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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
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\
|

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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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 ®

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

Hadronization:

Parton shower forms hadrons - =
[non-perturbative, only models] /- .r ! .».
. ¥ i ‘ 9,
Decay of unstable hadrons /%o " & Y.
[perturbative QCD, electroweak theory] y e o
:' ®.. @
®e Hadronization &
Decays
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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) .
l; np f rev }/, f ., = rotation frequency (~ 11Hz)
F F = crossing angle factor
47{8”ﬁ* Rms transverse beam size =Ve B/ 1
& , = renorm. transverse emittance

B * = optics at beam crossing (m)
7, = relativistic factor




pp, B-Physics,
CP Violation

LHC : 27 km long
100m underground

General Purpose,
pp, heavy ions

central detector
electromagnetic
calorimeter
hadronic
calorimeter
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LHC Magnets

LHC DIPOLE

CROSS SECTION

SUPERINSULATION

AUXILIARY BUS-BARS

lllllllllll

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

N. De Filippis February 4-8, 2019 11



OP Vistars - Mozilla Firefox

Fle Edit View History Bookmarks Tools Help
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PROTON PHYSICS: STABLE BEAMS

Intensity

T T
12:15 12:30
Time

First Collisions at 3.5TeV/beam
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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).

N. De Filippis February 4-8, 2019 13



SUPERCONDUCTING

COIL

Total weight : 12,500 t

Overall diameter : 15 m
Overall length : 21.6 m
Magnetic field : 4 Tesla

TRACKERs

CMS in a nutshell

Silicon Microstrips
Pixels

CALORIMETERS
ECAL Scintillating PboWO, HCAL Plastic scintillator
Crystals [, T e brass
s ___ | - | sandwich
e ,
IRON YOKE
‘ : MUON
< NDCAPS
E w
MUON BARREL SN % i =
- _,:‘k — * strips
Drift Tube Resistive Plate Cathode Strip Chambers (cs©

Chambers (DT) Chambers (RPC) Resistive Plate Chambers (RPC)
ni<2.5 : Tracker

0 /pr=10%p.® 0.005
ni<4.9 : EM Calorimeter

g /E~ 0.03/E + 0.003

Ini<4.9 : HAD Calorimeter
¢ /E=1.0/JE+005

ni<2.4 : Muon spectrometer

0 /pr= 010 (1TeV muons)

i)

Transverse slice
through CMS

Silicon
Tracker

Electromagnetic
Calorimeter

-

Hadron
Calorimeter

Key:

Charged Hadron (e.g.Pion)

— — — - Neutral Hadron (e.g. Neutron)

" Superconducting

Solenoid

Iron return yoke interspersed
with Muon chambers




Particles as seen in CMS

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

Muon

Electron

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

Tracker

. Electromagnetic
}i" " Calorimeter

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed
with Muon chambers

Transverse slice
through CMS
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The CMS story
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Work for escavation at “Point 5"

N. De Filippis February 4-8, 2019 17



UXC/USC5: CMS caverns

I\

Delivered to the experiment
on February 1-st 2005.

3 i R \ ‘ 7 .
& ! | § B A
3 i e
| p— e | = P— W ——
 ————— il ——  — —
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CMS Surface Hall in Feb 2006
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Insertion of HCAL Barrel




Lowering of Heavy Elements

) | %

YBO landing in the CMS experiment hall
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Beam Pipe installation
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CMS closed and ready for data




Proton-proton collisions at LHC

7x102 eV Beam Energy
10%cm2s?  Luminosity
2835 Bunches/Beam
10" Protons/Bunch
<«—>
7.5m (25ns)

7 TeV Proton Proton

Bunch Crossing 4 107 Hz CO||Id|ng beams

y \\
' Proton Collisions  10°Hz
Parton Collisions u
S~ - o W ’ g9
New Particle Production 10° Hz Loth e 2y fet
(Higgs, SUSY, ....) Jz .

Selection of 1 event in 10,000,000,000,000
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A typical pp collision at the LHC
’\g:\l{:l\ﬁs Experiment at the L}jIC‘ CERN £ J //// /

~ \ “\ » ¥ < . o g y
bm\4>cm<l 2010-Jul-08,02:25:58, 830B11 GMT(04:2¢ EST Sl 4 / Pz > >

AN39779 / 4994198 \

Expected Higgs boson production rate is less than one in a billion pp colisions!
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Event selection stages

b: LHC vs=1TeV  L=10%cm’s” rte evier QN-line 4 'S OFF-line
rm -
e LEVEL-1 Trigger
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10" L LR | [Pipelined massive parallel
mb . 10 " e SN
— A S|
MHz 10 ® a4 [ ELT
max Detector output ANy HIGH LEV riggers
max L1 outputa 10 " SN | NS "@r Farms of
max HLT input ) : "9 5l ik 2anae, processors
0 @ @)
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HLT QUtpUt e 10
Reconstructlon&ANALYSIS
f0f @@ TIER0/1/2
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jet E; or particle mass (GeV) Giga Tera Petabit
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EWK Processes: W and Z production

Drell-Yan process

Singel W/Z production: |

) =
W= W production: J”d W
-——- (main contributions) { it —>W~

[m? -/

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

N. De Filippis February 4-8, 2019 31



W and Z decay

i, I
I‘—*—’VV\4< i, £, Vg

® ov ® cc
: UV : Uy
L T

@® hadrons @® hadrons
® v

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...

N. De Filippis February 4-8, 2019 32



W and Z sighatures

W — v

Z — [

r— f}

o “ :::::g:-.'-‘:.t;-n
/f,//;?? \Il -‘\Q{\'\.\\: : o, \
| S IH' P | |

W:  lepton & neutrino; L, 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 /| 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—_' LN LI LN BN LU L '__ %) - I T T T T [ T L T I T T T T ]
(O] i det=35pb" 1 ) 103;_ det=35pb'1 _
%20000:— e data : % o
| | Byend-2012we had £ e[ R
15000) ~150.000.000 Wand 3 |
o i S}

210000— ~15000OOO Z g 10_
§ decaying § |
5000 .
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

ns
5 -
standalone-muon .
track i
. t global-muon
y . track
muon system (top half)
\ tracker ]
>V global-muon
track
N , (bottom half)

Events per 10 MeV
2

trigger paths

my

mJy
B, — W

my

[ low p_ double muon
high P, double muon

4

e 102—2
g1 12 July 2011
10° 1071 =
Z 1 | . .
10° ! 10 dimS(z)n mass [GeV]
102 Dec 2010
2.7fb" (13 TeV
10 CM S % 1010 Trigger paths ( ° )
\s=7TeV 8 Ly CMS —
; L =40 pb'1 ; Preliminary Jhy .
int = 103 (0] , B,
| Ll Ll @ v . Y
1 10 102 |J>.l 7 Y B ow mass dou.ble mt.lon+track
Dimuon mass (GeV/cz) 10 - Bs double muon inclusive
10° y4
CMS shows a excellent 5
. 10
performance to detect different
: 10* End of 2015
signals 3
10
| L Lol 1 |
https://twiki.cern.ch/twiki/bin/view/CMSPublic/ 1 10 102
PhysicsResultsMUO i invariant mass [GeV]
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Higgs discovery
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SM Higgs production at LHC

10— , ———————3: Gluon-gluon fusion:
8 F Ns=8TeV 3% = radiative corrections at:
% 3 Ik = NLO QCD
F 10¢ ek = NNLO QCD
T F - = NNLL QCD
T 4L ’ » NLOEW
: - Kxnio/nio Scale PDF+ag Total
B | (Kniogo) error
107 E
= = ggF +25% | +12%-7% | $8% | +20-15%
] (+100%)
. VBF <1% +1% +4% +5%
- (+5-10%)
107 e WH/ +2-6% +1% +4% +5%
8 1000 | 24 (+30%)
MH [GeV] ttH - +4% -10% +8% +12 -18%
(+5-20%)
g q 7 g t
. p LHC Higgs Xsection WG
g q q g 7
37
(a)gg —H (b) VBF (c)VH (d) ttH




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 5.4 % 0.5 %
q WZ g oo t
weze o5
W, Z strahlung:
/ ) R tt fusion: [ ------ H
q H
g OO ——— ¢
W,Z ~H
’ Y
H H H H

/ Wz / / . g W Y

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

% 0.1 fb-l

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

1 (for 13 Tev 7 8TeV: 8.4)

16 (for 13 eV 7 8 TeV: 12)

gluino pair (1.5 TeV)

J 72 (for 13TeV / 8 TeV: 46)
1 2

J 5700 (13 / 8: 2700)

gluino pair (2.5 TeV)

Z'SSM (3 TeV) 13
Q* (4 Tev) ) 87
QBH (6 TeV) - : J 12000 )
10 100 1000 10000 100000

1
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LHC Higgs Xsection W
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ET 1 3
1025— =
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oo _ = O Q0 7
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\'s [TeV]

» 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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H—>2ZZ->4l in a nutshell

Production cross sections

B Signatures: 4e, 4u and 2e2yu final state

29 1 ¢

B clean but extremely demanding channel for 5 7} tE

g . - . 1 6 H="TT (1= e,
requiring the highest possible efficiencies ¢ 13
(lepton Reco/ID/Isolation). N af 13

B s x BR small = few fb T3 13
g4y 18

. © 1: | : H—e'eele’ 4 ©

E Background§. 9300 126 200 300 400 500 600
B Irreducible; ZZ* mh [GeV]

B Reducible: Zbb, tt+jets, Z+light jets, WZ+jets H> ZZ* > etep*pr

B Sensitivity: 115 < my < 1000 GeV
B Selection strategy:

m triggering on double leptons )J
m applying reco, id and isolation of leptons A
m recovery of FSR photons S

m use of impact parameter \ / \\ /

m M, and M« constraint \ / ¢
m kinematical discriminant / scalarity of the Higg %
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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

s
5 \ (Z,) E, : 8 GeV

wi(z,) p;: 28 GeV

7 TeV DATA

4u+y Mass : 126.1 GeV
M (Z,) p; : 6 GeV

w(z,) p;: 14 GeV

N. De Filippis u*(Z,) p; : 67 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 February 4-8, 2019
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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

% 25_‘ | ! AN DAL DAL |
L * Data ]
O L ]
o | O z-x ]
-~ . ]
; 20_ o4 DZ'( zz :
A "q&‘) C - |my=126 GeV ]
- ;Cl:JE Protminary o TVt '.':JSR:" _\':_-s"e['v L=526 'f - CMS Prominasy 5+ 7 Tov. L IU‘: (&0 Tov (Hs 200 I.ﬁ 15"_ [ ]m, =350 GeV |
8 12} « Data ] 8 12 « Data C 1
@ Wzx 1 @ : Bz C :
. s [

& al ly ‘ |m,,-1zﬁc;ev~ ‘z i 1
} 6. - -
0 | i s s uﬁ
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4-lepton mass: H>Z2Z->4l, July 4 2012

CMS Preliminary
o

2 30F ¢ Data s=7TeV:L=00fb" E
O [ [ m,=126 GeV ST OER TR .
Vo5 @Ozrzz =
(20 Bl ZX ]
& 20F- -
> .
wr -
15 —
10 —
5F -

O: o | | o

80 100 200 300 400 600 800

m,, [GeV]
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Di-photon mass: H—>vyy, July 4 2012

T T T T I T T T T ] T T T T I T T T T I T T T T I T T T T

Ve £ 7| Tel ILdt =0.dd " marps, 201

Events / GeV

2.5 ATLAS Preliminar

H—yy channe

1
IIIIIIIIIIlIIIIIIII

1.5

(T T[T T T T[T T T T[T T T T [TTT1

:
:
:
:
:
.
:
*
.
.
*
:
e

0 5 I -hhh"'-h —+H

o) SNEPT VPV W VT I VT AV VRV S Y Y SRR
200 —

Data - Fit

-200— - _ ]

100 110 120 130 140 150 160
M., [GeV]
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% The Nobel Prize in Physics 2013
Frangois Englert, Peter Higgs
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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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