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In this series of lectures, | will discuss the physics of particle
production at high energy colliders.

The three lectures will cover:

1. The Standard Model at Lepton and Hadron Colliders
2. Discovery of New Physics at the LHC

3. Measurement of the Supersymmetry Spectrum

My main concern will be with the observation and
characterization of new particles, beyond those of the Standard
Model. However, in order to understand both the properties of
new particles and the issues in discovering them, it is necessary
to have a clear idea of the predictions of the Standard Model.
Most of the lectures will be devoted to this topic.



We are entering an era in which we realistically expect to see
the discovery of new particles from the next level in physics
beyond the current Standard Model. It should begin next year
with the startup of the LHC.

We are used to thinking of exotic particles as being entitites
that appear in loops and give rise to virtual corrections. We
use them to explain anomalies in flavor physics and constrain
them in precision tests.

Those days are over. We are about to meet these particles
face to face.



To work in this new era, it will be important to have a concrete
understanding of how the standard quarks, lepton, and gauge
bosons appear at colliders. We will use that understanding to
demonstrate that the new particles exist, and to work out their
properties.

In this lecture, | will review some aspects of Standard Model
physics and show how they are reflected in high-energy
experiments. | am sure that the physics of the Standard Model is
very familiar to you. But you need to be equally familiar with
the direct manifestations of Standard Model physics in the data.

Also, it is amazing to see that the Standard Model formulae really
work!



At the colliders of the next generation, every experiment that
is currently a precision test of the Standard Model will become
a window to new physics.

This is especially clear at the next-generation e+e- collider, the
ILC. The predictions for cross sections and asymmetries that |
will describe also apply to new particles with given SU(2)xU(1)
quantum numbers. The predictions for standard Model particle
pair production can also be corrected by the effects of new
s-channel resonances -- due to Z’s, quark and lepton
compositeness, Kaluza-Klein or Randall-Sundrum recurrences,
etc.

At both the ILC and the LHC, we will study new particles
through their decays to Standard Model particles. The special
properties of 7, b, W, Z, t that | will discuss provide
diagnostics of the properties of the exotic parent states.



At high energy, the Standard Model gives a very simple picture of
quarks and leptons. The masses of these particles can be ignored.

The particles are best thought of as states of definite conserved
helicity

)

h=S.P
A subtlety is that SU(2) couples only to left-handed quarks and
leptons and their right-handed antiparticles. More generally, the
left- and right-handed states have different SU(2)xU(1) quantum

numbers. This is directly manifested in the experiments, as we
will see.

u+ W-
Much of the dynamics of the Standard Model
particle production in e e annihilation is
exhibited by studying the very simplest !
reaction: ete™ — putpu .



The amplitudes for e'e — ,u+,u_between states of definite
helicity are very simple:
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These formulae lead to the regularities:
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withs = ¢° = (Ecu)?. The second formula sets the size of
cross sections for all QED and electroweak processes.

Here are some examples of e+e- annihilation to leptons

ete” — putp” ete” — 1T
and the related process of Bhabha scattering: ete” —ete”
e- e+ €- o
Y o+
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The leading-order prediction of the Standard Model is that this
process ete” — qg is described by the same formulae,
taking account of the color and charges of the quarks.

The final states are jets of mesons and baryons moving in the
direction of the quark that initiated the jet. | will have much
more to say about jets in the second lecture.

The predictions of the QED formulae are:

o
angular distribution: ~ (1 4+ cos’d
5 dcos@ ( )

3s

This receives a relevant .(1 | O‘s(s))

QCD correction: T

4o’
total cross section: o = -3 E Q?c
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It is easy enough to add the full SU(2)xU(1) gauge theory to
these predictions. First, review the basic structural formulae.

There are three parameters: g, ¢, v = (¢) = 246 GeV
The weak-interaction boson masses are given by:
mw =gv/2  mz=(g"+g*)"?v/2  m,=0
~ , Z are linear combinations of A" | B’
v = sin 6., A + cosb,, B’
Y couplesto () ; 7 couplesto

Qy =1I° —sin? 0,0
The values of I°and () are very different for different fermion
states, so this single formula induces a variety of cross sections

and asymmetries.



These couplings lead to modifications of the cross sections for

Notice that these formulae lead to all possible P, C violating
effects - dependence on e- polarization, dependence of f
polarization, forward-backward asymmetry in e e™ — ff



It is worth pausing to give a precise definition of asymmetries.
Take the forward-backward asymmetry as an example

N(cosf > 0) — N(cosf < 0)

A —
"5 ™ N(cos > 0) + N(cos6 < 0)
_ — d
forpure e, e} — fifr dc;H ~ (1 + cos )2

1
N(cos > 0) N/ dcosf (1 +cos«9)2 —
0

0

N(cos«9<0)~/ dcos@(l+cos«9)2:
1
7T —1 3
A _ - = —
FBE= 911714

This corresponds to 88% forward, 12% backward.
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In the limit of very high energies Qe = —1 ]eg — BGX 0

, [ Q.Q; (12— Qesy )7 — Qpsy) 1
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2 [I3} IPI} Q.+ I3Qp s2
? S S,%U | C,%U — %U | Qle(1+Eg)
e [ 2IF (12— Q)17 - Q)
s | 82 c2,
1

= ~[g° L1217 + g"YeY]]

that is, SU(2) x U(1) is restored at high energies.
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The coupling of each chiral fermion flavor to the Z boson
is proportional to the charge

Qz =1°—Qs,,
It is a powerful test the Standard Model to measure these
charges individually and see whether they are accounted
for by a single universal parameter s%u :
The accuracy of the experiments was such that order- «

radiative correction must be included to interpret the
results.



To begin, let’s make a table of the () for an illustrative value

sz = 0.231
Species QZL QZR Sf Af
Ve, Uy, Vs % — 0.25 1
e, U, T —% +sin® 0, sin“fd,,  0.126 0.15
u, ¢, t 1 —2sin°0, —2sin’6, 0.144 0.67
d,s,b —%+4+sin°6, +sin’6, 0.185 0.94
where 2 ()2
Sp=Q%y + QY Ap= K

The Sr give the total rate of Z decay to that species.

The A, give the parity asymmetries in Z decays.



The partial width of the Z into a fermion species f is given by:
— amy
[Z — ff)= Sy

652 c2
times the factor 3(1 + as/m) = 3.11 for quarks.

w Tw

This gives the following table of partial widths and branching

tios: _
e species I'(Z — ff) BR
Ve, Vyy Ur 167 MeV 6.7%

e, b, T 84 MeV 3.4%
U, C 300 MeV  12.0%
d,s,b 383 MeV  15.3%

Including a small correction for the case of I'(Z — bE), we
find a total width
FZ = 2.50 GeV



To test these predictions, we first measure e+e- annihilation at
the Z resonance and measure the relative branching ratios to
hadrons and to visible leptons.

Then we must determine the total width.

The shape of the resonance is distorted by initial-state photon
radiation. Thus, it is necessary to measure the detailed shape of
the resonance to extract 1 7.

It is amusing to note that all three of the Standard Model
interactions - QED, QCD, and of course SU(2) x U(1) contribute
to the Z line-shape.

The resultis: 1'z = 2.4952 £+ .0023 MeV
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composite of the four LEP experiments, showing the effect of ISR



There is a special consideration for the b quark. The diagrams

- b b b
b W \ ¢ /
t ¥ W
/ /
contribute a correction to the by, Z charge,
I 15 a  mi
= —|— — —8 —

This is a -2% correction to the partial width. It is easier to
measure the quantity I'(Z — bE)

R, —
’ ['(Z — hadrons)

which is almost independent of s%u and so directly tests the
above correction.

2 2
1omss miy,




But how do we know which hadronic events contain b quarks ?

The three heavy fermions 7, ¢, b have weak-interaction
decay times that are small but measurable. With a special-
purpose device based on silicon strips or pixels, one can locate
the decay vertices and identify the short-lived particles that
they indicate.

7 (ps) c¢7 (mm)
T 0.29 0.09

c (D% 041 0.12
b (BY)  1.55 0.46

In analyses of this type, it is a challenge to the experimenters
to choose a signal criterion that maximizes the efficiency of
observing heavy quarks vertices while minimizing fakes.






extrapolation of tracks to the vertex
mm scale !
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The final result is:
Ry = 0.21643 4+ 0.00073

in excellent agreement with the Standard Model and
confirming the -2% shift due to the t-W diagrams.




Next, consider the measurement of the As. There are three
different techniques.

The first is to measure the unpolarized forward-backward
asymmetry. For ete — f f just at the Z resonance,

3
App = ZAeA F
where the factor 3/4 comes from the slide on asymmetries.
Unfortunately, for leptonic final states, this is a 2% effect,

reduced to 1% by radiative corrections. Nevertheless, the effect
can be observed and measured.



Forward-Backward Pole Asymmetry

Experiment Al
ALEPH b 0.0173 + 0.0016
DELPHI —-® 0.0187 + 0.0019
1
13 : o 0.0192 + 0.0024
OPAL o : 0.0145 + 0.0017
1
! x° /dof = 3.9/3
LEP o 0.0171 + 0.0010
1
common error : 0.0003
1
103 :
1
1
1
1
1
1
1
> ,
1
©.102- N
= o=
= 0.02758+0.00035
linearly added to
M, = 178.0+4.3 GeV
10 . . .
0.013 0.017 0.021

0,
Ats



Second, one can directly measure the polarization of 7 leptons.

When T decays to vV,m, the pion goes dominantly in the

spin direction: < <
P —> <« —>
T T v
dI’
~ (14 cos@
dcos 6 (1 + )
Boosting to a relativistic 7, dE- T

Similar effects are seen in other 7 decay channels; for example,
in T — VsV, , the muon goes in the direction opposite to the
T spin.
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Combining these effects, one obtains:

Ay = 0.1465 4 0.0033

It was also possible at SLAC to polarize the electrons and
measure A. directly as an asymmetry in the total cross section
on the Z resonances. This gives:

A, =0.1513 +0.0021




Using the sample of heavy quark events, we can measure A,
and A. from the forward-backward asymmetries.

This depends on the ability to tell b from b , cfrom ¢,
by the charges of leptons or K’s from the weak decays.

With polarized electrons, there is a remarkable effect
showing that Ap is almost maximal, as the Standard Model
predicts.
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The various measurements
are compatible, and they
give a very precise value
for S%U.

—&— 0.23099 + 0.00053

— 0.23159 + 0.00041
—A— 0.23098 + 0.00026

—— 0.23221 + 0.00029
* 0.23220 + 0.00081
% 0.2324 £ 0.0012

Siiz 0.23153 £ 0.00016
¥°/d.0.f.:11.8/5

2 Aojy= 0.02758 + 0.00035
zEimz= 178.0 + 4.3 GeV

| |
0.232 0.234

. o lept
SIN"0



Next, look at the W boson. What do W’s look like ?

W+decays to dy + ugr in each (light) SU(2) doublet of the SM
ZM(W_'_ — V€€+) — 7_ ( ) MUL( )GM(W_'_)
2

T(WT — vee™) = g—mW = 220 MeV

487T

the partial widths to VM,LL , v.T T are the same.
the partial widths to quarks are multiplied by 3. (1 4 a;/7)

Then BR(I/V+ — V€6+) =11 %
BR(WT — ud) =34 %

This leads to an interesting variety of eTe™ — W TW ~ events






ete” = WTW ™ — qggrv







These events can be used to make a precision measurement of
the W boson mass.

For example, look at eTe™ — WTW ™~ — (qq)(4v)

This leads to final states with 2 jets,
an isolated lepton, and i :

missing (unseen) momentum.
Au/ N

Determine the axes of the jets, leaving the energies unkown.
p1 = E1h p2 = Eang pe = Eyny p, = Eyn,

Fix the jet energies and the neutrino parameters from EM
conservation and 2 2 2
(p1 +p2)° = (e +pu)” = miy
There are 5 parameters, 5 unknowns. ISR, quark fragmentation,
give small, estimable, corrections.
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This very accurate value of myy tests the fundamental
SU(2)xU(1) prediction
mw = My cos b,

W-Boson Mass [GeV]

TEVATRON —e— 80.452 + 0.059
LEP2 —— 80.412 £ 0.042
Average 80.425 £ 0.034
+/DOF: 0.3 /1
NuTeV A 80.136 + 0.084
LEP1/SLD —A 80.363 + 0.032
LEP1/SLD/m, -A 80.373 + 0.023
80 802 804 806

m,, [GeV]



Finally, study the cross section o(ete™ — WTW ™)

Immediately, there is a problem
s .
iY ~ vyHu . (ky —k_)uel - €

N

W™ has 3 polarization states. In the rest frame e* = (0, n)*

1 .
but for a W in motion €R = E(O’ 1,4,0)
1
p" = (Ew,0,0, kw) €r = E(O’ 1,—1,0)
1
€0 = —(kw,O,O,EW) %p'“/mW
mw
9 9
Notice that * Ly +hky 8

k
6 . 6 p— ~~
+0 —0 2 0
miy ZmW

This is trouble; unitarity requires |[iM(ete™ — W W ™) < const
in each partial wave.



Similar issues affect the study of another SM object that | should
introduce you to, the top quark.

ms ~ 175 GeV mp ~ 4 GeV

so t decays, not by a Fermi weak interaction, but rather by the
direct 2-body decay process f W

One would expect T'; ~ imt ~ 1 GeV

2
652

In fact, I'; is slightly larger. Consider ¢ — W, b
iM = it (b)y e up(t)




This leads to
3 2 2

2
g my My 2 myy
T, = — —)“(1+2

' o4 m%/v( m% ) ( m% )
which gives T, ~ 1.7 GeV
and I Wit

Py = t(? o) _ 709

/

The final t decay products are t — bqq, t — blv with
the same fractions as for W decay.



The equality of the
top and W branching
ratios is tested by the
consistency of ttbar
total cross section
mesurements at the
Tevatron for different
final state channels.

Chakraborty,
Konigsberg,
Rainwater
review
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15

7.673% pb (CDF dilepton)
2. l;f‘[: ph (CDF single-lepton, SV X)
E«].Efé:ﬁ ph (CDF =single-lepton, SLT)

iiiii

G..’i_’f_ji ph {CDF combined)

4.5 - 6.2 ph [Theory)

6.0+ 3.2 ph (DO dilepton)|

4.1+ 2.1 pb (D@ single-lepton, topologicalh
8.3 + 3.6 pb { DO single-lepton, p-tag)
7.4+ 3.2 pb (DO all-hadronic)

5.9+ 1.7 pb (D& combined)
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Does the dependence m; /mW make sense ?

Think about the unbroken gauge theory of SU(2) x U(1). In this
theory, the Higgs doublet ¢ couples to t. Its Yukawa coupling is

large, \ \/§mt g my
t — S—

v \/5 mW /J'E+
This unbroken theory contains

the process k \
b
where " is the Goldstone boson eaten by the W in the Higgs
mechanism. The matrix element is 7 m
t

1M :‘i)\tﬂL(b) R(t) \/_ W

which is exactly what we found for W+

ur (b)ur(t)

This illustrates Goldstone boson equivalence: a W()Jrat high
energy has the couplings of the Goldstone boson that it ate to
obtain mass.



Te~™ — WTW ™, Goldstone boson equivalence implies
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This requires a delicate cancellation among the diagrams

T S

% b
/\ /\ /v N\
You can check that this cancellation occurs in the SU(2)xU(1)

gauge theory. It takes place only if the form of the 3-boson
vertex is exactly that given by Yang-Mills theory.




What does experiment have to say about this ?
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It is more complex to describe processes with proton initial
states. Here we must treat the proton wavefunction non-

perturbatively.

It is too hard a problem to solve for the structure of the proton.
We need an experimental setting in which we can measure it.

This is provided by the process deep inelastic electron scattering
from protons, measured in the famous SLAC-MIT experiment.




the SLAC-MIT deep inelastic scattering experiment
1967




There is some wonderful kinematics, due to Feynman, that
makes this process very effective for measuring the proton
structure.

Work in the ep CM frame. The initial proton is coming in at high
momentum. Because of asymptotic freedom, a quark in the
proton cannot be at high pT with respect to the proton, except
through perturbative QCD corrections. So write (ignoring all

masses) b =EPF 0< € <1
The mass of the final quark is
(P+q)° =2p-q+q¢ =26P q—Q°

But this is small! so we can solve for
Q2
— — P
< 2P - ()
Then & is precisely determined by the final electron momentum
vector.




We can now represent the proton structure by giving the
probability that we find a quark at a given value of §.

dg f4q(€)

fq(é') is called the parton distribution function.

We can fold this distribution together with the electron-quark
scattering process. This requires a QED matrix element, but it is
just the cross of the simple one discussed previously.

iM(erqr, — erqr) = 2ie’s/t
iM(erqr — erqr) = 2ie’u/t

For electron momentum k, define

_2P-q t U

i S 1 — ) = ——
Y 2P - k S ( y) S



Then it is straightforward to derive the formula

do 2mra’s 5 2
Jody = Fy(x) o 1+ (1-y)]  F(z) Z%:fof(ﬂf)

This formula exhibits Bjorken scaling: F5(x) is only a function
of x and is independent of Q.

F2(£U) is a combination of contributions from the various quark
flavors. We can disentangle this by looking also at cross sections
from neutrino scattering, and from other probes that | will
discuss tomorrow.
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The parton distribution functions give us a very simple model
for the cross section for hard-scattering events in proton-proton
collisions. Take a parton from each proton, and fold the

distributions with the cross sections computed in perturbative
QCD:

o(pp — ab+ X) =
/d§1d§2 Z ff1(§1)ff2(§2)/d0059*d

f1,r2

do
cos 0.,

(f1f2 — ab)

For example,

do o [u

( _) 9 u? + t2
— Uu) = — — —
dcos 6, 99 12s

- |
t+u 4 s2




simple leading-order analysis:
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In principle, then, we can measure the parton distributions,
integrate these with QCD cross sections, and predict the
rates of Standard Model and exotic processes at hadron
colliders.

This not only gives a simple method of calculating, but it
predicts that new particle production will be very
distinctive. If the dominant Standard Model processes are
2-body quark and gluon scattering, these would give 2-jet
final states that are easily distinguished from the processes
we wish to find.

However, there is another level of complication that | have
not yet described. We will discuss it in the next lecture.



