


The Standard Model

Standard model of elementary particles
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Excellent agreement with all experimental results
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* Installation in existing
LEP tunnel (27 Km)

* 1232 dipoles B=8.3T

* pp Vs =14 TeV
Lgesign = 1034 cm2 s
* Heavy ions
(e.g. Pb-Pb at 5TeV,
p-Pb at 8TeV, Xe)

* First beam: Sept.2008
* 2012: 2 x4 TeV

* 2015/18: 2 x 6.5 TeV
* 2021/23: 2x 7 TeV

LHC experiments located at 4 interaction points
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The LHC experiments
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Proton collisions at the LHC

Collisions: 7-8 TeV (2011-12), 13TeV (2015-18)

6 LHC Vs=14TeV L=10*tcm’s’ Event Rate
barn

7x102 eV Beam Energy
10% cm?s'  Luminosity
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mbig b 7 TeV Proton Proton
MHz

colliding beams

kHz

3 < “GQ:
- Bunch Crossing 4 107 Hz
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Parton Collisions
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Trigger
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High radiation levels

Integrated luminosity 3000/fb
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LHC Page 1: stable beams

LHC Pagel Fill: 5045 E: 6499 GeV t(SB): 22:33:49 27-06-16 16:12:56

PROTON PHYSICS: STABLE BEAMS
6499 GeV 1.56e+14 1.60e+14

Inst. Lumi [(ub.s)A-1] IP1: 4516.43 IPS: 4410.75 IP8: 321.21
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T T T T T T
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T T T T T T
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Comments (27-Jun-2016 15:14:06) Link Status of Beam Permits

Global Beam Permit
Setup Beam

Physics with 2076b
Roman Pots in

Beam Presence
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AFS: 25ns_2076b_2064_1717_1767_96bpi_23inj PM Status Bl ENABLED  [Z\/ESIF\IEN YA ENABLED
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Experiments control rooms

Cessy: Master Control Room

Vs T s
SR IR

Fermilab: Remote Operations Center

Meyrin: CMS Data Quality Monitoring Center Any Internet access
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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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Event reconstruction

* Reconstruct event and all constituents: CMS Experimient at LHC, CERN Q
.

Data recorded: Sun May 6 18:22:392012 CEST
Run/Event: 193541 / 314062344

— leptons (e, u, t), photons Lumi section: 492

— tracks
— jets (b-jets)

ak5PF Jet

ET =69.4 GeV
eta =0.234

phi = 1.292

— missing transver ner Muon
ssing transverse energy /,_..I“ o
v i & eta = 1.269
- etC. Electron L] \ phi = 0.906
pT = 1143 GeV Ny
. eta = 0.515 e Sy
CMS Experiment at the LHC, CERN phi = -2.530 A .
§| Data recorded: 2015-Aug-22 02:13:48.861952 GMT g
| Run/Event/LS: 254833 / 1268846022 / 846 \__/ \
PFMet
pT = 71.30 GeV
ak5PF Jet phi=0451 |
ET = 39.8 GeV
eta=2.134
phi = -2.244
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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.

TH HCAL

T— Clusters
hadron : : HH detector

Tracks

—
_

<>articl e-flow
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Rediscovery of resonances
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Re-discovery of the SM at LHC
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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’]
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Monte Carlo simulation

Simulation

* Numerical process generation based on :
random numbers O

* Very powerful in particle physics
* Event generation

— Pythia, Herwig, Isajet, Sherpa ...
— Hard partonic subprocess + fragmentation,
hadronization, decay
* Detector simulation

— GEANT ...

— Interaction, response of all particles produced ... O
Reconstruction/Analysis
as for real data
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Cross section measurement

Number of
Number of background events
observed events (from data, calculated
v\ / from theory)
N obs  *Vbgd
Oy =

- E det

/ \ Luminosity

Acceptance (determined by amount of data,
(experimental: detector, efficiencies) accelerator, triggers, etc)
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Minimum Bias

Three generations

Ferm I |ab S S C of matter (fermions)
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Minimum bias events

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

T l I T T l T TT TTT TTTT -
i CMS | 7 * UA1INSD O NAL B.C. inel. CMS |
6l e ® 4 . o ® ® o - ¥ STARNSD < ISRinel. .
7 Tev e @ 6! A UASNSD A\ UAS inel. ;
I 1 W CDFNSD > PHOBOS inel. * 1
) - © % ALICENSD +r ALICE inel. ' j
0 ° . b QA"&M e J o 9 @ cMsnsp -
s 2.36 TeV A = 3
4~ A A AL m - E 1
— o ]
< o WP g S R 5 4 |
(& O d ~ »
Z | 0.9TeV il S r
ge) Z 3
© :
® CMS NSD L
2 B 2| - KR
A ALICENSD < e
1 L@ S— ~ 0.161 + 0.201 In(s) _
- UAS NSD | E e 2.807 - 0.315 In(s) + 0.0267 In’(s) |
C 1.54 - 0.096 In(s) + 0.0155 In’(s) |
0 1 I l 1 1 1 I 1 0 1 1 1 11 l 1 11
2 0 2 10 10° 107 10°
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Tuning of MC generators needed
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Jet production

Three generations
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Jet production at LHC

Proton

o
° Jet 1
‘. $jp1 ISR

37/{) FSR

Jet 2

K
LO partons NLO partons parton shower hadron level

Jet Def 't

jet 1 jet2  jet1 jet2  jet1 jet2  jet1 jet 2

Available up to NLO, first NNLO \ /, N\ //
calculations becoming available AV
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Jet production at LHC (cont.)

* Processes creating jets are complicated
r‘

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

» Jet reconstruction is difficult

 Jet energy scale and reconstruction is
large source of uncertainty

T ENETITI[o]]-0)

Y

out of cone

Parﬁdc k\\ffij

=

* Measure energy in a “cone’ ikt
un crglng

event
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Jet energy calibration

o |
o e \ Relative

Absolute \_calibration
calibration
22010 CEST Photon
jet . pr =761 GeV/c ,
., W n=00 jet
"'.. J et @=19rad
‘

Z (ory)

e,u
Anti-kr 0.5 PFJet

pr =72.0 GeV/c
n=0.0
SH Y @=-12rad
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E+ can be measured precisely

19.7 b (8 TeV)

— 6 R I Ll I L I |
9\: - CMS lTotaI uncertamty -
> - — Excl. flavor, time -
€ o o Absolute scale
g - R= (I) f PF+CHS ., Relative scale }
5 4L M« =0 = Pileup (1)=20)
CCJ N =Jet flavor (QCD) i
- - - Time stability ]
O 3 p
L - i
-9 I j

21 ~

e h

20 1 OO 200 1000

p; (GeV)
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Inclusive jet distribution

arXiv:1605.04436

* Produced abundantly at the LHC
* Very good agreement with NLO QCD

over nine orders of magnitude
- Pt extending from 20 to 2000 GeV
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Dijet event at 13 TeV

CMS Experiment at the LHC, CERN /
Data recorded: 2016-May-11 21:40:47.974592 GMT
Run / Event / LS: 273158 / 238962455 / 150

Large mass dijet
candidate event
M;=7.7 TeV
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Dijet mass

arXiv:1611.03568

12.9fb" (13 TeV)

% 10° CMS ¢ Data
gl — Fit
Search for numerous BSM s s L 00 (2.0 TeV)
resonances: == 10°E ---qg (4.0 TeV)
— string resonance, excited quarks, axi- X, 10;.; -+-qq (6.0 TeV)
gluons, colorons, E6 diquarks, W’ 3 4
and Z’, RS gravitons F
107"
102
o[ Wide PF-jets
107
= m, >1.06 TeV
104k Ml <25, 1An < 1.3
= | | i P | |
Qa ] OO OO S S— .................................
o
g5
©
Qe
- | | |
2 3 4 5 6 78
Dijet mass [TeV]
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W and Z bosons

Three generations

Ferm il ab SSC of matter (fermions)
| Il 1]
CERN LHC —
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O ~—_ 1]
s [ ) o
= CDF (p p) S
O 1nbp ; 2
_ : (7]
Dt P P
M op = 200 GeV 5
i

O Higgs
m, =500 GeV

| | | .
0.001 0.01 0.1 1.0 10 100

v§ TeV
M. Gallinaro - "Probing the SM at the LHC" - Summer@LIP - July 16, 2019 32




W and Z bosons

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

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

® v ®
® 1v ® T

@® hadrons @® hadrons
o w

* Isolated high-p; leptons: starting point of
many analyses
— Good rejection of QCD backgrounds
— “Tracking” vs “calorimeter” isolation

////  Excellent calibration signal

— Electron energy scale, ID/trigger eff., etc.
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W and Z bosons (cont.

.| CMS Experiment at LHC, CERN { 0 ¢ un Number: 152409, Event Number: 5966801
i| Run 133875, Event 1228182 '. / Date: 2010-04-05 06:54:50 CEST
il Lumi section: 16 ‘

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

W-ev candidate in

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

nle+)= -0.42

E,™ = 26 GeV

M, =57 GeV.

CMS Experiment at LHC, CERN
Run 133877, Event 28405693

Lumi section: 387 ==
Sat Apr 24 2010, 14:00:54 CEST / N
J
Electrons p;=34.0,31.9 GeV/c | \\
Inv. mass =91.2 GeV/c2 \/— I

7
\ Ve
N —
D -~
/
~
1

?N

Z—ee:

I~ %

Mass=91.2GeV 7 5
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W and Z reconstruction

» Select isolated leptons
(electrons and muons)

Z mass reconstruction
* Invariant mass of two leptons

m = /(E1 + E2)? —

(P1 + P2)?

W mass reconstruction

* Do not know neutrino p,

* No full mass reconstruction
* Transverse mass

mr = \/Iple + 7 l? — (77
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W boson Z boson
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W/Z cross section vs Vs

arXiv:1012.2466, CMS-SMP-15-004

S‘ [ T 1] 1 | l T 1 13 1 T L — l 1 11 ]
& — ®  CMS Preliminary, 43 pb™ (13 TeV) W
m — ® CMmS,18pb’ (8 TeV) W+ —
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X10 E_ ® CDFRunll _E
o [ 0 DORunl ]
[~ A uUA2 .
T v um Z
10° =
- A ]
B PP ]
10° =
— Theory: NNLO, FEWZ and NNPDF 3.0 PDFs ]
B | | | | | | I | | § | | 1 1 | l 1 1 ]
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Di-muon mass spectrum

CMS-DP-2015-055

‘0 2.7 fb' (13 TeV)
> 10 Trigger paths
8 . CMS -
= 10" E Preliminary JAhy
2 .8
qc) 10 =
> = Y B low mass double muon + track
L 1 07 E © double muon inclusive
10° z
10°
10
10° E
1 1 L1 1.1 I 1 1

1 10 _ 10°
utu invariant mass [GeV]
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Di-lepton events

arXiv:1609.05391

29" (13 TeV)

Z boson

' L
CMS ¢ Data
resonance dimuon 2 o
[ tf, single top

[ ] WW, Wz, ZZ, tt, W+jets
Narrow Z' (Mz, =2TeV)

Events //GeV

» Select di-lepton
candidate events

 Search for other
resonances

Data / Bkg

. : ) ] . \
100 200 300 400 1000 %)&qu_??go

M. Gallinaro - "Probing the SM at the LHC" - Summer@LIP - July 16, 2019 38



2017: Di-muon candidate event

CMS CMS Experiment at the LHC, CERN
Data recorded: 2017-Jun-27 15:39:36.789504 GMT

Run / Event / LS: 297599 / 134277310 / 86

Large mass dimuon .
candidate event
M, =2.4 TeV
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Single and diboson production

SMP-17—004, SMP-16-018

 LHC as boson-boson collider
« Single (or double) W/Z production

— Sensitive to NP , )
« Observation of vector boson scattering '
— Same-sign WW
 Rich program of precision measurements
35 9 fb (13 TeV) CMS Prefiminary 359 fi' (13Tev)
2 pgasibimipan Sy b Nisis ) % ‘l"'I""'T"‘W"'II'J’t'
@ Data — m,.. = 200 GeV O 4n2 " —»— Data
G oo [ EWWW My = 600 GeVCMS g r ZZj I 2zji EW
> 150 [ 7 e Preliminary - = Moy 22
. L I Non-prompt \ Bkg. unc. i i £ qux—azz
Others WtWi” _ L%J [Tz, wwz T
1[0, 1} QN R DLO0 i 10 m> 100GeV

L\ é\\\\\\\ \\\\\\\\\§\\\\\\\\\ 1E
0 ; p : : 1 1 1 1 1 L1 1
500 1 OOO 1 500 2000 200 400 600 800 1000 1200 1400 1600
CMS-PAS-SMP-17-004 CMS-PAS-SMP-16-018 my [GeV]
m, [GeV]
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« Sensitive to New Physics from triple
gauge couplings

* Increased luminosity will further

improve sensitivity

March 2017 CMS Preliminary
CMS measurements 7 TeV CMS measurement (stat,stat+sys) +———o——
vs. NNLO (o) theory 8 TeV CMS measurement (stat,stat+sys) +——e——i
13 TeV CMS measurement (stat,stat+sys) ——e—+—
04 ——to——— 1.06 £0.01 £0.12 5.0 fb"
Wy, (NLO th) —_— 1.16+0.03+0.13 5.0fb™
Zy, (NLO th.) - 0.98+0.01 £0.05 5.0 fb"
Zy, (NLO th,) e 0.98+0.01+£0.05 19.5fb
WW+WZ 5B — 1.01£0.13£0.14 4.9 fb"’
wWw — o 1.07+0.04+0.09 4.9 fb’
ww o 1.00+0.02+0.08 19.4fb"
ww o 0.96+0.05+0.08 2.3fb"
wz — - 1.05+0.07 £ 0.06 4.9 fb"
Wz e 1.02+0.04 +0.07 19.6 fb™
Wz — 0.80+0.06 £0.07 2.3 fb"
ZZ P 0.97+0.13+0.07 4.9 fb"
ZZ - 0.97 +0.06 +0.08 19.6 fb
77 1.10+0.04 £0.05 359 fb"’
1 1 l " L L L
Allrestts at: 1 Production Cross Sggtion Ratio: o.,./0 :
http://cern.ch/go/pNj7 ) exp theo
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q V;

r-channel

June 2017 ° coms
Central ATLAS

Fit Value LEP

Diboson production

* Test of EW corrections

u-channel

Channel

Ax,

Wy

Wy

ww

ww

ww

wv

WV (Ivjj)
WV (IvJ)
wv

wv

DO Comb.
LEP Comb.
Wy

Wy

ww

ww

ww

wv

WV (vij)
WV (ivJ)
wv

wv

DO Comb.

LEP Comb.
1 l 1 1 1

q

Limits
[-4.1e-01, 4.6e-01]
[-3.8e-01, 2.9e-01]
[-1.2e-01, 1.7e-01]
[-2.1e-01, 2.2e-01]
[-1.3e-01, 9.5¢-02)
[-2.1e-01, 2.2¢-01]
[-1.1e-01, 1.3e-01]
[-6.1e-02, 6.4e-02]
[-1.1e-01, 1.4e-01]
[-4.4e-02, 6.3¢-02)
[-1.6e-01, 2.5¢-01]
[-9.9¢-02, 6.6e-02)
[-6.5e-02, 6.1e-02]
[5.0e-02, 3.7e-02)
[-1.9¢-02, 1.9-02]
[-4.8e-02, 4.8e-02]
[-2.4e-02, 2.4e-02]
[-3.9e-02, 4.0e-02]
[-2.2€-02, 2.2¢-02]
[-1.3¢-02, 1.3¢-02]
[-3.8-02, 3.0e-02]
[-1.1e-02, 1.1e-02]
[-3.6-02, 4.4e-02]
[-5.96-(12. 1.7e-02]

1 1
1

1

s-channel

[ Ldt
46fb"
5.0 fb”
203 1b"
4.9fb"
19.4 fb"
461"
20.21b"
20.21b"
5.0 b
19 fb”
861"
0.7 "
461"
5.0 fb”
20.31b"
49"
19.4 fo”
46f"
20.21b"
20.21b"
5.0 fb”
19 o
86fb"
0.7 [b !

1.5

1

TGC vertex

H

4

s

7TeV

7 TeV
8TeV

7 TevV
8TeV
7TeV
8TeV
8TeV

7 TeV
8TeV
1.96 TeV
0.20 TeV
7TeV

7 TeV
8TeV

7 TeV
8TeV
7TeV
8TeV
8TeV

7 TeV
8TeV
1.96 TeV

0.20 TeV
| L |

aTGC Limits @95% C.L.
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B-physics and Rare decays

Three generations
of matter (fermions)

» Study rare processes to look for NP
* Indirect searches: By — nu

» Flavour changing neutral current (FCNC)
forbidden at tree level in SM

» Can only go through loop diagrams

CMS and LHCb (LHC run 1)

i : T I T T T l T T T I I I :
% 60 |— —4— Data =
= ¢ —— Signal and background .
g 5 - [ B~ -
8 r LB =
® - =« = Combinatorial background
% = B o | Semi-leptonic background 7
he] = - = Peaking background =
B o0 .
c 30— —
I B
o - .
8 20f —
= - -
= .
© [ 7
S 10| =
R R VT e =

o) T e R i S PR IR T S W | -

5000 5200 5400 5600

5800
m,., [MeV/c?]

mass—f 2.4 MeV/c B
charge—{ %
wnti U
name—| up

171.2 av/él

4.8 Mev/c

Leptons

n
neutrino
0.511 Mev/c? .7 MeV,
Sl R
. €
electron u

|
it
%
top

47 e,
Y
% J

bottom

A=
15.5 MeV/

Lepton Flavor Violation (LFV)
Search for tau— 3 muon decays
Very rare process: BR~10-40!

Study in Ds and W decays

primary vertex
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Top quark production

Three generations

Ferm | Iab S S C of matter (fermions)

CERT l LHCl : - m N

o o E710 2 10°

A—
7 <2.2ev/c <0.17 Mev/c’|

Gauge bosons

1ub

O (proton - proton)

1nb

Events / sec for £ = 10°*cm™ sec™

top quark . ————

1pb

O Higgs
m, =500 GeV

| | | .
0.001 0.01 0.1 1.0 10 100

v§ TeV
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The top quark

* The heaviest known elementary particle %J QUARK MASSES
. . O
 Large coupling to the Higgs: ~1 =
« Short lifetime 1=0.4x10-24 sec 200
— very short lifetime = bound states are not formed s
= opportunity to study a free quark
150
« Large samples of top quarks available 100
« Top quarks are main background for many
New Physics searches 50
« Measurements may provide insight into
physics beyond SM ol 001 0

up
down

strange |" @
charm @&
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Top quark decays

Top quarks (mostly) produced in pairs @ Top Pair Branching Fractions
oo 46%
S
ttHjets 15%
1%
T 2
¥e 21\/810 ‘< 159
0—U Wik, P e
¥ @ e "dileptons™ 2
* Dilepton (ee, uu, ep):
— BR~5%, 2 leptons+2 b-jets+2 neutrlnos sl
Displaced tracks
» Lepton (e or u) + jets
— BR~30%, one lepton+4jets (2 from b)+1 n e /%econaawvenex
« All hadronic q K
— BR~44%, 6 jets (2 from b), N0 NEULNNOS  romues | 71018 @lWays present
b-jet reconstruction plays important role
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Top quark and tau lepton

PRD 85 (2012) 112007, PLB 739 (2014) 23

Three generations
of matter (fermion )

 cross section measurement including taus T

« Includes only 3 generation quarks/leptons =¥y Ific l‘:Y
name—{  UP y cha | too photon
Channel Signature BR g d s b l'g
Dilepton(e/n) | ee,pu,eu + 2b-jets 4/81 e e —
Ve |5V |4 Ve |1 20
Single lepton | e,u + jets + 2b-jets 24/81 e I [ | .
uMev/c; 105.7 Mev/c? m 80.4 Gev/c? é
All-hadronic jets + 2b-jets 36/81 che liw it eweE -
§ electror H | ‘ W boson g
Tau dilepton | er, pt +2 b-jets 4/81 |=——> BR~5% i
Tau+tjets T + jets + 2b-jets 12/81
<. 1200 .,,,,....,...,,,,,,,...1.96.f,b,§8T,°.V,).
: : o [ . ]
- Charged Higgs may alter coupling to W S ol cms Eéflwx
B dileptons
— Search for final states with taus Z f — gﬁ;f;‘!’;ggon
..‘é’ 800—— ]_ymisidentifiet:l.th ]
,’ q q>) i 7772 total uncertainty 1
— :
N vV, q 400}
t = 200}

b 100 150 200 250 300 350 400 450
My, [Ge
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Top quarks and BSM

« Monitoring of production
mechanism

* Interpretation of m,,: top, W,
Higgs masses

» Are properties consistent with
our understanding of EWSB?

* Is there any sign of NP in top
production/decay?

M. Gallinaro - "Probing the SM at the LHC" -

Inclusive tt cross section [pb]

CMS Preliminary, 19.7 fb ', |s =8 TeV, l+jets
% 12000 -ﬁcmrecl ! Bz els A
9} _ [ Wadets
0 : ttwrong [ single top
g 100001~ [] tt unmatched D ]
2 . ata
K] L ]
©  8000f -]
g I i
E .
$ 6000
4000~ .
mass;
4 o 15
J =
wg t‘* ""‘*"”"‘"W*++*++’*+ + i ]1
9 o5l +
100 200 300 400
19.7 1" (8 TeV) mit [GeV]
0.35 q
]
o.aprd%gtles singletop
-t
T8
« Data,
0.25
+ 10 stat. unc. b t
—— Syst. unc.
—~— Total unc.
0.2l- * SMpred. prosi 2010y g E
PP R PR B B
0.65 0.7 0.75 0.8

Fo
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arXiv:1112.5675

Inclusive tf cross section [pb]

—_
o
w

—
o
[\S]

10

Cross sections vs Vs

(13 TeV) = 832 pb + 5%

R13/8 = 3.28

OpOr<amE<«oEOEO

* Preliminary

Tevatron combined 1.96 TeV (L < 8.8 fb™)
CMS dilepton,|+jets* 5.02 TeV (L = 27.4 pb’ Y
ATLAS ep 7 TeV (L = 4.6 fb™)
CMSeu7TeV(L=51")

ATLAS en 8 TeV (L =20.2 fb "
CMSeu8TeV(L=19.7 o™

LHC combined en 8 TeV (L = 5.3-20.3 fo! )
ATLAS ep 13 TeV (L=3.2 fb b)
CMSepn13TeV (L=221b")

ATLAS ee/pp* 13 TeV (L =85 pb ™

ATLAS l+jets* 13 TeV (L = 85 Pb1
CMS [+jets 13 TeV (L=2.3fb")
CMS all-jets* 13 TeV (L = 2.53 fb )

gg/aq
~80%

g NNLO+NNLL (pp)
== NNLO+NNLL (pp)

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
=172.5 GeV, (xS(MZ)

NNPDF3.0, m
top

900

800

700

ATLAS+CMS Preliminary ~May 2017 |
LHCtopWG

L

=0.118 £ 0.001

1 I3 l\(g ['II'eVi

4 6

M. Gallinaro - "Probing the SM at the LHC" -

8

10

14
Vs [TeV]
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ATLAS+CMS Preliminary LHCtopWG G summary, fs=7TeV May 2017
NNLO+NNLL PRL 110 (2013) 252004
"""" My, = 172.5 GeV, o, (M) = 0.118+0.001
scale uncertainty . tomt_'_|_|
scale ® PDF @ o, uncertainty
Oyt (stat) + (syst) = (lumi)
ATLAS, l+jets ] 179+4+9+7pb L=0.7 b’
ATLAS, dilepton (*) = 17367} “Spb L07b"
ATLAS, all jets (*) F t 1167 £ 18+ 78+ 6 pb L=10fb"
ATLAS combined e 177 £3° + 7pb L=0710f"
CMS, l+jets (*) —tot— 164+3+12+7pb L0811 b
CMS, dilepton (*) —tet+i 170+£4+16 8 pb =1.11f"
CMS, T+ (%) e 149+ 24 + 26 + 9 pb =1.11p"
CMS, all jets (*) + + J 136 £ 20+ 40 £ 8 pb =111’
CMS combined —o— 166 + 2 + 11+ 8 pb L=0.81.1fb"
LHC combined (Sep 2012) = 173+ 2+ 8+6pb L=0.7-1.1fb
ATLAS, |+jets, b—>Xuv i 165+2+17 £3 pb L=4.71b"
ATLAS, dilepton ey, b-tag HaH 182.9+31+42+36pb L 46’
ATLAS, dilepton ey, NleB-ET“ —im— 1812428737 +33pb L 46’
ATLAS, 1, +ets I + 1 194+ 18+ 46pb L=1.7f"
ATLAS, all jets : 168+ 127X+ 7pb =471
ATLAS, 1, .+ ——— 183+9+23+3pb L4615’
CMS, I+jets e+ 1617+ 6.0+ 120+ 3.6 pb L -5.01b"
CMS, dilepton e HeH 1736 +£21735+38pb L 507"
CMS, 1, + ———t— 14314222+ 3pb L2
CMS, 7, +ets et 152+ 12+ 32+ 3 pb L.=3.91b"
CMS, all jets ———— 139+ 10+ 26+ 3pb L=351b"
(") Superseded by results shown below the line
NNPDF3.0 JHEP 04 (2015) 040
MMHT14 EPJC75 (2015) 5
CT14 PRD 93 (2016) 033006
ABM12 PRD 89 (2015) 054028
[¢s(M,) =0.113]
||||||||||||||||||||||||II|II||||
50 100 150 200 250 300 350
o, [pb]
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How does a top quark decay?

b

 almost always t—=Wb (i.e. Vy,~1)

* lifetime is short, and it decays before
hadronizing

* the W is real:
— decays W—lv (I=e,u,t), BR~1/9 per lepton
— can decay W—qq, BR~2/3

ATLAS+CMS Preliminary LHClopWG
[O mans

Vel = \3— from single top quark production

o
0,..- NLO+NNLL MSTW2008nnio
PRD &3 (2011) 091503, PRD 82 (2010) 054018
PRD 81 (2010) 054028

Ac,  : scale ® PDF
m,, = 172.5 GeV

May 2017

. Vel £ (meas) £ (theo)

t-channel:
ATLAS 7 TeV e 1.02+006 £002
PRD 90 (2014) 112006 (4591 ')
ATLAS 8 TeV i 1.028 £ 0.042 £ 0.024
arXiv:1702.02859 (2021 ") i
CMS 7 TeV e 1.020 £ 0.046 £ 0.017
JHEP 12 (2012) 035 (1.17-1561 ") :
CMS 8 TeV i 0.979 £ 0.045 £ 0.016
JHEP 06 (2014) 090 (19.71 ") :
CMS combined 7+8 TeV i 0.998 + 0.038 + 0.016
JHEP 06 (2014) 090
CMS 13 TeV ) [ — 1.03 £ 007 £ 0.02
arXiv:1610.00678 (231 ")
ATLAS 13 TeV . ———— 107009+ 002
JHEP 04 (2017) 086 (321 ')
wt: e
ATLAS 7 TeV : ] 1037 22003
PLB 716 (2012) 142 (205® ')
CMS 7 Tev ———————y 1.01°013 "o
PRL 110 (2013) 022003 (491 ') ’
ATLAS 8 TeV booocee 01£0.10£0.03
JHEP 01 (2016) 064 (2031 ')
CMS 8 TeV b————— 10320122004
PRL 112 (2014) 231802 (1221 )
LHC combined 8 TeV [SDSS— 1.02 :+ 0.08 + 0.04
ATLAS-CONF-2016-023
CMS-PAS-TOP-15.019
ATLAS 13 TeV 1.14: 024 : 004
arXiv:1612.07231 (32m')
s-channel:
ATLAS 8 TeV ' 093 %% +004¢
PLB 756 (2016) 228 (203® ') .
NCiuding 10p-Quark Mass uncertanty
¥ O, NLO POFSLHC1Y
NPPS20% (2010) 10, CPC191 (2018) 74
nciuding beam energy uncerntanty
i P | —d i L oA
0.4 06 08 1 1.2 1.4 1.6 1.8
[fvVel
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Top quark mass

Y - N ml,w;rldlcomb.no ! ) 'li
- Top quark mass is a fundamental S s0s [ 1wt wammonrmerts || Teane
parameter of the SM I ik el | B
t H 8045 |- -
W - W W . W 80.4 - ]
'\'v‘-:‘ .\‘U'U'O\ '.'.'v‘\‘.“\.\.‘y’\ [ e e, , ! ’ / e 3
5 80.35 | 1 - 50385 - 0015 Gev _ )
dMyyocmy?2 omyeclog my, s
80.3 [ .
. Preci_se measurement needed for checking 4. f_wf,g»s%%
consistency of the SM P e L1
140 150 160 170 180 190
m, [GeV]

» Top is the only fermion with the mass of the order of EWSB scale
- Discovered Higgs boson fits well with precise determinations of my, and my,,
* Precise measurements of m; and my, sensitive to presence of new particles in loop
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Top quark mass

1 | 1 | o~
>
ATLAS ® my (0]
== Stat. Uncertainty (.2.
— Full Uncertainty EZ
LEP Comb. ° 80376433 MeV
Tevatron Comb. ° 80387416 MeV
LEP+Tevatron Py 80385+15 MeV
ATLAS 2037
Electroweak Fit — 2035618 MeV
1 1 | |
80320 80340 80360 80380 80400 80420
m,, [MeV]

* First W mass measurement at the LHC

» Use low pileup data at 7 TeV

« Control of systematic uncertainties

* Uncertainties comparable to Tevatron results

« Expect future improvements

M. Gallinaro - "Probing the SM at the LHC" - Summer@LIP - July 16, 2019

80.25——

]1r11l1 U

‘..

T

T

T ] Ll v L4 L4

1 | 1

=m,= eo.3r7o +0.019 claev .
B =17284 +0.70 GeV
e my, = 125,09 +0.24 GeV 1
W 68/95% CL of m, and m, —

L1 1

3l

1

e 68/95% CL of Electroweak]

Fitw/o m, and m, i
(Eur. Phys. J. C 74 (2014) 3046) -

A [ A L L I l ' 7
180 185
m, [GeV]

175
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Rare decays: ttV (V=y,Z,W)

arXxiv:1711.02547, PLB779(2018)358, EPJC78(2018)140, CMS-TOP-17-016

. . > ° > E @ i
* Measurements will give access . Sl
to EW couplings of the top ! ?Z Swoo, b
W < N
S PSR
b 5 S 11111 !
» Top+vector boson production e — \

e tt+Z: measure ttZ coupling
* tt+W/Z: sensitive to BSM
=in agreement with SM

 tZq sensitive to WW/Z triple gauge
coupling and tZ coupling

 Multivariate technique used

- O UL I I B I U IR IS IS

d — 2.5CMS preiming A — 3616”(13 TeV e ATLAS Prellmlnary e Data ]
d g t g 29 ' " & 20bestit | 1 850 | \5o13Tev,36.1 1" tZq =
‘_&_ N 68% contour i £ Z B tt+tW .

o L — 95% contou % 40k Z+jets ]

! 21~ — 1-D best fit - Diboson ]

d - =10Hzx10 - E B tEV+HAWZ ]

- =1DuW=1o i 30— Uncertainty ]

o 15k W Z theory N o .

4 W theory

&%\\Q\\\\\\\\\\\ N w\\\w\\

TR T Ly /T I TR TR P
0 02 04 06 08 1 12 14 16 18 a
0y, [PH] 0

Data / Pred
T
e
-
.
:
]
.
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Precision Proton Spectrometer

CERN European Organization for Nuciear Research CemnUicC a0ve ez
ToTEu Tomon

* Itis a joint CMS and TOTEM project that aims at , TREIE S
measuring the surviving scattered protons on both CMS-TOTEM
sides of CMS in standard running conditions s

 Tracking and timing detectors inside the beam pipe at
~210m from IP5

« Ability to operate the detectors close to beam (15-20c,
i.e. ~1-3 mm), sustain high radiation levels

CERN-LHC-2014-021

PRECISION PROTON SPECTROMETER

CMS+TOTEM
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Anomalous couplings

Study quartic gauge couplings

Allowed in SM via charged triple+quartic gauge
couplings

Sensitive to BSM contributions in high-mass tails ! w
Deviations from SM can be large

o A b protons Fom signal__) iy rrnidsive Wi background__ |

= f simulation 1 <. F simulation i

it CMS-TOTEM { 28 . . CMS-TOTEM

Sosf 1 Fost SR - * Leptonic channels
% qops | M i cleanest but

oz B ps oz ounimdasiioi: .. o neutrinos prevent
of .“’-...83 1 9 B el 1 clear mass/rapidity
N 1°% sl . ] Matching

041 1 o BN 1 « time difference of two
o6 {1 o  eeEESRC 1 protons correlated
s exclusive WW i, 1 st inclusive WW .. 1 with vertex position
gk bbbt 4 e AT b g,

eading lepton vertex z position [cm] Leading lepton vertex 2 position [cm]
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BSM searches: resonances, etc.

CMS Experiment at the LHC, CERN exclusive WW production
Data recorded: 2015-Sep-11 22:46:54.589056 GMT

Run / Event / LS: 256353 / 437637379 / 244

events with 20/fb

simulation
CMS-TOTEM

Composite Higgs, anomalous i
gauge-Higgs couplings,
excited leptons, technicolor,
extra dimensions, axions,
heavy exotic states, dark

x10°

.08 -06 -04-02 0 02 04 06 08

matter candidates, ...? a%,/A2 [GeV?]
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SM measurements

July 2017 CMS Preliminary

r— = =
o] - .
[o) 5[ 8 @ 7 TeV CMS measurement (L<5.0 fb™") .
— 10° E =" @ 8 TeV CMS measurement (L<19.6 fb™) =
o) = g @M 13 TeV CMS measurement (L <35.9 fb") =
L onjet® Theory prediction .
~ iA4lL D Z Z Z CMS 95%CL limits at 7, 8 and 13 TeV _
C 1 0 = 2n jet(s) =
S [ @ :
B 4n3l ]
o 10 3 . m @ E
n N = - o o ]
» 102 L B " o =n jet(s) —_
7)) 10°E : o @ ol E
O - l# . @ m @ m Z 0 -
— B g o m @ ]
O 1 : Ta g o1
OF o ;
C - i - ‘PL ]
9 B i _
5 1 : 2 & P
S - i - A T g j: ]
O, A1 o T <
o010 ' F ‘ Z E
S - Z -
o - 2§ ’
10—2 3 ; ? " 3
- 3|5 o T 3
1073 el E
- o ]
4L - ]
| | | | | | | | | Ty | | | | | ‘I ) I X I I I I | | | | | I IvBF! | | |
10 WoZowyzy WWowzozz R e W oz qazz WYY ZW Wiyttt Wttty tZq W tZ  ttt ggH qgH VH tH O HH
EW: Woslv, Z-l, l=e,u Th. Ac,, in exp. Ac

All results at: http://cern.ch/go/pNj7

...each one of these measurements (or searches) is a thesis topic!
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Standard Model theory of everything?

 Discovery of the Higgs boson
marks the triumph of the SM

 However, even with the
inclusion of the Higgs boson, ; - Forces

SM is an incomplete theory = |+ |2 . =1 707
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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?
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Not only SM: we need ideas!

* What is that accounts for 96% of the Universe?
It is one of the greatest mysteries of Science
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Summary

« LHC at the energy/intensity frontier

* Probing the SM with a full spectrum of measurements
* Many studies performed with data collected so far
 Excellent consistency but SM is incomplete

* A surprise can appear at any time )
INHERE . WE HAk
% ) T0 FINDTT
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Top quarks and rare decays

arXiv:1711.02547, PLB779(2018)358, EPJC78(2018)140, CMS-TOP-17-016

« Heaviest fundamental particle
« Study naked quark, decays before hadronization
 Strongly interacting with EWK sector and Higgs

« Anomalous couplings: Wtb vertex may include BSM terms
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cross section & PDFs: an example

Inclusive Jet cross section

>
g 1o’ CDF Preliminary
. o—$1904-45 * At Tevatron Run1
1992-93 . . .
: i GoD oo — Jet cross section excess at high jet pT due
prediction . .
. N IR iy S to Parton Density Function...
=E/2 R, =1
— Gluon density is uncertain at high x
) — Data agree well after including new PDFs
0’ Statistical Errors Only 2
N . " . - Trajr:vers;znerg;u()cew
1 - - 1 :
NLO QCD (CTEQ3M) Data/CTE%3M [ - NLO QCD ( (JEOHJ\Data/CTEQ4HJ
CDF (Preliminary) CDF (Preliminary) * 1.01
> A DO (Preliminary) > A DO (Preliminary) * 0.98 ]
E 0.5 E 05 | - i
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The standard model at the LHC

« Hadron interactions

* Monte Carlo generators

* Luminosity and cross section measurements
* Minimum bias events

* Jet physics

* W and Z physics
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CERN and the LHC

Underground circular tunnel
27 km circumference;=
100m . underground

4 caverns fe' eX
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Accelerator and experiment layout

4
x
O
A %
A ©
LHC - B CERN
: “== ATLAS ALICE

- Point 1

.......
=8

=

Tiny bunches o?omlatmg protons
Colliding head-on 40 million times each second..,
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Trigger computer farm

117707077
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W/Z production (cont.)

arXiv:1402.0923, arXiv:1510.07488

— CMS 19.7 fb™! (8 TeV)
e Select isolated % 2000 —e- Observed
(> 1800F [z - =
electrons and muons, = 16000 BB DY others
and taus = Mt
2 1400F
E> 1200 E- W + jets
. W: investigate 2 1000E [ IMultijets
' 9 % = Uncertainty
trangverse mass my 800 £ MVA-based
« Z: dilepton invariant 600 - Pass
mass 400
200
0
S
5§ 0.2
5 offtmmiyi
gca-oz—
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<pr>=0.545=%0.005(stat.)== 0.015 (syst.)
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Charged particle p; spectrum
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Tracking

jot
Variables relevant for b-tagging
%’/’ e Lifetime: t,~1-2 psec
* Reduction of backgrounds
e Secondary vertex tagging

Secondary vtx

Lo dizplaced trach

, "\"’;"'Impact parameter ( b_’[V[ X )

Jets

Secondary|vertices compatible
with heavy flavor production

d/c
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Photons and electrons

%103 CMS 2010 Preliminary
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Jets and missing transverse energy

CMS Preliminary 2012
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Tau jet identification

- T-jet axis
. 7
 Taus decay 65% to hadrons (i.e. jets) and 35%
to leptons ' .
— narrow jet with few tracks
— leptonic tau decays are similar to prompt leptons (lepton p+ is ........ signal cone contribution

—— isolation contribution

softer, 3-body decay)

« Hadronic tau decays
— Main background from jets/electrons

1-jet cone

CMS Simulation Preliminary

> | |
— ldentified based on decay modes, charged hadrons, and = | " >20 GeV, n_1<2.3
ECAL depOS|tS _c.g | 13 TeV, 20 pileupathzsns
« CMS: ""Hadron Plus Strips” (HPS) algorithm A 102 |
— hadronic tau decays are reconstructed with Particle Flow (PF) é

— Uses photon conversion in tracker (y=*>e*e’)
— Combines PF EM particles (y,e*) in “strips”
— “strips” are combined with PF charged hadrons
— Individual decay modes are reconstructed 107 Effiency : H —weMC

L. Fake rate : QCD multi-jet MC (20<pT<100 GeV)
» Fake Rate ~1% for 70% efficiency

—¥— cut-based
—- MVA-based

PR T I SN ST SO SO S (N SO S S S ETRT S
0.4 0.5 0.6 0.7

T,, identification efficiency
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How do we prepare for discoveries?

Simulation of proton-proton collision
making two dark matter particles
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Total weight 14000 t The CMS DeteCtOr

Overall diameter 15 m ECAL 76k scintillating
PbWQO, crystals
Overall Iength 287 m MUON ENDCAPS
HCAL Scintillator/brass 473 Cathode Strip Chambers (CSC)
Interleaved ~7k ch 432 Resistive Plate Chambers (RPC)
3.8T Solenoid

Si Strips ~16 m?
~137k ch

P
~
N
Steel + quartz
Fibers ~2k ch

Pixel

Tracker Pixels & Tracker
* Pixels (100x150 um?)
ECAL ~1 m2 ~66M ch
HCAL *Si Strips (80-180 um)
~200 m2 ~9.6M ch
Muons MUON BARREL
Solenoid coil 250 Drift Tubes (DT) and

480 Resistive Plate Chambers (RPC)
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W/Z+jets

arXiv:1610.04222, arXiv:1611.03844
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High radiation levels

Length [cm]
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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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...and more physics results

vector bosons s  cvsriaman
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Luminosity determination

Absolute: / accuracy: ~10%

 From LHC parameters: van-der-
Meer scans, standard candles: accuracy: ~5-10%
— pp—Z/W—ll/lv (needs cross section) —
— pp—yy—upee
— Optic.al theorem: oot (Needs fwd det.) “—_ accuracy: ~2-3%
— Elastic scattering —__

Relative:

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

Goal: accuracy of 2-3%

accuracy: ~1%?

accuracy: ~2-3%
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Detector commissioning

J T w

RS Skt

32 34 36 EL] 4
P Eevanant mass [Gov»’ﬂ

ber of events/

§ CMS Freliminary, \s =7 Tev

o .
S e
!“‘ ' l ) Jat mutiplicty
T
“ + &
f t v

M. Gallinaro - "Probing the SM at the LHC" - Summer@LIP - July 16, 2019 84



Probing the SM in many ways

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: Aug

ATLAS Preliminary
Vi=7,8,13TeV

Model ey Jets EY' fraan) Mass limit \i=7,8Tev [{E=13TeV Reference
MSUGRACMSSM @ 183 TeV
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———
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No new physics yet a
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b

1 2
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inclusive jets, A-

01234567 8910111213141516171819 TeV

CMS Exotica Physics Group
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Top quark physics

Top quark mass
T [ T T T T I T NN T

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

CMS combination

ATLAS, CDF, CMS, DO
arXiv:1403.4427

| l 1 1 | | I 1 | | |

® 175.50 + 4.60 + 4.60 GeV

(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 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 ' (value * stat + syst)
CMS 2012, dilepton 17282+ 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)
@

172.44 £ 0.13 + 0.47 GeV
(value * stat + syst)

Tevatron combination (2014) el

arXiv:1407.2682 174.34 £ 0.37 + 0.52 GeV
(value * stat + syst)

World combination 2014 —

173.34 + 0.27 + 0.71 GeV

(value *
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syst)
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Physics processes

Fermilab SSC
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Inclusive cross section: 3-to-2 jet ratio

arXiv:1304.7498
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W and Z bosons

® e
® v
®
@® hadrons

n
TT

hadrons
vV

Leptonic decays (e/M): 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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Isolated high-p- lepton

Starting point for many hadron collider analyses:
isolated high-pr leptons > discriminate against QCD jets ...

QCD jets can be mis-reconstructed

as leptons (“fake leptons”)
non-isolated isolated

QCD jets may contain real leptons
e.g. from semileptonic B decays B > IvX]

> s0ft and surrounded by other particles

“Tight” lepton selection ...

Require e/p with pr > (at least) 20 GeV
Track isolation, e.g. > pt of other tracks
in cone of AR=0.1 less than 10% of lepton pt

- — — |solation Cone

Calorimeter isolation, e.g. energy deposition
from other particles in cone of AR=0.2 less than 10%
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Jet production at LHC

Proton o Z/dxld@ fi($17Q2)fj($aQ2) 5(Q%)
iJ

P1 — Jet 1

fi(x) N
PDF
* fulzr)
LP2
D2 —
Broton Available up to NLO

First NNLO calculations becoming available ...
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Jets (cont.)

NN e

LO partons NLO partons parton shower hadron level
Jet | Defn Jet | Defn Jet l Defn Jet | Defn
\ \ A
jet 1 jet 2 jet1 jet 2 jet 1 jet 2 jet 1 jet 2

VY

Jets may look different at different levels
Robust jet definition > stable on all jet levels
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W and Z boson signatures

W — by Py Z— U

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

Additional hadronic activity > recoil, not as clean as ete-
Precision measurements: only leptonic decays
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Monte Carlo generators

MC simulations
Monte Carlo simulation ... in particle physics

Numerical process generation
based on random numbers

Method very powerful
in particle physics O

Event generation programs:

Pythia, Herwig, Isajet
Sherpa ... Q

Hard partonic subprocess +
fragmentation & hadronization ...

Detector simulation:

Geant ... Reconstruction/Analysis O
interaction & response as for real data

of all produced particles ...
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From partons to jets

From partons to Fragmentation or
Parton Shower
color neutral hadrons: i

AN

‘Y .
) \
£/ \
9 \
D o) \r(/
P O P
vV - )
’ v
( \
( PN
s P
’C

&
Fragmentation: %,
Parton splitting into other partons ‘;‘“555@
[QCD: re-summation of leading-logs] Moy, LgGO0"
[“Parton shower”] TOVF
Hadronization: 9B
Parton shower forms hadrons - Ta
[non-perturbative, only models] - Y ;l /
® /y/ ﬂ‘ °, /‘
Decay of unstable hadrons ./ % " @ .
[perturbative QCD, electroweak theory] o/ )y o
° /‘ o0 ®
°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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Kinematical variables

X4P XoP Proton
(o]
Q0= 0=
Proton
. . . Schematic
Relevant kinematic variables: proton-proton scattering
¢ Transverse momentum: pr

e Rapidity: y = 2-In (E-pz)/(E+p2)

Pseudorapidity

e Pseudorapidity: n = -In tan 120
e Azimuthal angle: ¢
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The CMS collaboration




Vector Boson Production

Direct y-production:

Y
Q

Singel W/Z production: |

ud >W*
au —>W-

g
7 q Z production: /¥4 22
>_ o _Z_ (main contributions) dc_z’ N4
: |

e At LHC energies these processes
take place at low values of Bjorken-x

(main contributions)

W production:{

e Only sea quarks and gluons are involved

e At EW scales sea is driven by the gluon,
l.e. x-sections dominated by gluon uncertainty

w Constraints on sea and gluon distributions
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Jets: angular correlations

Difference in azimuth of the two leading jets
Probe of QCD high-order processes
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7x10'2 eV Beam Energy
10* cm2s?'  Luminosity
2835 Bunches/Beam
10™ Protons/Bunch

T —
=" -

<— >
‘w

| —.
-

b
{

¥ 7 TeV Proton Proton
0 - Bunch Crossing 4 10" Hz COIIIdmg beams
e:’ " Proton Collisions  10°Hz
J
Parton Collisions u+t
-~ a
New Particle Production 105 Hz Lytp e— Ly Fe2
(Higgs, SUSY, ....) Tz +
7

Selection of 1 event in 10,000,000,000,000
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Experimental challenges

» |LHC has 3564 bunches (2835 filled with protons)

» Crossing rate is 40 MHz

» Distance between bunches: 27km / 3600 = 7.5m

= Distance between bunches in time: 7.5m / c = 25ns
* Proton-proton collision per bunch crossing: ~ 25
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Jets and missing energy
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Luminosity and cross section

Background

measured from data or
calculated from theory

Nobs — NPk

0O =
[ Ldt-e
Luminosity Efficiency
determined by accelerator, many factors, optimized
triggers, ... by experimentalist
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Tracking

Basic variables relevant for B-tagging are well described by the simulation

CMS Preliminary 2010

T CATLAS
avic "%?r’m . ! ] 1 EXPERIMENT
EMC bottom; 3 / Run 142195, [vent 284154
OMC (no info

Decay length = 3.7 mm
Decay length signficance = 22
Lifetime = 3.1 ps

Vertex mass = 2.5 GeV
Number of tracks = 5

MC Normalized to Data

20 10 O 10 20 30
3D IP significance

CMS Preliminary 2010

2ol . .

5 . CMS Secondary vertices compatible

2 10¢ " with heavy flavor production
| b

2 4 6 8 10
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