80 100
B, [GeV] #r [GeV]
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W/Z production (cont.)

arXiv:1402.0923, arXiv:1510.07488

— CMS 19.7 b (8 TeV)
» Select isolated o 2000F -+ Observed
(5 1800 Oz -«
eleci:ttrons and muons, = 1600F EoY others
1200 * 1S
o Wi - O - [ JMultijets
W: investigate = 1000F 2 Uncertainty
transverse mass m; T 800F MV A-based
» Z: dilepton invariant 600 Pass
mass 400 -
200 |
0
2
3§ 0.2
P ol
%cz-oz—
Q 50 100 150 200

My [GeV]
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W/Z cross section vs Vs

arXiv:1012.2466, CMS-SMP-15-004

L | [ I 1 1 L l 1 1 T 1 T T I 1 1]
'8_ - ®  CMS Preliminary, 43 pb” (13 TeV) W
E — ® CMS,18pb’ (8 TeV) W+ -
4 O  CMS,36pb’ (7 TeV) W
X10 E_ B CDFRunll _E
o - CJ DORunl —
[ A uUA2 .
T v um Z
10° PP 3
- A —
- PP N
10% - —=
E Theory: NNLO, FEWZ and NNPDF 3.0 PDFs ]
B | ] | | | | l | | § | | 1 1 | l 1 ] ]
0.5 1 2 5 7 10 20

Center-of-mass energy [TeV
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W/Z+jets

arXiv:1406.7533, arXiv:1408.3104

CMS /s=7TeV 5.0 fb CMS 491" (7 TeV)
' T T T T T T - T T T T
"é 10° 3 <% Data = 2 10° ¥ Data ]
@ —— —e— gr?ckHa(x:g]nerpa (NLO) 3 :i ~— Sherpa2p2 (0,1j NLO =4j LO)
§ - 8 Sherpa ) — ; == Powheg+Pythiab (1] NLO)
z§ 102 E_ errilyreen &&= MadGraph+Pythia (LO) —; E 10 —— MadGraph+Pythias (=4j LO)
T E " F??ii??i‘ E S u m
= [WHjets § s Z+jets
” g _ s E 10" e
- W-uv selection ] Zi*—» |l selection
10" |- anti-k; (R =0.5) jets R anti-k, (R = 0.5) jets
= p’:‘ >30 GeV, *'1<2.4 3 102 p‘;' > 30 GeV, *'l <2.4 ==
| ! ] ! | [ = } } } } —
@ Theory stat. + syst. ' ' E s - Sherpa2p2 ]
T 15F — Tz 19F -
%, 1‘: ' : % 1 I ///////W
& F s F L7 E
g 15 - - Theory stat. = % 15 ;— Powheg+Pythiat =
- - S II
% 1W¢WW E‘ 1 l:-ﬁ-l— i
g . F Z & osE
[ 0.5 = Sherpa, normalized to Ounio = ﬁ i ' Theoty syst.+st'at. — Trhoory stat
@ C at. ) ' ' e F MadGraph+Pythia6
£ 15 3 Theory stat 3 g 1.5:
e . . ' Q g P02 1
g8 _f : 8 sk
£ 0.5F MadGraph+Pythia, normalized to o, , E = Y9F B Tneorystat. ) _ )
=1 =2 =3 =4 =5 =6 =1 =2 =3 =4 =5 =6
Nt Niet
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Diboson cross section measurements

Mar.l2015 | | | | | | | l | [CMS lPrelirpinary
CMS measurements 7 TeV CMS measurement (stat,stat+sys) +——+—o—+—i
vs. NLO (nNLO) theory 8 TeV CMS measurement (stat,stat+sys) +———e
YY, (NNLO th.) —_— 1.06 +0.01+0.12 5.0fb"
Wy - 1.16 £0.03 +0.13 5.0fb™
Zy po 098 +0.01+0.05 5.0fb"

Zy H—o—i 0.98 +0.01+0.05 19.5fb"
WW+WZ — 1.05+0.13+0.15 4.91b"
ww — 1.11+£0.04 £0.10 4.9fb"
WW, (NNLO th) e 1.01+£0.02+0.08 19.4fb"
wz : 1.17 £0.07 £0.07 4.9 fb"
wz ————i 1.12+0.03 £+0.07 19.6fb"
ZZ —o— 0.99+0.14 +0.07 4.9fb"
ZZ e 1.00 £ 0.06 +0.08 19.6fb"
1 . 1 . 1 1 . , 1 1 , [ 1 1
o WL " Production Cross Section Ratio: O/ o,he:
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Top quark physics

Top quark mass
T | T T T T T I T

T I I T T T T I T T
CMS 2010, dilepton ® 175.50 + 4.60 + 4.60 GeV
JHEP 07 (2011) 049, 36 pb”’ (value * stat + syst)
CMS 2011, dilepton 172.50 + 0.43 + 1.43 GeV
EPJC 72 (2012) 2202, 5.0 fb” (value + stat + syst)
CMS 2011, all-jets e 173.49 £ 0.69 + 1.21 GeV
EPJC 74 (2014) 2758, 3.5 b (value # stat + syst)
CMS 2011, lepton+jets . 173.49 + 0.43 + 0.98 GeV
JHEP 12 (2012) 105, 5.0 fb” (value + stat + syst)
CMS 2012, dilepton . 172.82+ 0.19 + 1.22 GeV
This analysis, 19.7 fb”' (value * stat + syst)
CMS 2012, all-jets 172.32 + 0.25 + 0.59 GeV
This analysis, 18.2 fo”' (value * stat + syst)
CMS 2012, lepton+jets . 172.35+ 0.16 + 0.48 GeV
This analysis, 19.7 fb”' (value + stat + syst)
CMS combination 172.44 £ 0.13 + 0.47 GeV
(value * stat + syst)
Tevatron combination (2014) el

arXiv:1407.2682

World combination 2014
ATLAS, CDF, CMS, DO
arXiv:1403.4427

| l L1 | l

—O—

LD\ | I

|

174.34 £ 0.37 + 0.52 GeV
(value * stat + syst)

173.34 £ 0.27 £ 0.71 GeV
(value * stat + syst)

| (I I 1 |

165 170

179
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Rare decays

l Ll T T l Al Ll T l T Al Ll I T T T ' Ll L] T I Al Ll Ll
¥ Tevatron combined* 1.96 TeV (L< 8.8 b") CMS Preliminary
103 |~ & cMsep 7Tev(L=51")
C A CMS l4jets 7 TeV (L=2.3 1) =
[~ W CMSep' 8TeV(L=19.7fb") -
- O CMS l+jets* B TeV (L=2.85) -
= * LHC combined ep* 8 TeV (L = 5.3-20.3 f5") 1
. ® CMSep12TeV(L=42pb7) -
O CMS l+jets* 13 TeV (L = 42 pb")
— * Preliminary
1000
ol 4
1 0 - 7
C 800F -
i 6001 .
B == NNLO+NNLL (pp) ]
=—— NNLO+NNLL (pp) 13 s [TeV]
— Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 —
- m,,, = 172.5 GeV, PDF& o _ uncertainties according to PDF4LHC -
» l 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 ]
2 4 6 8 10 12 14
Vs [TeV]
1} T T IIIIIII T T [Illll[ T L LA T T lI!llll T T IIIIIE
F ZEUS (g-u.m=175Gov 95% C.L =
- R EXCLUDED REGION ]
DELPHI m-175cev
1078 - =
E CDF ..i5cev j E
. DO m-1756ev -
102 == ATLAS n.izscev —
-3 —=
10 :F CMS m=172.5 GeV =
4 CMS —
10 E Preliminary =
= m=172.5 GeV -
: (@=v) (=) ]
10'5| 1 1 IIIIIII 1 i IIIIII| 1 111 III| 1 1 IIIIII| 1 L1111l
-5 -4 -3 -2 -1
10 10 10 10 10 1
BR(t — qy)
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and more physics results

vector bosons ows 5 Cuspemny

o) >
_ . o 80F - i
T E S | eCMS combined 7 TeV (1.1 1) 8 °°F CMS Preliminary
= S ; G 7TeV CMS measurement (statosyst) € | =CMS combined 8 TeV (26 1) S 7ok \Vs=7TeV,L=211fb" ]
: ' 8TeV CMS t (stat®syst) o C B
- 105 L Z ; [ el measurement (stai®sys © o DO @ E ]
. E ! ' ! = 7TeV Theory prediction 3 -E C —8— Data ]
F o=l o ' —— 8TeV Theory prediction ] 102 = © 60F Bz .
- 4 Lo . ' E > F [ Z+c E
5 10! =1j ' = r ] E [ z+b ]
= E =2 o : 3 F r i ;
2 e 22 3 ] S E 2z E
® 10°% =3 - Wy E : ]
g = == =8 ! = L __ Approx. NNLO QCD (pp) % JES + B-Tag Uncerlainliesf:
6 S =4 = : : ww ] Scale uncertainty ]
2 10 E —§— >4ji e & Wz = 10— I Scale ® PDF uncertainty 7
o o . 77 C E & 4 @ Approx. NNLO QCD (pp) ]
© 10k | EF'>30GeV | Ey>10GeV o | £ Scale uncertainty E
.g E I <24 ! ARG >07 H [ E r / B Scale ® PDF uncertainty ]
o o : ] [ Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009 ]
& L ' ! F o/ MSTW 2008 NNLO PDF. 90% C L. uncertainty ]
% 05,1950 oot 32:511”“23:2:% H"H‘..‘:\5..‘“\tu“\5..”&””;”.‘8\..”9 L . 3 ]
JHEP10(2011)132 [ep—— CMS-PAS-EWK-11-010 (W2) \s (TeV) 50 100 150 200 250 300 350
JHEP01(2012)010 CCMS-PAS-SMP-12-005,
CMSPAS SUP12.011 WZ6TeV) 007,015,014 (Wi 22) p° (GeV)
CMS Preliminary tonp-Mmass
|y W) |~J IMniAVv
CMS 2010 dilepton T755:46+46 o
JHEP 07 (2011) (L=36 pb’) (val. = stat. £ syst) N eW a rtl CI e o) : *
15 CMS Preliminary L=4.7 fb! s =7 TeV antik R =0.7 CMS 2010 loptonsjets 1731521527 16 p = |y
,>-\ 1 0 T | o PAS-TOP-10-009 (L=36 pb") (val. £ stat. + syst) C cms
il o Iy<05(x10%) i — E Opposite-sign data
& £ m 05<y|<1.0(x10% 2%812%);:}9;,“%)(‘)%} |1le2£55(§( 2’?y§)1 5 14 [~ pp, \Ns=7TeV * PO 9
= F - 1 —— Signal+background fit
g 10" = : 123:;:322101 CMS 2011 lepton-jets |— o 1785+ 0.4+ 1.0 > [ L=53fb
= E . arxiv:1209.2319 (L=5.0/fb) (val.  stat. £ syst) 12 o Background
— 0 20<ly|<25(x1 ) NN = F
> CMS 2011 all-jets 1735+07+13 a o
T 1 07 Ev PAS-TOP-11-017 (L=3.54/b) (val.  stat. = syst) 5 10
Q_'_ F CMS combination e 173.4+0.4%0.9 o L
ko] = upto L=5.0/b (val. £ stat. = syst) § s
= = (] L
Nb 1 03 = Tevatron 2012 combination ‘N 1732+£0.6+0.8 =] L
© = 8O0 1 e S l 2 6
F 3 [ ] g —— S—
F o E - B <A RN |
LE % 20 [ Preliminary CMS PbPb |5, =2.76 TeV E —17L 1< pT < 3 GeV/c ™ [
10 C [ e data Cent. 0-100%, lyl <2.4 ] :
= S 600k — PbPb fit Ly = 150 pb”" ]
£ S 6001 it E
105 F NNPRF21 =i =p, < F - ppshape|| p'>4Gevic ] . H Rhaadbndlii
E » F ]
i Nee, NP L.l B800F ; E g 10 20 30 40 50
02 03 1 @ ] MUET?) - MJAYE) - M(rt) [MeV]
Jet p ( 400— — %5
— C ]
300 E
200F- - ?M E More than 900
Es &uﬁg_g “ =
* ridge e
g 5 apers from LHC
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SM measurements

March 2017 CMS Preliminary

. I T R T A R A T 7 TeV CMS measurement (L <5.0 fb™)
R @ 8 TeV CMS measurement (L < 19.6 fb)
1 T R A T T T i 13 TeV CMS measurement (L < 35.9 fb™)
bnjells) | 1 ¢ i bbb - Theory prediction

I A ’ Z. Z Z CMS 95%CL limits at 7, 8 and 13 TeV

, O [pb]
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LI R P Tz 2z EW JEW T—EW EW TEW o T LT T Tt 1T T T wtt 'agtIVEF vh T tH (e
W Wy Zy WW W oy Vv tw th ttw HYBF VK ttH HH
z Y Zy V4 ZzquqqZWW iBSWWZyj YZyy Wyy tt L, o tty tZg fiZ titt gg qaH
All results at: httpz//cern.ch/go/pNj7Ew: W-v. z-il leey Th. Ac,,in exp. Ac
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Probing the SM in many ways

Selected CMS SUSY Results* - SMS Interpretation 5 - Moriond '17 Q- qW 2(1.2%) - tt t* - tg S=3/2
8 TeV.
T-tH Z(10%) — 1t T otgS=1/2 | ik ‘
To1Z
gKK — tt b* = tW  Ki=1 701b’
T bW ,
W=t b* = W Ka=1 60 b
2 B - bH
5 B bz W’ = tb Mva < Mw: b* = tW KuKa=1 70 fb’
0 0.4 08 12 16 2

W = th Mua > My
m Z(1%) > t 100 b

B—tw

Observed limit 95%CL (TeV)

X5/3 = tW

X513 - tW Z(10%) > tt 120 fb
T- bW Z'(30%) — tt 200 b
o 03 06 09 1.2 15 KK - tt 200 fb Resonances to dibosons
Observed limit 95%CL (TeV)
, N radion = HH
Vector-like quark single production W~ tb 00'b
(Max exclusion for M, .
(Max exclusion for M. - . t- lep 2 Tto izt 150 b W’ = WH
s e CMS Prel Tow 7 15015
x e el o M relimina owsts TeV.
s (Max exclusion for M. TotH t™lep 0 05 1 15 2 25 3 35 4 2> 7ZH
,g (Max exclugion for M, E 1 3T ev cz2=2.5 Observed limit 95%CL (TeV)
— = o
R 3 SUS-16.049 01 ‘ - TotH ! J"ag Gouk — WW
DT A ey wae Cwo=1
. o .. Prelimil Tyt had sl
ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary =25 ik~ 22
Status: March 2017 =7,8,13TeV
T S 13 TeV 8 TeV
Model e TyY Jets ET™ [raqm™ Vs=7,8TeV | 5=13TeV Reference
T LQT(e) x2  —
MSUGRA/ICMSSM 08eu2r 210jetsBb Yes 203 | @ 185TeV  m@=mi@) 1507.05525 .
i 26jets  Yes 361 |4 157 TeV mE})<200 GoV, m(1* gen. §)-m(2* gen.3) ATLAS-CONF-2017-022 LOT(e+LQT{v) P=0.5  e— coloron(jj) x2 ]
2 gt} (compressed) monojet  1-3jets  Yes 32 |@ 608 GeV. m(@)-m(E2)<5 GeV 1604.07773 LQ2(pj) x2  —
L ¥ o 26jets  Yes 361 |& BORTEV] mi5)<200Gev ATLAS CONF-2017-022 LQ2(uj+LQ2(vj) f=0.5 |— coloront4) x2 [ Multiiet
% 0 26jets  Yes 361 |@ 201TEV] m(i})<200 GeV, m(F*)=0.5(m(})+m(z)) ATLAS-CONF-2017-022 LQ3(th) x2 e— L f rkS U Ije
3 3eu  4djets - 132 |E 1.7Tev mE)<400GeV ATLAS-CONF-2016-037 Laawt) 2 = eproqua .
e 2469 03ps ves 132 [B TV mit) cso00ev ATLAS GONF 201657 e = gluino(3) x2 [] Resonances
2 ouss(nisp) 127401¢ 02jets  Yes 32 |& 20 1607.05979
2 GGM (binoNLSP) 2y S Yes 32 |@ 165TeV. crNLSP)<0.1mm 1606.09150 Lesiv) 2 I3 gluinoljjb) x2 ]
S GGM (higgsino-bino NLSP) v 1h Yes 203 | 1.37Tev mE})<950 GoV, cr{NLSP)<0.1mm, <0 1507.05493 Single LQ1 =1) "1
= GGM (higgsino-bino NLSP) 3 2jets  Yes 133 | BTVl  m(i))>680GeV, cr(NLSP)<0.1 mm, >0 ATLAS-CONF-2016-066 Single LQ2 (A=1) 3 0 1 2 3 4 TeV
GGM (higgsino NLSP) 2eu(2) jets  Yes 203 |z 900 GeV' m(NLSP)>430GeV 1503.03290 . P Tev
Gravitino LSP o monodel  Yes 203 | Fif2scale 865 GeV. m(G)>18 10 oV, m(z)=m(@)=15ToV. 150201518 0 1 2 3 4 Te
$3 7 0 36 Yes 361 |& AO2TEV]  m(x)<600GeV ATLAS-CONF-2017-021 ADD (y=MET), nED=4, MD
Sg 0len 3b Yes 361 | 97TVl  m(¥!)<200Gev ATLAS-CONF-2017-021 _
T 01en 36 Yes 201 |& 137 Tev miE})<300GeV. 1407.0600 RS1(j), k=0.1 GrdVIiO ADD (j). n&l
0 26 Yes 32 |B 840 GeV/ mE)<100GeV 1606.08772 QBH, nED=6, MD=4 TeV
g § 2eu(89) 16 Yes 132 |h 325-685 GeV m(E%)<150 GV, m(E; )= m(E3)+100 GeV ATLAS-CONF-2016-037 RS1(yy), k=0.1
33 2eu  12b  Yes 47133 |# 17-470Gev 200720 GeV. D) = 2mE), mE)=55Gev 12092102, ATLAS-CONF-2016.077 RS1(ee,up), k=0.1 NR BH, nED=6, MD=4 TeV
8 g 02eu 02jets/2b Yes 203 |7 90-198GeV. 205-950 GeV. mE)=1Gev 1506.08616, ATLAS-CONF-2017-020 WHH), K=0.
g et 0 monojet Yes 32 |l GeV' m(@)m(E)=5 GeV. 1604.07773 4 T > . . String Scale ()
33 7 (natural GMSB) 2eu@ 15 Yes 203 |@ 150600 GeV. miE)>150GeV 14035222 0 1 2 3 4 Tev 9
S b hon+Z 3eul(2) 1b Yes 361 |@ 290-790 GeV' mE)=0GeV ATLAS-CONF-2017-019 QBH (). NED=4, MD=4 TeV I
i, ip—i +h 12en  4b Yes 361 | 320880 GeV. mE)=0GeV ATLAS-CONF-2017-019 . .
o -4 M
i R s CMS Prelimina
2en 0 Yes 133 640 GeV. m(E2)=0 GV, (. 5)-0.5( ) ATLAS CONF-2016-096 ). nE
2r - Yes 148 580 GeV mE)=0GeV, m(r,)=0.5(m(E: JumE) ATLAS-CONF-2016.083 ADD (ee). nél L rge Exira
=3 3en 0 Yes 133 10Tev M} )=m(FS), mED)=0, m(Z, 7)=0.5(mF; Jsm(E?) ATLAS-CONF-2016-096 ADD {yy). nE . .
e 23eu  02jels  Yes 203 425GeV. mE)=miE), miE})=0, Z decoupled 14035294, 1402.7029 (v Dimensions
s —bb/WW/Tt/yy €HY 02b  Yes 203 270 GeV m(E} }=m(E3), m(¥})=0,  decoupled 1501.07110 SSM Z'(rT) Jet Extnction Scale
Hak3, Xa3 iR den 0 Yes 203 635 GeV' mE)=m(@3), m(E})=0, m(Z, 7)=0.5(m(F2)sm(F1)) 1405.5086 g g
GGM (wino NLSP) weak prod. Teu+y Yes 203 115-370 GeV' er<imm 1507.05493 SSM Z'(ji}
GGM (bino NLSP) weak prod. 2y Yes 203 590 GeV. 1507.05493 @ 0 1 2 3 4 5 6 7 8 9 T 10
prod.,longived ¥;  Disapp.trk  1jet  Yes  36.1 GeV ATLAS-CONF-2017-017 S5M Z'(ee)+Z'(pp) oV
Direct ¥ ¥; prod., long-lived ¥;  dE/dx trk - Yes 184 3 495 GeV m(E; )-mF))~160 MeV, (¥ )<15 ns 1506.05332 i .
E ., Stable, stopped § Rohadron 0 15jets  Yes 279 |& 850 GeV. miE})=100 GeV, 10 us<r(z)<1000s 1310.6584 SSM W'(i) dijets, A+ LL/RR
=8 Stable R-hadon trk - - 32 |& 1.58 TeV. 1606.05129 " "
:-,,-E Metastable ¢ R-hadron dE/dx trk - - 32 |& 1.57 TeV. m(E})=100 GeV, >10 ns 1604.04520 SSM W{lv) dijets, A- LLURR
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