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The Standard Model
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STANDARD MODEL OF ELEMENTARY PARTICLES
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Lookmg for the nggs Large Hadron Collider

——— == The LHC project started at the initiative
(and with the daring!!) of C. Rubbia

The Aachen Conference in October
1990 marked the start-up, since then
work on the collider and magnets,
various detector designs and
understanding physics issues went on
without let-up

Scientific-diplomatic trips in
1990/91/92 to Japan, India, Russia,

LHC vs SSC: Rubbia’ s arguments: savings!  USA, Canada etc

- existing LEP tunnel ~1 GCHF

- existing infrastructure at CERN (PS. SPS, etc) ~ 1 GCHF

- “two-in-one” scheme for dipoles saves ~ half the cost of magnet ~ 0.7 to 1 GCHF
thus overall LHC cost ~ 3 GCHF

- will be ready by 1998 - 2000 !!
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Proton-proton scattering @ LHC
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Particle production @ LHC
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From Partons to Jets

From partons to Fragmentation or
Parton Shower B
color neutral hadrons: g
. P 4
Fragmentation: |
Parton splitting into other partons o e Q

[QCD: re-summation of leading-logs|
[“Parton shower”]

Hadronization:

Parton shower forms hadrons - .
[non-perturbative, only models] /- .r ! .».
. 4 i ‘ 9,
Decay of unstable hadrons /P °° ® %,
[perturbative QCD, electroweak theory] Ve, o
:' ®.. o
®e Hadronization &
Decays
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Cross section & luminosity

Background
measured from data or
calculated from theory

- bs kag
] =
[ Ldt-e
Luminosity Efficiency
determined by accelerator, many factors, optimized
triggers, ... by experimentalist
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Cross section & luminosity

(pa .
Mg :
Va ©

- = Nl
A
flux
density of particle beam

velocity of beam particles

N = (I’u. : A‘P\'Tb e

N : reaction rate
Ng: target particles within beam area
0z : effective area of single
scattering center
L=3&,-N,
L : luminosity
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The LHC machine

Circumference (km) 26.7
Number of superconducting Dipoles 1232
Length of Dipole (m) 14.3
Dipole Field Strength (Tesla) 8.4
Operating Temperature (K) 1.9
Current in dipole sc coils (A) 13000
Beam Intensity (A) 0.5
Beam Stored Energy (MJoules) 362
Number of particles per bunch 1.15x1011
Number of bunches per beam 2808
Crossing angle (urad) 285
Bunch length (cm) 7.55
Norm transverse emittance (um rad) 3.75
Beta function at IP 1,2,5,8 (m) 0.55,10,0.55,10

N, = number of proton per bunch
n, = number of bunches

o) .
5 np f rev % f ., = rotation frequency (~ 11Hz)
— F F = crossing angle factor

47r£”B>l< Rms transverse beam size =Ve B/ 1
& , = renorm. transverse emittance
B * = optics at beam crossing (m)
r . = relativistic factor




pp, B-Physics,
CP Violation

LHC : 27 km long
100m underground

General Purpose,
pp, heavy ions

vacuum chamber

central detector
electromagnetic
calorimeter
hadronic 3 - A= w
calorimeter ] < L}
— o BT ) 3“ am -.
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LHC Magnets

LHC DIPOLE

CROSS SECTION
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CERN AC/DI/MM — 06-2001

9300 Superconducting Magnets
1232 Dipoles (15m), 448 Main
Quads, 6618 Correctors.

Operating temperature: 1.9° K
26.7 km tunnel
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LHC magnets

Lowering one of the 1232

15m long dipoles 100m down into the
LHC

There are another 8000 magnets of
different types as well

15t magnet lowered in March 2005

18 | GERN
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First beams around the LHC

ETVSLCOLZEL
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{ =:-....x“~ Beam

~ (a single proton

b 7 bunch) enters and
< does a complete

. circle around the

~ LHC ring

Joyous faces on 10 Sep 2008 at 10.23

CCD Camera

Lens ?

Fluorescent screen to
detect the beam —like O
that in a CRT television Sereen
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Beam splashes at CMS

« 10° protons at 450 GeV dumped on collimator 150 m upstream
of the CMS experiment. ECAL total energy: 150-250 TeV

) e
*  chamber  }_—
A\ 4
\‘\ - vy /4
i) Wy
\ O hits
1

N. ve rinpp rn:ru_uZewail, Canu, Aprin g-1o 16



First beams around the LHC in CMS
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Basic principles of the detectors

Need “general-purpose” experiments covering as much of the solid angle as
possible (“4n”) since we don’t know how New Physics will manifest itself

— detectors must be able to detect as many particles and signatures as
possible: e, u, T, v, y, jets, b-quarks, ....

Momentum / charge of tracks and secondary vertices (e.g. from b-quark
decays) are measured in central tracker (Silicon layers).

Energy and positions of electrons and photons measured in electromagnetic
calorimeters (+central tracker).

Energy and position of hadrons and jets measured mainly in hadronic
calorimeters (+central tracker for charged hadrons).

Muons identified and momentum measured in external muon spectrometer
(+central tracker).

Neutrinos “detected and measured” through measurement of missing
transverse energy (ET™ss) in calorimeters (+central tracker).
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CMS in a nutshell
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ATLAS in a nutshell

25m

Tile calorimeters

2 LAr hadronic end-cap and
forward calorimeters
Pixel detector

LAr electromagnetic calorimeters

Toroid magnets
Semiconductor tracker
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Particles as seen in CMS

Om im 2m 3m 4m 5m 6m 7m
Key:

Muon

Electron

Hadron (e.g. Pion)
'''' Photon

Tracker \

. Electromagnetic
)J! ' ' Calorimeter

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed
with Muon chambers

Transverse slice
through CMS
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Particles as seen in ATLAS

Muon
Spectrometer

Hadronic
Calorimeter

Electromagnetic
Calorimeter

Solenoid magnet
Transition

Radiation
Tracking Tracker

Pixel/SCT

detector
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The dashed tracks
are invisible to
the detector
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How big are
ATLAS and CMS?

Weight (tons) 7000 12500

Diameter 22 m 15m

Lenght 46 m 22 m

Magnetic field 2T 4T
24
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Proton-proton collisions at LHC
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A typical pp collision at the LHC
.

CMS Experiment at the LHC, CERN ' <

\ |
Dafiy@eorded: 2010-Jul-08.02:25:58 839811 GMT(04 2958 QEST)
N 1

™~ | : ; ‘
_un/ Eved 30779 / 49941989 j' &

Expected Higgs boson production rate is less than one in a billion pp colisions!
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n HL-LHC phase ( ~5x103*cm?s*)we expect to go to ~150 pile-ups per crossing!
N. De Filippis HEP@Zewail, Cairo, April 9-13 27
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Event selection stages
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SM Physics
MB, jets, W, Z, top, Higgs
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Inelastic pp collision:

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

2009: the first CMS results @ 0.9-2.36 TeV
2010: the first CMS results @ 7 TeV
2015: the first CMS results @ 13 TeV

CMS
e L N B0 N s B
: pp Vs = 13 TeV inelastic
7 F -
........ [ ...
6 il mBER ]
- ~-.Bp ..!.!—"'
5F -
= "
S
S 4r .
Z »
T
3 r -
2 F - data E
’ [ - -=- PYTHIA8 CUETP8S1 1
N L EPOS LHC E
O:....I....I....I....I....I....:

charged multiplicity

arXiv:1507.05915, PLB 751, 143, 2015

CMS
T S
& CMS pp inelastic 1
7 - ALICE g
L X PHOBOS ]
6 F v UA5 -
-+ ISR .
5 £ --- PYTHIA8 CUETP8S1 ]
[ oo EPOS LHC ]

R v AR
Tt 13 TeV

: —— parabolic fit in In(s)
[ 1 A | ! TR | Lo ]
0101 10° 10° 10°
\s [GeV!
In the central region, the measured
dNch/dn distribution is consistent with
predictions of the PYTHIAS8 (with the
CMS underlying event tunes

CUETP8S1 and CUETP8M1) and EPOS

-3 ) 1 0 1 o 3 LHC (LHC tune) event generators

recheck the Monte-Carlo tunes
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Jet production @ LHC

Proton o= Z/dfﬂldl‘? fi(z1,Q°) fi(z, Q%) 6(Q%)

iuj
— P . Jet 1
l]p]_ ISR
»

SOV
€ 000000C
fi(z, '
] f

(
O fil)

. L1179
S kP2

P2

Available up to NLO

Proton

First NNLO calculations becoming available ...
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QCD: Inclusive jet cross section

* Cross section is huge
(~ Tevatron x 100)

* Very good agreement
with NLO QCD over
nine orders of
magnitude

* PT extending from 20
GeVto2TeV

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

N. De Filippis
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QCD: Di-jet cross section

Low mass Analysis

CMS Preliminary 12.9 b (13 TeV)

600 800 1000 1200 1400 1600 1800 2000
Dijet Mass [GeV]

N. De Filippis

HEP@Zewail, Cairo, April 9-13

High mass Analysis

CMS Preliminary 12.9 b’ (13 Te
3103gl""l""r""r""l'"'l'
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QCD: Measurements of a

Ratio of 3-jets of 2-jets, 3-jet mass & inclusive jets x-sections
constrain as (NLO only) up to so-far unprobed scales Q ~ 1.4 TeV

o B 05—
= 0L Sf ~ —#— CMS i prod. —{— LEP
e, v S 0.20 —A— CMSincl. jet —/A— PETRA |
& v —— CMS3-etmass —V— SPS |
I —O— Tevatron |
0.15L EPJC 75, 186, 2015
dosy /dpr B ! EPJC 75, 288, 2015
R3p = m X a4(Q) CMS-PAS-SMP-14-001
r “+ P12 L !
Q= (pm2) = % 0.10 | ]
I as(Mz) = 0.1171+£3-3525 (3-jet mass) ]
0.05 [ == os(Mz) = 0.1185 = 0.0006 (World average) A
Test of QCD asymptotic 10 1 OO 1 OOO

Q [GeV]

freedom in SM
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Top at the LHC, production and decays
for ex. top — lepton + jets final states

‘ t

' RELILELL
tt-bar production
diagrames,

some....

Top decay in the SM: t — bW

pp — ft A
— (bW+)(BW-) b

topology in «sigle lepton
mode »:

v e
= a A
tt — bWbW — blvbq e oW \\b
- ¥
q _ \
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LHC is a “top” factory

4 N
Era of Precision Top Quark Measurements

At pedak instantaneous
luminosities @ ATLAS & CMS:

~2 TOp pOirS/SeC (per experiment)
~1 single top/sec

were produced during
2012 data-taking!

Overall from both experiments combined:
~-4M top quarks produced in 2011 (Vs = 7 TeV)
~24M top quarks produced in 2012 (Vs = 8 TeV)
~13M top quarks produced in 2015 (Vs = 13 TeV)

Cross-section values taken from:
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SingleTopRefXsec

9 https://twiki.cern.ch/twiki/bin/view/LHCPhysics/TtbarNNLO y

Inclusive tf cross section [pb]
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ATLAS ep 7 TeV (L=4.6 b )
CMSep7TeV(L=5fb")
ATLAS ep 8 TeV (L =203 fb™)
CMSepn8TeV(L=19.7 fb")
LHC combined ep 8 TeV (L 5 3-20.3 fb” )
ATLAS ep 13 TeV (L=32 fh )
CMSeu*13TeV (L=2.21f")

ATLAS ee/uy* 13 TeV (L = 85 pb; )
ATLAS I+jets™ 13 TeV (L = 85 pb")
CMS I+jets* 13 TeV (L =2.3fb )
CMS alljets* 13 TeV (L =2.53 fb™)

* Preliminary
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Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs[TeV]
NNPDF3.0, m_ = 1725 GeV, o (M,) = 0.118 + 0,001
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Single top-quark productioln
Inclusive cross sections

~— NLO+NNLL, PRD 83, 091503 (2011)
¥ Tevatron, arXiv:1503.05027 [hep-ex]
4+ CMS, JHEP 12, 035 (2012)

= CMS, JHEP 06, 090 (2014)

L]

CMS, TOP-16-003 (prel.)
| | | | |

= NLO+NNLL, PRD 82, 054018 (2010)

r

v

|

I [ [ I I
t-channel (pp or pp)

tW (pp or pp)

s-channel (pp)

s-channel (pp)

CMS, PRL 110, 022003 (2013)
CMS, PRL 112, 231802 (2014)
NLO+NNLL, PRD 81, 054028 (2010)
Tevatron, PRL 112, 231803 (2014)

CMS, arXiv:1603.02555 [hep-ex]
| | | | |

2 3 4 5 6 7 8

9

10 11 12 13 _14

e ITa\N

LHC and Tevatron results consistent and in agreement with
NNLO+NNLL over a large range of center-of-mass energies



Mass of “top”: CMS results

All-Hadronic (All-Jets) ft Channel Semilepfonic ff Channel Dileptonic ff Channel b-jet energy peak __&._ 172.20 + 1.17 = 2.66
TOP-15-002 (2015)
q ‘ ‘ N

(&
G
L]

Lepton+SecVix - +020+158 _ __ GeV
PRD 93 (2016) 092006 179688 =020 097 Ge
Dilepton kinematics 17170 = 1.10 268 _ _Gav
TOP-16-002 (2016) S
Single top enriched s_‘ 7260 = 077 997 ___ Gav
TOP-15-001 (2016) NS NI %0 093 Ge
proton §
MT2/MAOS observables N\ 17222 = 0.16 088 _ __Gay
TOP-15-008 (2016) '(\‘ see= -0925®
@ 776V EurPhys.L.C. (2015) 75158 @) 7TeV EurPhys.J.C. (2015) 75:330 @ 77eV EurPhys.J.C. (2015) 75:330 §
ATLAS TLAS ATLAS Dilepton mib NI 17230 = 0.32 *124 | 50 Gev
- j = | gt | | - Contined Chaek ey rorEoTEEE Hs )
) e || | (B e N
)\ PEr-2Ul0- -PRCr-2U10- L L2Vl Kinematic endpoints 3 = +1.70
7 8Ty . 173.00 = 0.90 210 GeV
(B2 il 0404 A o0 a0tiv1509.04044 R eV 150904044 ]| ErJcT2@013) 2404 § 21079
' ' 5 : - b hadron lifetime _\\ 17350 = 1.50 = 2.91 GaV
Single-Top Enriched Events Top Mass from 1t Cross-Section ft + 1-Jet Channel TOP-12-030 (2013) ""."_‘\\ TeEEs
N
PR T TR, Lepton+J/‘!’ \ - =
i al —gn,L-un" TOP-15-014 (2016) —* 17350 £ 3.00 = 0.90 GsV
e 25 - Top#+ 20, ABM1 \
2 . Immm\rm-
| e BEST backgrounds Lo 172.61= 0.57 = 0.90 GeV
L L e TOP-15-011 (2015)
160 e e bl e e e e e
. CMS alternatives 172.48 = 0.21 0.73 GeV
Aeal' altematives
121 .
) CMS non legacy 172.54 £ 0.11£ 0.71 GeV
All of the abovs
@ 8TeV  ATLAS-CONF-2014-055 @ 7/8TeV EurPhys.J. C74 (2014) 3109 @ 7TeV  ATLAS-CONF-2014-053
LA LAS | s ) CMS | ,
o CMS-PAS-TOP-13-004 b - egack‘ —- 17244 £ 013 =047 GaV
é 8TeV CMS-PAS-TOP-15-001 [N 18TV . *Only most precise measurements in each PAD 93 (2016) 072004
\ ) & arXiv:1603.02303 channel summarized on this page. See links fo N
\ /" addifional analyses in overviews on later sides. | | | | | | | | [ | | | | | | |
T.G.McCarthy - Top Quark Mass @ ATLAS & CMS Renconfres de Moriond QCD Session, March 20, 2016 160 170 180 190

m, [GeV]
We have the best mass measurementin the world (by combining the best analyses per channel),
TOP-14-022, Phys. Rev. D 93, 072004 (2016)



EWK Processes: W and Z production

Drell-Yan process

Singel W/Z production: |

) =
W= W production: J"d W
-——- (main contributions) [ it —>W~

[m‘z -/

9 Z production:
> - (main contributions)| 77 . -
=== dd — 7
: |

High rate at the LHC
v’ provides statistic to study inclusive and differential distributions

v" Good understanding of the detectors allow for precision measurements
v Test p-QCD and PDF in different regimes
v" Developments and testing of new MC generators and techniques
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W and Z decay

i, Vi
. I"+’VV\A< q.' f X yj'.
‘ . J'.‘ [4_
7 z W\<

® ev ®
® ®
® v ®

@® hadrons @® hadrons
o w

Leptonic decays (e/J): very clean, but small(ish) branching fractions
Hadronic decays: two-jet final states; large QCD dijet background
Tau decays: somewhere in between...
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W and Z sighatures

S W iy Z— i
Yy AN
” v \\“\~ \
o T Ay
||' L XP .”': Px '”l: Px

W:  lepton & neutrino; Z: two leptons;
hadronic recoil (u) hadronic recoil (u)

Additional hadronic activity > recoil, not as clean as e*e-
Precision measurements: only leptonic decays
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First W — ev and Z — e*e  events in LHC, April 2010

. ; CMS Experiment at LHC, CERN
CMS /1 CMS Experiment at LHC, CERN CMS, /I Run 133877, Event 28405693
|| Run 133874, Event 21466935 i| Lumi section: 387
il Lumi section: 301 Sat Apr 24 2010, 14:00:54 CEST
Sat Apr 24 2010, 05:19:21 CEST

Electrons p;=34.0,31.9 GeV/c
Inv. mass =91.2 GeV/c2

Electron p;=35.6 GeV/c
MEr =36.9 GeV
Mr=71.1 GeV/c?

\ W and Z spectra in CMS, Nov. 2010

CMS preliminary 2010 \s =7 TeV CMS preliminary 2010 \'s =7 TeV
%25000—_"'|"'|"'|"'|"'|"'__ %) EI""I""I""E
(3 det=35pb'1 (ca 1032_ det=35pb' .
20000~ ¢ data . = - . e :
=B By end-2012 we had £ L = T
g B C|>_) 10 = M «
B1°000p ~150.000.000Wand 2 ¢
e} I o
210000— ~15000OOO Z g 10_
= decaying E
< 5000 . c

leptonically!!
0 107

0O 20 40 60 80 100 120 50 100 150 200
M [GeV] M, = 2EfE;" (1 - cosAg, ,,, M(e"e) [GeV]




Di-muon resonances

Event2916729 -  Run68021,0ct2008 -  Event 2935068

2011 Run, L = 1.1 fb"
CMS \s=7TeV

v
’ =
standalone-muon :
track i
. t global-muon
\‘ : track
muon system (top half)
\ tracker ]
>V global-muon
track
) (bottom half)
4

Events per 10 MeV
2

trigger paths

my

mJy
B, — W

my

[ low p_ double muon
high P, double muon

4

> 102—2
g1 12 July 2011
10¢ 10" =
Z 3 , . .
10° ! 10 dimS(z)n mass [GeV]
102 Dec 2010
2.7 (13 TeV
10 CM S % 1010 Trigger paths ( € )
\s=7TeV O ¢ CM.S, = 3/\4,
1 L =40pb™ P Preliminary Iy —
int 2 L ) ' B,
Ll Ll T | o) v . v
1 10 102 |J>.l 7 Y B ow mass dou.ble mt.lon+track
Dimuon mass (GeV/cz) 10 - Bs double muon inclusive
108 Z
CMS shows a excellent 5
. 10
performance to detect different
) 10* End of 2015
signals 3
10
Ll | Ll L Lol
https://twiki.cern.ch/twiki/bin/view/CMSPublic/ 1 10 102
PhysicsResultsMUO i invariant mass [GeV]

N. De Filippis HEP@Zewail, Cairo, April 9-13

42



W and Z production cross section
W,Z at 13 TeV, first look June 2015 1

IIIIII

| | | L I |
CMS, 100 pb™, 13 TeV
CMS, 18 pb™, 8 TeV
CMS, 36 pb™, 7 TeV
CDF Run i

DO Run |
UA2
UA1
/:ry NNLO, FEWZ and NNPDF 3.0 PDFs

05 5 7 10 20
old UA1,UA2 results' Center-of mass energy [TeV]

¢ X B [nD]
N BNORN N
===

R

>

[ IIIIII|

-«

[ Illlll|
|| IIIIII|

10

Illlll|
IIIIII|
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W+/W- charge asymmetry

NNLO cross sections:
scale uncertainties very small

W rapidity: asymmetry
[sensitivity to PDFs]

_ do(W*)/dy —da(W™)/dy

AWW) = 55 W) Jdy + do (W) /dy
Proton-Proton Collider:
symmetry around y=0 ...

FPDFs:

u(x) > d(x) for large x ...
more W* at positive rapidity

d/uratio< 1 ...
always more W+ than W~

N. De Filippis

0.3

0.2

0.1}

xf

041" xg (< 0.05)

HEP@Zewail, Cairo, April 9-13

CMS 36 pb™’ at

|
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.........

el

3 oW — ev
5% oW — uv
errors. stat ® Syst

-
-
-
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-
......
-------

\Ns=7TeV
—

- MCFM + CT1OW
: === MCFM + MSTW2008NLO
i theory bands: 90% C.|,
| | | | ) ‘ \ | | |
0 1 2

Lepton Pseudorapidity

H1 and ZEUS HERA I+1I 10 parame ter PDF Fit

i .

Q*=10 GeV?

March 2011

parametrization uncert.

[ xS (x0.05)

HERAPDF Structure Function Working Group
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EWK di-bosons: ZZ — 41, 13 TeV, CMS,

Events / 20 GeV
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VA it
[
ZO < 1+
[
viio 2.6 o' (13 TeV) .
[T 1T T T 17T I T 1T I T 17T | T T | T 17T I T T T _l_ _Q
i 4+ Dt 12 @
- 1 qq — ZZ/Zy* i N
I N g9 > 7Z ] 1
- Eg [ Jgg >H-—>2Z | o
- i I Z/WZ+X ] >
- E 15
- ’ 10
C ] 5
I i - l L1 1 | [_
100 200 300 400 500 600 700
my, [GeV]3l

T 7 NNPDF3.0, fixed He=H =M,

CMS 4¢ ch?hnel
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ATLAS 47 + 2¢2v
MATRIX NNLO (qg+qg+99)

O o m e

NNPDF3.0, fixed p_= u_= m,

MCFM NLO+gg




EWK di-bosons: WZ— 3I, 13 TeV, CMS,

23" (13 TeV
> L L B L EL L LN
8-wm—CMS ]
S ¢+ Data i
~ 80_— | -WZ __
2 r 2% =y i
e L VY i
e M Zy .

[ s ke otV i
40— I Nonprompt
o O ]
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1 -5 E []
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5 E [] i
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m*T (GeV)

Data/ MC
o
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EWK Processes: Multi-bosons

. . Az a v
Triple gauge couplings +  Quartic gauge couplings o
H . v vV
a . . v \
(di-boson production) ] v (tri-boson production)
231" (131 § V.
> w TTT ‘ T 1T ‘ T 1T ‘ T \:
3 “Fame T WZ > Il :
Q 7of- Preliminary ¢+ Data 3 CMS simulation [Ldt=19.3 fb™ \s=8TeV
> E I wz =
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40 on-Frompt [ 1SM+AQGC uncertainty
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wof E S PRD 90, 032008, 2014
B E =
10F — @ ®
E o [ b [ B ] =
0 == q>> 10*1 5 5 ' U
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0 100 200 300 400 500 600 700
CMS-PAS-SMP-16-002 Photon E, (GeV)
Dec. 2015 CMS Preliminary 10 CMS 19.4 fb™! (8 TeV)
T T T T T T T T T T T T —
CMS measurements 7 TeV CMS measurement (stat,stat+sys) +——+—o—+— e . Data
vs. NLO (nnLo) theory 8 TeV CMS measurement (stat stat+sys) ; I — SMF,/ A% = 0.0 Tev™*
13 TeV CMS measurement (stat,stat+sys) % I R L R b aQGC Fro/ A? = -5.0 Tev™?
TY, (NNLOth) . 1.06£001+0.12 50" o — — SQGC F_,/ A% = +5.0 Tev™
Wy —_———— 1.16 £0.03+0.13 50 b’ B
zy o 0.98+0.01+0.05 5.0fb" | @ [————
Zy HEe 0.98 +0.01£0.05 195fb" grnreTmrosmeroeeseesomeeoeeeses
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ww —_—— 1114004 +0.10 4.9 fb" i
WW, (NNLO th) — 1014002 +0.08 19.4 b’ PRL 114, 051801, 2015
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zz R 1.00+0.16 £0.06 1.34 fb" 100 200 300 400 500
o L L L N i L L L L 115 L L L L m, (GeV)
T Alresutsat Production Cross Section Ratio: 6,/ G,
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Contributions from aTGC and aQGC are not observed
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EWK Summary (7-13 TeV)

SM remains to be strong: good agreement between data and theory
June20t CMS Preliminary

S TN S A S A S @ 7 TeV CMS measurement (L <5.0 fb™) =
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CMS “re-discovers” the Standard Model in
Particle Physics

Original

discovery i\ "
’\\‘ 1"’1“,
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—— v l l — I I =
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Higgs discovery
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SM Higgs production at LHC

10— , ———————3: Gluon-gluon fusion:
8 r Ns=8TeV 3¢ - radiative corrections at:
< i » NLO QCD
F 10 ek =  NNLO QCD
T F - = NNLL QCD
g [ ) » NLOEW
: - Kxnio/nio Scale PDF+ag Total
i ] (Kniosio) error
107 =
= = geF +25% | +12%-7% | 8% | +20-15%
] (+100%)
- VBE <1% +1% +4% +5%
ol (+5-10%)
10 — = WH/ +2-6% 1% +4% +5%
8 1000 | 24 (+30%)
MH [GeV] ttH - +4% -10% +8% +12 -18%
(+5-20%)
g s q g t
oy oy ) LHC Higgs Xsection WG
g q q 8 i
51
(@) gg — H (b) VBF ©)VH (d) 17H




Higgs production mechanisms and decay modes
@120 GeV

87.4 % 6.7 %
q q
§ W, Z
ggfusion:  ~ 4 >------ H  WW,ZZfusion: C H
§ W, Z
indirect coupling to gg, 1 1
top in the loop 0.5 %

WZ g oo

tt fusion: F------ H
N . H
g 00— ¢
W.Z H
/ Y
f H H "

/ Wz / / . g W Y

SHww = & My s = Me/V 8unn = 3My°/v indirect coupling to
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8 TeV = 13 TeV: What does it change ?

—f_ 0.1 b

100

luminosity ratio

[ ratios

of LHC parton luminosities: 13

WJS2013

T v

TeV/8Te

In gg fusion:

forvs=1TeV,
forvs=2TeV,
forvs =3 TeV,
forvs =4TeV,

1 fb!

In qq,

10 fb'!

MSTW2008NLO

J. Stirling, http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html

H (gsF)

H (VBF)

tt

ttH

stop pair (0.7 TeV)
stop pair (0.9 TeV)

— 1I000
M, (GeV)

Cross section ratios: 14 (13) TeV /8 TeV

(for 13 Tev 7 8TeV: 8.4)
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1 2
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» SM Higgs is light, so the gluon fusion
cross section doesn’t get that much

boost (x2, 19.1 = 43.6 pb)

» Background cross sections increase

too
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=_':.

ggs decay channels
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H—>2Z->4l in a nutshell

B Signatures: 4e, 4u and 2e2y final state )
B clean but extremely demanding channel for =
requiring the highest possible efficiencies é
(lepton Reco/ID/Isolation). N
B s x BR small = few fb 1

B Backgrounds: ’

B Irreducible: ZZ*
B Reducible: Zbb, tt+jets, Z+light jets, WZ+jets

B Sensitivity: 115 < my < 1000 GeV

B Selection strategy:
m triggering on double leptons
m applying reco, id and isolation of leptons
m recovery of FSR photons
m use of impact parameter
m M, and M« constraint

m kinematical discriminant / scalarity of the Higg
N. De Filippis HEP@Zewail, Cairo, April 9-

Production cross sections
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CMS Experiment at LHC, CERN

Data recorded: Thu Oct 13 03:39:46 2011 CEST

Run/Event: 178421 / 87514902
Lumi section: 86

CMS,
= \ (Z,) E; : 8 GeV

7 TeV DATA

4u+y Mass : 126.1 GeV

w(z,) p;: 14 GeV

N. De Filippis

u*(Z,) p; : 67 GeV

wi(z,) p;: 28 GeV



M (Z,) p; : 43 GeV

e(Z,) p;: 10 GeV
8 TeV DATA

4-lepton Mass : 126.9
GeV
w(z,) p;: 24 GeV

e*(zZ,) p;: 21 GeV

CMS Experiment at LHC, CERN

Data recorded: Mon May 28 01:35:47 2012 CEST
Run/Event: 195099 / 137440354

Lumi section: 115

N. De Filippis HEP@Zewail, Cairo, April 9-13
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June 2012:

14/6/2012: Approval
of HDZZ>4
analysis

1

CMS Preliminary (3=7TaV, L=505hb";f5=8TeV,L =526
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4-lepton mass: H>Z2Z2->4l, July 4 2012

CMS Preliminary
]

@ 30F t Data Js=7TeV:L=0.0fb" E
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H->vyy in a nutshell

Important channel for Higgs with 110< m,,<140 GeV Fre 80 eV
* clear signature of two isolated high E; photons i = ;:-. = =
» small B.R. (0.2%) e \-\;‘

* narrow mass peak with very good mass resolution 1-2% i} 1 = '
e VBF channels has two additional jets from outgoing quarks G=6GeV
* Associate production: WH with W->|v

Background:
* irreducible : yy=vy, qagbar, qg=2>yy from QCD

* reducible:  pp =2 y+jets (1 prompty + 1 fake y)
pp =2 jets (2 fake y), fake y from n®>yy
Analysis strategy based on:
e trigger (double photon HLT)
e vertex ID via MVA, photon reconstruction, ID and isolation via MVA
e categories of events based on the y shower shape (Ry) to optimize s/b
¢ look for a peak with MVA techniques and cut-based



CMS Experiment at the LHC, CERN

Data recorded: 2012-May-13 20:08:14.621490 GMT

Run/Event: 194108 / 564224000
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Di-photon mass: H—>vyy, July 4 2012
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October 8 2013: Nobel prize

Nobel Prizes and
Laureates

| Physics Prizes 3| < 2013 >

¥ About the Nobel Prize in Physics
2013

Summary

Prize Announcement

Press Release

Advanced Information

Popular Information

Greetings

» Francgois Englert

» Peter Higgs

All Nobel Prizes in Physics
All Nobel Prizes in 2013

N. De Filippis

% The Nobel Prize in Physics 2013
Frangois Englert, Peter Higgs

The Nobel Prize in
Physics 2013

- - -
- o ‘

Photo: G-M Greuel via
Wikimedia Commons

Peter W. Higgs

Photo: Pnicolet via
Wikimedia Commons

Frangois Englert

The Nobel Prize in Physics 2013 was awarded jointly to Frangois Englert
and Peter W. Higgs “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"
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H - 4 leptons, Sept-15th 2016, CMS, 13 fb!

Events / 4 GeV
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H - vy, 13 TeV, 13fb!, ATLAS, August 2016
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Fiducial o (fb)
43.2+14.9(stat)+4.9(syst)
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Higgs couplings - future up to HL-LHC and 3000fb!

Relation Couplage-Masse
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Is the SM enough? Open questions

¥ |s the Higgs mechanism to
generate weak boson and
fermions masses real ?

F How to solve the problem of
the hierarchy between the EWK
scale and the GUT or Planck
scale ?

F Are the electroweak and strong
forces unified at some GUT scale

F Is the SUSY realized in nature ?
Do the SUSY particles exist ? Can
they explain the dark matter ?

F Do extra dimensions exist?

F ...etc.

LHC can provide some answers

c
barn

mb

pb

nb

pb

fb

New Physics!
A

LHC

Ns=14TeV

L=10%*cm2s™" rate

o inelastic
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input

st:a:alar LQ‘
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Backup
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The Standard Model of Particle Physics

Spin 0
(Higgs Boson)

Hypercharge ..... ‘D4 mass (GeV)

Weak Isospin----

Gauge boson-------------
coupling

coupling

Spin 1/2
(Fermions)

Generation

+ |
Weak Isospin (L) -===> T,

Gauge boson--

Hypercharge (L) -=---> Y (‘mass (GeV)\Y <----Hypercharge (R)

¥
T, <-—Weak Isospin (R)
-------- Electric Charge

Q=Y+T,

Spin 1
(Gauge Bosons)
mass (GeV)
symbol
Fermion
coupling C]

é 15‘ 2nd 3l'd %
Ve [ I(.’l é \[ to | i SU(3)C0LOR SU(Z)LEFT U(1)HYPERCHARGE
... .'. ... o
Letthanded [ 2 | Sunan | Sennn | Sannn ) © 3 0 0 0 u ©
SU(2) doublet 1/4 0 0 0 S-S g W1 W2 W3 B
1p \ & d S & b 0 ? & lk k k Y
> \Bamo DED)\DEEDD) ! ' ! '
]
VR SRSV PP :
1]
1/, Ve Vp V: 0 'y H ! H ','
Left handed Do [mus]s) Do © ! ' ! '
—_— (=g 1} [
SU(2) doublet \ -1/, 0 0 ° -1 § : ' : !
| © H T 1o @ ; : ; :
246 Gev omo gmo )\ Do)
: wE = (w!+iw?)/v2
Unbroken Symmetr )
Broken Syr\':\metryy Z = cos 0, W — sin 03
1 2 3 v = sin 0 W?3 + cos 0, B
(00023 Y 1275 Y 173.07 )
o u 2/ o 2/ () t 2/ :
oo 3| ee 3| ee 3 [}
\ 8Om0 | 0gpo | 6omg) ‘
( 0.0048 0.095 418 ) :
d, .. b, :
oo 3| oo /3] & /3 :
\8omo A\ 8ano A 8omg) 37 7
(m, M|\,m1 Mz\(m3 MJ\ 91. 0
Ve | Vi,| Wi, Y
oD mas) oo ) Q
("0.000511 | 0.105658 | 1.77682 )
.| U, | T, SU(3)010n U
\__ Do \_@mo \__oso)




The Standard Model Lagrangian
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