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Goal of this Lecture

Presentation and discussion of New Results
obtained at the Large Hadron Collider :

e LHC apparatus (A.S.)

e High Energy Frontier at ATLAS & CMS (A.S.)
* Heavy lon Physics at ALICE (R.A.)

* Heavy Flavor Physics at LHCDb (J.v.T.)
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10N

s, Electrodynamics, special relativity,

icle Physics (MKEP1)

with specialisation in Particle Physics and graduate

More Information on the Web:
http://www.physi.uni-heidelberg.de/~schoning/Vorlesungen/RecentLHC WS12/
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nd published in various

vailable online
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Dates: Thursday 14:15-16:00 Place: Conference 1-3 , INF 226

Date Topic Thursday (Link) Lecturer
18.10.12 LHC Accelerator A Schéning
251012 Searches for New Physics | A Schéning
01.11.12 Fronleichnam -

08.11.12 Search for Mew Physics |l A.Schéning
15.11.12 Higas Discovery | A.Schoning
221112 Heawy lons | R.Averbeck
29.11.12 Higas Discovery |l A Schéning
06.12.12 Heawy lons Il R Averbeck
13.12.12 Heawy lons |l R Averbeck
201212 Heawy lans [V R Averbeck
10.01.13 Heawy Flavor | J.Van Tilburg
17.01.13 Heawy Flavor || J.Van Tilburg
24.01.13 Heawy Flavor Il J.Van Tilburg
31.01.13 Heawy Flavor [V J.Van Tilburg
07.02.13 examination -
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(only “pass”)
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Lecture 1
The LHC-Accelerator

Large Hadron Collider
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Motivation for LHC

Superconducting Super CoIIier
(s2=40 TeV, 88 km)

Super-Proton Tevatron, Fermilab
Synchrotron, CERN 1989-2011

(s"2=900 GeV, 6.9 km) (s"*=2TeV, 6.3 km)

Large Hadron Collider, CRN
since 2008
(s2=14 TeV, 30 km)
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Physics at LHC

 New Physics Beyond the Standard Model
(e.g. Supersymmetry)

» Search for the Higgs Boson and Electroweak

Symmetry Breaking
— 2 experiments (ATLAS+CMS)

 LHC is a B-Meson Factory — Plots

— LHCb experiment

* Collision of Heavy lons
— dedicated ALICE experiment
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LHC Main Requirements

« New Physics (NP) is expected at the electroweak energy
scale E __ =246 GeV below 1 TeV

« LHC New Physics reach must cover the range <1 TeV
also for small couplings — 14 TeV (originally 10 TeV)

e |n proton-proton collisions effective center of mass energy
reach is determined by so called parton-luminosities — Plots

 The effective mass reach depends also crucially on
iIntegrated luminosity!

design luminosity: L=10%* cm2 s
effective year: t=10" s (shutdown, injection, breaks, technical problems)

integrated luminosity: L=10*" cm= = 100 fb"
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Re-use 30 km tunnern from Large Electron Positron Collider
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Basic Parameters

entz force: F=evXxB p = 03 RB (GeV/m/T)

Magnetic field: B=8.3 T (Niobium titanium superconducter)
Radius: R=2800m (given by LEP tunnel geometry)

Momentum: p=7 TeV (maximum LHC proton energy)

LHC superconducting -
dipole magnet B=8.3T

1 | |.
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Luminosity

Basic formula:

N. N f=u Nb . collision frequency is given by
[ = f 1- "2 repetition frequency u and number of bunches N,
4no,0,
N1 , - Number of protons by bunch is given

by proton source, pre-accelerators and
beam-beam limits

Beam size at interaction point:

The beam size is given by product of the Beta-function

(magneto-optics) and the proton beam emittance (given by source,
pre-accelerators and beam-beam interactions)

OX,y = SX,yﬁX,y
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Emittance

The emittance describes the volume of the 6-dimensional
phase occupied by the proton bunch

e €€ = AXAyAz AX'Ay'Az’

X"y “z
BNy = p /p z'=p,/p

unit: [m mrad] phase space

Emittance can be reduced in e*e"machines due to synchrotron
radiation damping, however for protons at LHC: P_ = =3.6 kW
2 3 y4
[

sync gremec E

Note, emittance (beam size) shrinks during acceleration process
(“adiabatic damping”)
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Table 2.1: LHC beam parameters relevant for the peak luminosity

Injection | Collision
Beam Data
Proton energy [GeV] 450 7000
Relativistic gamma 479.6 7461
Number of particles per bunch 1.15 x 101
Number of bunches 2808
Longitudinal emittance (40) [eVs] 1.0 2.54
Transverse normalized emittance [j1m rad] 3.5° 3.75
Circulating beam current [A] 0.582
Stored energy per beam [MT] 23.3 362
Peak Luminosity Related Data

RMS bunch length® cm 11.24 7.55
RMS beam size at the IP1 and IP5¢ f1m 375.2 16.7
RMS beam size at the IP2 and IP8° f1m 279.6 70.9
Geometric luminosity reduction factor F/ - 0.836
Peak luminosity m IP1 and IP5 [cm2sec 1] - 1.0 x 1074
Peak luminosity per bunch crossing in IP1 and IP5 | [em ™ “sec '] - 3.56 x 10°

22
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Table 2.3: LHC machine parameter relevant for the peak luminosity

Injection Collision
Interaction Data
Number of collision points 4
Half crossing angle for ATLAS and CMS (IP1/IP5) [ perad] +160 +142.5
Half parallel separation at IP for ATLAS and CMS (IP1/IP5) | [mm] +2.5 0.0
Half crossing angle at IP “ for ALICE (IP2) [perad] +240 +150
Half parallel separation at IP for ALICE [mm] +2.0 +0.178 (5
o total separation)

Half crossing angle at IP ® for LHCb (IPS) [perad] +300 +200
Half parallel separation at IP for LHCD (IPS) [mm] +2.0 0.0
Plane of crossing in IP1 vertical
Plane of crossing in IP2 vertical
Plane of crossing in IP5 horizontal
Plane of crossing i IP8 horizontal
(7 at IP1 and IP5 [m] 18 0.55
(7 at IP2 [m] 10 0.5 for Pb/ 10 for p
(7 at IP8 [m] 10 1.0 < 50

23
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Intra Beam Scattering

RMS beam size 1n arc [mm] 1.19 0.3
RMS energy spread 6 F/Ey [10—4] 3.06 1.129
RMS bunch length [cm] 11.24 7.55
Longitudinal emittance growth time [hours] 30 61
Horizontal emittance growth time [hours] 38“ 80
Total beam and luminosity lifetimes”
Luminosity lifetime (due to beam-beam) [hours] - 29.1
Beam lifetime (due to rest-gas scattering)“ [hours]| 100 100
Beam current lifetime (beam-beam, rest-gas) [hours] - 18.4
Luminosity lifetime (beam-beam, rest-gas, IBS) | [hours] - 14.9
Synchrotron Radiation
Instantaneous power loss per proton [W] 3.15 < 10~1% | 1.84 x 10—
Power loss per m in main bends [Wm™'] 0.0 | 0.206.
Synchrotron radiation power per ring [W] 6.15 x 102 3.6 x
Energy loss per turn [eV] 1.15 x 10~ 6.71 x 10°
Critical photon energy [eV] 0.01 44.14
Longitudinal emittance damping time [hours] 48489.1 13
Transverse emittance damping time [hours] 48489.1 26
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THE LHC HADRCN INJECTOR COMPLEX

LHC 7 TeV p-p

2.6 TeVsn Pb-Pb

B> 1oNs

BOOSTER
1.4 GeV

ACCUMULATOR

protons
antiprotons

electrons

LEIR
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Proton Machine, Linac
LEBE

Dioplasmatron
Sonrce (100 ke ITF

PSE

Phl7+ 4.2 MeV/u ITH Ph54+ & P+
Heawy Ion IMachine, Linac3

ECER. Source
(2.5 keVia)

CERN HADRON LINACS
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CERN PS (24 GeV)

Parameter name Unit Value
Injection kinetic eneray GeV 14
Maximum momentum GeVl/c 26

Dipole field at 26 GeV/c T 1.26
Radius m 00.000
Curvature radius m 70.079

Ot =61

Fipe half height Cm B,

FPipe half width cm 7.0

A.Schoning 30 LHC Recent Results, LHC Accelerator WS 2012/1



i
T ™,
e

PS 450 GeV (since 1976)

Super Proton Synchrotron, CERN

Note, a proton synchrotron (fixed orbit, varying magnetic dipole fields)

have a limited range of operation (magnetic saturation, beam stability)
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Large Hadron Collider (CERN)

LHC (pp) 7(14) TeV

operation started in 2008

26.7 km circumference!
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Superconducting Coiks

Spool Piece
Bus Bars

il -

Instrumeniation
Feed Throughs

Adixiliary
Bus Bar Tube

Heat Exchanger Pipe

Beam Pipe

Helium-il Vessal
Superconducling Bus-Bar
Iron Yoke

Mon-Magnetic Collars
Vacuum Vessel

Kadiation S5creen

Thirmnal Shield

The
15-m long

LHC cryodipole

~ 1400 modules
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HC Cryogenlc System

= "; 1 L_ :

Superfluid Helium (2K)
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LHC, ATLAS, CMS

LHC: 144 kW

40 4 OMEGA, ALEPH,
BEBC, DELPHI,

20 T ISR Low-Beta LEP Low-Beta

2000

from S.Claudet
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ator System

neutrons straying around the beam

movable jaws

g e
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ator System

d neutrons straying around the beam

movable jaws (with RF shield)
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' LHC creating black holes?
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0 GeV, 2.36 TeV (L~20 ub™)
ng ats?=2.36 TeVand 7 TeV
run (Pb-Pb)

nning at s"2 =7 TeV (L~5fb")

avy ion run (Pb-Pb)

dard running at s'2 = 8TeV (L~25 fb)
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S In September 2008

e

Big Interest by Press!

A.Schoning 42 LHC Recent Results, LHC Accelerator WS 2012/1



BTVs for Injection of beam 1

——
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First Events in CMS

iRlun 62063, Buet 243388k bit 15231634, BX 681

Beam on tungsten block
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first beam event seen in ATLAS
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The Accident
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2010: 304485p0
2011: 303+82pQ

2 filler

Interconnection joint SN-Ag Bus bar from magnet

Sc cables from left Sc cable from

side magnet Gaps with lack right side magnet
of Sn-Ag filler

2011: 305£309pQ2
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Interconnection joint Sn-Agfiller ps bar from magnet

Sc cables from left Sc cable from

side magnet Gaps with lack right side magnet
of Sn-Ag filler
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LHC Repair__

il W
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L S
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LHC Repair
il e
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900 GeV, 2.36 TeV (L~20 ub™)
ning at s> =2.36 TeV and 7 TeV
on run (Pb-Pb)

d running at s2 =7 TeV (L~5fb")

: heavy ion run (Pb-Pb)

tandard running at s = 8TeV (L~25 fb™)
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Candidate
Collision Event

© lgannni

SATLAS

’ A EXPERIMENT

2009-11-23, 14:22 CET
Run 140541, Event 171897

http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html
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LHC Operation

2008: first non-colliding beam at 450 GeV

2008-2009: 15 month break

2009: first collisions s'? = 900 GeV, 2.36 TeV (L~20 uyb™)
2010: LHC commissioning at s'2 =2.36 TeV and 7 TeV
end 2010: heavy ion run (Pb-Pb)

2011: standard running at s =7 TeV (L~5 fb™)

end 2011: heavy ion run (Pb-PDb)

2012: standard running at s"? = 8TeV (L~25 fb")
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tector LUCID
l ¥ Location

4 Forward Shielding
Cylindrical Octagonal

Muon Chambers

TX1S Shielding
Monobloc
Washers
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LHC 2011 RUN (3
—-—I ATLAS 5.52;5fh" |
—A— CMS5.714 fb~' |
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—0— ALICE 4.877 pb~! |
4 ||PRELIMINARY

Delivered integrated luminosity (fb™)
W

[generated 2011-12-01 19:35 including fill 22671
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‘ Quick search
LHC Performance and Statistics Fill number :

=) —

Overview Run Details Fill Summaries Supertable Filters: (2012 ~| [4TeV | |proton- proton w| | Stable Beams ~| | Applyfilters |

Online Integrated Luminosity

ALICE: 435pb?  ATLAS:17.08 b CMS:17.12 " LHCb: 1.65 b

Latest 5 LHC Fills

Fill Times Intensity Bunches Bu_m:_:h [szz?: E"l;'s':,":;gs_,] [l[f:ff]'f::;;;':';ﬂ[]"

Fill = = Energy == Collision

Fill : [Gev] B1 B2 L Scheme
Start Sl.art Dur.atlnn [ 012] [ 012] Number | Emitt [IPI2512/8] ATLAS | ALICE | CMS | LHCh | ATLAS ALICE CMS LHCh

[hh:mm] | [hh:mm] [um]

3194 1810171042012 18:41 12:34 4000 2089 | 20535 1374 2.65 1368/0M 262 6531 16.88 | 6470 | 421 164745 217.3 167038 | 17826
3192 00:5017i10/2012 03:21 10:39 4000 21096 | 20521 1374 2.74 1368/0M 262 G670 1452 | 6765 | 462 | 153292 | 161.34 | 154359 | 16330
3191 16:41 16i10/2012 23:57 0:44 4000 210.01 | 208.56 1374 2.43 1368/0M 262 6500 18.03 | ATV | 404 15938 21.58 16187 980
3188 02:29 16/10/2012 04:02 6:56 4000 210.02 | 208.64 1374 2.52 1368/0M 262 6722 17.681 | 6511 436 | 105404 | 176.14 [ 104993 9874
3185 08:2315110/2012 12:43 7:45 4000 21047 | 21089 1374 2.47 1368/0M 262 6827 18.76 | 6YBY | 405 | 122048 | 190.84 | 122115 | 10901

LHC Efficiency and Availability

LHC Run Efficiency Run Availability LHC Efficiency in last 7 days
Based on LHC Physics Schedul
Mode: Proton Physics SRS o Mode: Proton Physics
Fills: 2469 - 3194 [595 Fills] Total Run Time 168 days 19 hrs 1 mins Fills: 2155 - 3184 [21 Fills]
SB Time: 56 days 13 hrs 45 mins Cryo Availahility 147 days 14 hrs 12 mins 92.9 % SB Time: 2 days 0 hrs 4 mins
Fault Downtime 38 days 11 hrs 26 mins 242 %
Recent Availability
Total Run Time 5 days 16 hrs 59 mins
Cryo Availability A days 16 hrs 59 mins 100 %
Fault Downtime 0 days 21 hrs 6 mins 15.4 %

Recent Faults: The top 5 list

[ Fill| Duration | System ! d

3181 320 Injection/Hardware

3186 317 Power convertersMvaoltage source

3182 2:54 Experiments/ALICE

3168 2:40 SPSiMo beam

3172 1.37 Injection/Hardware

BB Access- Mo beam : 4.79%

BB Access- Mo beam :13.94% ' Machine setup - 31.12% Bl Beam in:18.54%
[ Machine setup : 27.31% B Beam in:14.98% 0 Ramp + squeeze 10 46%
0 Ramp + squeeze - 3.14% B0 Stable heams: 35.63% 0 Stable heams: 35.09%
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Pileup at LHC
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forecast to 2021 (25 & 50 ns)

from Frank Zimmermann (CERN)
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* pile up high (80-120) in 2015-2017 with 50 ns spacing
(50-ns pile up >2x more than for 25 ns spacing)
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High-Luminosity LHC (HL-LHC)

goals:

leveled peak luminosity: L=5x103*cm?s
(detector pile up ~140)

integrated luminosity: 200 - 300 fbt/ yr

total integrated luminosity: ca. 3000 fb! by
~2030
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luminosity leveling at the HL-LHC

example: maximum pile up 140
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High-Energy LHC ?

from Frank Zimmermann, CERN
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NAC4 Upgrade ._

LINAC 4 prototype (Alvarez structure)
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80km tunnel project Layouts
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