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Our Conception of Matter—the Nanoworld

If, in some cataclysm, all of scientific knowledge were to be
destroyed, and only one sentence passed on to the next
generation of creatures, what statement would contain the
most information in the fewest words? | believe it is the
atomic hypothesis that all things are made of atoms — little
particles that move around in perpetual motion, attracting
each other when they are a little distance apart, but repelling
upon being squeezed into one another. In that one sentence,
you will see, there is an enormous amount of information
about the world, if just a little imagination and thinking are
applied.

— R. P. Feynman, The Feynman Lectures on Physics
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Our Conception of Matter—the Nanonanoworld




Our Conception of Matter—the Attoworld

Pointlike constituents (r < 107 m)

(4), (5),

Few fundamental forces, derived from gauge symmetries
SU(3). ® SU(2). ® U(1),,

Electroweak symmetry breaking: Higgs mechanism?
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Problem 1

In the spirit of Feynman’s characterization of the atomic
hypothesis, compose a sentence that expresses the
“enormous amount of information about the world"
captured in the standard model of particle physics,

“if just a little imagination and thinking are applied.”
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Why Hadron Colliders? ~» Eric Prebys Lectures

Discovery machines

W= 2° t, H, ...

Precision instruments

My, m;, Bs oscillation frequency, . ..

Large energy reach - High event rate

The Standard Model ...



Why Hadron Colliders?

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

(ql'aaiagafy: Wiazw")@(qﬁaj:g:f% Wi,Z,...)

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 101° eV (cf. cosmic rays).

The Standard Model ...



Cosmic-ray Spectrum
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http://www.annualreviews.org/doi/abs/10.1146/annurev.nucl.58.110707.171154

Cosmic-ray Spectrum
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http://pdg.lbl.gov/2012/reviews/rpp2012-rev-cosmic-rays.pdf
http://www-ik.fzk.de/publication/JournalArticles/JASR-2013-KASCADE-Grande_Mario.pdf

Pierre Auger Observatory over Fermilab
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Some Great Cosmic-Ray Observatories

E > 10 eV: 1 km™2 century ™!

Pierre Auger Observatory (Mendoza, Argentina):
~ 3000 km? array of 1600 shower detectors plus 4
atmospheric fluorescence detectors

Telescope Array (Utah, USA):

~ 750 km? array of 500 scintillation detectors plus 3
atmospheric fluorescence telescopes
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http://auger.org
http://www.telescopearray.org

Problem 2

Plot the correspondence between c.m. energy, /s, and
fixed-target beam momentum, pyp, for pp collisions over
the range 10 GeV < /s < 100 TeV. Note in particular
the values of py,, that correspond to /s = 8,14,100 TeV.
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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).

The Standard Model ...



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)



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)

e 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
http://dx.doi.org/10.1103/PhysRev.102.590
http://dx.doi.org/10.1142/S1793626808000101

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
(anti)protons.

o 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.
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http://dx.doi.org/10.1142/S179362680800006X
https://cas.web.cern.ch/cas/Spain-2006/Spain-lectures.htm
http://cds.cern.ch/record/503603

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.
e 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.
o An Even Bigger Collider?

High-energy collider parameters, 2012 Review of Particle Properties §28
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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://www.annualreviews.org/doi/abs/10.1146/annurev-nucl-102212-170615
http://www.annualreviews.org/doi/abs/10.1146/annurev.nucl.52.050102.090650
http://www.annualreviews.org/doi/abs/10.1146/annurev-nucl-102010-130438
https://indico.cern.ch/event/282344/
http://pdg.lbl.gov/2012/reviews/rpp2012-rev-hep-collider-params.pdf#page=4

Tevatron: pp at /s = 1.96 TeV

CDF
cQ

DO
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Large Hadron Collider at CERN

CMS

LHCb

ALICE ATLAS
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http://lpc.web.cern.ch/lpc/

Competing technologies?

o None for quark—gluon interactions
o None for highest energies (derate composite protons)

o Lepton—lepton collisions: LEP (/s ~ 0.2 TeV) was
the last great electron synchrotron?

Synchrotron radiation = linear colliders for higher /s
~> International Linear Collider

» Challenge to reach 1 TeV; L a great challenge
» Can we surpass 1 TeV? CLIC, ...

The Standard Model ...


http://home.web.cern.ch/about/accelerators/large-electron-positron-collider
http://www.linearcollider.org/ILC
http://www.annualreviews.org/doi/abs/10.1146/annurev-nucl-102711-095015

Competing technologies?

o Lepton—hadron collisions: HERA (e p) as example;
energy intermediate between eTe™, pp

e*(u, d) leptoquark channel, proton structure, yp
High L a challenge: beam profiles don’t match

(Far) future: p*p collider?

o Heavy-ion collisions: RHIC the prototype; LHC
(relatively) modest energy per nucleon;
quark-gluon plasma; new phases of matter
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http://www.annualreviews.org/doi/abs/10.1146/annurev.ns.44.120194.002213
http://www.bnl.gov/rhic/

Unorthodox projectiles?

o vy Collider: Backscattered laser beams; enhancement
of linear collider capabilities

o 117y~ collider: Advantage of elementary particle,
disadvantage of muon decay (2.2us).

Small ring to reach very high effective energies?

Muon storage ring (neutrino factory) would turn bug
into feature!

The Standard Model ...


http://arxiv.org/abs/0712.3399
http://map.fnal.gov/muon-collider/research-goals.shtml
http://map.fnal.gov/neutrino-factory/research-goals.shtml

pTp Interaction Rates
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http://prl.aps.org/abstract/PRL/v111/i1/e012001

Collider Cross Sections
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Standard-model Cross Sections
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Standard-model Cross Sections
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SM/

Luminosity

Number N of events of interest

N = a/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

Edwards & Syphers, 2012 Review of Particle Physics, §27
LHC lumi calculator Zimmerman, “LHC: The Machine,” SSI 2012
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http://cds.cern.ch/record/941318
http://pdg.lbl.gov/2012/reviews/rpp2012-rev-accel-phys-colliders.pdf
http://lpc.web.cern.ch/lpc/lumi.html
http://www-conf.slac.stanford.edu/ssi/2012/Presentations/Zimmermann.pdf

LHC Luminosity Growth

1400 ® 1400 bunches cross every 50 ns (25 ns in future?)

The Standard Model ...



High Luminosity and Pileup
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Problem 3

(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 Review
of Particle Physics.

(b) Taking a nominal year of operation as 107 s, translate
your results into the required average luminosity.

Hard scattering 0 o< 1/S~» L x §

The Standard Model ...


http://pdg.lbl.gov/2012/tables/rpp2012-sum-gauge-higgs-bosons.pdf
http://pdg.lbl.gov
http://pdg.lbl.gov

What Is a Proton?

(For hard scattering) a broad-band, unseparated 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

The Standard Model ...



Evolution of the Strong Coupling Constant
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http://arxiv.org/abs/arXiv:1002.5032

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

107 T T T T T
x=0.015 (x40)
6] x=6.1810° 10 E
10° 7 x=95.10 x=0.045(x12)
I x=2:10" E
S| e x:3.2~10-"4 b
10°+ Xx=5+10" — x=0.08 (x6)
L x=8104
et 13107 x=0.125 (x3.5)
104 ,"'M.‘- x=2-10"3 | i
T 3207 x=0.175 (x2)
—‘::,,..o."‘.;“w x=5+103 0.225 (x1.5)
v X=0.. XT..
1 03 I M" x=8:10"3 — 1

x=1.3-10"2
M x=2:102
102+ e coeeosssetosspgs X=32:102
tsosettesevetotys X=5-10"2
10 o eeertotssstie—t—y  X=8:1072

——veeveetevev—y—y x=0.13
ovsso—otstoso— g s x=0.18
[
—e— NuTeV

- 7 =025 |
- 0.1
10_1 B s E x=0.4 a
—=— CCFR 97

-2 [] x=0.65 |
10 7 | CDHsW

'L*"""“*ﬂ—ii?f,‘zs 01213

NC(x,Q2)
|
XF;(x,Q?)

(¢}

— NuTeVfi
]0—3 | | | | | L l|j|enult 1
10 102 103 104 10° 1 10 100
Q2 (GeV?) Q2 (GeV?)

The Standard Model ...




What Is a Proton?
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https://mstwpdf.hepforge.org

Parton Distribution Functions Literature

The state of the art is reviewed in A. De Roeck &
R. S. Thorne, Prog. Part. Nucl. Phys. 66, 727 (2011).

Recommendations and assessments of uncertainties are
given by the PDF4LHC Working Group.

Convenient access to many sets of parton distributions is
available through the Durham HEPData Project Online.

A common interface to many modern sets of PDFs is
M. R. Whalley & A. Buckley, “LHAPDF: the Les Houches
Accord Parton Distribution Function Interface.”
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Flavor Content of the Proton: fol dx x f:(x, Q%)
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Hard-scattering cross sections

do(a+b—c+X) = Z/dxadxbé(T—xaxb)-
ij

£ (x5 @) F P (x6, Q2)d6 (i + j — € + X),

d& : elementary cross section at energy V'3 = \/X;xp5

(1 =5/s)

The Standard Model ...




Example Leading-Order Calculation

Compute the differential cross section do/dt for the
elementary reaction ud — ud, neglecting quark masses.

Show that

4ra? §? + 0P

052 2

where 3, %, i are the usual Mandelstam invariants for the
parton-parton collision.

do(ud — ud)/dt =

3

The Standard Model ...




Problem 4

(a) Express the ud — ud cross section in terms of c.m. angular
variables, and note that the angular distribution is reminiscent of that
for Rutherford scattering, do/dQ* o< 1/sin*(0%/2).

(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 xy = (1 4 cos6*)/(1 — cos#*), the angular
distribution for ud scattering is do/dy o constant.

(c) The rapidity variable, y = 1 In[(E + p,)/(E — p;)], is useful in the
study of high-energy collisions because it shifts simply under Lorentz
boosts. Show that in the extreme relativistic limit, measuring the jet
rapidities in the reaction ptp — jet; + jet, leads directly to a
determination of the variable y for parton-parton scattering as

X = exp(y1 — y»). For early LHC studies, see G. Aad et al. [ATLAS
Collaboration|, Phys. Lett. B 694, 327 (2011); V. Khachatryan et al.
[CMS Collaboration|, Phys. Rev. Lett. 106, 201804 (2011).
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http://www.sciencedirect.com/science/article/pii/S0370269310012190
http://dx.doi.org/10.1103/PhysRevLett.106.201804

Probing Elementarity

E;: 1.8 TeV + 1.8 TeV - Dijet mass: 4 TeV

The Standard Model ...



Probing Elementarity
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http://dx.doi.org/10.1103/PhysRevLett.106.201804

Physics Potential versus Energy

LHC Physics Potential vs. Energy:
Considerations for the 2011 Run

LHC Physics Potential vs. Energy

Chris Quigg*

Theoretical Physics Department
Fermi National Accelerator Laboratory
Batavia, Ilinois 60510 USA

Parton luminosities are convenient for estimating how the
physics potential of Large Hadron Collider experiments

Chris Quigg*

Theoretical Physics Department
Fermi National Accelerator Laboratory
Batavia, llinois 60510 USA
and
CERN, Department of Physics, Theory Unit
CHI211 Geneva 23, Switzerland

Parton luminosities are convenient for estimating how the
physics potential of Large Hadron Collider experiments

depends on the energy of the proton beams. 1 quan-
tify the advantage of increasing the beam energy from
atios

35TeV to 4 TeV. 1

depends on the energy of the proton beams. T present
parton luminosities, ratios of parton luminosities, and
contours of fixed parton luminosity for gg, ud, and qq
interactions over the energy range relevant to the Large
Hadron Collider, along with example analyses for specific
processes.

range relevant to the Large Hadron
example analyses for specific processes. This note ex-
tends the analysis presented in Ref. [1]. Full-size figures
are available as pdf files at lutece fnal gov/PartonLum11/

arXiv:1101.3201v2 [hep-ph] 1 Feb 2011

arXiv:0908.3660v2 [hep-ph] 8 Sep 2009

EHLQ, Rev. Mod. Phys. 56, 579 (1984)
Ellis, Stirling, Webber, QCD & Collider Physics
MRSWOBNLO examples + RKE Lecture 3, SUSSP 2009
Full-page figures: lutece.fnal.gov/PartonLum11

High-energy p: broadband unseparated beam of q, g, g



http://arXiv.org/abs/0908.3660
http://arXiv.org/abs/1101.3201
http://dx.doi.org/10.1103/RevModPhys.56.579
http://theory.fnal.gov/people/ellis/BookFigs/Figs_jet/Figs7.html
http://projects.hepforge.org/mstwpdf/plots/plots.html
http://www.ippp.dur.ac.uk/Workshops/09/SUSSP65
http://lutece.fnal.gov/PartonLum11

Parton Luminosities 4+ Prior Knowledge = Answers
Taking into account 1/s behavior of hard scattering
Tdl _ 7/% Ldx £(a)

f f
e o e GO CR R BT

is a convenient measure of parton ij luminosity.

fl(a)(x): pdf, T=25/s

o(s) =Y / I TG s54(0)

s dr
{ij}

EHLQ §2; QCD & Collider Physics, §7.3
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Parton Luminosity
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Parton Luminosity
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Parton Luminosity (light quarks)
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Parton Luminosity (gluon—light quarks)
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Luminosity Ratios
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Luminosity Ratios

The Standard Model ...



Luminosity Ratios
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Luminosity Ratios
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Problem 5

(a) Referring to the eammmEm, estimate the increased
yield of H(125) at 14 TeV compared with 8 TeV.

(b) Referring to the , estimate the increased
yield of W'(2 TeV) and W'(4 TeV) at 14 TeV compared
with 8 TeV.

(c) Referring to the @ , estimate the increased
yield of dijets at Vs =2 TeV and V5 = 4 TeV at 14 TeV
compared with 8 TeV.

(d) Compare your estimates with the explicit
Standard-model Cross Sections Calculated using MCFM
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