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Why Hadron Colliders?

Discovery machines

W=, 2° t, H, ...

Precision instruments

My, m:, My, Bs oscillation frequency, . ..

Large energy reach - High event rate
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Why Hadron Colliders?

Explore a rich diversity of elementary processes
at the highest accessible energies:

(qiaaiaga"')®(qi7aiﬁg7"')

Example: quark-quark collisions at /s = 1 TeV

If 3 quarks share half the proton’s momentum ((x) = %)
require pp collisions at /s = 6 TeV

~> Fixed-target machine with beam momentum
p~2x10* TeV = 2 x 10'° eV (cf. cosmic rays).

LHC Physics ...
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http://pdg.lbl.gov/2014/reviews/rpp2014-rev-cosmic-rays.pdf
http://www-ik.fzk.de/publication/JournalArticles/JASR-2013-KASCADE-Grande_Mario.pdf
http://www-ik.fzk.de/publication/JournalArticles/JASR-2013-KASCADE-Grande_Mario.pdf
http://www-ik.fzk.de/publication/JournalArticles/JASR-2013-KASCADE-Grande_Mario.pdf

How to achieve?

Fixed-target, p ~ 2 x 10* TeV
Ring radius is

T ? (1 '/IfeV> / (1 tfsla) km

Conventional copper magnets (B = 2 teslas) ~»

~ 1

N 15 size of Moon's orbit

10-tesla field reduces the accelerator to mere Earth size
(Ry = 6.4 X 103 km).

LHC Physics ...



Fermi's Dream Machine (1954)

5000-TeV protons to reach /s ~ 3 TeV
2-tesla magnets at radius 8000 km

Projected operation 1994, cost $170 billion
(inflation assumptions not preserved)
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Key Advances in Accelerator Technology

o Alternating-gradient (“strong”) focusing, invented by
Christofilos, Courant, Livingston, and Snyder.

Before and After ...

Synchrotron Beam Tube = Magnet Size

Bevatron (6.2 GeV) 1ftx4ft 97 ft x 205 ft

FNAL Main Ring (400 GeV) ~2inx4in 14inx25in
LHC (— 7 TeV) 56 mm (SO)

o The idea of colliding beams.

e Superconducting accelerator magnets based on
“type-II" superconductors, including NbTi and Nb3Sn.
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http://ab-abp-rlc.web.cern.ch/ab-abp-rlc/AP-literature/Courant-Snyder-1958.pdf

Key Advances ...

e Active optics to achieve real-time corrections of the
orbits makes possible reliable, highly tuned
accelerators using small-aperture magnets. Also
“cooling,” or phase-space compaction of stored
antiprotons.

e The evolution of vacuum technology. Beams stored
for approximately 20 hours travel ~ 2 x 109 km,
about 150 times the Earth—Sun distance, without
encountering a stray air molecule.

e The development of large-scale cryogenic technology,
to maintain many km of magnets at a few kelvins.

Chris Quigg (FNAL & LPTENS) Paris - May 2015 7 /122



Hadron Colliders through the Ages

o CERN Intersecting Storage Rings: pp collider at
V/s — 63 GeV. Two rings of conventional magnets.

o SppS Collider at CERN: pp collisions at
v/s = 630(— 900) GeV in conventional-magnet SPS.

o Fermilab Tevatron Collider: pp collisions at
Vs = 2 TeV with 4-T SC magnets in a 27-km tunnel.

e Brookhaven Relativistic Heavy-lon Collider: 3.45-T
dipoles in 3.8-km tunnel. Polarized pp, /s — 0.5 TeV

o Large Hadron Collider at CERN: 14-TeV pp collider in
the 27-km LEP tunnel, using 9-T magnets at 1.8 K.

High-energy collider parameters, 2014 Review of Particle Properties §30
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http://www.pnas.org/content/70/2/619.full.pdf
https://cas.web.cern.ch/cas/John%20Adams'%20Lectures/Evans.pdf
http://arxiv.org/pdf/1109.2937.pdf
http://ptep.oxfordjournals.org/content/2015/3/03A102.full.pdf
http://rsta.royalsocietypublishing.org/content/roypta/370/1961/831.full.pdf
http://pdg.lbl.gov/2014/reviews/rpp2014-rev-hep-collider-params.pdf#page=4

Large Hadron Collider at CERN
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http://lpc.web.cern.ch/lpc/

v/s = 8 TeV Interaction
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http://prl.aps.org/abstract/PRL/v111/i1/e012001

Collider Cross Sections

proton - (anti)proton cross sections
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http://www.hep.phy.cam.ac.uk/~wjs/plots/plots.html

Standard-model Cross Sections

Standard Model Total Production Cross Section Measurements st iarch 2015
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SM/ATLAS_a_SMSummary_TotalXsect/ATLAS_a_SMSummary_TotalXsect.pdf
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined

Luminosity

Number N of events of interest

N = o/dtﬁ(t)

L(t): instantaneous luminosity [in cm2 s7]

Bunches of n; and n, particles collide head-on at

frequency f:
nino

L(t)="f

Aroyoy

oyy: Gaussian rms L beam sizes

Syphers & Zimmermann, 2014 Review of Particle Physics, §29
LHC lumi calculator ~ Zimmermann, “LHC: The Machine,” SSI 2012
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http://pdg.lbl.gov/2014/reviews/rpp2014-rev-accel-phys-colliders.pdf
http://lpc.web.cern.ch/lpc/lumi.html
http://www-conf.slac.stanford.edu/ssi/2012/Presentations/Zimmermann.pdf

Exercise 1

(a) Estimate the integrated luminosity required to make a
convincing observation of each of the standard-model final
states shown in the ATLAS plot @m. Take into account
the gauge-boson branching fractions given in the 2014
Review of Particle Physics.

(b) Taking a nominal year of operation as 10" s, translate
your results into the required average luminosity.

LHC Physics ...


http://pdg.lbl.gov/2014/tables/rpp2014-sum-gauge-higgs-bosons.pdf

LHC Luminosity, 2012
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http://lpc.web.cern.ch/lpc/lumiplots.htm

Collider kinematics

Because of its properties under Lorentz boosts, rapidity,

E + p,
E—p,

In

N —

y

)

is a highly convenient longitudinal variable for an
individual particle or a jet. Pseudorapidity,

= —Intan(0"/2),

is a close approximation to y in the setting of collider
detectors, and can be measured, even when the mass of
the outgoing object is unknown.

LHC Physics ...



Exercise 2
(a) Expand the definition

E+p,

In
E_pz

N

y

of rapidity for an object with mass m, under the
assumption that p > m, to show that as m/p — 0,

y = n = —Intan(0*/2).

cf. 2014 Review of Particle Physics §46.5.2

(b) For pion production, compute the maximum c.m.
rapidity at /s = (8,14) TeV and deduce the angular
coverage required to observe the full range.

LHC Physics ...


http://pdg.lbl.gov/2014/reviews/rpp2014-rev-kinematics.pdf#page=8

Charged-particle density, n ~ 0
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http://link.springer.com/content/pdf/10.1140%2Fepjc%2Fs10052-010-1350-2.pdf

Charged-particle multiplicity, || < 1
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http://link.springer.com/content/pdf/10.1140%2Fepjc%2Fs10052-010-1350-2.pdf

Charged-particle spectra
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http://prl.aps.org/abstract/PRL/v105/i2/e022002

Pileup
Typical LHC operation: 1.5 x 10! protons / bunch
bunch separation 50 ns
~> multiple interactions / crossing

1401~ ATLAS Online 2012,\/s=8 TeV ﬂ_dt=20.8 fb!

120 E <u>=207

100
80
60
40

Recorded Luminosity [pb™0.1]

20

OO

5 10 15 20 25 30 35 40 45 50

Mean Number of Interactions per Crossing


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults#Data_Taking_Efficiency_and_Pileu

Pileup: Z — pp~ in 25 interactions in ATLAS
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplayStandAlone#2012_Z_mu_mu_event_with_high_pil

Pileup: 78 interactions in CMS
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http://cms.web.cern.ch/news/reconstructing-multitude-particle-tracks-within-cms

Exercise 3

Consider the reaction p£p — jet; + jet, + anything at
c.m. energy +/s. Denote the rapidity of the dijet system
as Yboost = 1(y1 + y») and the individual jet rapidity in the
dijet rest frame as y* = 1(y1 — y»).

(a) Neglecting the invariant masses of the individual jets
with respect to p,, show that the invariant mass of the
dijet system, and thus of the colliding partons, is

V'3 = 2p, cosh y*.

(b) Deduce the momentum fractions carried by the two
colliding partons. Show that x,, = \/Feiybwst, where
T=75§/s.

LHC Physics ...



ATLAS

44m

25m

LAr hadronic end-cap and
forward calorimeters

Pixel detector

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet
Semiconductor fracker

Transition radiation tracker
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http://iopscience.iop.org/1748-0221/3/08/S08003
http://atlas.ch

CMS (Compact Muon Solenoid)

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 ym) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 pm) ~200m? ~9.6M channels
Magnetic field  :3.8T
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Niobium titanium coil carrying ~18,000A
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Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers
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FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

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

HADRON CALORIMETER (HCA
Brass + Plastic scintillator ~7,000 channels
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http://iopscience.iop.org/1748-0221/3/08/S08004/
http://cms.web.cern.ch

LHCh
% L H C b Vertex Locator

VELO

35 mm from beam\'e‘yt“pf physics /

Muon’/System RICH Detectors Movable device \
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Calorimeters ‘ Tracking System
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http://iopscience.iop.org/1748-0221/3/08/S08005
http://lhcb-public.web.cern.ch

ALICE

LHC Physics ...


http://iopscience.iop.org/1748-0221/3/08/S08002
http://aliceinfo.cern.ch

event
m
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http://aliceinfo.cern.ch

Computing Cross Sections: factorization

do 2Tp, [ (a) ) ANA (A A . )
= f; as S f. ,S)0ji\S, t, + <
dy1dy2ap. ; (1+d5)s L (xa, 8)17 (%6, 8)55(5, £, ) + (i ¢ J)

...+ fragmentation (partons — particles)

LHC Physics ...



What Is a Proton?

(For hard scattering) a broad-band, unselected beam of
quarks, antiquarks, gluons, & perhaps other constituents,
characterized by parton densities

fi(a)(Xav Qz)'
... number density of species / with momentum fraction
x, of hadron a seen by probe with resolving power Q2.

Q? evolution given by QCD perturbation theory

fi(a)(xa, Q3): nonperturbative

LHC Physics ...



Asymptotic Freedom
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QCD Tests: ete~ — hadrons
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http://pdg.lbl.gov/2014/hadronic-xsections/rpp2014-sigma_R_ee_plots.pdf

QCD Tests: Quark Confinement
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http://arxiv.org/abs/hep-ph/0001312

Deeply Inelastic Scattering ~» f,-(a)(xa, QZ)

107
f f f f f X=0.015 (x40)
6| x=61810° 10 E
10°- 7 x=95105 ] x=0.045 (x12)
X=2¢ -
e x=32:10% ]
105 % =510 . x=008 (x6)

x=8:10"*

e 134107
104+ /""’" x=2:1073 |

.,-"""'."“ x=3.2+10

e 507
/'M"“" x=13-10"
5 PO ] x=2-10"2
104

x=0.125 (x3.5)

X=0.175 (x2) |

'3 x=0.225 (x1.5)
x=0.275 (x1.2)]

1
|
XF5(x,Q?)

oN(x,Q?)

10 s — X 82107

T T3 %025 |
- 0.1
10_1 L 3 i x=0.4 |
—e— NuTeV

Sl ’!!‘;‘-—H-f x=065 | —=— CCFR97
10 t |~ CDHSW

— NuTeV fit
103 | | | | | Lol L
10 10% 103 10* 10° 1 10 100
Q?(GeV?) Q? (GeV?)

LHC Physics ...



Parton Distribution Functions f;(x, Qz)

MSTW 2008 NLO PDFs (68% C.L.)
‘(‘\1.2_ T

xf(x,Q

Q?=10 GeV? ]

|
0.8:
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odf

0.2
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APFEL: A PDF Evolution Library
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http://mstwpdf.hepforge.org
http://apfel.mi.infn.it

Example reaction: quark—quark scattering

Ps P,

p1 p2

4ra? 8+ 0
952 t2

d(ud — ud) =

S=(p+p) t=(p—ps)® 0=(p1—pa)’

~ do/dQ* oc 1/ sin*(6%/2)

LHC Physics ...



Exercise 4

(a) Express the ud — ud cross section in terms of c.m.
angular variables, and verify that the angular distribution
is reminiscent of that for Rutherford scattering.

(b) In the search for new interactions, the angular
distribution for quark-quark scattering, inferred from dijet
production in p*p collisions, is a sensitive diagnostic.
Show that when re-expressed in terms of the variable

X = (1 + cos6*)/(1 — cos #*), the angular distribution for
ud scattering is do/dy o constant.

Chris Quigg (FNAL & LPTENS) Paris - May 2015 38 /122



Compositeness search in CMS (|yboost| < 1.11)
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http://link.springer.com/article/10.1007/JHEP05%282012%29055

Parton Luminosity

Hard scattering: & o< 1/5; Resonance: & o T; form
rdlL  T/§ (a) b)

= f. f I

S Thbes o R O CORT RO

[dimensions o] measures parton ij luminosity (7 = 5/s)

(CRDY JAESRENEAE)

s dr

Dmensionless factor [ - -] ~ determined by couplings.

Logarithmic integral typically gives a factor of order unity.

My luminosity page Stirling luminosities
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http://lutece.fnal.gov/PartonLum11/
http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html

Parton Luminosity: gg
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http://arxiv.org/abs/1101.3201

Parton Luminosity: ud

CTEQ6L1: ud
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http://arxiv.org/abs/1101.3201

Parton Luminosity (light quarks)

CTEQ6L1: qq
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http://arxiv.org/abs/1101.3201
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Parton Luminosity: gq
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http://arxiv.org/abs/1101.3201

Luminosity Ratios: gg

CTEQ6LI: gg
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http://arxiv.org/abs/1101.3201

Luminosity Ratios: ud

CTEQ6L1: ud
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http://arxiv.org/abs/1101.3201

Luminosity Ratios (light quarks)
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http://arxiv.org/abs/1101.3201

Luminosity Ratios: ggq
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http://arxiv.org/abs/1101.3201

Luminosity Contours: gg
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http://arxiv.org/abs/1101.3201

Luminosity Contours: ud
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Luminosity Contours (light quarks)
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Luminosity Contours: gg
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are invisible to
the detector

Electromagnetic
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Exercise b

Explain the response of the ATLAS detector to different
particle species, as shown in the graphic on the preceding

page.

An interactive slice through the CMS detector animates
the response to five particle types.

LHC Physics ...


https://cms-docdb.cern.ch/cgi-bin/PublicDocDB/RetrieveFile?docid=4172&version=2&filename=CMS_Slice_elab.swf

Coupling-constant Unification

Chris Quigg (FNAL & LPTENS) Paris - May 2015 63 / 122



Coupling-constant Unification

Chris Quigg (FNAL & LPTENS) Paris - May 2015 63 / 122



Can LHC See Change in Evolution?

Sensitive to new colored particles

SM: 7/21t
13 | -
Bl T .
1 N
10 :
2.5 3.0 3.5 4.0
log(Q [GeV])
(sharp threshold illustrated) ... also for sin? Oy
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